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1. Introduction

Molecular insights into the effect of small
molecule impurities in the ring-opening
polymerization of [PCL;,N]s using quantum
mechanical analysis

Yuan Xue, 2 *2® Carrie R. Salmon®® and Valentin Gogonea®™

This is the first theoretical investigation that systematically analyzes the interactions between the
hexachlorophosphazene, [PCl;N]z, and small molecule impurities H,O and HCl in a 1:1 stoichiometric
ratio. Utilizing both ab initio methods and seven DFT functionals in conjunction with the triple-{ basis
set, the pivotal structures in proposed reaction mechanisms are fully characterized and the energy
change for each step was determined at the CCSD(T)/aTZ|MP2/aTZ level of theory. Our QM
calculations show that [PCLLN]z can be hydrolyzed via a single-step mechanism with an activation
energy of ca. 180 kJ mol ™, or be ring-opened by HCl through a two-step mechanism, in which the
rate-determining step has an activation energy of ca. 120 kJ mol™t. Because the activation energy of
these two reactions is notably lower than that of the ring-opening polymerization and the ring-ring
expansion equilibrium (which requires ca. 240 kJ mol™! of energy determined at a comparable DFT level
of theory), our study indicates that even trace amount of H,O and HCl can significantly interfere with
the polymerization process. Beyond revealing new mechanistic details, our calculations also indicate that
all selected functionals can provide reasonable electronic structures to describe the reaction progress.
On the other hand, while each of the functionals investigated here excels in closely matching the
CCSD(T)/aTZ||MP2/aTZ energy barriers for certain steps in the reaction, the B3LYP functional is capable
of providing the most consistent results. This establishes that the B3LYP functional can be suitable for
investigating phosphazene reactions as a computationally efficient and robust quantum mechanical
approach while maintaining near—ab initio accuracy.

in reagents,’ and the presence of water.”™* Yet it is important

to note that small molecule interactions with phosphazenes

For more than a century, polyphosphazenes have stood as a
fascinating subject of study due to complicated side reactions
and unexpected experimental results that seemed contradictory
but diverse when using additives such as metal chlorides'™ or
nitrogenous bases™® and interacting with glassware,” through
the catalytic activity of by-products such as POCI;,® impurities
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appear to play an important, yet not fully understood role in the
synthesis of chlorophosphazenes.

The basic reaction to form chlorophosphazenes predomi-
nantly produces products with cyclic configuration [PR,N],,
(where R = halogens,”>™® and the target product has m = 3)
or linear species such as -[R,PNPR,N],- where the unsubsti-
tuted short linear products are considered to be of
minor interest. The interest in chlorophosphazenes through
experimental and theoretical exploration has been documented
in both comprehensive reviews'®*> and numerous books>> >
and has revealed a complex and interesting facet of scientific
inquiry dedicated to phosphazenes and their applications.**>

A significant portion of foundational phosphazene chemis-
try relies on [PR,N]; which has a parent molecule where R =
C1.'823:2%:26:3455 Chlorophosphazenes have been the focus of
scrutiny for their intriguing behavior where even the acidity of
glassware is suggested as a contributing factor to their
chemistry.>® As suggested in the literature, the interaction of
phosphazenes with water appears to be contradictory. While
some studies report that water inhibits polymerization, others
suggest a catalytic role by promoting ring-opening.>”*® This
adds complexity and a degree of uncertainty to the investiga-
tion of these compounds and the role of water.””'>*°°" The
dual nature of their behavior, as illustrated in the reported
literature, contributes to the curious yet frustrating crux of this
particular field of chemistry. Although there is an experimental
study that does explore the hydrolysis of phosphazene
oligomers,®” theoretical investigations of water interaction with
these chlorinated compounds have not been reported in the
literature yet.

Another intriguing facet of interaction of small molecules
with [PCL,N]; involves the generation of HCI,** a phenomenon
observed during the reaction of PCl; with NH,CI in refluxing
chlorobenzene.®* This solution reaction produces both linear
-[CL,PNPCL,N],- and cyclic [PCI,N],, species, with m = 3 repre-
senting the targeted compound obtained in good yields.”'"?%>°
Furthermore, HCI is also found in the context of melt poly-
merization reactions of [PCl,N],,, and it is speculated that it
plays a contributing role in the formation of crosslinked poly-
mer products.®® Remarkably, despite its significance, this par-
ticular aspect of chlorophosphazene chemistry is yet to be
thoroughly explored through computational studies. The intri-
cate interplay between [PCI,N]; and HCI, as well as the possible
significant role that small amounts of water can play in altering
the mechanistic pathway involving these materials and their
polymerization reactions, remains an uncharted area in the
theoretical understanding of chlorophosphazene chemistry.

Various other fundamental aspects within this field of
chemistry have undergone thorough exploration through a
combination of experimental®*®® and computational'”>%¢7~88
approaches. Recent advancements in the literature have shed
light on the mechanistic intricacies of reactions involving
chlorophosphazenes,®®%*°° marking the initiation of the next
phase in computational exploration of interaction of small
molecules in these systems. Recent studies have also explored
computationally other discrete areas in chlorophosphazene
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chemistry.”’~*° Specifically, there is a growing focus on under-
standing the impact of small molecules on processes inherent
to chlorophosphazene reactions, thereby addressing challenges
and complications that may arise during these chemical trans-
formations and providing insights that may help find alternate
pathways or mechanisms. This evolving area of research in
chlorophosphazene chemistry not only builds upon the existing
knowledge base but also represents a crucial step toward a
more comprehensive understanding of the various factors
influencing chlorophosphazene chemistry, some of which are
discussed in the present study.

2. Computational methods

All electronic structures reported herein were characterized
using the Gaussian16 or MolPro2022 quantum chemistry
software.'°™'% To anchor the stationary points on the potential
energy surface (PES), all proposed structures were fully opti-
mized using both density functional theory (DFT) and ab initio
methods. DFT calculations were conducted utilizing a variety of
popular DFT functionals, including the Becke 3-parameter Lee—
Yang-Parr hybrid functional (B3LYP)'**'% and its variant with
Becke-Johnson damping (B3LYP-D3)'°® and long-range correc-
tion (cam-B3LYP).'”” Additional functionals tested include
B3PW91,'%® ©b97X-D,'*® M06-2X,"'® and PBE0.''" All DFT cal-
culations were conducted in conjunction with Pople’s split-
valence triple-{ basis set with diffuse functions (6-311+G(d,p))
unless specified, to probe the strong non-covalent interactions
between Lewis acids and [PR,N];. On the other hand, all
stationary points were also fully characterized using the
ab initio second-order Mpgller-Plesset perturbation theory
(MP2)'°%1>7114 Hamiltonian in conjunction with Dunning’s
double- and triple-{ correlation consistent basis sets augmen-
ted with diffuse functions (aug-cc-pVXZ, abbreviated as aXZ
where X = D or T).'*>''® Frozen-core approximations were
employed that excluded the 1s-like orbitals of nitrogen and
oxygen, as well as the 1s-, 2s-, and 2s-like orbitals of both
phosphorus and chlorine from the electron correlation
calculations.

When characterizing the saddle points as transition states
(TSs) on the PES, the Berny or transit-guided quasi-Newton
(QST2 & QST3)"'”"'*® methods were employed. Harmonic vibra-
tional frequency calculations were conducted at uniform theo-
retical levels to confirm the stationary points of all geometry-
optimized structures. More specifically, the number of imagin-
ary frequencies (n;) was confirmed as 0 for all energy minima
and 1 for all TSs. It should be noted that when the MP2 method
is applied, Hessians were obtained analytically with the aDZ
basis set but numerically with the aTZ basis set. We ensured
that transition states (TS) are connected to two nearby energy
minima through the intrinsic reaction coordinate (IRC)
calculation."*®

All thermodynamic properties were evaluated at 298 K and 1
atm pressure. Based on the MP2/aTZ geometry-optimized
structures, two additional sets of calculations were completed.
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MP2 single-point energetics were also obtained with the larger
aug-cc-pVQZ (aQZ) basis set to better approach the energy
barriers between stationary points near the basis set limit.
Additionally, as the ‘“gold standard”, the coupled cluster sin-
gles, doubles, and perturbative triples (CCSD(T)) methods were
applied in conjunction with the aTZ basis set to provide
benchmarking energetics for the reaction pathways.">*"**

All electronic structures are fully optimized in the gas phase.
This scheme facilitated the calculation of partial atomic
charges and the construction of electrostatic potential (ESP)
maps,'*? offering a detailed understanding of the electrostatic
distribution within the molecular framework.

In this study, all MP2 and DFT calculations with natural
bond orbital (NBO) analysis were completed using the Gaus-
sian16 program with the NBO program version 3.1.'0%'?%12
The GaussView program version 6.1,'*° was employed for
visualizing molecular orbitals and constructing Molecular Orbi-
tal (MO) energy level diagrams. The CCSD(T)/aTZ single point
energies are completed using MolPro2022.1°71%3

The Cartesian coordinates for each stationary point char-
acterized at different levels of theory reported herein are
detailed in Tables S22-S155. The harmonic vibrational frequen-
cies for geometries with experimental relevance are provided in
Tables S7-515.

3. Results and discussion
3.1 Reaction pathways and energetics

3.1.1 Hydrolysis of [PCI,N];. Comprehensive QM computa-
tions suggest that the hydrolysis of [PCL,N]; can be completed
in one step. Before the reaction, the micro-hydrated [PCI,N];
forms a hydrogen bond with a water molecule with a N-H bond
length of 2.017 A calculated at the MP2/aTZ level of theory. As
the water molecule migrates towards the neighboring phos-
phorus atom (P), it initiates a nucleophilic attack via the oxygen
site after overcoming an energy barrier of 173.20 kJ mol™*
(Table 1). The transition state (denoted as TS in Scheme 1) is
reached when the oxygen (O) is 1.945 A away from P. The
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geometrical change of the P center from a tetrahedron to a
trigonal bipyramid indicates that O pushes Cl away, elongating
the P-Cl bond length from 2.008 A to 2.395 A, and at the same
time, the Cl-P-Cl bond angle is drastically increased from
101.97° to 148.91°. Such re-arrangement shifts the Cl atom to
a bridging position and paves the road for an electrostatic
interaction with the H atom from the water molecule. As the
oxygen atom moves closer to P, the formation of the P-O bond
triggers the P-Cl bond cleavage, and the ejection of Cl initiates
a concerted proton transfer leading to hydrochloric acid (HCI)
as a byproduct. The P-substituted hydroxyl group along with the
N atom from the phosphazene ring enables the hydrolysis
product, P;N;ClsOH, to capture the HCI byproduct via hydro-
gen bonding. Compared with the TS, the product with
two hydrogen bonds (denoted as P_2HB in Scheme 1) sits
236.18 k] mol " lower in energy than the TS on the potential
energy surface (PES) calculated at the MP2/aTZ level of theory.
The energy relaxation following the change in the hydrogen
bond configurations was also thoroughly studied through both
DFT and ab initio calculations. At the B3LYP-(D3)/6-311+G(d,p)
level of theory, our results indicate that once HCl is formed, it is
hydrogen-bonded to the hydroxyl group, which stabilizes the
complex (forming the local minimum P_1HB, marked in gray in
Scheme 1).

Then, after overcoming a very small energy barrier of less
than ca. 1.5 k] mol™" (Table 1), the P_1HB local minimum
is converted into P_2HB with the release of another ca.
16 kJ mol ™" of heat. Interestingly, although a similar reaction
pathway can be tracked at the MP2/aDZ level of theory, the
activation energy (E,) required to reach the transition state
TS_HB decreased to 0.01 k] mol* (Table 1). Further investiga-
tions into anchoring the P_1HB on the PES utilizing the aTZ
basis set were successful, and calculations indicate that
the formation of a 2nd hydrogen bond can release another
~20 kJ mol " of energy. However, the vanishing energy barrier
approaches zero within numerical uncertainty, indicating a
barrierless hydrogen-bond rearrangement rather than a dis-
tinct kinetic step between TS_HB and P_1HB which makes
it challenging to characterize this TS (Table 1). Based on the

Table 1 The relative energies (AE, in kJ mol™) of the stationary points from the hydrolysis and tautomerization catalyzed by HCl determined at different

DFT levels of theory, the MP2/aXZ levels of theory where X = D, T and Q

and the CCSD(T)/aTZ level of theory

DFT Ab initio
Theory F/M“ B3LYP B3LYP-D3 B3PW91 ®B97X-D MO06-2X cam-B3LYP PBEO MP2 CCSD(T)
Cmpd/B® aTZ 6-311+G(d,p) aDZ aTZ aQz4 aTz?
R 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
TS 186.84 187.42 166.96 186.11 201.28 182.70 193.57 185.76 154.40 173.20 177.33 180.99
P_1HB’ —34.78 —32.07 —30.05 —28.45  —30.31  —41.73 —38.89 —27.98 —24.16 —30.44 —30.53 —35.96
TS_HB —33.73 —30.81 —28.86 —27.32  —30.28  —39.96 —37.93 —27.41 —24.15 —° — —
P_2HB —48.76 —46.70 —48.19 —45.03  —49.16  —52.57 —55.29 —47.46 —37.99 —49.77 —49.88 —53.41
SPT_TS® —33.97 —30.79 —34.46 —33.63 —31.23  —37.48 —39.56 —37.02 —21.08 —33.30 —33.75 —33.32
P —55.20 —60.43 —61.06 —55.25  —59.43  —57.10 —67.07 —55.86 —39.82 —50.90 —50.75 —55.01

“ Functional or method. ? Compound and basis set. © Stationary points have different electronic structures at the MO06-2X/6-311+G(d,p) level of
theory when compared to the structures characterized at the other levels of theory. ¢ Single-point energies completed based on the electronic
structures fully optimized at the MP2/aTZ level of theory. ¢ Not found using the computational software.
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Scheme 1 The four critical stationary points anchored on the PES for the
hydrolysis of [PCI,N]3 to form PzNzClsOH-HCl calculated at the MP2/aTZ
level of theory. Although the transition state associated with the hydrogen
bond configuration rearrangement (TS_HB, colored in orange) can be
identified using the DFT method and at lower levels of theory for MP2
calculations, it could not be found at the MP2/aTZ level of theory.

MP2/aTZ geometry optimized structures, further MP2 single-
point calculations utilizing the larger quadruple-{ basis set
(abbreviated as MP2/aQZ|MP2/aTZ) verified that all energy
barriers determined herein differ by no more than 3% com-
pared with the MP2/aTZ energies, although significant energy
differences were noted when comparing the MP2 results with
the benchmarking CCSD(T)/aTZ|MP2/aTZ energies.

The distinct differences can be found at all minima that
include intermolecular hydrogen bonding as MP2 overesti-
mates the energy by at least 5%. On the other hand, while
most DFT functionals can provide reasonable descriptions on
electronic structures to probe the mechanistic pathways, it
should be noted that although the M06-2X/6-311+G(d,p) level
of theory can reproduce and provide reasonable energetics,
major discrepancies in electronic structures were observed
during the rate-determining step. More specifically, after relax-
ing TS*, the local minimum P_1HB* contains an intermolecu-
lar hydrogen bond between HCl and an N atom from the
[PCI,N]; ring (Scheme S1). This is different from the intermo-
lecular hydrogen bond between HCI and the hydroxyl group
characterized by the calculations conducted using the MP2
method and the other DFT functionals.

Among the tested functionals, energies obtained at the
B3LYP/aTZ level of theory can provide most relative energies
(AE) within ca. 3.5% deviation when compared with those
determined at the CCSD(T)/aTZ||MP2/aTZ level of theory, except
for P_2HB with a larger deviation of 8.7%. In contrast, the
energies determined by using other functionals all contain at
least one stationary point that has AE that deviates more than
10% with respect to the benchmarking CCSD(T) energies (Table
S4). The deviations might be up to >20% (e.g. cam-B3LYP,
B3PW91 and PBEO) for stationary points and >10% when
determining the E, for the rate-determining step (®B97X-D),
making them unideal as candidates for a faster and more
affordable, yet still reliable QM approach for determining the
energy barriers (Table S4).
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To gain insight into reaction kinetics, the reaction rate
constant for the rate-determining step was extrapolated using
the Eyring equation. Using the activation energy determined at
the CCSD(T)/aTZ||MP2/aTZ level of theory, the rate constant for
the hydrolysis is ca. 10° times larger than that of the ring-
opening polymerization and the ring-ring expansion equili-
brium (which requires ca. 240 k] mol " of energy determined at
a comparable DFT level of theory)® at 500 K (which is the ideal
temperature for the ring-opening reaction reported in the
literature). This indicates that even trace amounts of H,O can
open lower-barrier pathways and disrupt polymerization.

3.1.2 Tautomerization. The tautomerization of the hydro-
lyzed product was experimentally investigated and reported by
Gabler and Haw in 1990,’° following earlier work by De Ruiter
et al. in 1984.°”” More recently, Allen and Hayes (2016)°”°
reported experimental studies on rearrangement reactions of
phosphazenes and proposed a mechanism involving similar
electrostatic mediation at the reactive site, leading to the
formation of (NPCl,),P(O)NH.*’*? Our computational results
reflect an analogous process, resulting in the formation of
Tauto_P (Scheme 2). Based on the previous work, the proton
transfer from the hydroxyl group to the N atom was also
thoroughly investigated using quantum mechanical calcula-
tions (Scheme 2). Our computations at the MP2/aTZ level
of theory indicate that without the assistance or interference
from any other proton source, the O-H bond is 0.968 A
before the reaction occurs. After overcoming an energy barrier
of 139.01 k] mol ' (Table 2), the O-H bond elongates to
1.337 A, bringing the proton only 1.298 A away from N, while
the P-O-H bond angle significantly decreases from 112.02°
to 75.71°. Then, while the proton transfer releases ca.
132 kJ mol " of heat, the overall reaction is slightly endothermic
(AH = +7.51 k] mol™).

Further single-point calculations conducted at the MP2/aQZ
and CCSD(T)/aTZ levels of theory based on the MP2/aTZ
geometry-optimized structures verified that the energy barrier
for the uncatalyzed tautomerization is near 140 kJ mol~" and
the reaction enthalpy is lower than 10 k] mol™' (Table 2).
Compared with the benchmarking E, obtained at the
CCSD(T)/aTZ|MP2/aTZ level of theory, most DFT functionals
can provide accurate estimations except for B3PW91 and PBEO
as their deviations are greater than 5% (Table S5). It should be
noted that at the ®B97X-D/6-311+G(d,p) level of theory,
although the E, obtained differs by no more than 0.2% when

0.965
\O» 0%
¥
112.02° \°° g \\f%\c'
wnCl \ 5.06°\p:"

N ‘.N 2 N
A 2 N
o) Cl

Tauto_R

Tauto_TS Tauto_P

Scheme 2 The fully optimized electronic structure of the reactant, tran-
sition state and the product of the concerted step tautomerization of the
hydrolyzed product of chlorophosphazene calculated at the MP2/aTZ
level of theory.
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Table 2 The relative energies (AE, in kJ mol™?) of the stationary points from tautomerization without interference determined at different DFT levels of
theory, the MP2/aXZ levels of theory where X = D, T and Q and the CCSD(T)/aTZ level of theory

DFT Ab initio
Theory F/M®  B3LYP B3LYP-D3 B3PW91 B97X-D MO06-2X cam-B3LYP PBE0  MP2 CCSD(T)
Cmpd/B? aTZ 6-311+G(d,p) aDZ aTZ aQz®  aTZ‘
Tauto_R 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Tauto_TS 143.76  143.03  142.55 136.92  146.56 148.76  147.49 138.19 139.91 139.01 139.84 146.24
Tauto_P 523 —6.82 —10.49 —4.22 —5.19 —0.41  —3.69 —2.58 9.05 7.51 8.35 7.86

“ Functional or method. * Compound and basis set.
MP2/aTZ level of theory.

compared with the benchmarking E,, the reaction enthalpy was
significantly underestimated. In contrast, the B3LYP calcula-
tions completed using the aTZ basis set indicate that tautomer-
ization of the hydrolyzed product is an endothermic process,
which is consistent with both the MP2 and CCSD(T) results.
Further investigations suggest that the thermochemistry of the
reaction is sensitive to the basis set selection (Table S5). This
effect becomes prominent when the stationary points include
strong non-covalent interactions (e.g. the hydrogen bond
between the O and H atoms in Tauto_P in Scheme 2). This is
probably because the aTZ basis set offers a better description of
electron correlation and polarization, providing a more
balanced representation of both valence and diffuse functions,
which are both crucial for accurate non-covalent interactions.

Due to the presence of trace amounts of proton sources
involved in hydrolysis, other proton sources most likely inter-
fere with the tautomerization reaction, e.g., the HCI byproduct
formed from the hydrolysis reaction. Starting from P_2HB,
tautomerization can be facilitated by the double hydrogen-
bonded HCI and can complete in one step via a synchronous
proton transfer transition state (abbreviated as SPT_TS in
Scheme 3). Requiring much less energy to initiate, the HCI-
catalyzed tautomerization has an E, of only 16.47 kJ mol*
(Fig. 1 and the last three rows of Table 1) at the MP2/aTZ level of
theory, a 90% decrease compared to the uncatalyzed tautomer-
ization (Table 2). In this process, two proton transfers occur
simultaneously; once the O-H bond is lengthened to 1.036 A,
the H from HCI also migrates to a bridging position 1.686 A
away from Cl and 1.162 A from the N atom. This slightly
exothermic reaction with AH = ca. —1 kJ mol™ ' is complete
when HCI is positioned to form two hydrogen bonds, one

® b ah Hlos AIVH_ 14
23 H  c P
B T, cr 167,080, g'q%’s'sﬁ 0 %
\H E ““\\\CI 160.54° \A el DN ‘\452 \\P {“a
o 3 797"
T / \ \ HY =27 "3
N XN ﬂ/’(,‘, S 1.024 N. N
ll’[ l|? Clitn, | Clirn, P |’ e
Chw g e \ / e /
¢l \ 01/ \ \
cl a
P_2HB SPT_TS P

Scheme 3 The reactants, transition state and the product of the HCl-
catalyzed tautomerization of the hydrolyzed product calculated at the
MP2/aTZ level of theory. This reaction is a continuation of hydrolysis
shown in Scheme 1.
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¢ Single-point energies completed based on the electronic structures fully optimized at the

between the H of HCl and the O bound to P (1.680 A), and
the second (2.327 A) between the Cl of HCI and the H atom
bound to N. The striking difference in E, when comparing the
presence and absence of HCI highlights the catalytic properties
of the acid. This result also aligns with experimental observa-
tions by Gabler and Haw,”” who showed that the tautomeriza-
tion process is highly sensitive to acidity. The formation of HCI
and PCIO by-products has a measurable influence on the **

NMR chemical shifts within the reaction environment. They
further demonstrated that both increased acidity and the
addition of bases, such as pyridine, affect the tautomerization
and the subsequent hydrolysis of the chlorophosphazene ring.

Additionally, the reaction rate constant of the tautomeriza-
tion reactions with and without HCI can be extrapolated based
on the corresponding benchmarking activation energies using
the Eyring equation. At 500 K, the tautomerization process
presents a 10"-fold enhancement in the presence of HCI,
confirming that even trace amounts of HCI can substantially
alter the kinetics.

3.1.3 Two-step [PCL,N]; ring-opening reaction initiated by
HCl. Understanding HCl-initiated ring-opening is critical
because it may generate highly reactive -NH termini that
promote crosslinking in polymerization reactions. As a com-
mon method to prepare [PCI,N]; involves using PCl; and NH,Cl
as reactants, HCI can be generated and retained as a byproduct
after synthesis. Additionally, earlier discussion from this work
(see Section 3.1.1) indicates that even though [PCL,N]; is
purified, HCI can still be generated from hydrolysis with trace
amounts of water. As a result, HCI can be trapped by strong
non-covalent interactions (observed in P_1HB and P_2HB as
discussed in Section 3.1.1) and can trigger an undesired ring-
opening reaction generating a linear product with a highly
reactive -NH terminal, which, eventually, gives rise to cross-
linked polymers.

Our computations suggest that the HCl-initiated ring-
opening of [PCI,N]; follows a two-step process (Scheme 4).
Before the reaction begins, HCI is hydrogen-bonded to a nitro-
gen atom in [PCI,N];, and this N-H bond distance is 1.888 A at
the MP2/aTZ level of theory. The reactant (R’) reaches the first
transition state (TS1’) (by overcoming an energy barrier of
116.48 k] mol ™', Table 3), in which the H-CI bond is length-
ened to 1.957 A. The stretched HCI bond also delivers the Cl
atom to a unique bridging position that is only 2.683 A away
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== CCSD(T)/aTZ||MP2/aTZ
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- MP2/aTZ

== B3LYP/6-311+G(d,p)

Relative to Tauto_R*

Tauto_TS

+146.24"
+143.03"
+139.84°
+139.01"

Tauto_P

Reaction Coordinates

Fig. 1 The potential energy surface diagram of the hydrolysis followed by the HCl-catalyzed tautomerization probed at four different levels of theory:
MP2/aXZ where X = T and Q, CCSD(T)/aTZ based on the MP2/aTZ optimized structures, as well as B3LYP/6-311+G(d,p). Two different pathways were
depicted starting at P_2HB, where energy values denoted with * are from the pathway without HCL.

Scheme 4 The five stationary points for the two-step, HCl-initiated [PCL,N]3
ring-opening reaction, characterized at the MP2/aTZ level of theory.

from the neighboring P atom, deforming the tetrahedral P
atom into a distorted bipyramid structure. Compared to the
reactant (R’), the N-P-N bond angle decreases from 119.13° to
103.56°. The cleavage of the H-Cl bond and the formation of
the P-Cl bond relax TS1’ into intermediate Int’ and releases ca.
14.38 k] mol ™" of heat. The Cl atom of the P-CI bond in Int’ is
2.254 A from P and 2.207 A from H, while the N-P-N bond
angle further decreases to 96.22° indicating a trigonal bipyr-
amidal structure of the P center. The protonation of N and the
geometry change occurring at the P center noticeably increase
the P-N bond length from 1.605 A to 1.716 A. Int’ requires less
than 14.00 k] mol " to reach the second transition state (TS2'),
making Int’ relatively unstable (low-lying TS2'). As the P-Cl
bond is shortened to 2.206 A, the P-N bond further elongates to
1.777 A, and at the same time, the N-P-N bond angle slightly
decreases to 95.38°. Finally, the bipyramidal P reverts back to a
tetrahedral structure along with the cleavage of the P-N bond

Phys. Chem. Chem. Phys.

and an energy release of 31.53 k] mol . The Cl from the HCI
remains bound to P with a P-Cl bond length of 2.062 A.

Further MP2/aQZ and CCSD(T)/aTZ single-point energy cal-
culations on MP2/aTZ geometry optimized structures are consistent
with the MP2/aTZ results (Table 3 and Table S6), as the energy
differences for each step differ by no more than 4 k] mol™* and
6 kJ mol ', respectively. Although all 7 DFT functionals tested can
provide a good description of the stepwise reaction mechanism, the
energies obtained at the B3LYP/6-311+G(d,p) level of theory present
a remarkable accuracy when compared to AE obtained at the MP2/
aQZ|MP2/aTZ level of theory. With the deviations no more than ca.
4% throughout the whole mechanistic pathway (Table S6), B3LYP/
6-311+G(d,p) stands out as a fast yet promising combination to
reproduce near “gold-standard” ab initio energetics for the small/
medium-sized phosphazene systems that contain N, P, Cl and H
atoms only.

This aligns with the previous observations reported in the
hydrolysis and tautomerization of chlorophosphazenes.’”

To shed light on how the existence of HCl can interfere
[PCL,N]; from interacting with each other and proceed with
polymerization, the rate constants of the rate-determining steps
in the two reactions were extrapolated and compared. For
example, at 500 K, HCI can ring-open [PCI,N]; faster than a
neighboring [PCI,N]; on a 10" scale, suggesting that HCI can
initiate and proceed with ring-opening of [PCI,N]; much faster
than another [PCI,N];, which can substantially interfere with
the targeted polymerization reactions.

3.2 Frontier molecular orbitals (FMO), electrostatic potential
(ESP), and natural bond orbital (NBO) analysis

3.2.1 Hydrolysis of [PCL,N];. The electronic features asso-
ciated with the hydrolysis of [PCI,N]; (Scheme 1) were

This journal is © the Owner Societies 2026
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Table 3 The relative energies (AE, in kJ mol™) of the stationary points from the ring-opening reaction initiated by HCl determined at different DFT levels
of theory, the MP2/aXZ levels of theory where X = D, T and Q and the CCSD(T)/aTZ level of theory

DFT Ab initio

Theory F/M®  B3LYP B3LYP-D3 B3PW91 B97X-D MO06-2X cam-B3LYP PBE0  MP2 CCSD(T)
Cmpd/B? aTZ 6-311+G(d,p) aDZ aTZ aQz®  aTZ‘

R’ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
TS1/ 116.13  115.84  109.04 113.13 124.00 113.06  121.45 111.75 111.00 116.48 117.33 118.82
Int’ 114.43 113.31 104.75 107.76  117.45 101.55  117.67 104.68  94.45 102.10 104.09 108.95
TS2' 124.84 120.84 113.26 115.01 126.00 110.49  126.67 112.55 107.54 11552 118.58 121.19

1 96.23  92.88  83.84 86.82 94.59 76.95 95.80 83.38  74.41 8399  86.74  89.76

“ Functional or method. > Compound and basis set. © Single-point energies completed based on the electronic structures fully optimized at the

MP2/aTZ level of theory.

examined through a frontier molecular orbital (FMO) analysis
of the MP2/aTZ geometry-optimized stationary points. Changes
in orbital energies and spatial distributions along the reaction
coordinate provide insight into the electronic factors governing
nucleophilic attack, P-Cl bond cleavage, and subsequent
hydrogen-bond stabilization.

From the reactant to the transition state, a decrease in the
HOMO-LUMO energy gap (AE) is observed, consistent with
increased orbital interaction and enhanced reactivity at the
phosphorus center. In the reactant, the HOMO and HOMO—1
are predominantly localized on the chlorophosphazene ring,
whereas the LUMO exhibits significant amplitude at the P-Cl
bonds and the approaching oxygen atom of water. At the
transition state, the LUMO becomes increasingly localized in
the -N-P-Cl. - -O region, reflecting charge acceptance during
nucleophilic attack and the concurrent weakening of the P-Cl
bond. The energy differences between the HOMO and
HOMO-1 orbitals, centered on the ring system (with the
exception of SPT_TS in the tautomerization process) are
0.0460, 0.362, 0.0702, 0.0716, 0.165, and 0.498 eV for R, TS,
P_1HB, P_2HB, SPT_TS, and P respectively (Fig. 2). This change
in the orbital configuration along the R/TS/P_1HB pathway,
which is characterized by a significant increase in separation

1 ‘

LUMO 9
g\%,. JQ
o _d

g ]
4 09

&

Orbital Energy (eV)

between HOMO and HOMO-—1 energy levels, shows that the
simple change of having the small HCI molecule present
induces a substantial electronic reorganization. This perturba-
tion is not limited to the Frontier orbitals but propagates
throughout the lower lying valence levels. This highlights the
pronounced electronic effects that the presence of HCI has on
these systems. This is especially noteworthy in chlorophospha-
zene synthesis since HCI production is ubiquitous in a chlor-
ophosphazene reaction. The spread of the electron density in
the canonical orbitals of the reactants and products shows
the stabilizing effect that this electron distribution brings to
these structures as well as the presence of a more localized
orbital configuration at the transition state with a smaller
HOMO-LUMO gap and a simultaneous increase in the
HOMO-HOMO-1 gap, which indicates the prevalence of
reactivity residing in the higher energy occupied orbitals in
this reaction. Therefore, the presence or the absence of
HCI during this reaction can play an important role in the
synthesis of chlorophosphazenes. The difference in E, for
HCI catalyzed tautomerization (Fig. 1) highlights the signifi-
cance of hydrogen bonding and urges us to revisit how it can
facilitate a proton transfer. This discovery prompted us to
further explore an anticipated focal point for our analysis and

o ©
== HOMO-1/0.165

Il

o
1—1
-

Fig. 2 The energy gaps between the HOMO/LUMO (marked in blue) and HOMO/HOMO-1 for the HCl catalyzed hydrolysis reaction (Fig. 1) estimated

from SCF FMOs calculated at the MP2/aTZ level of theory.
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a possible tautomerization process. As summarized in
Fig. 2, the FMOs of the two products with differing hydrogen-
bonding arrangements provide clear evidence for an HCI-
catalyzed tautomerization process, underscoring the critical
role of hydrogen bonding in lowering the barrier to proton
transfer.

A comparative analysis of the FMOs for catalyzed and
uncatalyzed tautomerization (Fig. 1) indicates that, in the
absence of catalytic lowering of the activation energy (E,), the
HOMO-LUMO energy gaps (AE) are 12.409 eV for Tauto_R,
12.844 eV for Tauto_TS, and 12.484 eV for Tauto_P. These
values show that the transition state of the uncatalyzed tauto-
merization possesses a larger HOMO-LUMO gap than those of
both the reactants and products. In contrast, for the catalyzed
tautomerization (Fig. 3), the HOMO-LUMO AE values are
12.878 eV for P_2HB, 11.994 eV for SPT_TS, and 12.842 eV for
P, demonstrating a reduced HOMO-LUMO gap for the cata-
lyzed transition state. This reduction suggests that, provided
the activation energy barrier can be overcome (Fig. 1), for-
mation of the HCl-catalyzed tautomer is highly probable in
chlorophosphazene reactions.

Examination of the HOMO/HOMO-1 energy gap (Egap)
further supports this conclusion. As shown in Fig. 2, HCI-
catalyzed tautomerization leads to an order-of-magnitude
increase in Eg,, from the reactant to product P; notably, the
gap approximately triples through tautomerization alone
(Fig. 3), indicating stabilization via lowering of inner orbital
energies. In contrast, the uncatalyzed process exhibits the
opposite behavior, with the HOMO/HOMO-1 Eg,, decreasing
by approximately a factor of five (Fig. 3). This progressive
orbital stabilization provides a direct electronic link between
hydrolysis and the subsequent HCl-catalyzed tautomerization
discussed previously. In particular, the hydrogen-bond-
mediated lowering of frontier orbital energies in P_2HB facil-
itates proton transfer by stabilizing the synchronous proton-
transfer transition state (Fig. 2 and 3). Therefore, this process
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has a pronounced influence on both system stability and
reactivity, underscoring the critical role of HCI in processes
such as chlorophosphazene ring hydrolysis and in facilitating
tautomerization during these reactions.

Building on the stabilizing influence of hydrogen bonding
discussed above, the role of HCl in this system was examined in
greater detail through further analysis of P_2HB. This investi-
gation revealed that orbital mixing between the formed HCI
and the chlorophosphazene ring is not observed within the next
ten lowest occupied molecular orbitals. However, closer exam-
ination uncovered a subsequent low-activation energy step
(Scheme 3) that leads to the formation of a second hydrogen
bond in the reaction site (-P-O-H---Cl-H---N-). Fig. 4 illus-
trates the HOMO and HOMO—6 orbitals associated with this
hydrogen-bonding region, as calculated at both the MP2/aTZ
and B3LYP/6-311+G(d,p) levels of theory. The close agreement
between these results at different levels of theory demonstrates
that both methods provide highly comparable orbital descrip-
tions, with the DFT approach offering a significantly more cost-
effective computational alternative.

Along with the FMO analysis, NBO calculations and electro-
static potential (ESP) mapping at the MP2/aTZ level of theory
also show a clear progression of electron density through the
hydrolysis reaction. The electron density redistributes through
the core of the reaction site, while the phosphorus atom
experiences only minimal variation in its positive charge
(Fig. 5: +2.046 for R, 2.048 for TS, and 2.046 for P_2HB). This
indicates that the phosphorus center plays a relatively minor
role in the electron density shifts compared to the nitrogen and
chlorine atoms. In contrast, the transferring chlorine atom
shows a substantial increase in its negative charge, changing
from —0.237 (R) to —0.549 (TS), and then to —0.330 (P_2HB). As
the reaction proceeds, this chlorine atom donates electron
density to form a covalent H-Cl bond with one of the hydrogen
atoms of the water molecule, yielding an HCI bond length of
1.31 A (Fig. 5).
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Fig. 3 The HCl catalyzed and noncatalyzed tautomerization comparison of the HOMO/LUMO energy gap and the energy difference of the HOMO/
HOMO-1 (Fig. 1) estimated from SCF FMOs calculated at the MP2/aTZ level of theory.
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Fig. 4 The HOMO and HOMO-6 orbitals of the products P_1HB and
P_2HB with two different hydrogen bond configurations fully optimized at
the B3LYP/6-311+G(d,p) and MP2/aTZ levels of theory.
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Fig.5 ESP maps (—3.000 x 1072 to 3.000 x 10% along with the
corresponding atomic point charges (a.u.) in the core reactive site for
the hydrolysis reaction (Scheme 1) calculated at the MP2/aTZ level.

Overall, the FMO analysis suggests that hydrogen bonding to
the HCI byproduct plays a decisive role in stabilizing hydrolysis
products and shaping the electronic landscape for downstream
reactivity. The strong proton acceptor character of Cl™ that
develops in the TS, as well as the formation of hydrogen bonds
produces a better alignment of the proton with the H-donor (N)
and H-acceptor (Cl7), thus providing an enhanced interaction
compared to the constrained N-H- - -O geometry, leading to a
strong cooperative intermolecular hydrogen bond network and
thereby substantially lowering the energy barrier.

3.2.2 Two-step [PC,N]; ring-opening reaction initiated by
HCIL. As can be seen in the hydrolysis and in the HCI ring-
opening reactions of chlorophosphazenes, the degenerate
HOMO and HOMO-1 (Table S21) orbitals, explored previously
in the literature for the [PCI,N]; ring,%” show similar config-
urations in this study for the reactants (Fig. 6). The inner
bonding orbital HOMO—2 (Table S21 and Fig. S1) shows an
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Fig. 6 The HOMO-LUMO orbitals and energy gap (AE) comparison for
the two-step [PCIN]5 ring-opening reaction initiated by HCl (estimated
from SCF FMOs calculated at the MP2/aTZ level).

orbital extending to cover the reactive site in TS1' stabilizing
the proton transfer and charge redistribution to the migrating
chloride atom. The TS2' further shows extended electron
delocalization and stabilization at the nitrogen and phos-
phorus reactive sites with a slight shortening of the N-P
bond of the anterior side of the reactive phosphorus center
(Table S19), which allows for the lengthening and ultimately
breaking the P-N bond and the formation of the ring opened
product. The intermediate and product have extensively delo-
calized LUMO orbitals which may indicate a highly reactive site
where electron rich reagents could further interact with the new
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Fig. 7 ESP maps (—3.506 x 1072 to 3.506 x 102), annotated with atom
labels and accompanied by a charge trend table, highlighting the reactive
behavior of the phosphorus center and the formation of the ring-opened
product following the hydrogen transfer to nitrogen for the HCl-initiated
[PCI,N]3  ring-opening reaction calculated at the MP2/aTZ level
(Scheme 4).
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phosphorus tail that could be the focus of an electrophilic
attack.

Unlike what was observed in the hydrolysis reaction, where
the charge of the phosphorus center changes only very little, the
two-step [PCI,N]; ring-opening reaction initiated by HCI shows
a large change in charge at the phosphorus center (Fig. 7). The
transferred chlorine also shows large changes in its point
charge, most notably through the first transition state where
its charge more than doubles as the hydrogen is fully trans-
ferred to the ring nitrogen. In this process the interaction
between the nitrogen and hydrogen shows a donation of charge
density from the nitrogen to the hydrogen to form the mole-
cular bond and subsequently shows very little change in their
charges for the remainder of the reaction. The charge density of
the reactive chlorine being relocated is gradually transferred to
the reactive phosphorus center disrupting the N-P bond by
lengthening and ultimately breaking it to produce the ring-
opened product (Fig. 7 and Tables S16-520).

4. Conclusions

Through both MP2 and CCSD(T) ab initio methods as well as
various DFT functionals, this work thoroughly investigates the
mechanism of the [PCI,N]; reaction with small molecules like
H,O0 and HCl in a 1:1 ratio. Our QM calculations indicate that
[PCIL,N]; hydrolysis is triggered by a strong non-covalent inter-
action between the N in the [PCL,N]; and the H in H,0 and
could be completed in one step. The reaction with HCI requires
a lower activation energy (ca. 180 kJ mol™ " calculated at the
CCSD(T)/aTZ|MP2/aTZ level of theory) than the ring-opening
polymerization and ring-ring expansion equilibrium, which
requires ca. 240 k] mol™" of energy (determined at a compar-
able B3LYP/6-311+G(d) DFT level of theory).*

Built on previous experimental work on the tautomerization
pathway of P;N;ClsOH,” this study also investigated the one-
step mechanism of this reaction. When the reaction occurs
without interference from any other proton source, the proton
transfer between the -OH and N in P;N;ClsOH follows a single-
step mechanism and completes after overcoming an E, of ca.
139 kJ mol ' calculated at the MP2/aTZ level of theory. Inter-
estingly, P;N;3;Cl;OH can trap HCI via two hydrogen bonds, and
the special configuration triggers the HCl-catalyzed tautomer-
ization via a synchronous proton transfer. This process has a
significantly lower activation energy (16.47 kJ mol '), demon-
strating a 90% reduction in the demanded energy input when
compared with the uncatalyzed tautomerization. Moreover, the
ability of this reaction to generate HCI as a byproduct, which
actively participates in the following tautomerization and ring-
opening reactions, makes it a pivotal step in preventing side
reactions in ring-opening polymerizations. On the other hand,
once HCI is generated, it will cleave the cyclic [PCI,N]; in two
steps, and as a result, a linear product with a -NH terminus is
formed. Interestingly, the HCl-initiated ring-opening requires
much less energy input than the ring-ring equilibrium, as well
as the ring-initiated polymerization for tadpole formation.®’
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This sheds light on the role of HCI as a Lewis acid in poly-
merization reactions and why it can disrupt the complex
polymerization process. Further kinetics studies on the reac-
tion rate constants for pivotal rate-determining steps revealed
the significant differences triggered by HCl and H,0O and
support the mechanistic point presented here, i.e. small mole-
cule acid/base chemistry (H,O/HCl) can open lower-barrier
pathways that compete with or even disrupt polymerization
chemistry. We see this very clearly in our results once HCI is
present in the reaction.

This, to the best of our knowledge, is the first systematic
theoretical study of the interactions between a single [PCI,N];
ring and small molecules like H,O and HCI as two different
proton sources. Along with the novel mechanistic findings, our
efforts in both the DFT and ab initio MP2 and CCSD(T)
calculations indicate that when comparing the E, and AH
probed at the MP2/aQZ|MP2/aTZ and DFT levels of theory
the DFT energetics are always within ca. 6% and 3% deviation,
respectively, suggesting that the DFT combination of the B3LYP
functional with the 6-311+G(d,p) basis set is an excellent
computational tool to study the reactivity of phosphazene
systems and their reactions, with the additional benefits of
being much faster and more computationally affordable, yet
still providing a reliable QM approach to reproduce the ab initio
MP2 and CCSD(T) results obtained with large basis sets.®®%>%
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Abbreviations

PES Potential energy surface

MP2 Ab initio second-order Mpgller-Plesset
perturbation theory

SCF Self-consistent field

HOMO and LUMO Highest occupied molecular orbital and
lowest unoccupied molecular orbital,

respectively

ESP map Electrostatic potential map
NBO Natural bond orbital
DFT Density functional theory

n; The number of imaginary frequencies
CCSD(T) The coupled cluster singles, doubles,
and perturbative triples
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The data supporting this article have been included as part of
the supplementary information (SI). Supplementary informa-
tion: Section S1. Selected paths and activation energies for
critical steps in the reaction of chlorophosphazene with H,O
and HCI determined at different levels of QM theories and their
accuracy when compared to the results at the CCSD(T)/
aTZ||MP2/aTZ level of theory. Section S2. Harmonic vibrational
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frequencies (w in ecm™') and infrared intensities (IR in
km mol ) for the pivotal minima in the reaction mechanisms.
Section S3. Bond lengths for chemical species appearing in the
ring-opening reaction at the MP2/aTZ level of theory. Section
S4. The energies and shapes of the frontier molecular orbitals
of selected structures. Section S5. Cartesian coordinates for all
stationary points optimized at different levels of theory. See
DOL: https://doi.org/10.1039/d5cp05068e.
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