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Chloride leaching/removal is a fundamental reaction of polyvinyl
chloride (PVC), pertinent to PVC recycling and environmental
impacts. We show that quantum tunnelling (QT) drives >90 % of
chloride leaching from PVC to water at all environmentally relevant
temperatures offering new insights into plastic degradation and
transformation processes.

Polyvinyl chloride (PVC) is the world’s third-most produced plastic,
accounting for over 10 % of total plastics production,! and is used in
wide-ranging applications including pipes, roofs, flooring, cables,
valves, and medical equipment among others.2 3 PVC pipes have
even surpassed metal pipes as the dominant material for new water
systems in the U.S.# As PVC is in contact with water in most
applications, concerns have been raised over the possibility of PVC
leaching chemicals into water, such as chloride.> In addition, plastic
waste recycling efforts have also emphasized the necessity of
chlorine removal for successful PVC upcycling.> 3. ¢ Previous studies
have established that chloride leaching/removal proceeds via an E2
mechanism (Figure 1) in a basic environment.” 8 The E2 mechanism
involves a concerted abstraction of a proton by the hydroxide from a
CH, group and a chloride ion leaving from the adjacent CHCI group.
The reaction results in the formation of a C=C double bond in the
polymer backbone, a water molecule, and a chloride ion. This E2
mechanism occurs when PVC pipes are in contact with alkaline soils
or when PVC waste is recycled using NaOH.?
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Figure 1. E2 mechanism of base-assisted chloride leaching from PVC

In this computational study, we consider the base-assisted chloride
leaching from PVC to water with a focus on understanding the effect
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of quantum tunnelling on the reaction. Quantum tunnelling (QT) is
the phenomenon by which particles bypasses a potential energy
barrier instead of surmounting it. QT provides an alternative
pathway for reactants to transform into products and results in a
higher reaction rate than that expected from thermal barriers.1° QT
has been proven to be relevant for various reactions,15 including
enzyme catalysis, 1618 organic reactions,’2 1923 and surface
reactions?#26, QT has also been studied in a few free-radical
mediated reactions of plastics such as free-radical polymerization?’.
28 and poly-a-methylstyrene degradation,?® using approximate
methods such as the non-uniformized Wentzel-Kramers-Brillouin
(WKB) approximation3%-32 and the one-dimensional Eckart tunnelling
method33. In this paper, we show using reliable canonical variational
theory?0 34,35 (CVT) calculations coupled with the small curvature
tunnelling34 36 (SCT) approximation that the base-assisted chloride
leaching from PVC is dominated by QT at all practically relevant
temperatures. By establishing the role of QT in chloride leaching
from PVC, we show a practical example for tunnelling in plastic
polymers in a non-radical mediated reaction and reveal that QT can
contribute to plastic waste recycling.

We study the chloride leaching to water in a two-monomer unit
computational model based on our benchmarking studies (see
details in Section 1 of the Supporting Information). In our model, a
hydroxide ion formally reacts with 1,3-dichlorobutane to form 1-
chloro-2-butene, water, and a chloride ion. The transition state
related to chloride leaching via the E2 mechanism is shown in Figure
2 at wB97X-D(SMD=Water)/6-311+G(d,p)37-° level of theory. The C-
H bond at the transition state elongates from the equilibrium 1.095
A to 1.359 A, while the C-Cl bond distance changes from 1.841 A to
2.157 A. This suggests that the C-H and the C-Cl bond breaking are
fully concerted, and Cl also actively participates in the transition
state. The analysis of the imaginary mode indicates that the reacting
hydrogen is displaced much more than the heavier chlorine as the
displacement values in normal coordinates are 0.99 and 0.014 for
hydrogen and chlorine, respectively. Notably, all other nuclei also
undergo negligible displacement (< 0.1) relative to hydrogen. The
displacement analysis suggests that the motion of the leaving
hydrogen is critical during the chloride leaching process, hence, if QT
is present in the reaction, it will be primarily driven by the
involvement of the hydrogen in the elementary step.
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Figure 2. Transition state of the base-assisted chloride leaching in the
two monomer-unit model at wB97X-D(SMD=Water)/6-311+G(d,p)
level of theory. Colour code: C — gray, H — white, O — red, and Cl -
green.

We present the calculated standard-state energetics such as the
reaction energy (AER), reaction Gibbs free energy (AGg), electronic
energy barrier (AE¥), and Gibbs free energy barrier (AG¥) in Table 1.
AER (-20.6 kcal/mol) and AGg (-30.9 kcal/mol) show that chloride
leaching is thermodynamically favorable. The reaction has a
relatively high barrier as indicated by AE* and AG* of 17.9 and 23.0
kcal/mol, respectively. AG¥ suggests a low thermal reaction rate at
room temperature; however, it is important to note that PVC pipes
can be in contact with water for decades. We also find that some of
the reaction energetics hint at a possible role of QT in the reaction.
The large thermodynamic driving force together with the large
imaginary mode of the transition state (1491 cm-?) indicate a narrow
barrier that is pertinent for QT as QT has an inverse dependence on
barrier width.13

We explore the possible role of QT by carrying out CVT calculations
coupled with the SCT approximation. We use well-converged
parameters and compute the minimum energy path (MEP) long
enough to completely cover the region where tunnelling occurs (see
details in Section 1 of the Supporting Information). We calculate the
semiclassical standard-state rate constant (kcyr) as 2.8 st and the QT-
corrected rate constant (kscr) as 39.2 s Thus, the transmission
coefficient (k) is 13.9 at room temperature. Since QT rates depend
on temperature, we calculate keyr, kscr, and & from 70 K to 350 K for
completeness (presented in Table S5 in the Supporting Information).
Figure S1 shows kcyr and kscr plotted against temperatures from 220
K to 350 K. We see that & decreases with increasing temperature as
expected (see Table S5 for more details) due to the stronger increase
of thermal rates than tunnelling rates. Notably, « is still 6.98 even at
350 K; thus, QT is important even at elevated temperatures. In Figure
S2, we present an Arrhenius plot for keyr and kscr between 70 K and
350 K. In(kcyt) shows a linear change throughout the temperature
range. From about 220 K to 350 K, QT occurs from vibrationally-
excited levels, so In(kgcr) also changes linearly. However, below 200
K, QT mainly occurs from the vibrational ground state, reducing the
temperature-dependence of kgcr. Figure S3 magnifies the linear
region of Figure S2, showing that the effective barrier determined
from the Arrhenius plot of kscr is 13.3 kcal/mol, 3.2 kcal/mol lower
than that obtained from the Arrhenius plot of keyr.

Table 1. Computed standard-state reaction energy (AER), reaction
Gibbs free energy (AGg), electronic energy barrier (AE¥), and Gibbs
free energy barrier (AG*) in kcal/mol; semiclassical rate constant
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(kcyr) and QT-corrected rate constant (kgcr) in s, the transition
state imaginary frequency (v;) in cm, SCT transmission coefficient
(¥), and Tunnelling contributions (%Tun) for chloride leaching from
the two monomer-unit model at wB97X-D(SMD=Water)/6-
311+G(d,p) level.

AER | -20.6 kcal/mol

AGg | -30.9 kcal/mol

AE* | 17.9 kcal/mol

AGF | 23.0 kcal/mol
Vi 1491 cm?

keyr | 2.8st

kser | 39.2s1

K 13.9

%Tun | 93 %

We present the calculated vibrationally adiabatic ground-state
energy curve of the minimum energy path (V,¢) in Figure 3 to
elucidate the contribution of tunnelling to the thermal reaction. The
V.6 curve is shown from s = -4 to s = +4 Bohr.amu?/2, whereby s
represents the mass-weighted reaction coordinate, and the
colouring scheme refers to the tunnelling probability. We note that
we observe some small (mostly below 50 cm) imaginary frequencies
along the V¢ curve generally far away from the transition state and
thus they should not affect the accuracy of our results. Furthermore,
the plotted V,¢ curve approaches but does not reach the reactants
and products; this is however unimportant as the shown V,¢ curve
includes the region with non-negligible tunnelling probability (see
Section 1 of the Supporting Information for more details). 96 % of all
the tunnelling occurs in the shaded region magnified in the inset that
spans from s =-1.0 to s = +0.8 Bohr.amu¥/2, Thus, all the tunnelling in
the reaction occurs within 4.0 kcal/mol of the transition state and the
tunnelling probabilities increase with decreasing barrier width,4 4
reaching a maximum of 0.542,

We analyse the tunnelling contribution (%Tun) to chloride leaching
at various temperatures. Figure 4 presents the variation of %Tun
between 220 K and 350 K and demonstrates that QT dominates
chloride leaching reaction rates at all shown temperatures. At room
temperature, QT is responsible for 93% of the chloride leaching rate
and the thermal pathway only accounts for 7% of the reaction rate.
%Tun decreases with increasing temperature similar to 'k, however,
it still accounts for 86% of the reaction rate at 350 K whereas it is
responsible for 99+% of the reaction rate below 220 K (Table S5).
Overall, Figure 4 indicates that QT provides the pathway for CI- to
leach from PVC to water at all
temperatures.

environmentally relevant

To discern which atom is tunnelling, we perform kinetic isotope
effects (KIE) analyses. On substituting deuterium for the leaving H,
we calculate a H/D KIE of 23.18 at 298 K. At room temperature, a H/D
KIE > 7 generally cannot be explained only by differences in the zero-
point energy of the H and D isotopologues.* We also calculate a
CI33/CI37 KIE of 2.51 at 298 K on substituting the leaving Cl, and a
C12/C' KIE of 2.47 at 298 K on substituting the C bonded to the

This journal is © The Royal Society of Chemistry 20xx
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leaving H. Our KIE analysis indicates that although QT in the reaction
is driven by H-tunnelling, the other atoms might also contribute.
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Figure 3. Vibrationally adiabatic ground-state energy curve of the
minimum energy path (V.°) as a function of the calculated mass-
scaled reaction coordinate (s) at wB97X-D(SMD=Water)/6-
311+G(d,p) level of theory for the two monomer-unit model. The
vertical axis of the inset is the vibrationally adiabatic ground-state
energy relative to the transition state, and the vertical axis of the
figure is the vibrationally adiabatic ground-state energy relative to
the reactant’s potential energy. The values on the colour scale are
the tunnelling probabilities.
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Figure 4. Tunnelling contribution (%Tun) to the reaction rate for the
two monomer-unit model as a function of temperature in K.

To test the validity of the SMD model for OH-, we also carry out
electronic structure and tunnelling calculations at the wB97X-
D(SMD=Water)/6-311+G(d,p) level on a two monomer-unit model
with an explicit water molecule present (Section S4 of the Supporting
Information). We show that an explicit water molecule does not
affect our conclusions as %Tun changes only slightly to 86% at 298 K.
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In conclusion, we provide computational evidence that QT plays a
critical role in chloride leaching from PVC to water. We show that QT
increases the reaction rate of chloride leaching by an order of
magnitude by lowering the effective barrier by 3.2 kcal/mol. The
present work highlights that QT is of a practical importance given the
environmental relevance of chloride leaching. Our study also indicate
that QT is an important phenomenon in PVC recycling, where
removal of chlorine is desired under a controlled environment via the
same reaction mechanism. We anticipate that QT may play a role in
other plastic transformations relevant to the environmental impact
of plastics and related global plastic recycling efforts, which are being
explored further by our research group.
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