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The interactions between metathiophosphates (MTPs) and zinc Chart 1

dialkyldithiophosphates (ZnDDPs) were explored through molecular RO /S, O\ SR o o °|
simulation. The results highlight a novel reaction leading to the /Pi\ 7 /}P\ >P—SR )
formation of zinc phosphate polymers and networks through the ROTTS ) o0 SR 0 , o , =

insertion of MTPs into ZnDDPs.
reaction pathway leading to zinc phosphate polymers and

. . networks.

Metal phosphates (MPs) comprise an important class of etwo _ S o
inorganic substances used in many applications of techno- . Préviously, we have performed several theoretical inves-
logical relevance. Crystalline MPs are used in heterogeneousigations into the role of zinc dialkyldithiophosphates
catalysist molecular sorptios,and various emerging tech- (ZnDDPs) as antiwear additives in motor oils, which form

nologies? Amorphous MPs, on the other hand, are employed Protective zinc phosphate films on engine surfatesin
in automobile engines as antiwear filths) several optical ~ ©n€ Of our previous studiésjt was found thatl, a slightly

applications, and in biological implant§.Although several more thermodynamically stable isomer of ZnDDP, can
protocols for the synthesis of MPs have been develdped, d6€OMPOse spontaneously at elevated temperatures through
the underlying chemical processes involved in these proce-the elimination of metathiophosphates (MTEE,which, in

dures remain poorly understood. This is due primarily to the tUr: ¢an rezact with other moleculesfo yield phosphate
large number of variables associated with these reactions cN@ins @).** Such a reaction may prove useful in the
coupled with the difficulty in examining these systems under formation of MPs; however, it requires the accumulation of
typical reaction condition&lt is clear that further insight is ~ |ar9€ quantities o2 in solution, which is unlikely considering

required to understand MP formation, optimize synthetic the high reactivity of this species. In the simulations
strategies, and design new MPs rationally. In this context, Presented here, the direct reactionlofvith 2 is examined
the identification of reactions that lead to the formation of 25 & Possible means of producifgplus ©,0-DDP)-Zn-
complex MP structures from simple molecular components SR+~ Without forming 2 in high concentrations. Basically,
will prove invaluable. In what follows, we report the results Itis ar_1t|c_|pat_ed that the interaction @fwith 1 will prompt

of ab initio molecular dynamics (AIMD) simulations and (h€ elimination of a second molecule @ffrom 1, and

static quantum chemical calculations that suggest a novelPolymerization of the MTPs will follow to yiel®. Interest-
ingly, the expected scenario does not occur, but rather an
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uottawa.ca. Current address: Department of Chemistry, University of Ottawa, through the insertion o2 into 1. Although the simulations
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Figure 1. Key structures observed during the AIMD simulation: (a) the
adduct formed betweehand2; (b) the insertion oR into 1; (c) the final
product. R= methyl; DDP = S,P(OR)". In all structures, the atoms
originally in 2 are designated with thicker lines.

the CPMD software packadge.The potential energy and
nuclear forces were calculated with the PBE gradient-
corrected density functionf&lin conjunction with analytical
pseudopotentiaté and a plane-wave basis set. The simula-
tions were performed under NVE conditions with the initial

temperature of the system set to 500 K. The distance betweeré)

the phosphorus atom @fand that in theSS-DDP ligand of
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Figure 2. Relative electronic energies of the stationary points along the
eaction pathways located for the insertior2afto 1. The direct insertion
athway is indicated with the dotted line, the process involving@rbond
dissociation following rearrangement is denoted by the dash-dotted line,

1 was constrained such that it was only allowed to decreaseand that involving Zr-S bond dissociation is given by the dashed line.

throughout the simulation. The selection of this distance was

based simply upon the notion that to foBnthe P atoms in

1 and2 must approach one another. The application of the

Steps common to both processes that involve rearrangement are connected
with solid lines. Energies relative to the separate reactants are provided at
each stationary point in kcal/mol. R methyl; DDP= S,P(OR})".

constraint in a slow-growth fashion promotes the occurrence may be useful in the formation of MP chains and networks
of chemical reactions on the time scales accessible in thefrom simple phosphate precursors.

simulations (tens of picoseconds) and allows for unforeseen The AIMD simulations indicated that the product of the
chemical events to occur. Full details of the calculations are insertion reaction may adopt a number of different confor-

provided as the Supporting Information.
Key structures observed during the AIMD simulations are

mations. Relevant structures are labeled’ in Figure 2. It
is also clear that the formation of these products may occur

given in Figure 1. A movie of the simulated trajectory is through any of several distinct mechanistic pathways. The
provided as the Supporting Information. At an early stage, transition from the intermediate structure (Figure 1a) to a
1 underwent an intramolecular rearrangement such that theproduct can occur through either the dissociation of a@n

SSDDP ligand was coordinated to zinc through an oxygen bond, which was observed during the AIMD simulations and

and a sulfur (structure not shown). This process has beenyields5, or the dissociation of a ZaS bond, which would

discussed elsewhet&The two reactants then formed an
adduct (Figure 1a) in which the phosphorus aton? efas
coordinated by one of the oxygen atoms in t§&DDP
group ofl. Once this intermediate was formed, dissociation
of the remaining Zr-O bond in1 occurred along with the
attack of the zinc by one of the oxygen atoms originally in
2 (Figure 1b). The product of this reaction is shown in Figure
1c. Continuing the simulation showed that the newly formed

yield 4. Furthermore, the direct insertion &finto one of

the Zn—0O bonds inl to yield 4 could also occur without
rearrangement or the formation of an intermediate. Once
either of product4 or 5 is formed, transformation t6 or 7

can take place readily. To gain further insight into these
possibilities, the relative energies of the products and
stationary points along the prospective mechanistic pathways
were evaluated at the B3LYP/LACV3Rd,p) level of

Zn—0O bond persisted in the absence of the geometric theory®?!using the Jaguar software pack&g€&ull details

constraint, while the ZrS bond dissociated, allowing for
additional changes in the coordination at Zn to occur.
The reaction observed during the AIMD simulations is
consistent with the insertion @&finto one of the Zr-O bonds
between the Zn atom and tf&S-DDP ligand inl. To the

of the calculations are provided as the Supporting Informa-
tion. The results of these calculations are summarized in
Figure 2.

The reaction energies favor the formatiordofvhich can
be understood in terms of the geometric and electronic

best of our knowledge, this reaction has not been reportedstructures of specie$—7. Essentially, in4 there exists one
previously in phosphate chemistry. However, the observed well-formed Zn-O bond, a dative ZrO bond with favor-

chemical process is reminiscent of reactions that are em-

ployed extensively in transition-metal-catalyzed polymeri-

able atomic charges, and a six-membered ring. By compatri-
son, in5 electrostatic repulsion between the Zn and S atoms

zation!819By analogy, we suggest that the observed reaction in the Zn—S bond will exist because the sulfur formally has
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not present, and i@ the number of bonding interactions at
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Zn is decreased altogether. Each of these factors destabilizes  #S. Sy, DDP

products5—7 relative to4. TG o s o—zd
On the electronic potential energy surface, the transition + —_— o=p{f “zn? \p/ \::0

state for the direct insertion ¢ into a Zn—-0O bond is of RS\ /0. ot e \o—r(

lower energy than the rearranged formlodnd, hence, the s "2 2P

direct insertion mechanism is favored. However, if the Figure 3. Insertion of Zn(QPS} into 1. R = methyl; DDP= S,P(OR}) .
rearranged form ofl is attained, a stable adduct can be
formed (similar to Figure 1a). Progression from this adduct to that in4, as well as two four-membered rings originally
to the product is favored to occur through the dissociation present in the Zn(@PS) reactant that contain 20 bonds.
of the Zn-S bond AE* = 5.9 kcal/mol), while the process  These bonds are potential sites for further insertion reactions
involving Zn—0O dissociation has a slightly larger barrier of to occur, which will allow for polymer growth to occur in
6.4 kcal/mol. Thus, the formation dfis favored kinetically several directions, leading to the formation of complex MP
regardless of whether insertion occurs through a direct or structures.
stepwise process. In summary, we have performed a combined static and
When free energies are considered (see Figures S1 andlynamic density functional theory study of the interaction
S2 of the Supporting Information for examples at 300 and between MTP and ZnDDP isomers. Although the motivation
500 K), the transition state along the direct insertion pathway for these simulations stemmed from a need to understand
is significantly higher in energy than the rearranged form of how ZnDDPs are transformed into zinc phosphate antiwear
1. Hence, the preferred reaction pathway will be determined films, it is clear that the results apply to other MP systems.
by the relative energies of the transition states. At both The calculations led to the identification of a novel reaction
temperatures considered, the lowest energetic barrier isinvolving the insertion of an MTP molecule into one of the
incurred through the stepwise mechanism involving re- Zn—O bonds in the ZnDDP isomer. This reaction was
arrangement followed by ZnaS bond dissociation to yield  observed for two different types of MTP molecules and leads
4, and thus this process is favored. These results areto the formation of complex MPs from relatively simple
consistent with the AIMD simulations, where a stepwise phosphate precursors. In fact, all of the “building blocks”
insertion process was observed. During those simulations,considered in this study are produced through either the
however, the transition from the adduct to the product thermal decomposition or isomerization of ZnDDP mol-
occurred through ZnO bond dissociation, as opposed to ecules. As such, the observed reactions may shed light on
the kinetically favored Zr'S bond dissociation. This reflects  chemical processes that occur during the transformation of
the small difference in the barriers for these two processes.ZnDDPs into MPs. Furthermore, it may be possible to control
Overall, the kinetic and thermodynamic details of the the decomposition of ZnDDPs and the subsequent formation
insertion reaction favor the formation df This molecule ~ of MPs through the selection of appropriate reaction condi-
contains a six-membered ring with-H® and Zr-O bonds, tions. Thus, the identified reaction has significant potential
the latter of which are sites where reactions with additional for use in the development of synthetic strategies directed
molecules of can occur. This will lead to the formation of toward the formation of MPs for use in various applications.

Iong.MP chains with a Iqw proportiqn of metal gtoms (see Acknowledgment. This work was supported by the
section IIl of the Supporting Information), assuming that the -+ ,ral Sciences and Engineering Research Council of

energetics are not altered significantly with each successiveCanada (NSERC), GM Canada, and GM R&D. Computing
insertion. Additional constrained AIMD simulations inwhich oo\ vere m:':\de available,by the Canadi:;m Foundation
2 was replaced by Zn(#Sp, also a MTP derived from for Innovation, the Ontario Innovation Trust, SHARCNet of

10,23 i ; )
ZnDDEs, shovyed that insertion _occurred _through @ canada, and the Academic Development Fund at The
stepwise mechanism and led to the incorporation of metal University of Western Ontario

atoms into the phosphate polymers, as shown in Figure 3.

Static density functional theory calculations analogous to ~ Supporting Information Available: A full description of the
those described above indicated that the product of this calculations, details of all optimized structures, an envisioned
reaction was most stable in the configuration indicated in POlymerization mechanism, Figures S1 and S2, and a movie in AV

Figure 3. This species contains a six-membered ring similar format demonstrating the_ insertion @finto 2. This material is
available free of charge via the Internet at http://pubs.acs.org.
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