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The mechanism of ring-opening polymerization of oxetane cation series compounds was investigated
using the B3LYP and MP2 methods of density functional theory and ab initio methods, at the basis set
levels of 6-31G(d,p) and 6-311++G(d,p). The geometrical parameters of the reactant, transition state,
intermediate and product of a series of multi-polymer species in the reaction pathway were fully
optimized. The structural changes of species in the reaction pathway are explained herein. The
computing results show that the polymerization of oxetane is performed by the O atom of oxetane
continuously attacking the C atom of the oxetane cation. The energy analysis of the reaction process
shows that the acidized oxetane can easily polymerize with other oxetane molecules to form
a copolymer, and the activation energy in the initial step is very low. The equilibrium and transition state

characteristics of every stationary point in the reaction pathway were determined through vibrational
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Accepted 8th October 2017 analysis. The corresponding reactant and product of each transition state were verified according to the
intrinsic reaction coordinates traced from the transition state of different hierarchical polymers. Finally,

DOI: 10.1039/c7ra09317a the solvent effects of tetrahydrofuran and dichloromethane are discussed herein based on the self-
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1. Introduction

Oxetane is an important precursor for light polymerization in
organic chemistry. It can be used as a monomer for UV cationic
polymerization,” a polymer electrolyte supporter,®> and can be
used in coatings, sealants, adhesives and advanced ink prod-
ucts.*® Oxetane exhibits strong alkaline properties, and can be
combined with an acidic hydrogen ion to initiate cationic ring-
opening polymerization by photo-excitation. The polymeriza-
tion shows a high reaction speed, low viscosity, high adhesive
strength, small curing shrinkage rate, and low toxicity and
volatility. The polymer product has good chemical resistance,
heat stability and excellent mechanical properties. Therefore,
research into the structure and properties of oxetane and its
cation has attracted much attention in recent years.”**
Normally, a series of oxetane derivatives can be used as
monomers of polymerization. The experimental processes are
typically monitored using UV, FTIR and other means. The
reactions are normally initiated using lasers of different wave-
lengths. Boron trifluoride hydrate, hexafluorophosphate, hexa-
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fluoroantimonate, aromatic diazonium salts, and aryl iodo-
nium salts are common initiators.””** The reaction speeds are
typically fast and it is often difficult to inhibit the reaction with
oxygen once polymerization has started. Because the entire
reaction speed in a continuous reaction process is determined
by the slowest reaction step, if the light source is strong enough
and the quantum yield of the reaction is fixed, the reaction
speed depends on the reactivity of the monomer and the end
site of the growing chain. Therefore, research into the reaction
mechanism and the structure of the monomers in the light-
cation ring-opening polymerization is particularly important
in organic synthesis.

There has been some theoretical research carried out on the
electronic structure of oxetane. Most work has been focused on
calculating the structural properties of monomers and
complexes,**™® or the reaction mechanisms of pyrolysis**** and
photolysis®*™* of oxetane. Ferreira et al.*® predicted the struc-
tural stability of a complex of the oxetane monomer with
hydrogen halide and discussed the special nature of the weak
interaction using density functional theory calculations at the
B3LYP/6-311++G(d,p) level. Ottaviani et al'® computed the
electronic structure of oxetane hydrate and gave the geometry
and main bond parameters by combining the jet millimeter
wave spectrum with quantum chemical calculations. Earlier,
Chen et al.*® explored the pyrolysis reaction mechanism of
oxetane using a semi-empirical molecular orbital method, and
indicated that the biradical reaction was the most interesting
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process in the variety of primitive reaction pathways. Recently,
Tahan* and Shiroudi** determined that formaldehyde and an
olefin were the main products of oxetane single molecule
pyrolysis, and gave a high-pressure limit of the reaction rate
constants according to computations using B3LYP/6-311+G**,
B3PW91/6-311+G** and MPW1PW91/6-311+G**. Studies
investigating the photolysis reaction mechanism in oxetane
polymerization have gradually increased. Most research has
been based on the Paterno-Buchi reaction. Palmer® studied the
photolysis reaction mechanism of oxetane using the MC-SCF
method. Lee et al.*® reported UV photolysis molecular beam
experiments with oxetane at 193.3 nm. Yang, et al.>* illustrated
the phenomenon that azetidin is generated faster than oxetane
in the (6-4) photolysis of 5-methyluracil using theoretical
calculations.

The most important uses of oxetane and its derivatives are in
the field of cationic photo-polymerization,”™° since oxetane is
the simplest molecule in the series of oxygen hetero-ring
compounds. Understanding the single molecular polymeriza-
tion mechanism of oxetane is very significant for explaining the
more complex polymerization mechanisms of oxetane deriva-
tives. In this paper, density functional theory and ab initio
methods of quantum chemistry were used to study the mecha-
nism of monomer polymerization of oxetane with its cation, and
to determine the transition state of each step of the reaction. The
aim of this work was to analyze and speculate the changes in
atomic charges, frontier molecular orbitals and the interactions
between different species, and finally, to reveal the microscopic
mechanism of the series polymerization of oxetane.

2. Computational methods

Structure models of oxetane, its acidified cation and the poly-
mer were established according to the reported experimental
data.’* The geometries of the reactants, transition state and
products were fully optimized by using the B3LYP and MP2
methods at the basis levels of 6-31G(d,p) and 6-311++G(d,p).
The characteristics of the equilibrium and transition states were
confirmed by the number of imaginary frequencies based on
the vibrational analysis of the geometries; the zero-point energy
(ZPE) correction was obtained at the same time. The intrinsic
reaction coordinates (IRC) of the oxetane polymerization were
calculated from the transition state to determine what the cor-
responding reactants and products were. The quantum chem-
ical calculations of the oxetane molecular geometry and
electronic structure were completed using the Gaussian 09
program,** Mulliken atomic charge was taken from the
Gaussian program results, and Becke, Hirshfeld and ADCH
(Hirshfeld population included atomic dipole correction)
atomic charge calculations were computed using Multiwfn
program.®> The solvent effects on the mechanism were dis-
cussed based on the polarizable continuum model (PCM) of
self-consistent reaction field (SCRF) theory. The molecular
structure, molecular orbitals and transition state imaginary
vibration modes were drawn using the HyperChem program,*
and the data from the Gaussian computation results were
converted to HyperChem data format using the GTH program.**

This journal is © The Royal Society of Chemistry 2017
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3. Results and discussion

3.1 The analysis of structural features and reaction tendency
of oxetane and its acidified cation

Oxetane (Ox) is a four-membered heterocyclic molecule with
a saturated chemical bond. Fig. 1 gives the structural models of
Ox and its protonated cation (Ox-H'). The tension of small
molecule cyclic compounds is usually large, and the four-
membered ring of oxetane obviously possesses this feature.
The thermodynamic parameters observed when adding water to
1,3-propanediol may be explained by this. The C-C bond length
of Ox remains constant at about 0.152-0.153 nm before and
after the addition, while the C-C-C bond angle changes from
83° to 113°. The hydration heat of Ox is about —83 kJ mol .
These results suggest that the ring-opening of oxetane takes
place easily. The main bond parameters of oxetane were
computed using the B3LYP/6-31G(d,p) and MP2/6-31G(d,p)
methods. The main optimized geometric parameters of Ox
and Ox-H" are listed in the ESLY It can be seen that the differ-
ences are small between the different computing levels, and the
parameters of Ox are also close to those of the experimental
data.*® The results also show that both density functional theory
and ab initio methods are suitable for calculating the electronic
structure of the Ox system. Because the atom numbers in the Ox
polymer system increase as the reaction progresses, in order to
explain the problem of inconsistencies in the calculation data,
the B3LYP/6-31G(d,p) results were mainly used to discuss the
polymerization changes in this paper.

One feature of the chemical reaction was the migration of
electrons between different atoms, resulting in the rupture of
old bonds and the building of new bonds. The atomic charge
data, obtained using several different theoretical calculation
methods using the basis set of 6-31G(d,p), are shown in the
ESI.{ The adaptability of the atomic charge calculation method
can be evaluated according to the calculation results. The
relative changes in several atomic charge values were basically
fitted using the electronic gains and losses rule; however, the
absolute values of the atomic charge showed large differences.
Generally, it was considered that C and O atoms mostly have
a negative charge, while the H atom has a positive charge.
Comparing the calculation results of different methods, the
absolute values of the Becke and ADCH atomic charge were
better fitted to the chemical characteristics than those of the
Mulliken and Hirshfeld atomic charge, which was also observed
by Lu et al.*® in their atomic charge values. The changes in

Fig. 1 The structural models of oxetane (Ox) and its protonated ion
(Ox-H™).
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atomic charge value could explain the interaction of oxetane
with its protonated ion to a certain extent; however, the scale
and significance of the atomic charges may also need further
investigation. The ADCH charge calculations showed that the O
atom charge changes from —0.287 to —0.221 when Ox is
combined with H+ to form Ox-H", while the ADCH charge of the
adjacent C and O atoms changes from —0.026 to —0.013. This
could explain why O atoms of Ox would attack C atoms of Ox-H"
in the initial stage of the nucleophilic reaction. The reduction of

View Article Online
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the negative charge of the C atom of Ox or the electrostatic
attraction may be due to the power of polymerization.

The regular geometries of oxetane and its protonated ion
may possess C,, and Cy symmetry; however, the calculated self-
consistent field energy of an unsymmetrical molecular structure
is lower than that of a symmetrical structure. The symmetry
restrictions of Ox and Ox-H' were canceled in the subsequent
computation. Graphics of the two highest occupied molecular
orbitals (MO 15 and 16) and the two lowest unoccupied
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Fig.2 Structural models of the reactant, transition state and product of oxetane polymerization and the potential energy profiles of the reaction.
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molecular orbitals (MO 17 and 18) of Ox and Ox-H', drawn with
the HyperChem program, are shown in the ESLt Since the
polymerization reaction of oxetane involves mainly the O atom
of Ox attacking the C atom of Ox-H', when an O atom and a C
atom are in close proximity, the O atom HOMO should interact
with the C atom LUMO. It can be obviously seen that the
symmetry of MO 15 of the O atom in Ox is matched with MO 17
of the C atom in Ox-H" for the formation of an O-C bond. In
addition, if the symmetry matching of MO 16 of Ox with MO 18
of Ox-H" took place, it would produce an OH,C bond. However,
this possibility may be very low. When the four-membered ring
planes of Ox and Ox-H" are almost perpendicular, an O atom of
Ox would approach a C atom of Ox-H" along the C-C bond axis
direction, and the symmetry matching can meet the principle of
orbital maximum overlap. This is also consistent with the
changes in the geometric parameters of the transition state in
the polymerization of Ox with Ox-H".

3.2 The structural characteristics of equilibrium and
transition state on the polymerization pathways

The experimental results show that the polymerization of the
oxetane derivative with its cation is usually classified as
a cationic ring-opening reaction. This kind of process normally
includes three processes, that is, photoinitiation, chain growth
and termination, based on the principles of polymerization.
Under the conditions of photoinitiation, the reaction system
firstly produces a proton due to the interaction of the photo-
initiator, and then an oxonium ion is formed, thereby attracting
oxetane molecules to form a complex. Fig. 2 shows the struc-
tural model of the reactant, transition state and product in the
polymerization reaction process of oxetane with its cation. The
data for 4- and 5-polymerization are put into the ESIL.1 As can be
seen from Fig. 2, the structures of the intermediates and
products of the polymerization are close to those of polyalcohol
or polyether. There is a four-membered heterocyclic structure
containing oxygen in the side chain, which undergoes a ring-
opening reaction to finally terminate the polymerization
process. Table 1 lists the main geometric parameters of
different species in the reaction pathway of the oxetane 2- to 6-
polymerization, which were obtained using the B3LYP/6-
31G(d,p) method. It is shown that the transition state struc-
tures of each step are closer to the reactant (complex of Ox with
Ox-H"). Taking the dipolymer reaction as an example, while the
polymerization reaction is progressing and the reactant inter-
action is increasing, the distance between the O atom of Ox and
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the C atom of Ox-H" becomes 0.255 nm. This decreases to
0.222 nm in the transition state, and finally to 0.150 nm in the
polymer intermediate. The changes in the O and C atom posi-
tions fully reflect the structural changes of polymerization. The
C-C-C bond angle also changes to 94.30° in the transition state
from 90.75° for the complex reactants, and finally increases to
109.63° in the ring-opening products. It can be seen that the
changes in the bond parameters of the polymer system (R, TS, P)
change little when the degree of polymerization is 3 to 6 (the
data are listed in the ESIT). This means that when the degree of
polymerization reaches a certain value, the polymerization of
oxetane favors a repeated process.

By analyzing the structural parameters of the reactants,
transition states and products, the polymerization of the Ox
monomer in the initial process of the reaction was found to
represent mainly the O atoms of oxetane attacking the C atom of
Ox-H" adjacent to the O atom along the direction of the C-O axis
of Ox-H'. This is consistent with the symmetrical changes of the
frontier molecular orbitals and may result in the charge
attraction of Ox and Ox-H' in the reaction process. The posi-
tions of the two carbon atoms of Ox adjacent to OH groups are
equivalent, and they can accept the Ox monomer to carry out
polymerization. This means that the products would have some
isomers. The transition state geometries of oxetane dimeriza-
tion are very close to the reactant complex and the product
geometries are similar to that of polyether according to the
structural parameters of the polymer chain.

3.3 The reaction barrier of polymerization and the pathway
of intrinsic reaction coordinates

Bulut®® described that the reaction process of oxetane proceeds
with an increase of the polymer chain, activation energy and
exothermic heat of the reaction. Based on the transition state
structure computed theoretically, the intrinsic reaction coordi-
nates of each step in the polymerization reaction confirm that
the reactants and products are the oxetane cation and its poly-
mers, corresponding to the configuration of the transition state.
Table 2 lists the self-consistent field energy of the polymeriza-
tion system (Eg, Ers, Ep), forward activation energy (E,) and
backward activation energy (Ey), and reaction heat (AH,). It also
shows that the transition state geometry of every step in the
polymerization of oxetane is very close to that of its corre-
sponding reactant. The activation barrier of dimerization in the
initial steps is very low, at only about 3 k] mol*. The activation
energy of the corresponding inverse reaction (decomposition) is

Table 1 Changes in special bond parameters of the polymerization system based on the B3LYP/6-31G(d,p) method®

2 3 4 5 6
n 0-C CCC CCO 0-C CCC CCO 0-C CCC CCO 0-C CCC CCO 0-C CcCC CCO
R 0.255 90.75 90.40 0.267 89.20 89.89 0.268 89.40 89.40  0.268 89.39 89.41  0.266 89.59 88.30
TS  0.222 94.30 93.85  0.208 95.72 95.60 0.211 95.86 94.99 0.211 95.84 95.03  0.211 95.85 94.99
P 0.150 109.63 106.43 0.149 111.74 10591 0.150 108.67 106.56 0.150 108.69 106.54 0.150 108.71 106.74

“ Bond length: nm; bond angle: °.
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Table 2 The self-consistent field energy of the polymerization system (E: au), activation energy (E,: kJ mol™) and reaction heat (AH: kJ mol™)

using the B3LYP method

n Eg Ers Ep E, Ey AH,

2 6-31G(d,p) —386.390 —386.388 —386.428 2.888 105.282 —~102.394
6-311++G(d,p) —386.484 —386.483 —386.525 3.151 111.059 —~107.908

3 6-31G(d,p) ~579.472 —579.463 ~579.486 23.367 61.699 —38.332
6-311++G(d,p) —579.618 —~579.609 —579.633 24.417 64.850 —40.433

4 6-31G(d,p) —772.536 —772.520 —772.556 40.170 93.993 —53.823
6-311++G(d,p) —772.732 —772.716 —772.754 39.908 98.981 —59.074

5 6-31G(d,p) ~965.599 ~965.583 ~965.6193 40.483 94.342 —53.860
6-311++G(d,p) —965.844 —965.826 —965.8658 37.581 95.311 —57.729

6 6-31G(d,p) ~1158.655 —1158.647 ~1158.678 21.004 82.814 —61.810
6-311++G(d,p) —1158.951 —1158.943 —1158.974 22.361 83.504 —61.143

relatively high, at about 105 kJ mol . This is consistent with the
experimental characteristics of a high reaction rate and difficult
polymerization-inhibition by oxygen. With the polymer chain
growth, the activation energy of polymerization increases, and
the reaction rate becomes gradually smoother.

The intrinsic reaction coordinates of the single step 2- to 6-
polymerization of oxetane with its cation were calculated using
the B3LYP/6-31G(d,p) method. Fig. 3 shows the combination of
several groups of intrinsic reaction coordinates in the poly-
merization pathways of Ox and Ox-H'. The energy of the
complex of Ox and Ox-H' was selected as the zero point of
relative energy. The potential energy profile in the reaction
path shows a change in the ladder shape. It shows the total
energy of the system reduces with the increase of polymeriza-
tion degree, and the activation energy of each step in the
reaction becomes gradually constant. Such a low energy barrier
of the initial step means that the reaction of Ox with Ox-H"
takes place so easily that the monomers of Ox and Ox-H" would
almost not exist in a container at the same time. The high
backward energy barrier of polymerization means that some
dimers or multi-polymers would be stable and difficult to be
dissociated in the reaction system. This explanation of the
polymerization of Ox with Ox-H' is in accordance with the
experimental description of oxetane.

0
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Fig. 3 Combination of intrinsic reaction coordinates of the poly-
merization pathway of Ox with Ox-H™.
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3.4 Solvent effects

Normally, the polymerization reaction of oxetane derivatives
with its cation is carried out in an organic solvent such as
tetrahydrofuran (THF) or dichloromethane (DCM), according to
the experimental reports. Here, two kinds of solvent effects of
the polymerization were computed using the polarizable
continuum model. Table 3 lists the geometric parameters of
each species on the polymerization pathways, which were fully
optimized at the level of B3LYP/6-31G(d,p), based on the PCM
model. The computational results show that the solvent effects
of THF and DCM have a small effect on the geometry, causing an
increase of about 0.01 nm in the O(Ox)-C(Ox-H") inter-atomic
distance, compared to the situation with no solvent. This
means that the different molecules that are not bonded present
a certain relaxation and move away from each other under the
solvent effects. Table 4 lists the energies of the reactants (Eg),
transition state (Ers) and products (Ep), at each step of the 2- to 6-
polymerization in the solvent. Comparing Tables 2 and 4, the
solvent effects of THF and DCM obviously affect the system
energy and balance the activation energy of each step in the

Table 3 Changes in the bond parameters of the polymerization
system in the solvents THF and DCM*

THF DCM

n R TS P R TS P

2 0-C 0.268 0.215 0.149 0.269 0.216 0.149
CCC 89.85 95.06 110.47 89.75 94.81 110.50
CCO 89.97 95.29 107.52 89.83 94.96 107.57

3 0-C 0.273 0.211 0.148 0.273 0.211 0.148
CCC 89.13 95.41 111.44 89.13 95.39 111.41
CCO 89.71 95.36 106.77 89.72 95.34 106.82

4 0O-C 0.274 0.213 0.149 0.274 0.213 0.149
0-C 89.32 95.69 109.41 89.39 95.70 109.66
CCC 89.17 94.79 107.53 89.25 94.81 107.72

5 0O-C 0.274 0.213 0.149 0.274 0.213 0.149
CCC  109.65 95.76 109.53 89.47 95.76 109.79
CCO 108.06 94.98 107.53 89.32 94.98 107.67

6 O-C 0.274 0.149 0.274 0.149
CCC 89.47 109.40 89.48 109.46
CCO 89.19 107.55 89.20 107.58

¢ Bond length: nm; bond angle: °.

This journal is © The Royal Society of Chemistry 2017
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Table 4 Energies, activation energy and reaction heat of polymerization in the solvents THF and DCM

Solvent n Ex (au) Ers (au) Ep (au) E, (k] mol ) Eyp (K] mol ™) AH (k] mol ™)
THF 2 —386.458961 —386.454075 —386.496147 12.828 110.460 —97.632
3 —579.531281 —579.522109 —579.558345 24.081 95.138 —71.057
4 —772.594669 —772.582167 —772.623358 32.824 108.147 —75.323
5 —965.659637 —965.647255 —965.688565 32.509 108.459 —75.950
6 —1158.721140 —1158.712398 —1158.751291 22.952 102.114 —79.161
DCM 2 —386.460639 —386.456134 —386.498024 11.829 109.982 —98.154
3 —579.532984 —579.523776 —579.560470 24.176 96.340 —72.164
4 —772.596227 —772.584023 —772.625201 32.042 108.113 —76.071
5 —965.661470 —965.649171 —965.690427 32.291 108.318 —76.027
6 —1158.723142 —1158.714419 —1158.753550 22.902 102.738 —79.836
reaction. However, the geometries of the species on the reaction References

path show no large changes. The forward activation energy of the
initial step is still small, while the backward activation energy is
large. This also means that the reaction speed of the initial
process should be fast, and dimers or multi-polymers of Ox and
Ox-H' may exist stably in the polymerization process.

4. Conclusions

The mechanism of the ring-opening polymerization of oxetane
with its cation series compounds was revealed, through theo-
retical calculations using density functional theory and ab initio
methods of quantum chemistry.

The computational results show that the polymerization
process of oxetane with its cation mainly proceeds through the O
atom of the oxetane molecule attacking a-carbon atoms of the
oxetane cation after light initiation. Each step of the polymeri-
zation process is an elementary reaction. The geometries of the
transition state of each elementary reaction approach the struc-
ture of a complex of oxetane and its cation. The forward activation
energy of polymerization in the initial step was found to be very
small, while the backward energy barrier of polymerization was
found to be high. Therefore, the reaction speed should be very
fast and dimers or multi-polymers may be stable in the initial
process and the reaction process, respectively. With an increase in
the polymerization degree of the reactant, the activation energy of
the reaction process becomes large and constant. All the poly-
merization reaction steps would be easy to perform. The solvent
effects of THF and DCM obtained from the PCM model show that
they may cause the relaxation of the polymerization system, and
the effects on the geometry of the reaction system would be low.
In summary, the polymerization of oxetane with its cation would
be easy and fast. The results of our theoretical quantum chemistry
calculations are in accordance with experiments.
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