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Abstract: Ionic liquids (ILs) are green solvents involved in chemical reaction and separation processes.
In this paper, four ILs-based metal catalysts were prepared by dissolving four transition metal
chlorides into 1-butyl-3-methylimidazolium chloride ([Bmim]Cl). Their catalytic performance was
measured, and the catalytic mechanism was studied via density functional theory (DFT) based on
the analysis of the Mayer bonding order, Mulliken charge, molecular electrostatic potential (ESP),
electron localization function (ELF), and partial density of states (PDOS). The results show that the
catalytic activity follows the order [Bmim]Cl-RuCl3 > [Bmim]Cl-AgCl > [Bmim]CI-CuCl, > [Bmim]Cl-
CuCl. [Bmim]Cl helps to dissolve and activate HCI, and the metal chlorides can greatly reduce the
activation energy of the reaction. This study provides new insights into the catalytic mechanism of
IL, transition metals, and their synergistic effect from a microscopic point of view and sheds light on
the development of new catalysts for acetylene hydrochlorination.

Keywords: acetylene hydrochlorination; IL-based catalyst; DFT; catalytic mechanism

1. Introduction

Hydrogen chloride (HCl) is a by-product of many production processes of bulk chemi-
cals, such as methane chloride, chlorinated paraffin, chlorinated polymers, epichlorohydrin,
MDI, and TDI. The annual output of HCl in China was about 5 million tons in 2022.
Presently, it is reclaimed via water absorption, which not only produces a huge amount of
low-quality hydrochloric acids but also devalues its resource uses. In fact, as one of the
most widely used top three polymers, over 80% of the vinyl chloride (VCM) is produced
through acetylene hydrochlorination due to the resource characteristics of China, which
needs a large amount of dry HCI [1]. If the HCI can be directly used for acetylene hy-
drochlorination, the absorption-reactive desorption and resource utilization HCI byproduct
can be realized simultaneously.

As the most commonly used catalyst in the VCM industry, HgCl, suffers from se-
vere toxicity and volatility and has been being phased out worldwide. Thus, it is very
imperative to develop mercury-free alternative catalysts. Hutchings et al. demonstrated
the catalytic performance of some precious and transition metal chlorides for acetylene
hydrochlorination, e.g., Au(Ill), Pt(II), Pd(II), Rh(III), Ru(Ill), Bi(Ill), and Cu(II) [2-5]. How-
ever, the cations are apt to be reduced to metals by the concomitant acetylene and lose their
catalysis gradually. To solve this problem, a second metal additive or ionic liquids (ILs) is
usually used to improve the stability of the catalyst. The oxidability of the catalytic metallic
ions can be regulated via their synergistic interaction with the metallic additives, and the
preferential adsorption of HCl in ILs helps to reduce the contact of acetylene with catalytic
metals and diminish the reduction of the main catalysts.
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Ionic liquids, also known as low-temperature molten salts, can be used as alternative
solvents, catalysts, and functional additives for their negligible volatility, good thermochem-
ical stability, high electrical conductivity [6], and easier separation from their mixture with
volatile components [7]. These attributes make ILs not only widely used in organic syn-
thesis [8], electrochemistry [9,10], etc., but also as catalysts [11-13] and unique solvents in
various separation processes, such as absorption, special rectification, and extraction [14-18].
Many ILs have shown a positive role in the catalytic conversion of acetylene to VCM [19].
Taking [Bmim]Cl as an example, it is an imidazolium-based IL with an N-heterocyclic
structure. As a soft Lewis acid, [Bmim]* may complex with acetylene, a weak, soft acid
arising from its well-distributed electrons around the triple bond, reducing the electron
cloud density of acetylene and increasing its reactivity. Thus, imidazolium-based ILs show
some catalysis for the hydrochlorination of acetylene [20]. ILs not only show high solubility
for HC1 but also promote its protonation and electrophilic addition reactivity to acetylene.
The basicity of N- or P-containing ILs can activate the reactivity of Co,H; and HCl to some
extent [21]. Cao et al. [22] systematically studied the catalytic effect of some [Bmim]-based
ILs in acetylene addition reactions and the influence of the anionic companions. The acety-
lene conversion rate in [Bmim]Cl is as high as 32%, which is much higher than that in
[Bmim]BFy, [Bmim]PFg, or [Bmim]HSOy (<3.5%) under same other conditions (10 mL of
ILs; reaction at 180 °C; GHSV (C,Hy) = 40 h™1; V(HC1)/V(C,H,) = 1.1~1.2). Therefore,
the imidazolium-based chloride catalyst is superior to other anions because it is not only
capable of absorbing HCl but also conducive to its protonation to facilitate the reaction.

The solubility of HClI in various imidazolium-based ILs and deep eutectic solvents (DES)
has been studied in our group, and the maximum solubility can reach 0.4 g-g~! [23-26]. The
as-dissolved HCl can be directly used for the hydrochlorination of acetylene, which not
only realizes its in situ utilization but also avoids intensive energy consumption in the
desorption process. Generally, the gas-solid phase hydrochlorination is a strong exothermic
reaction, which leads to temperature surging and surface carbonization, and compromises
the catalysis and lifetime of the catalyst. This phenomenon can be elevated or diminished if
the reaction is carried out in liquid, as the reaction heat can be dispatched efficiently to the
surrounding liquids under vigorous mixing. Thus, in this paper, we studied the catalysis of
some metal chloride-containing ILs catalysts for the hydrochlorination of acetylene in a
batch reactor, to which acetylene and HCl in definite mole ratio were purged and dissolved
simultaneously, and then reacted at a higher temperature for a period of time. This process
can simulate the absorption of HCl and its in situ reactive desorption at high temperatures,
which is of great significance for the effective utilization of HCL

2. Results and Discussion
2.1. Catalytic Performance of the IL-Based Catalysts

In this paper, the catalytic performance of three ILs, i.e., [Emim]Cl, [Bmim]Cl, and
[Hmim]Cl, on hydrochlorination of acetylene were first investigated. The abbreviation of
the ILs, catalysts, and the terminologies used is listed in Text S1 for clarity. The structure of
the ILs was verified by 'H NMR and *C NMR (see Text S2), and the GC-MS of acetylene
hydrochlorination is presented in Figure S1. As shown in Figure S2, the neat ILs show defi-
nite catalytic performance with 20~22% acetylene conversion and 95-96% VCM selectivity,
which is consistent with the reported results for the bubbling reaction [22]. On the contrary,
the conversion of acetylene in the absence of ILs is only 0.5% at the same experimental
condition. In the reaction systems, there exists a 7-7t interaction between C,H; and the
imidazolium cations, as confirmed by the quantum chemical calculation and molecular
dynamics simulation [27], and the alkyl-substituent is of little influence on the interaction.
Thus, [Bmim]Cl was chosen in the following studies for its liquidity at room temperature
and easy availability. To further enhance its catalytic performance, it is necessary to add
some transition metal chloride (CuCl, CuCl,, AgCl, or RuCl3) that has intrinsic catalysis on
the reaction. As such, the metal chloride can be dissolved and complexed with [Bmim]Cl,
forming an ILs-based metal chloride complex ([Bmim]Cl-MCl,, M = Cu*, Cu?, Ag*, Ru®*,
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denoted as B1, B2, B3, and B4, respectively). Their catalytic performance at varying ratios
of [Bmim]Cl to MCl, was studied, and the results are presented in Figure 1a—d. The ther-
mal stability of these catalysts was assessed by TG analysis, and the results are shown in
Figure S3. The slight mass loss before 100 °C is ascribed to water vaporization of the ILs,
and their mass loss was all within 2.3% at 160 °C, showing relatively high thermal stability.
The metal chloride amount added to [Bmim]Cl and detected by ICP is listed in Table 1.
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Figure 1. Acetylene conversion and vinyl chloride selectivity according to different catalysts at
the fixed reaction condition (160 °C, nyc)/ncoe = 1~1.2, 1 h). (a) Bl: [Bmim]CI-CuCl; (b) B2:
[Bmim]Cl-CuCly; (c) B3: [Bmim]Cl-AgCl; (d) B4: [Bmim]CI-RuCl;.

Table 1. Metal chloride amount added to [Bmim]Cl and detected by ICP.

Catalyst Content of Metal Chlorides
[Bmim]Cl-CuCl (10%) 9.93%
[Bmim]CI-CuCl; (10%) 9.88%

[Bmim]Cl-AgCl (6%) 5.93%
[Bmim]Cl-RuClj (1%) 0.98%

As shown in Figure 1a—d, the acetylene conversion in all catalysts is increased slightly
with the increasing content of metal chlorides, and the catalytic activity follows the order
B4 >> B3 > B2 > B1. Specifically, the acetylene conversion rate slightly increased from 23.9%
to 29.1% for catalyst B1, as the CuCl content increased from 2% to 10%, along with the
VCM selectivity of 96%. Similarly, the conversion rate of acetylene increased from 27.6%
to 34.0% for catalyst B2, as the CuCl, content increased from 2% to 10% with the same
VCM selectivity of 96%. In contrast, catalyst B3 shows better catalytic performance, and
the acetylene conversion rate increased from 39.2% to 47.2% as the AgCl content increased
from 2% to 6%. B4 shows the best catalytic performance; the acetylene conversion rate
can reach 59.3% with only 0.2% RuClz addition and further increased to 72.3% at 1.0%
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RuCl3, and the VCM selectivity is about 98.5%. Thus, [Bmim]Cl-RuCl; can be deemed as a
promising catalyst for the hydrochlorination of acetylene.

2.2. Structural and Electronic Properties of the IL-Based Catalysts

To give better insights into the catalytic performance difference of the catalysts,
molecular surface electrostatic potential (ESP) analysis was performed on the catalysts
and their corresponding components. As shown in Figure 2, there is an ESP minimum
(—61.64 kcal-mol~1) near C1~ on [Bmim]Cl. All the metal chlorides show ESP maximum
near the metal ions, following the order of CuCl (+85.9 kcal-mol ~1) > AgCl (+71.35 kcal-mol 1)
> RuCl; (+38.93 kcal-mol~!) > CuCl, (+29.61 kcal-mol~!), which are greater than the
ESP minimum around Cl ion. This suggests that the metal chloride can easily approach
and complex with the Cl ion of [Bmim]Cl. In addition, the ESP maxima of the HCl
molecule (+43.1 kcal-mol 1) is greater than the minimum (—10.26 kcal-mol~1); thus, the
HCI molecule is also prone to approaching C1~ of [Bmim]Cl. The results indicate that
[Bmim]Cl can anchor both metal ions and HCl molecules. The optimized configurations of
the IL-based catalysts are shown in Figure S4.
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Figure 2. Electrostatic potential diagrams of different substances. (The transition from red to blue
indicates a decrease in electrostatic potential).

Atomic charge, also known as point charge located at the center of an atom, can be used
to study the state of atoms in various chemical environments and molecular properties [28],
predict reaction sites, etc. [29,30]. In this paper, we studied the atomic charge of the catalysts
using Mulliken charge analysis. The Mulliken charges of neat [Bmim]Cl and B1-B4 were
0.749 e, 0.371 ¢, 0.383 ¢, 0.471 ¢, and 0.385 ¢, respectively. Table S1 records the electron
transfer between catalysts and the reactants or products once they are in contact. Due to the
strong interaction between HCl and IL-based catalysts, the number of electrons gained by
HCI from the catalyst follows the order [Bmim]CI (0.322 ¢) > B3 (0.129 ¢) > B1 (0.105 ¢) > B2
(0.07 e) > B4 (0.059 ¢), mainly arising from the electron transfer between CI~ to the proton of
HC], forming hydrogen-bonding C1~—HCI. Meanwhile, CoH; and C;H3Cl transfer their
electrons to the catalysts B1-B4, except for [Bmim]Cl, due to their electron richness and
electron-donating attributes.

To further understand the reactivity or stability of the chemicals involved in the
reaction system, we analyzed their highest occupied molecular orbital (HOMO) and
the lowest unoccupied molecular orbital (LUMO), as shown in Figures 3 and S5. The
HOMO/LUMO values and energy gap for both reactants and catalysts are shown in
Table S2. It is noted that the energy gap of LUMO(HCI)—HOMO(IL) is smaller than that of
LUMO(IL)-HOMO(HCI), while the energy gap of LUMO(C;H;)-HOMO(IL) is higher
than that of LUMO(IL)-HOMO(C,H,;). This suggests that the electrons of the IL-based
catalyst tend to pass to HCl rather than acetylene. In Figure 3, the HOMO orbitals of the
catalyst are distributed on C1~ or the complex anions, which further justify the electrons
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transfer from the IL-based catalysts to HCl. The energy gap of LUMO (HCl)-HOMO(IL) is
smaller than that of LUMO(C,;H,)-HOMO(IL), which suggests the preferential adsorption

of HCI versus acetylene on the catalysts.
! - g Q

HOMO (B4)

LUMO ([Bmim]Cl)

LUMO (B1) LUMO (B2) LUMO (B3) LUMO (B4)

Figure 3. HOMO and LUMO orbitals of different IL-based catalysts. (White = H, black = C, blue = N,
green = Cl, yellow = Cu, cyan = Ag, brown = Ru. Blue and green bubbles represent the HOMO/LUMO
orbital distribution).

2.3. Interaction between Catalysts and Reactants and Product

The interaction modes and strength of ILs-based catalysts with reactants and products
directly affect their catalytic activity [19] and the catalytic mechanism. The most stable inter-
molecular interaction configuration is shown in Figure 4. In the neat [Bmim]Cl, C1~ is prone
to complex with the 2-H and the alpha-H of the imidazolium ring via weak H-bonding [22].
Upon absorption, the HCI molecule is also complexed with C1™ of the ILs-based catalysts,
with their H-bonding length varying from 1.633 to 2.203 A (see first column of Figure 4).
As a result, the bond length of HCl is stretched to 0.229, 0.041, 0.027, 0.064, and 0.034 A,
respectively, for [Bmim]CIl and B1-B4 catalysts. In addition, the pair-wise interaction
energies of [Bmim]Cl and B1-B4 with HCl were —19.55 kecal-mol~!, —11.17 kcal-mol 1,
—9.15 kcal-mol~1, —11.89 kcal-mol~!, and —10.78 kcal-mol 1, respectively. The interaction
energy follows the order [Bmim]Cl > B3 > B1 > B4 > B2. Thus, [Bmim]CI-HCI has the
strongest interaction, which results in a higher solubility and dissociation of HCl molecules.
The Mayer bond order of the HCl molecule, when paired with different catalysts, varies
from 0.539 to 0.885, which is much lower than that of the free HCl molecule of 0.994
(Table S3). Further, the variation of the bond order of HCl and its interaction energy with
different catalysts follows the same order. Thus, the covalent bond of the HCI molecule is
weakened and activated by the coexisted IL catalysts [31].

On the contrary, the bond length of acetylene experiences little change (1.207~1.209 A)
when paired with the catalysts. The interaction energy of acetylene with the catalysts varied
in the range of —4.08~—7.37 kcal-mol~!, and that of C;H3Cl with the catalysts varied in
the range of —5.49~—8.94 kcal-mol~!, which are lower than those of HCI. This further
confirms the preferential interaction of the IL-based catalysts with HCI rather than C,Hj,
which is consistent with frontier orbital theory analysis.

The preferential capture of HCl by ILs helps to inhibit C;H; polymerization and
reduce the coking on the catalytically active centers, which in turn improves their catalytic
stability [32]. As seen from the Gibbs free energies in Table 2, the adsorption of VCM on all
catalysts is nonspontaneous (AG > 0); that is to say, VCM can be easily released from the
catalysts, preventing its polymerized deposition therein.
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Figure 4. Configuration and interaction energy E of HCl, C;H;, and C,H3Cl with different catalysts.

Table 2. Gibbs free energy for the interaction of HCI, CoHy, and CoH3Cl with different catalysts.

AG/kcal-mol—1 BM B1 B2 B3 B4
HCl1 —10.4 —2.87 —-0.2 —2.64 —1.05

CH, 0.53 1.73 2.68 261 1.52

CyH;Cl 1.28 0.11 2.02 3.82 1.28

The interaction between IL-based catalysts and the chemicals involved can be reflected
in the change of the IR peaks. The IR spectra of all catalysts in the presence of HCl, CoHj,
and VCM were simulated using Gaussian software under the 6-31(d,p) basis set and the
scaling factor of 1.0008 [33]. The experimental and simulated IR spectrum of [Bmim]Cl is
compared in Figure S6. The broad peak centered around 3440 cm ! is mainly attributed to
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the O-H of water impurity and the weak stretching vibration of C-H in the imidazolium ring
with a DFT simulated value of 3297 cm~!. The peaks 3000~3300 cm ! correspond to the
stretching and wobbling vibration of the C-H bonds of methyl and butyl in [Bmim]Cl. The
simulated peaks of 1589 and 1204 cm~! are the deformation vibrations of the imidazolium
ring, which is slightly larger than the experimental ones (1571.7 and 1170 cm~!). The
simulated peaks of 1302 cm~! and 735 cm~! denote the wobble vibrations and out-of-
plane wobble vibrations of C-H of imidazolium, respectively, which are slightly lower
than the experimental values (1337 and 755 cm ™). The simulated peak at 2625 cm ™! for
C-H stretching vibration at the 2-position of imidazolium is not observed experimentally.
Opverall, the simulated IR spectra of [Bmim]Cl are virtually consistent with the experimental
one; thus, the IR spectra variation in the presence of HCl, C;H,, and VCM will be analyzed
based on the simulated IR spectra hereafter.

As shown in Figures 5 and S7 and Table S4, the C-H stretching vibration of the
imidazolium at 2-position shifts significantly from 2625 to 3188~3269 cm ! in the presence
of different metal salts. However, the dissolved C,H3Cl, C;H,, and HCI molecules have a
marginal influence on the shift of this peak. This implied a strong interaction between the
C-H bond of imidazolium at the 2-position and metal chloride, which is consistent with the
ESP analysis in Section 2.2.

The C-H stretching vibration (3180~3300 cm™!), the shear vibration peak (1676~1684 cm™1),
and the in-plane and out-of-plane bending vibration (932~1052 cm~!) peaks of VCM show
a relatively small shift in all catalysts. Similarly, the C-H asymmetric stretching vibration
(V*, 3200~3400 cm 1), the symmetric stretching vibration (V*, 2050 cm’l), and the in-plane
and out-of-plane bending vibration (8 and 7, 814~896 cm~!) peaks of CoH, are shifted
slightly in all catalysts. This justified the relatively weak interaction between different
catalysts and C,H;, or VCM.

In contrast, the IR spectra of HCI in [Bmim]Cl are quite different from those in
catalysts B1-B4. Specifically, the stretching vibration peak of HCl in [Bmim]Cl (301 cm™!)
is shifted to much higher wavenumbers in catalyst B1-B4 (2170~2600 cm~!). This
may be ascribed to the complexation between metal chloride (Lewis acid) and Cl1~,
which reduced the H-bonding (CI~ —HCI) interaction and enhanced the bond strength
and wavenumbers of the HCl molecule. However, the out-of-plane(w) and in-plane(p)
rocking vibration peaks (901 cm~! and 785 cm™!) of HCI in [Bmim]Cl are shifted to
lower wavenumbers (500~651 cm~! and 445~629 cm~!) in B1-B4 catalysts, which may
be attributed to the stronger H-bonding interaction between HCI and [Bmim]Cl in the
absence of metal chlorides. The purple box regions in Figure 5 show the characteristic
vibrational peak of the M-Cl bond in catalysts B1-B4.

2.4. Reaction Mechanisms

To better understand the reaction mechanism of acetylene hydrochlorination, a DFT
simulation was conducted based on the TS method and Eley—Rideal (ER) reaction mech-
anism. First, the transition state structure of different IL-based catalysts was predicted
for the hydrochlorination of acetylene. Second, the intrinsic reaction coordinates(IRC)
scanning was performed using the energy saddle point of the transition state, evolved
to the intermediate(INT) state and adsorption(Ads) state, respectively, via forward and
backward scans, and then verified the catalysis. The energy changes and structural config-
urations during the catalytic reaction process are shown in Figures 6 and 7 and Table S5.
The ER-catalyzed mechanism has two key steps, i.e., generation of the VCM intermediate
(CoH,C1*) and its protonation [31,34-36]. Each step has a corresponding transition state
(TS) and intermediate product, and the specific conformational details of the co-adsorption,
transition state, and intermediate product are shown in Figure S8.
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Wavenumber(cm ™)

According to the above analysis, IL-based catalysts tend to preferentially adsorb HCl,
and the HCl approaches the CI™ of the catalysts through H-bonding, forming HCI-ILs.
Then, C,Hj is trapped by the HCI-ILs, forming a co-adsorption configuration (Ads). In the
resulting co-adsorption structure of [Bmim]Cl and B1-B4, the H-bonding length between
H(1) of HCl and C1~(2) is 1.767 A, 2.054 A, 2.06 A, 1.973 A, and 2.166 A, respectively.
Acetylene molecules are adsorbed on the metal sites (Cu/Ag/Ru) of the catalysts or on
Cl~ of [Bmim]CI In the co-adsorption configuration of B1-B4, a “hammer-like” stable
structure is formed between acetylene and metal ions of the catalysts, and the interatomic
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distance of M-C(1) varies in the range of 2.022~2.708 A, depending on the size of the metal
ions. The interatomic distance between C(2)-H and CI(2) in [Bmim]Cl is 2.445 A. In this
section, all the AG of the co-adsorption process in [Bmim]Cl and catalyst B1-B4 is negative,
and their values follow the order B4(—9.49 kcal-mol~!) < [Bmim]Cl (—7.87 kcal-mol 1)
< B1(—2.91 kcal-mol ') < B2 (—2.11 kcal-mol 1) < B3 (—1.11 kcal-mol 1), indicating the
stable existence of these adsorption configurations.
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The formation of the transition state TS1 is the key step in the acetylene hydrochlo-
rination reaction [34]. In this process, the linear structure of C;Hj; is disrupted, and
the C=C bond length is increased from (1.210~1.236) A to (1.257-1.260) A, depending
on the type of the catalyst. The bond angle of C(1)=C(2)-H is decreased from 180° to
(137~151)°, and the acetylene is activated significantly. In this process, the M"*-Cl(2)
bond of the metal chlorides is stretched and broken, with their bond length prolonged
from (2.305, 2.250, 2.458, and 2.397 A) to (3.441, 2.609, 3.486, and 2.476)A, respectively
for catalysts B1-B4. The C(1) of acetylene and metal ion forms a new C-M bond, with
its bond length being 1.927 A, 2.006 A, 2.136 A, and 2.085 A, respectively. At the same
time, CI(2) in the catalyst is trapped by C(2) of the acetylene molecule, forming the
intermediate (C,H,Cl*). The active energy of this step with different catalysts follows
the order B4 (15.27 kcal-mol~!) < B3 (23.11 kcal-mol~!) < B2 (24.56 kcal-mol~!) < B1
(27.51 kcal-mol~'). This indicates that RuCl; has better catalytic activity than AgCl,
CuCl,, and CuCl, which is consistent with the previous experimental observation. The
reaction energy barrier in pure [Bmim]Cl is 40.31 kcal-mol~!, which is significantly
higher than that in IL-based metal chloride catalysts. Thus, for an acetylene hydrochlori-
nation reaction, the catalytic activity mainly depends on the metal ions of the catalysts
in specified ILs [37].

Accompanying the formation of intermediate INT1, the energy drop is 26.26, 10.91,
15.71, 10.43, and 15.73 kcal-mol~1, respectively, in [Bmim]CIl and B1-B4, due to the re-
construction of the chemical bonds, i.e., the formation of C(2)-Cl(2) and the conversion
of C(1)=C(2) of acetylene to C(1)=C(2). Subsequently, the HC]l molecule is adsorbed by
the electron-rich intermediate C,H,Cl*, and its bond is stretched from (1.296~1.329) A
to (1.528~1.597) A. The H(1)-Cl(1) bond breaks as H(1) attacks the C=C of C,H,Cl*, and
CI(1) is attracted by the IL-based catalyst, forming the intermediate VCM?*, also known
as the transition state TS2. At this state, the distance of the C(1)-H(1) of VCM* is 1.437 A,
1424 A,1.419 A, 1.454 A, and 1.431 A, respectively, in catalysts [Bmim]Cl and B1~B4. The re-
action active energy AG in [Bmim]Cl and B1-B4 is 17.57, 2.18, 7.5, 3.63, and 10.12 kcal-mol 1,
respectively. From TS2 to INT2, H(1) of HCl combines with the C atom of CoH,Cl* to
form the co-adsorption product INT2, accompanying a large energy release of 43.89, 34.23,
31.14, 35.25, and 25.31 kcal-mol !, respectively, for [Bmim]Cl and B1-B4 catalysts. Overall,
TS1 is the most energy-demanding step in the whole process and is the controlling step
of the reaction [38,39]. Generally speaking, the addition of appropriate metal chloride to
[Bmim]Cl can slightly enhance the adsorption of acetylene and HCl but significantly reduce
the activation energy of the key reaction step, especially RuCl;, making the activation
energy lower than that of pure [Bmim]Cl by 25.04 kcal-mol~!. Thus, RuCl; is an excellent
catalyst for the hydrochlorination of acetylene.

2.5. Electron Density and Orbital Bonding Analysis

In the chemical reaction process, the electron transfer between reactants is usually
mediated by the catalyst, and the intermolecular interaction between reactant and catalyst
pairs is crucial. Thus, the Electron Localization Function (ELF) is used to analyze the
electron distribution of different reactant-catalyst pairs, and the Partial Density of States
(PDOS) is used to analyze the bond changes in different catalytic stages.

In the ELF diagram, the color from cold to warm represents an increased electron
density in the region. As shown in Figure 8, there exists a higher LOL (localized orbital
locator) value between C1™ of [Bmim]CIl and H of HCI (or CoHy), i.e., a certain degree of
electron overlaps there. In other words, C1~ of [Bmim]Cl is prone to transferring its electron
to the proton of HCl or C,H,, resulting in a significant increase in electron density between
them. However, for the pairwise interaction between catalyst(B1-B4) and HCI (or C;H>),
the LOL value between HCl and C1~ of the catalyst is higher than that between acetylene
and Cl~, along with a closer interatomic distance, suggesting a stronger interaction with
HCI. This is because the electron cloud density of C1~ in [Bmim]Cl is delocalized into its
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metal chloride complex in B1-B4, which greatly decreases the negative charge of each Cl
atom and electrostatic interaction with HCI and acetylene.
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Figure 8. ELF plots for different reactant—catalyst pairs.
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In order to investigate the bonding between two spatially adjacent atoms, we analyzed
the PDOS at different catalytic reaction stages in different catalysts. For illustration, the
PDOS map of the catalytic reaction process in [Bmim]Cl is presented in Figure 9 and
analyzed in detail, and the PDOS maps for other catalysts are shown in Figures S9-512.
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Figure 9. PDOS of the catalytic reaction process in [Bmim]Cl. Vertical black lines represent areas with
peak overlapping. The dashed black line represents the HOMO value.

As seen in Figure 9, in the co-adsorption structure Ads, the s-orbital of H(1) in HCI
and the p-orbital of Cl(2) in [Bmim]Cl are hybridized and overlapped at ca. —11 eV, which
is in agreement with the ELF analysis. In [Bmim]Cl-TS1, the p-orbital profiles of C(1) and
C(2) are no longer identical, especially in the range of —5~—10 eV, and the p-orbital of
Cl(2) has hybridized with C(2) at ca. —11.5 eV. This suggests that the C(1)=C(2) bond of
C,Hj; is broken and begins to move closer to the CI(2) of [Bmim]Cl. In the intermediate
product [Bmim]CI-INT1, the curve changes of the p-orbitals of C(1) and C(2) are converging
again at ca. —7.5 eV and —10.5 eV, and the p-orbital peaks are completely wrapped by
the p-orbital peaks of Cl(2) in the range of —5~—12.5 eV. This indicates that vinyl chloride
intermediate (C;H,Cl¥) is completely generated, and the C(1)=C(2) triple bond is replaced
by a C(1)=C(2) double bond.

In [Bmim]Cl-TS2, the s-orbital of H(1) is completely covered by the p-orbital of C(1)
at-6 and -11 eV. This suggests that the H(1)-CI(1) bond of HCl is completely broken, the
proton H(1) gradually approaches C(1) in the intermediate. The hybridization between
H(1) and C(1) is enhanced, while the overlap area or hybridization between the s-orbital of
H(1) and p-orbital of CI(1) of HCI becomes smaller, but still partially hybridized.

The PDOS of the catalytic reaction process in catalysts(B1-B4) is only slightly different
from those in [Bmim]Cl, mainly due to the different adsorption structures of acetylene. In
the catalysts(B1-B4), acetylene is adsorbed around the metal ions, leading to hybridization
between C(1) and C(2) of acetylene and the metal ions M™*. During the transition from Ads
to TS1, the bond between M™* and C(1) of acetylene remains, and C(2) is attacked by C1(2),
leading to the breakage of the C(2)-M bond. After the formation of the intermediate INT1,
the C(1)-M bond disappears due to the attack of C(1) by H(1) of HCI, and the metal ion M
captures the CI(1) of HCI, forming a new M-Cl bond.

3. Materials and Methods
3.1. Materials

Analytical-grade chemicals were purchased from Shanghai Macklin Biochemical Tech-
nology Co., Ltd., including 1-ethyl-3-methylimidazolium chloride ([Emim]Cl, >97.0 wt%),
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1-butyl-3-methylimidazolium chloride ([Bmim]Cl, >97 wt%), 1-hexyl-3-methylimidazolium
chloride ([Hmim]Cl, >97 wt%), cuprous chloride (CuCl, >98 wt%), copper chloride
(CuCly, >98 wt%), silver chloride (AgCl, >97 wt%), and ruthenium chloride trihydrate
(RuCl3-3H,0, >37 wt%), and used as received without further purification. Nitrogen (N,
99.999%) was purchased from Beijing Haipu Gas Co., Ltd., and hydrogen chloride (HCl,
99.9%) was purchased from Beijing Guante Gas Co., Ltd.

3.2. Catalyst Preparation

Taking [Bmim]Cl-AgCl (2 wt%) as an example, 2.5 g of [Bmim]Cl and 0.05 g of AgCl
were added to a 100 mL glass vial and stirred magnetically at 80 °C for 2 h until a transparent
liquid was formed. The as-prepared liquid catalyst was dried in a vacuum oven at 60 °C
for 12 h to remove trace amount of water. Other metal-chloride-based IL catalysts were
prepared similarly.

3.3. Catalyst Tests

Scheme 1 shows the reaction setup for acetylene hydrochlorination. First, 2.5 g of cata-
lyst was added into the stainless steel reactor, and then the air inside was evacuated using
a vacuum pump to prevent its interference with the reaction. To the reactor, 0.1~0.15 MPa
acetylene and 0.2~0.3 MPa hydrogen chloride were purged successively with a specific
mole ratio at 1~1.2 [40] through the high-pressure gas cylinder. Then, the reactor was
placed into a thermostatic electric heating jacket and stirred at 160 °C for 1 h. After reaction,
the reactor was taken out and cooled to room temperature naturally.

¢ D

r ‘ Temperature probe

1

HCl = o \Ii == me— C,H,

«
' ' SV 160°C

PV 160°C

" 200 R/min
* 0 . D

et e e

Scheme 1. The reaction setup for the catalytic hydrochlorination of acetylene.

The gas product was sampled with a gas bag, and its composition was detected by a
gas chromatograph (GC 2010, Shimadzu) with Agilent HP-Al/KCl column (Iength of 50 m,
film thickness of 15 um, inner diameter of 0.53 mm, upper temperature limit of 200 °C), FID
detector, and split ratio of 16.8. The gasification chamber and detector temperature were
both 250 °C. The temperature of the chromatographic column was maintained at 100 °C.
The carrier gas was nitrogen with flow rate of 5.08 mL-min~. The conversion of acetylene
(x4) and selectivity to VCM (S,) were calculated by the following equations:

X4 = PA0 — PA (1)
P A0
_ Po 0,
Sy = p— x 100% (2)

where ¢ 40, ¢4, and ¢, represent the volume fraction of acetylene in the feed and product
gases and volume fraction of VCM in the product, respectively.
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3.4. Characterization

The thermal stability of the catalyst was evaluated by TGA (TGA 550, TA Instruments,
Newcastle, DE, USA). The experiments were carried out under a nitrogen atmosphere at
a flow rate of 20 mL-min !, and the temperature was increased from 30 °C to 800 °C at
10 K-min~1.

The catalysts were characterized by FTIR (Nicolet iS20, Thermo fisher Scientific,
Waltham, MA, USA). The liquid samples were tested in ATR mode within the wave
number range of 600~4000 cm ™.

'H NMR and '3C NMR (AVANCE III HD 400, Bruker, Billerica, MA, USA) of three
ILs were tested to ensure their structure. The ILs were dissolved in deuterated DMSO and
tested under a magnetic field of 400M/500M. The metal content in the IL-based catalysts
was analyzed by ICP-OES (Agilent 5800, Agilent, CA, USA). The reaction products were
determined by GC-MS (GCMS-QP2020, Shimadzu, Kyoto, Japan).

3.5. Density Functional Calculation

In this paper, unconstrained geometry optimization and DFT calculations were per-
formed using Gaussian software and the B3LYP method (Becke’s three-parameter hybrid
generalization B3 combined with Lee-Yang—Parr (LYP)) correlation generalization for all
atoms [41]. In the structural optimization, frequency calculation, and transition state
determination, 6-31G (d,p) basis set was used for H, C, N, O, and Cl elements, and a
pseudopotential basis set SDD was used for Ru, Cu, and Ag elements. For the calculation
of single-point energy, the 6-311++G (2d,p) basis set was used for H, C, N, O, and Cl, and
the pseudopotential basis set def2-tzvp was used for Ru and Ag.

Frequency calculation was performed to determine all steady-state points as transition
states with one imaginary frequency or minima without imaginary frequency. IRC was
calculated for all transition states to confirm that the structures indeed connect the two
associated minima. All calculations were performed using the Gaussian 09 software
package. Charge distributions, Mayer bond order, Mulliken charge, ESP, ELF, and PDOS
were analyzed using the Multiwfn analysis program [42—44].

The energy (E) reported in this paper is the sum of the electron energy and the zero-
point energy correction, and the Gibbs energy (G) is the sum of the electron energy and the
thermal free energy correction. To analyze the interaction of reactants (HCl, CoH,), product
(vinyl chloride), and IL, the interaction energy (E) is defined in Equation (3) [45]:

E= Eadsorption - Efree molecule — EIL 3)

where Eggsorption 1S the total energy of C3H,Cl, C;Hp, or HCI paired with the IL-based
catalyst; Efe motecute 1S the energy of C3HyCl, CoHp, or HCL and Ejp. is the energy of each
IL-based catalyst. AG is calculated in the same way.

4. Conclusions

Four IL-based complex catalysts were synthesized by dissolving specific amounts of
CuCl, CuCly, AgCl, and RuCls, respectively, in [Bmim]Cl. [Bmim]Cl-RuCl; has the best
catalytic performance, showing a 72.3% acetylene conversion rate at 1% wt RuCl; usage
and experimental conditions of 160 °C, nyjc;/neopp = 1~1.2, 1 h. [Bmim]Cl can form H-
bonding with the dissolved HCI, prolong the bond length of HCl, and enhance its reactivity.
The electron transfers from the HOMO of [Bmim]Cl to LUMO of HCI via H-bonding
interaction, promoting nucleophilic attack of HCI to C,H;. The reaction activation energy
can be reduced and the conversion rate of acetylene enhanced greatly by adding transition
metal chlorides. The activation energy is decreased by 25.04 kcal-mol ! in [Bmim]CI-RuCl;
compared to that in [Bmim]Cl. The transition metal ions and ILs can synergistically catalyze
the hydrochlorination of acetylene.
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