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The reactions that occur between metathiophosphate (MTP) molecules are identified and examined through ab
initio molecular dynamics simulations and static quantum chemical calculations at the density functional level of
theory. The simulations show that certain types of MTPs can react to yield phosphate chains, while others only
dimerize. These differences are rationalized in terms of reaction energies and the electronic structures of these
molecules. In the reaction leading to the formation of phosphate chains, the reactive center, a tri-coordinate phosphorus
atom, is continually regenerated. A polymerization mechanism linking MTPs to phosphate chains is developed on
the basis of these results. This information sheds light on the underlying processes that may be responsible for the
formation of phosphates under high-temperature conditions and may prove useful in the development of protocols
for the rational synthesis of complex phosphate structures.

I. Introduction

Phosphates comprise an important class of inorganic
materials that are of technological and industrial relevance.
These materials adopt a number of geometric configurations
including chains, cyclic structures, porous networks, and
glasses. Crystalline phosphates are used in areas such as
heterogeneous catalysdisnolecular separatiohand other Figure 1. General structure of the ZDDP molecule. The label R denotes
technologie$. Meanwhile, amorphous phosphates are the an alkyl group.
basis of glasses used in optical applicatibmscorporated
into biological implants$,and primary components of engine
antiwear films® Many protocols have been developed for
the formation of amorphous and crystalline phosphates.
These procedures typically involve heating appropriate
phosphorus-containing precursors to promote polymerization
reactions that yield the various structures mentioned above.

However, many of the key molecular-level processes in-
volved in the formation of phosphates remain poorly
understood due to the large number of variables associated
with these processes and the difficulty in studying these
systems directly under commonly used reaction conditions.
A detailed understanding of the fundamental processes
involved in the transformation of basic phosphorus-contain-
*To whom correspondence should be addresse_d. E—mai_l: tV\_IOO@ |ng molecules into |arger, more Comp|ex phosphate Species
uottawa.ca. Current address: Department of Chemistry, University of will prove valuable in devising selective synthetic protocols.

Ottawa, D’lorio Hall, 10 Marie-Curie, Ottawa, Ontario, Canada K1N 6N5. ) )
(1) Guillou, N.; Gao, Q.; Forster, P. M.; Chang, J. S.; Nogues, M.; Park,  Our interest in phosphates stems from the fact that they

Saay | orey. G- Cheetham, A. Kngew. Chem., Int. E001, 20 are the main components of antiwear films formed in
(2) Forster, P. M.; Eckert, J.; Chang, J. S.; Park, S. E.; Ferey, G.; automobile engines. These films are derived from motor oil
Cheetham, A. KJ. Am. Chem. S0@003 125 1309. additives called zinc dialkyldithiophosphates (ZDDPs) and

(3) Davis, M. E.Nature2002 417, 813. .
(4) Campbell, J. H.; Suratwala, T. I.; Thorsness, C. B.; Hayden, J. S.; have been the focus of intense study for over 70 yedis.

Thorne, A. J.; Cimino, J. M.; Marker, A. J., Ill; Takeuchi, K.; Smolley, ~ The ZDDP molecule is shown in Figure 1 and has the

M.; Ficini-Dorn, G. F.J. Non-Cryst. Solid200Q 263264, 342. : PR

(5) Ahmed, 1.; Coliins, C. A.: Lewﬁs’, M. P.: Olsen, I.: Knowles, J. C. chemical formula Zn[&(OR}]., where R indicates an alkyl
Biomaterials2004 25, 3223.

(6) Nicholls, M. A.; Do, T.; Norton, P. R.; Kasrai, M.; Bancroft, G. M. (8) Norquist, A. J.; O'Hare, DJ. Am. Chem. So@004 126, 6673.

Tribol. Int. 2005 38, 15. (9) Spikes, HTribol. Lett. 2004 17 (3), 469.

(7) Murugavel, R.; Walawalkar, M. G.; Dan, M.; Roesky, H. W.; Rao, (10) Barnes, A. M.; Bartle, K. D.; Thibon, V. R. Alribol. Int. 2001, 34
C. N. R.Acc. Chem. Re004 37, 763. (6), 389-395.

7464 Inorganic Chemistry, Vol. 45, No. 18, 2006 10.1021/ic0608391 CCC: $33.50  © 2006 American Chemical Society

Published on Web 07/25/2006



Computational Study of the Formation of Phosphate Chains

SR OR OR SR phosphates® In this study, we will perform a series of
| | | | calculations to explore the possible transformation of MTP
molecules into more complex phosphate structures.

P P P P
o// \\o s// \\s 0// \\s 0// \s The calculations will proceed in a manner which is similar

. : . I to that used in our earlier studies. That is, the chemical
Figure 2. Metathiophosphate molecules that are considered in this study. . .
These molecules can be formed through the decomposition of the zDDP P€havior of systems composed of the molecules shown in
molecule or its linkage isomers as discussed in a previous $tudyall Figure 2 will first be explored through ab initio molecular
cases, the label R refers to an alkyl group. dynamics (AIMD) simulation&425This method is a powerful

tool for the identification of unknown chemical reactions.

Zubsutuent. trl]t IS gl;lerlerqll)ll d thr(]) uth: that th?s'e' add't'v‘?s Once the relevant reactions are identified through the AIMD
ecompose thermally to yield phosphorus-containing SpeCIeSsimulations, additional static quantum chemical calculations
which then undergo various reactions to yield (zinc) phos-

hates. The zi hosphat lect ; here th will be performed using density functional theory (DFT).
phates. 1he zinc phosphates collect on surtaces Where eyry o q caicylations will provide greater quantitative insight

are transformed under engine conditions into zinc phosphateinto the energetics associated with these reactions.
films. The films exhibit benefi(;ial propertigs with resp_ect The results of the calculations shed light on new and
to wear inhibition, such as forming preferentially at Iocatlons_ interesting reaction pathways which transform the molecules
on engine surfaces where they are needed most and becommg\/hown in Figure 2 into phosphate structures. In particular, it
. : ) ill be shown that systems composed entirely of RSP&n
Ilkely_to |nduFe wgar. AS. such, these films have been take part in apolymyerization rezction that inIds phosphate
described as ‘smart’ materias. chains. Interestingly, the other alkyl MTPs do not react
Recently, environmental considerations and technological similarly. The origins of these differences are explained on
advances have necessitated the replacement of ZDDPs ifne pasis of the electronic structures of these molecules. The
engine oils'*"° The rational development of new antiwear yeactions identified in the calculations will also be used in
additives requires an understanding of how ZDDP films form ¢onjunction with those reported in previous studies to develop
and work. We have performed a series of chemical simulation 5 reaction mechanism linking the ZDDP molecule to
studies”?*in an effort to gain useful molecular-level insight  phosphate precursors to the antiwear films. However, the
into the formation and functionality of these films. The mechanisms described in this study involve MTP molecules
simulations have shed light on molecular-level processesang thus are not unique to the formation of ZDDP antiwear
involved in the decomposition of ZDDP, the reactions that fims. As such, these reactions may also prove useful in
transform certain decomposition products into zinc phos- ynderstanding or controlling the formation of phosphate
phates, and pressure-induced processes that account for bothains that can act as the basis for amorphous and crystalline
the transformation of the zinc phosphates into films and phosphate used in applications such as those described above.
subsequent wear inhibition. The results of these theoretical The remainder of this paper is as follows. The computa-
studies complement experimental restfitand itis our hope  tional details are given in Section II. The results of the
that these data can be used in tandem to develop a complet@g|cylations are presented and discussed in Section IlI. In
understanding of ZDDP additives and films. that section, the basic reactions in which two MTP molecules
In a recent study; we demonstrated that ZDDP molecules, can take part will be considered first, followed by an examin-
and isomers thereof, can decompose at high temperaturestion of the reactions that can take place between the products
through the elimination of metathiophosphates (MTPs), such of these bimolecular reactions and additional MTP molecules
as those shown in Figure 2. MTPs contain a low-coordinate, to yield longer phosphate chains. A general mechanism for
electrophilic phosphorus atom, as well as oxygen or sulfur the formation of phosphate chains from MTPs is then
atoms that can behave as nucleophiles. It is possible thatdeveloped. The conclusions are presented in Section IV.
these components of MTPs will react to yield-©—P or

P—S—P linkages, which are necessary for the formation of Il Computational Details
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by analytic pseudopotentias3? while the valence space was

Mosey and Woo

straints on the temperature until a chemical reaction was observed.

represented by a set of plane waves expanded up to a kinetic energyll of the results of the AIMD simulations that are reported in this

cutoff of 70 Ry. Previously, we have found that this computational
methodology vyields accurate energetics for the dimerization,
isomerization, and decomposition of ZDDPgL33All simulations

study were obtained from this final portion of the simulation.
Static DFT calculations were performed with the Jaguar 5.0
software packag®. The exchangecorrelation functional com-

were performed using a face-centered cubic cell, and a super-cellmonly abbreviated as B3LYP, which is composed of Becke's three-
approach was employed to avoid spurious interactions betweenparameter hybrid gradient-corrected exchange funcfioaatl the

periodic neighbors. In all cases, the cell size for the AIMD

gradient-corrected correlation functional of Lee, Yang, and Parr,

simulations was selected such that the shortest distance betweenvas used for these calculatiot#sA 6-311+G(d,p) basis set was

atoms in neighboring cells was at l¢a& A at the start of a
simulation. Geometric constraints were applied using the RATTLE
algorithn#* as implemented in CPMD, and the use of these
constraints will be described as appropriate in what follows. A time
step of 6.0 au, equivalent to 0.145 fs, was used in all AIMD
simulations, which maintained energy conservation to within

x 10-5 au/ps or better. To give the reader an idea of the
computational effort associated with these simulations, it is noted

used on all atoms.

The products of the observed reactions may adopt a large number
of different conformations. To account for this, a systematic scheme
was used in an effort to locate a global minimum when optimizing
the structures of the products. Within this geometry optimization
scheme, a 1.0 ns molecular dynamics simulation was performed at
1000 K using the Universal 1.02 force fiéidin the Cerius2
molecular modeling packad®. One hundred structures were

that nearly 7000 energy and force evaluations are required toselected at regular intervals along the resulting trajectory and

perform 1 ps of simulation with a time step of the size used here.
In terms of real time, 1 ps of simulation required approximately
48 h of calculation on a 16 CPU cluster of Compaq Alpha ES40
computers running at 833 MHz.

All AIMD simulations were performed in the NVE ensemble

optimized at the PM3 semiempirical level of the®r{? with the
Gaussian 98 suite of prograrfisThe 10 unique lowest energy
structures were then optimized with DFT methods as described
above. The data corresponding to the lowest energy DFT structure
is reported in what follows. This procedure does not guarantee the

with the kinetic energy of the system equivalent to a temperature |ocation of a global minimum; however, it does allow for the

of approximately 500 K at the start of the production portion of

consideration of a large number of structures in an automated

the simulation. This is similar to average surface temperatures in fashion, which should decrease the errors that would likely be

engine® and hence is suitable for these simulations. To equilibrate

introduced by assuming that one particular conformation is the most

the systems, the initial nuclear velocities were randomly selected stable. The global optimization scheme was not used in the

from a Maxwell-Boltzmann distribution at 100 K and a 0.5 ps

determination of the structures of the intermediates and transition

simulation was performed where the temperature was held at 100states, which were based on the geometries of the products.

=+ 50 K through rescaling of the nuclear velocities. Once this portion

Frequency calculations were performed to characterize all station-

of the equilibration was completed, the velocities were rescaled ary points and to estimate zero-point vibrational energy (ZPVE)
instantaneously to correspond to a temperature of 300 K and acorrections, which are included unscaled in all reported energies.
further 0.5 ps of simulation was performed, where once again, the The free energies at temperatures of 500 and 1000 K and a pressure
temperature was maintained within 50 K through velocity rescaling. of 1 atm were calculated within the ideal gas approximation during
For the final part of the equilibration, the nuclear velocities were the frequency calculations to estimate the effect of temperature on
once again rescaled instantaneously to give a temperature of 50Ghe energetics of the observed reactions. Such effects are relevant
Kand a 1.0 ps simulation was performed with the temperature held to the current study since the ZDDP molecules react at high temper-

within 50 K of 500 K. Once this portion of the simulation was
completed, the system was allowed to evolve without any con-
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representations of the wave function at the PBE/TZP level of theory.

atures under typical engine conditions. The temperature of 500 K
is similar to average engine temperatdtesd is also comparable
to those used to generate thermal films in laboratory experiments,
while the temperature of 1000 K is an estimate of those encountered
at points of microscopic contact within the engine.

ZDDPs can be produced with a variety of different substituents,
which will be found in the MTP molecules derived through the

(36) Jaguar 5.0 Schrodinger, LLC: Portland, OR, 2002.

(37) Becke, A. D.J. Chem. Physl993 98 (7), 5648-52.

(38) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37 (2), 785-9.

(39) Castonguay, L. A.; Rappe, A. K. Am. Chem. S0d992 114, 5832.

(40) Cerius2_4.2 Modeling Efironment Molecular Simulations, Inc.: San
Diego, 1999.

We have also tested this methodology by evaluating the energetics (41) Stewart, J. J. Rl. Comput. Cheml989 10, 209.
associated with various isomerization and decomposition reactions (42) Stewart, J. J. Rl. Comput. Chenml989 10, 221.

involving the ZDDP moleculé? Specifically, we have studied the
isomerization of the hydrogen-substituted ZDDP molecule and the
decomposition of methyl-substituted ZDDP to yield DBPh—OMe

+ MeOPS. In the case of the isomerization reaction, energies of 6.0,
4.4, and 3.4 kcal/mol were calculated at the PBE/70 Ry, PBE/200
Ry, and PBE/LACV3R-(d,p) levels, respectively. For the decomposi-
tion of methyl-substituted ZDDP, which involves significant changes
in the bonding arrangements and hybridizations at key atoms in the
system, reaction energies of 53.7, 56.6, and 54.8 kcal/mol were
evaluated at the PBE/70 Ry, PBE/200 Ry, and PBE/LACY@Ep)

levels, respectively. The agreement between these values is suitable

within the qualitative context of our simulations.
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decomposition of the ZDDP additive. Typical substituents are reaction involving the transfer of a sulfide or alkoxy group
primary or secondary alkyl groups of up to approximately 10 carbon between the two phosphorus atoms. Static DFT calculations
atoms in length. In the current study, it is of primary interest to \yere performed to examine the energetic and mechanistic
examine the chemical behavior related to the phosphorus, sulfur, yetails of these reactions, and the results are presented in
and oxygen atoms of the MTP molecules that may lead to the go (g 4 ji. Overall, the results of the AIMD simulations
formation of phosphate chains. It is unlikely that the nature of the and static DFT calculations indicate that the MeSB@tem

alkyl group will exert a direct influence on this behavior, at least foll ith f the t identified fi th
when typical alkyl substituents are considered, and methyl substit- may oflow either of the two identilie reacilon .pa ways,
while the other three alkyl MTP molecules in Figure 2 are

uents will be used exclusively in this study to minimize the

computational effort associated with these calculations. primarily expected to dimerize. The underlying aspects of
) ) the electronic structures of these systems that are responsible
IIl. Results and Discussion for this behavior are examined in Section a.iii.

The goal of this study is to identify reactions that transform  a.i. AIMD Simulations of Systems Composed of Two
MTP molecules into more complex phosphates. As noted |dentical Alkyl MTPs. The simulation of the system
above, the calculations will focus on the species shown in composed of two MeSPOmolecules indicated that these
Figure 2. In Section a, the reactions that occur within bimol- two molecules can react to yield a diphosphate chain through
ecular systems composed of two identical alkyl MTP the formation of a PO—P linkage. Key structures along
molecules will be identified and explored using AIMD the calculated trajectory that demonstrate this process are
simulations and static quantum chemical calculations. The shown in Figure 3. In Figure 3a, the system is in a state
results demonstrate that MeSP€n participate in bimolec-  where the two MTP molecules are separated by a large
ular reactions that form diphosphate chains, while the other distance as a result of the initial geometric constraints. As
three alkyl MTP molecules simply dimerize. In Section b, the distance between the two MTP molecules decreased,
simulations are reported that were performed to explore theadducts were observed, such as that in Figure 3b. These
interaction between the products of the bimolecular reactions species contain a-PFO—P linkage yet did not persist for long
and additional alkyl MTP molecules. The results demonstrate periods of time. Eventually, the transfer of a sulfide group
that species derived from MeSP€an take partin reactions  between the two phosphorus atoms occurred along with the
leading to the formation of linear phosphate chains. In Sec- formation of a P-O—P linkage, as shown in Figure 3c. Once
tion ¢, the reactions identified through the calculations are this reaction was complete, the geometric constraints were
considered along with the results reported in previous studiesremoved and the simulation was continued for 2 ps to
to establish a reaction mechanism which connects the ZDDPdetermine if the product was a stable species or an artifact
molecule to phosphate chains, which is motivated by our of these constraints. The results of this unconstrained simula-
particular interests and may be of technological relevance. |ation showed that the product persisted in the absence of

a. Bimolecular Reactions of Alkyl MTPs. The natural the constraints and adopted the structure shown in Figure
starting point for a study of the formation of phosphates from 3d. The product is particularly interesting within the context
alkyl MTPs is to consider the reactions that occur between of phosphate chain formation because it contains a tri-coor-
two identical alkyl MTP molecules. AIMD simulations were  dinate phosphorus atom in an environment which is similar
performed to identify and examine the qualitative details of to that in the original MeSP£Omolecule. This is a potential
such reactions, which to this point have remained largely site for the elongation of the phosphate chain through
unknown. One simulation was performed for each type of analogous reactions with additional alkyl MTP molecules.
alkyl MTP shown in Figure 2. To promote the occurrence These types of reactions are considered in Section b.
of chemical reactions within the limited time scales of these  Analogous AIMD simulations were performed on systems
simulations (tens of picoseconds), geometric constraints werecomposed of two MeORS MeOP(S)O, or MeSP(S)O
applied such that the distance between the phosphorus atomsolecules. These three types of alkyl MTPs were all
of the two reacting alkyl MTP molecules was only allowed observed to dimerize, as opposed to taking part in the
to decrease from an initial valué ® A throughout the course  phosphate chain formation reaction observed for MeSPO
of the simulation. Within this scheme, the two phosphorus The qualitative details of the dimerization reactions were
atoms were not forced to approach one another, but rathersimilar for each of the MeORSMeOP(S)O, and MeSP-
the P-P distance decreased only if the nuclear forces allowed (S)O bimolecular systems, and for the sake of brevity, only
this to occur naturally. The constraints were applied to this the data for MeOPSwill be considered explicitly.
distance simply on the basis of the notion that the phosphorus Key structures observed during the simulation of the
atoms must approach one another for a reaction to occursystem composed of two MeSP@olecules are shown in
between the two alkyl MTP molecules. It is noted that Figure 4. The structure in Figure 4a shows that the two MTP
constraints could have been applied to other geometric molecules were well-separated, which was due to the initial
variables, such as a0 or P-S distance; however, it is  geometric constraints. As the intermolecular distance de-
probable that such a situation would artificially favor the creased, the system adopted structures such as that in Figure
formation of either P-O—P or P-S—P linkages. 4b, which were consistent with the transfer of a methoxy

The results of the AIMD simulations are presented in group and formation of a-PS—P linkage through a process
Section a.i. and show that the formation of diphosphates from analogous to that described above for Me@HIRspite the
alkyl MTPs can occur through either dimerization or a formation of such structures, chain formation did not occur,

Inorganic Chemistry, Vol. 45, No. 18, 2006 7467
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Figure 3. Key structures observed during the AIMD simulation of the MegB@tem. In (a) through (c), the-#P distance is subject to geometric
constraints. In (a), the two MTP molecules are separated by a significant distance as a result of the initial geometric constraints. Througiiatiahe si
structures that contained a-®—P linkage were observed, such as that in (b); however, these did not persist or lead to the formation of phosphates. In (c),
the system attained a configuration that allowed for the transfer of a sulfide group and simultaneous formatierOafR lihkage. The product of this
reaction is shown in (d) and was obtained after the removal of the geometric constraints.

N
(b)

-
-

Figure 4. Key structures observed during the simulation of the Me£#3Stem. In (a) through (c), the-FP distance is subject to geometric constraints.
In (a), the two molecules are separated by a significant distance. At an early stage of the simulation, a structure consistent with methoxyfgramal trans
P—S—P linkage formation were observed, as in (b); however, this process did not occur. In (c), the system has attained a configuration allowingefsrdimeriz
through the formation of two PS bonds. The final product, obtained after the removal of the geometric constraints, shown in (d), contaisR-8
four-membered ring and is referred to as a dithiadiphosphetane.
which is indicative of a significant energy barrier to that shed light on two different reaction pathways leading to the
process for the MeORSsystem. Eventually, the system formation of diphosphates from systems composed of two
adopted an alternate configuration that led to the nearly identical alkyl MTP molecules. In the first reaction, a sulfide
simultaneous formation of two S bonds, as shown in  or alkoxy group is transferred between the two phosphorus
Figure 4c. The final product, which was obtained by remov- atoms, which prompts the formation of a®—P or P-S—P
ing the geometric constraints and continuing the simulation linkage. In the second reaction, the two MTP molecules
for 2 ps after the formation of the-FS bonds took place, is  simply dimerize. These reactions are outlined in Scheme 1
shown in Figure 4d. The product is simply the dimeric as reactiond and?2, respectively, and will be referred to as
structure of MeOPS called a dithiadiphosphetane. Analo- chain formation and dimerization. Due to the limited nature
gous structures containingf®—P—S four-membered rings,  of the AIMD simulations, i.e., only one short simulation per
referred to as thiaoxadiphosphetanes, were formed duringtype of MTP, it is not possible to conclude that the observed
the simulations of the MeOP(S)O and MeSP(S)O systems.reactions are absolutely representative of the typical behavior
Structures containing these types of four-membered rings
i 6 (44) Nizamov, I. S.; Sergeenko, G. G.; Popovich, A. E.; Nizamov, |. D.;
have been reported previousty;® however, to t.he be.St. of Batyeva, E. S.; Afonsov, V. A.Russ. J. Gen. Cher2002 72 (9),
our knowledge, the relevance of these species within the 1356-1366.
context of phosphate formation has not been examined.  (45) Eecllémann,VHa othms,t G.; grr]os"snn;grén,?%s Klrtﬁg%, K.; Klostermann,
i . . . ., Kaiser, V. Heteroatom e , —1o.

a.ii. Sta’gc DFT Calculations of the Reactlong Betwgen (46) Powell, J.: Ng, K. S.: Sawyer, J. . Chem. Soc. Chem. Commun.

Two Identical MTPs. The results of the AIMD simulations 1987(14), 1131-2.
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Scheme 1. Reactions Identified during the AIMD Simulations of the systems, where dimerization actually occurred. The transition

Allyl MTPs? states characterize the nature of this reaction, and in all cases,
1) ’SMe ‘SMe o (ﬁ the geometric details associated with these structures indicate

b + ’ — \\p—O—P—SMe that k_)(_)nd formation occurs in a concerted fashion. In the

o// \\ o// \\ O// \ transition-state structures given in Figure 6a and b, the four

o ) SMe atoms involved in the formation of the four-membered ring

o have adopted a nearly planar configuration, which is

. . H consistent with that in the product. Meanwhile, the geometric

2) | ¢ ¢ MeS —p——0 details of the transition state structures shown in Figure 6c

b + b - ‘ I and _d indicate that the two MTP mqlecules must rotate

o// \\o o// \\o O——Pp——SMe relative to one another along the reaction pathway between

” this species and the product. The adducts shown in Figure
6a and b have structures consistent with the early stages of
2 These reactions are outlined explicitly for the MeSBvlstem, however, concerted bond formation, while in the adduct structures
analogousprocesscs arspossible or e oher sl WTPs. Redeiole  shown in Figure 6c, the PO bond is formed to a more
prompted by the transfer of the sulfide group. Reactbimvolves the substantial degree than the-B bond, based on the inter-
dimerization of the MTP molecules. atomic distances. As suggested above, this is most likely due
of these species. Unfortunately, it is not computationally to differences in the PO and P-S electrostatic interactions.
feasible to obtain statistically meaningful data by performing During the dimerization of MeOP(S)O and MeSP(S)O to
a large number of AIMD simulations. However, it is possible Yield dithiadiphosphetanes, as shown in Figure 6d, it was
to gain such insight through an analysis of the energetic found that the system proceeds directly through the transition
details associated with the observed reactions. To achievestate without forming an adduct.
this, the stationary points along the mechanistic pathways The calculated electronic potential energies and free
associated with reactions and 2 were calculated at the energies of the stationary points located along the mechanistic
B3LYP/6-311-G(d,p) level of theory. The structural details pathways for reactions and2 are given in Tables 1 and 2,
of these species, given in Figures 5 and 6, will be consideredrespectively, relative to the separate MTP molecules. One
first in order to gain a general understanding of these of the most obvious features of the energetics is that all of
reactions. An examination of the energetics of these reactionsthe reactions are disfavored thermodynamically and kineti-
given in Tables 1 and 2, then follows. cally at 1000 K. This is not particularly surprising, given
The stationary points along the mechanistic pathways for that the entropic contribution to the free energy is significant
reactionl are shown in Figure 5 for each of the alkyl MTP  at such high temperatures and disfavors association reactions.
molecules considered in this study. In all cases, the productsHowever, this observation is important because it was found
of these reactions have structures that are consistent withpreviously that alkyl MTP molecules are only likely to be
those expected on the basis of the results of the AIMD formed at temperatures approaching 1008 Khis suggests
simulation of MeSP@ where this reaction was actually that, once formed, the MTP molecules should not dimerize
observed. The geometric details of the transition states areor form chains immediately, but instead they should persist
qualitatively similar regardless of the nature of the parent in the oil until they encounter lower-temperature regions
MTP molecule, and in general, the formation of the®-P where these reactions can take place. This may allow for
or P-S—P linkage occurs at approximately the same time appreciable quantities of MTP molecules to accumulate
as the transfer of the sulfide or methoxy group. When this within the engine, which creates an ideal environment for
is considered in conjunction with the fact that only one the formation of phosphates through the reactions considered
transition state structure was located for each reaction, it ishere, assuming that other reactions will not take place at
possible to conclude that chain formation occurs in a elevated temperatures to remove the MTP molecules from
concerted fashion. It was found that the degree of bond the system. This is a reasonable assumption because the
formation in the adduct exhibited a dependence upon theunfavorable energetics at 1000 K are due primarily to
nature of the MTP molecule, with these species adopting entropic contributions to the free energy and similar entropic
geometries in which the PO bonds were formed to a penalties will be incurred during other bimolecular reactions.
significantly greater extent than the-B bonds, at least upon  Since the energetics at 1000 K indicate that both reactions
comparison to the respective bond distances in the productsare disfavored for all species, the following analysis will
This is most likely due to differences in the long-range® focus exclusively on thé\E and AG®*X values.
and P-S electrostatic interactions, which dominate in these  The AE data for the MeSP©Osystem show that the chain
weakly bound structures, with the—® interaction being  formation and dimerization reactions are both highly favored
stronger than the PS interaction. on the electronic potential energy surface. The overall
The structures located along the mechanistic pathways forkinetics and thermodynamics favor dimerization (reaction
reaction2 are shown in Figure 6 for each of the alkyl MTP  2); however, the relative electronic potential energies of the
molecules. In all cases, the products have structures that areadducts formed along each pathway favor progression
consistent with those expected on the basis of the AIMD towards the formation of phosphate chains (reactjosince
simulations of the MeORS MeOP(S)O, and MeSP(S)O all points along both reaction pathways lie lower in electronic
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Figure 5. Structures of the stationary points along the mechanistic pathways for redctiofa), the structures for MeSB@ystem are shown. In (b), the
structures for the analogous reaction involving Me@R®lecules are given. In (c), the structures for the reaction of either MeOP(SyYo@Xor MeSP-

(S)O (X=S) molecules to yield products with-”O—P linkages are shown. In (d), the structures for the reaction of either MeOP(SyOQ(Xor MeSP(S)O

(X = S) molecules to yield products with-F5—P linkages are given. In (c) and (d), the values for the MeSP(S)O system are provided in parentheses. All
distances are in A, and the first atom in the dihedral values below each structure corresponds to that in the top left corner of the four atoms ¢hat form th
dihedral angle with the other atoms in the label following in a clockwise direction.

potential energy than the reactants, it is difficult to determine relative free energies at 500 K clearly favor dimerization in
which reaction is favored using these data. Within the context terms of overall thermodynamics, and hence, it is anticipated
of our interest in ZDDP antiwear additives, the free energies that the system will preferentially adopt the dimeric structure

at 500 K are more relevant because this is similar to averagewhen the system is at equilibrium. This may appear to
engine surface temperatures under operating condiiarie contrast with the results of the AIMD simulations, where
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Figure 6. Structures of the calculated stationary points along the mechanistic pathways for reati¢a), the structures for the dimerization of MeSPO

(X =0 and Y= S) and MeOP&(X = S and Y= O) are shown. In (b), the structures for the dimerization of MeOP(S)&-(®) and MeSP(S)O (%=

S) to yield products with PO—P—0 four-membered rings are shown. In (c), the structure for the dimerization of MeOP(SFOQ)Xand MeSP(S)O (X

= S) to yield products with PS—P—0 four-membered rings are shown. In (d), the structures for the dimerization of MeOP(S¥OOXand MeSP(S)O

(X = S) to yield products with PS—P—S four-membered rings are shown. All distances are in A, and the first atom in the given dihedral value corresponds
to that in the top left corner of the four atoms that form the dihedral angle with the other atoms in the label following in a clockwise direction.

Transition State

chain formation was observed. However, the barriers to of the computational methodology. Thus, reactiGrend?2

reactions1l and 2 are similar (20.8 and 18.3 kcal/mol,

are competitive kinetically for the MeSRB®ystem, and one

respectively, with respect to the energies of the separatewould anticipate observing the formation of both dimers and
MeSPQ molecules), which indicates that the reactions should diphosphate chains on short time scales, while the overall
proceed at somewhat competitive rates, given the accuracyreaction energies indicate that the products of reacdtiare
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Table 1. Relative Electronic and Free Energi€dor the Formation of Table 2. Relative Electronic and Free Energi€dor the Formation of
Phosphate Chains from Alkyl MTPs through Reaction Phosphates through the Dimerization of Alkyl MTPs through Reacion
species AE AGPOK AG1000K species AE AG500K AGL000K
2MeSPQ — O,P—0—P(0)(SMe) 2MeSPQ — MeS(0)PQP(0)SMe
adduct —6.7 17.2 41.8 adduct —6.0 18.9 45.6
transition state -35 20.8 45.8 transition state -55 18.3 42.7
product —155 10.0 36.6 product —29.9 —4.3 21.9
2MeOPS — S,P—S—P(S)(OMe) 2MeOPS — MeO(S)PSP(S)OMe
adduct —-1.4 21.7 44.3 adduct —-1.0 23.3 48.2
transition state 8.5 34.5 61.4 transition state 4.7 29.6 55.3
product —-13.7 9.4 31.2 product —15.2 9.0 32.2
2MeOPS — S(O)P-O—P(S)(OMe) 2MeOP(S)C— MeO(0O)PSP(0O)OMe
adduct -3.0 22.0 49.0 transition state 1.0 25.9 52.6
transition state 0.8 255 51.2 product —23.7 1.2 26.2
product —24.1 —0.1 24.3 2MeOP(S)0— MeO(0)PS(0)P(S)OMe
2MeOP(S)O— S(O)P-S—P(0)(OMe) adduct —-4.7 21.7 51.3
adduct —-3.7 19.7 43.9 transition state —-4.1 22.4 52.3
transition state 2.9 27.7 53.4 product —-30.3 —-3.8 24.4
product —-19.5 4.1 27.7 2MeOP(S)0— MeO(S)PQP(S)OMe
2MeSP(S)0— S(0)P-O—P(S)(SMe) adduct —6.6 19.8 49.6
adduct -0.3 23.1 46.2 transition state —6.4 19.1 46.7
transition state 3.7 26.3 47.3 product -30.3 -3.6 25.2
product —123 11 33.4 2MeSP(S)0~ MeS(O)PSP(O)SMe
2MeSP(S)O— S(O)P-S—P(0)(SMe) transition state 6.7 31.3 56.6
adduct 15 30.0 63.8 product -14.5 9.7 32.7
ransition state - 672-2 1311-0 42“;4 2MeSP(S)0—~ MeS(O)PS(0)P(S)SMe
produc : ' ' adduct —2.4 20.7 43.3
a All energies are in kcal/mol relative to separate reactant molecules at ~ transition state 0.9 25.9 517
the B3LYP/6-313#G(d,p) level of theory and include ZPVE corrections. product —20.0 4.5 28.2
b The superscripted numbers on the free energy headings in the table indicate 2MeSP(S)0—~ MeS(S)PGP(S)SMe
the temperature at which the free energy was calculated. adduct —-35 20.1 43.4
] o N transition state -1.1 23.0 46.9
not likely to exist in large quantities when the system reaches  product —-19.6 5.4 29.9

chemical equi."brium on Ionger ti_me scaIes._As .SUCh' the pro-ap energies are in kcal/mol relative to separate reactant molecules at
ducts of reactiord should be considered as kinetically access- the B3LYP/6-313-G(d,p) level of theory and include ZPVE corrections.
ible transient species formed during the reaction betweeanhe superscripted numbers on the free energy headings indicate the
L . . temperature at which the free energy was calculated.
two MeSPQ molecules, which is consistent with the results tavored thermodvnamically. The differences are sliaht
of additional simulations and analysis discussed below. however and thyim " zt int to be taken from thg '
The data for the MeORSystem indicate that dimerization OWEVer, a € important point 1o be taken 1ro ese

(reaction2) is favored both kinetically and thermodynami- \éal:fes 'S dt?r?t thehstehtwo dl:perlzfatt\;\(l)nl\ﬁr?;cstsgre I:kelyl o
cally on the electronic potential energy surface. Once again, e formed through the reaction of two MeOP(S)O molecules,

the adduct for chain formation (reactidi is favored over while chain formation is clearly disfavored. Indeed, thiaoxa-

that along the dimerization reaction pathway (reac@n diphosphetane was formed during the AIMD simulation of

which can be understood in terms of atomic charges. In '[hisFhIS system. The energetics for the MeSP(S)O system also

case, however, the barrier separating the adduct from the]'(nd'c""tt.e thst tﬁl?erlt;atllclj n1s d ?r? arly ;avoreq cl)lv erTﬁ_h an
product of chain formationXE* = 9.9 kcal/mol) will slow ormation, both kinetically and thermodynamically. This 1S

the reaction significantly and may allow for dimerization to ;:)ns;stenttyvlth t?e retil'JIts OdehE All\ﬁlDtsmuIatlons,bWhered
occur instead. In fact, this is what was observed during the € formation of & thiaoxadiphosphetane was ObServed.
AIMD simulations (see structures b and c in Figure 4). The Interestingly, the dimerization products of MeSP(S)O are
free energies at 500 K, which are more relevant when unstable with respect to the reactant species at 500 K, and

discussing the behavior under engine conditions, indicate thath(_elrce’_ ': 'St urllkilydtfsat the q{'mers of this MTP molecule
the separated reactant molecules are more stable than eithel!!' EXISt at elevated lemperatures.

of the dimerization or chain formation products. As a result, Thall,lklanDaIYSIs loft.the Elegtrct)ntlp %t'r:tJ_F:turle S IO ftt he MTdPS ted
it is unlikely that either of these products will exist after € simurations and static calcuiations indicate

sufficiently long periods of time that the MeSP@system may take part in either of reactions
The MeOP(S)O and MeSP(S)O systems can each undergol or 2 while the other three MTP molecules are only likely

chain formation to yield either of two products or they can to dimerize. In this section, these differences are rationalized
L . . in terms of the electronic structures of these molecules.

dimerize to yield any of three dimers. For MeOP(S)O, the . : 9

electronic potential energies and the free energies at 500 KLJI\??) ESbI_Dt-ollerl\;etﬂ at?iin:CMi'srgéf aTd HOM_(; ano(ld_

clearly favor dimerization to yield either dioxadiphosphetane orbitals ot the alky molecules considered in

or thiaoxadiphosphetane {®©—P—0O or P-S—P-0 rings, gig Wengmgl,JC.Kh(I].;IYV:\lAJerg, IPI<VSJ ﬁOferutS- %hegllQ%Q \}1,H36Jl.
- . . . f oods, R. J.; alil, v.; Pell, .; Moffat, S. H.; Smith, V. H., Jr.
respectively). Overall, the kinetics favor the dioxadiphos- Comput. Chem199q 11, 297.

phetane product, while the thiaoxadiphosphetane product is49) Chirlian, L. E.; Francl, M. MJ. Comput. Cheml987, 8, 894.
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Figure 7. Relevant atomic charges and HOMO and LUMO orbitals for the alkyl MTPs considered in this study. Each column represents the data for one
type of alkyl MTP, with the charges, HOMO orbital, and LUMO orbital given in the lower, middle, and upper structures, respectively. In all cases, the
orientation of the molecules is consistent with that shown in the lower structure. All isosurfaces are plotted at a value of 0.05 au.
this study are shown in Figure 7. The charges affect the The frontier orbitals of MeOPSMeOP(S)O, and MeSP-
behavior of the molecules at large intermolecular distances, (S)O are clearly different than those of MeSP®he most
while the short-range behavior is dictated by orbital interac- relevant aspect of these data with respect to dimerization or
tions. Before proceeding with the analysis of these data, it chain formation is that the LUMO of each of these MTP
will be useful to consider which aspects of the electronic molecules is of antibonding-character. For the MeOP(S)O
structures of these systems are necessary for the chairand MeSP(S)O molecules, the atomic charges favor initial
formation and dimerization reactions to occur. Reaction interactions between the phosphorus and oxygen atoms. In
occurs through the transfer of an alkoxy or sulfide group the case of MeORSthe P-0O interaction is favored slightly
between the two phosphorus atoms, along with the formationby the atomic charges, which is consistent with structure
of a P-O—P or P-S—P linkage. This reaction involves the observed during the early stages of the AIMD simulation of
dissociation of a PO or P-S o-bond and formation of  the system composed of two of these molecules. This would
another P-O or P-S o-bond. Thus, in molecules that are imply that alkoxy group transfer may occur; however, the
likely to react according to reactiah one would expect to  orbital structure clearly disfavors this process. For each of
find an electronic structure conducive to the formation and these three types of MTPs, bond formation occurs through
dissociation of P-S or P-O o-bonds. Reactior2, on the the donation of electron density into the LUMO, which in
other hand, primarily involves changes in theorbital turn, leads to the dissociation offS or P-O z-bonds. As
structure of the system, and hence, the frontier orbitals of noted above, this favors dimerization, which is consistent
the MTP molecules that dimerize should exhibitharacter. with the results of the AIMD simulations and static DFT
The HOMO of MeSPQ clearly corresponds to a lone- calculations.
pair orbital on sulfur, while the LUMO consists of an anti- b. Reactions between MTPs and Diphosphatesihe
bondingo-orbital between the P and S atoms, with small con- AIMD simulations and static DFT calculations presented in
tributions from the oxygen atoms. The atomic charges indi- the preceding section led to the identification of two reaction
cate that P-O interactions will dominate in the early stages pathways for the formation of diphosphate structures from
of the reaction between two of these molecules, which is systems composed of two identical MTP molecules. In this
consistent with the adduct observed during the AIMD simula- section, the possible formation of longer phosphate chains
tion and located through the static DFT calculations. As the through the reaction of these diphosphate products with
reaction proceeds, electron density will be transferred into additional MTP molecules is considered. The calculations
the LUMO of one of the MTP molecules, which will prompt  performed to examine these processes will be of a more
the dissociation of the S bond. As this occurs, the HOMO focused nature than in the previous section, with only
of one of the MTP molecules will interact with unoccupied representative examples of diphosphate chains and dimers
orbitals on the phosphorus atom of the other to initiate the being considered. Specifically, a system composed of an
formation of a new P-S bond. Overall, this suggests that MeSPQ molecule reacting with éP—0O—P(O)(SMe) (the
the electronic structure of MeSR@avors sulfide transfer,  diphosphate chain formed from MeSpP@rough reaction
which leads to chain formation through reactibn 1) will be used to investigate the elongation of the products
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Figure 8. Key structures observed during the reaction of Me@Rith the tri-coordinate phosphorus atom off3-O—P(0O)(SMej). In (a) through (c), the
distance between the phosphorus atom of Me a8 the tri-coordinate phosphorus atom gP©O—P(0)(SMe) is constrained. In (a), the two molecules
are separated by a significant distance. The structure in (b) shows the initiatierpf P linkage formation between the two molecules. In (c), the system
has attained a configuration allowing for simultaneous formation of th®+P linkage and transfer of the sulfide group. The final product, obtained after
the removal of the geometric constraints, is shown in (d).

of chain formation and the addition of MeOP® MeO(S)- of the phosphate chain could increase through a reaction
PSP(S)OMe (the dimer of MeOR$ormed through reaction  involving the transfer of a sulfide group and formation of a
2) will be considered to study the formation of larger P—O—P linkage between the MTP andf-O—P(O)(SMe)
phosphates from the dimers. These systems were selectetholecules. This process is analogous to reaction
on the basis of the results of the calculations presented in Structures along the calculated trajectory demonstrating
Section a, which showed that the MeSP§ystem could the formation of the triphosphate product are shown in Figure
undergo either of reactiorisor 2, while the other three MTP 8. The structure in Figure 8a shows the initial configuration
systems are only expected to dimerize. of the system, where the two molecules are separated by a
AIMD simulations were performed to identify and exam- large distance as a result of the geometric constraints. It was
ine the qualitative details of the reactions in which these observed that these two molecules interacted initially through
systems take part to yield longer phosphate chains. Thethe phosphorus atom of MeSP@nd one of the oxygen
results of these simulations are presented in Section b.i.atoms bonded to the tri-coordinate phosphorus atom in the
Overall, it was found that triphosphate chains can be formed diphosphate chain, as shown in Figure 8b. This interaction
through the addition of MeSPQo either of the phosphorus  eventually led to the formation of aFO—P linkage, which
atoms in QP—O—P(O)(SMe}) through processes similarto  prompted the transfer of a sulfide group from the MTP
reactionl. On the other hand, it was found that the reaction molecule to the diphosphate chain through the structure
of MeOPS with MeO(S)P3P(S)OMe does not lead to chain  shown in Figure 8c. The final product is shown in Figure
formation. Static DFT calculations were then performed to 8d and was obtained by removing the geometric constraints
examine the observed reactions that led to the formation of after the reaction occurred and continuing the simulation for
longer phosphate chains in a more quantitative manner. The2 ps. Overall, this reaction is analogous to the chain-forma-
results of these calculations are presented in Section b.ii. tion process that was observed during the simulation of two
b.i. AIMD Simulations of Systems Composed of One  MeSPQ molecules discussed in Section a. It is interesting
Alkyl MTP and a Diphosphate. In Section a, it was noted  to note that the tri-coordinate phosphorus atom is regenerated
that the diphosphate chain,®-0O—P(O)(SMe}), formed through this process, which indicates that elongation of the
when two MeSP@molecules react according to reactibn triphosphate product could take place through analogous
is of particular interest within the context of phosphate chain reactions with additional MeSROnolecules.
formation because it contains a tri-coordinate phosphorus The QP—0O—P(O)(SMe) molecule also contains a tetra-
atom that is a potential site for further chain formation coordinate phosphorus atom, which is a potential site for
reactions to take place. To examine this possibility, an AIMD reactions with MeSP©molecules to yield a triphosphate.
simulation was performed on a system composed of oneTo examine this possibility, a second AIMD simulation of
MeSPQ molecule and the P»—0O—P(O)(SMe) chain. the system composed of one MeSPf@olecule and one
Geometric constraints were employed such that the distanceO,P—O—P(O)(SMe) molecule was performed, where the
between the tri-coordinate phosphorus atom in the chain andgeometric constraints were applied to the distance between
the phosphorus atom in the MTP molecule decreased fromthe phosphorus atom of the MTP molecule and the tetraco-
an initial value ¢ 7 A only if the forces on the nuclei allowed  ordinate phosphorus atom of the diphosphate chains. The
this to occur naturally. The results showed that the length results of this simulation showed that the MTP molecule
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Figure 9. Key structures observed during the reaction of Me@With the tetracoordinate phosphorus atom gPOO—P(0)(SMe). In (a) through (c),
the distance between the phosphorus atom of Me@R#8 the tetracoordinate phosphorus atom gf-00—P(O)(SMe) is subject to geometric constraints.
In (a), the two molecules are separated by a significant distance. The structure in (b) shows the initiati@infelPaction between the two molecules. In
(c), the system has attained a configuration allowing for simultaneous formation of-fe-P linkage and transfer of the sulfide group. The final product,
obtained after the removal of the geometric constraints, is shown in (d).

could react at the tetracoordinate phosphorus atomBfO  scribed above. The results showed that the introduction of
O—P(0O)(SMe) to form a triphosphate chain. Structures the MTP molecule resulted in the decomposition of the dimer
observed throughout the simulation that demonstrate thisthrough the elimination of an MTP molecule, which was
process are shown in Figure 9. The initial structure, in which followed by the formation of a new dimer. Overall, this reac-
the two molecules were well-separated, is shown in Figure tion does not lead to the formation of a triphosphate chain,
9a. As the intermolecular distance decreased, the moleculesut rather regenerates the reactant species, i.e., one MeOPS
interacted through one of the sulfur atoms bonded to the molecule and one MeO(S)ENS)OMe dimer. It is assumed
tetracoordinate phosphorus atom in the chain and thethat the other MTP dimers will react in a similar manner.
phosphorus atom in the MTP molecule, as shown in Figure b.ii. Static DFT Calculations of the Reactions between
9b. This contrasts with the reaction at the tri-coordinate O,P—O—P(O)(SMe) and MeSPQ. The AIMD simulations
phosphorus atom, where#® interactions were dominant  of the system composed of one MeSR@olecule and one
in the early stages of the reaction. The system eventually O,P—O—P(O)(SMe) diphosphate chain showed that these
attained a configuration that allowed for the transfer of a two species can react to yield a triphosphate chain through
sulfide group from the diphosphate chain to the MTP either of two reactions. These processes are similar to
molecule, which occurred along with the formation of a reaction 1 in that they both involve PO—P linkage
P—O—P linkage, as shown in Figure 9c. The final product formation along with the transfer of a sulfide group between
of this reaction, shown in Figure 9d, was obtained by phosphorus atoms. In the first case, the addition of MeSPO
continuing the simulation without geometric constraints for occurs at the tri-coordinate phosphorus of the growing
2 ps after the reaction took place and is identical to that phosphate chain, while the other involves addition at the
shown in Figure 9d. It is interesting to note that the product tetracoordinate phosphorus atom. In this section, the struc-
of this reaction also contains a tetracoordinate phosphorustural and energetic details of the key structures along these
atom that is a potential site for analogous reactions with reaction pathways will be evaluated through static DFT
additional MTP molecules to take place to form longer calculations at the B3LYP/6-3#G(d,p) level of theory. The
phosphate chains. reactions considered will be limited to those that occur
It is also of interest to consider the reactions that can occur between an MeSPQnolecule and the §P—0O—P(0)(SMe})
between the MTP molecules and the diphosphate dimers.chain because the results presented in Section a suggested
As noted above, a system composed of one MeORde- that MeSPQ is the only MTP molecule considered in this
cule and the MeOPSlimer will be considered as a repre- study that is likely to take part in chain formation. The
sentative system upon which to perform simulations to gain structures of the stationary points located along these two
insight into such reactions. The two phosphorus atoms in reaction pathways are shown in Figure 10, and the energetics
the dimer are equivalent, and hence, only one AIMD simula- associated with these structures are given in Table 3.
lation was performed for this system, where the distance be- The structural data given in Figure 10 show that the
tween the phosphorus atom in the MTP molecule and one ofaddition of MeSPQ to O,P—O—P(O)(SMe) at the tri-
the phosphorus atoms of the dimer was constrained as decoordinate phosphorus atom involves the initial formation
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(b)

Adduct Transition State Product

Figure 10. Structures of the stationary points along the reaction pathways for the reaction ofRROOPO(SMe) polymer with MeSPQ In (a), the
structures along the reaction pathway are shown for the addition of Mg&Pie tri-coordinate phosphorus atom of the diphosphate chain. In (b), the
corresponding structures are shown for the reaction at the tetracoordinate phosphorus atom of the diphosphate chain. All distances are in A.

Table 3. Relative Electronic and Free Energi€gor the Addition of state is consistent with a process involving the simultaneous
MeSPQ to the Tri- and Tetracoordinate Phosphorus Atoms of transfer of a sulfide group and the formation of a®—P
O,P—O—P(0)(SMe . .
2 (')( ! — - linkage between the two molecules. The product of this
species AE AG AG reaction is identical to that formed through the addition of
dduct ReaCtiog fit T”'COOFdTgtg P 183 MeSPQ to the tri-coordinate phosphorus atom offoO—
adduc —b. . . ) . .
transition state 33 228 50.7 P(O)(SMe} and contains a terminal tetracoordinate phos-
product —25.4 0.8 27.3 phorus atom that is a potential site for elongation of the
Reaction at Tetracoordinate P triphosphate chain through analogous reactions with ad-
adduct _igs 213-38 5%-81 ditional MTP molecules.
transition state . . . . . . .
product —25.4 0.8 27.3 The electronic potential energies and free energies of the

a . ) ) stationary points along the two chain formation reaction

All energies are in kcal/mol relative to separate reactant molecules at . . . .
the B3LYP/6-31%#G(d,p) level of theory and include ZPVE corrections. pathways are given in Table 3 relative to the energies of the
bThe superscripted numbers on the free energy headings indicate theseparated MeSP@nd QP—O—PO(SMe) molecules. Since
temperature at which the free energy was calculated. the products of these two reactions are identical, the
of an adduct, where the primary intermolecular interaction thermodynamic data are not particularly useful in determining
is between the phosphorus atom of the MTP molecule andWhich reaction pathway is favored. The calculated barrier
an oxygen atom bonded to the tri-coordinate phosphorusfor the addition at the tri-coordinate phosphorus atom is
atom of the diphosphate chain. In the transition state, this significantly lower than that for addition at the tetracoordinate
P—O distance has increased slightly, while the distance phosphorus atom, which indicates that the former is favored
between the tri-coordinate phosphorus atom of the diphos-Kkinetically. This is not surprising considering that, among
phate chain and the sulfur atom in MeSP@s decreased other factors, the incoming MTP molecule will encounter
significantly. The transition-state structure is consistent with minimal steric repulsion at the tri-coordinate phosphorus
the simultaneous formation of the—®—P linkage and  atom, while the approach of the MTP molecule at the
transfer of the sulfide group between the two molecules. The tetracoordinate phosphorus atom will be sterically hindered.
product of this reaction is a triphosphate chain that contains Thus, the growth of the phosphate chains is likely to occur
a tri-coordinate phosphorus atom where reactions with through the addition of MeSPOmolecules at the tri-
additional MTP molecules could potentially take place to coordinate phosphorus atom of the diphosphate polymer. This

form longer phosphate chains. reaction forms the basis of the phosphate polymerization
The addition of the MTP molecule to the tetracoordinate schemes that will be developed in the next section.
phosphorus atom of £—0—P(0)(SMe} involves the initial c. Mechanism for the Formation of Phosphates from

formation of an adduct structure where one of the sulfur ZDDP. The results presented in Section a showed that
atoms that are bonded to the tetracoordinate phosphorus atorbimolecular systems of MTP molecules can either form
of the diphosphate chain interacts with the phosphorus atomphosphate chains (reactid) or dimerize (reactior®). In

of the incoming MTP molecule. In the transition state, this Section b, the reactions that occur between MTP molecules
P—S distance has decreased significantly and the formationand the products of reactiodsand2 were also explored. In

of a P-O—P linkage has been initiated. Overall, the transition that section, it was found that the diphosphate chains formed
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Scheme 2. Reaction Mechanism Linking ZDDP Additives to Linear Phosphate Chains
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aThe details of steps (a) through (d) are described in the main text.aR alkyl group and DDR= S,P(OR}".

through reactionl could react with additional MTP mol-  of reactionsl and2, which are discussed later in this section.
ecules to yield longer phosphate chains through a processn step (c), additional MTP molecules present in the oil react
that is analogous to reactioh and regenerates the tri- with the tri-coordinate phosphorus atom of the growing
coordinate phosphorus atom. On the other hand, the resultphosphate chain through the analogue of reactitivat was
presented in Section b indicated that the dimers did not takediscussed in Section b. Step (c) forms the basis of the
part in reactions that yielded longer phosphate chains. Thepolymerization mechanism. As indicated in Scheme 2, for
possibility of forming phosphate chains through successive every n MTP molecules added to the diphosphate chain
occurrences of reactiohis intriguing within the context of ~ formed in step (b), a phosphate chain of length 2 is
transforming ZDDP antiwear additives into ZDDP antiwear generated. The addition of multiple MTP molecules to the
films, which are composed of zinc phosphates. This is diphosphate chain is proposed to occur through a process in
particularly true because the reagents for readtjore., MTP which one MTP molecule reacts with the tri-coordinate
molecules, are derived from ZDDP. In this section, reactions phosphorus atom of the diphosphate chain to yield a
1 and2 will be used to establish a general reaction scheme triphosphate chain, which also contains a tri-coordinate
that connects the ZDDP molecule to linear phosphate chains.phosphorus atom. Another MTP molecule can then react at
The details of this reaction mechanism are outlined in the tri-coordinate phosphorus atom of the triphosphate chain
Scheme 2. In the remainder of this section, the qualitative to yield at tetraphosphate chain, while regenerating the tri-
aspects of this reaction mechanism will be described first coordinate phosphorus center, and so on. The tri-coordinate
and the energetic details associated with these reactions willphosphorus atom that is the reactive site for this polymeri-
follow. It is noted that, while we present this mechanism zation scheme is a highly reactive, electrophilic center. As
within the context of our own interest in ZDDP antiwear such, itis likely that the phosphate chains formed throughout
additives, it may be of more general use in the formation of steps (b) and (c) are unstable species that will react with
other complex phosphate structures. other nucleophiles in the oil. Such reactions will saturate
The proposed reaction mechanism linking ZDDP additives the coordination at the tri-coordinate phosphorus, i.e., this atom
to linear phosphate chains is shown in Scheme 2. In stepwill become tetracoordinate, thereby terminating polymeri-
(a), the ZDDP molecule first isomerizes to yield LI2 and zation. This process is indicated in step (d) of Scheme 2,
then decomposes through the elimination of RaPese where the addition of water to the tri-coordinate phosphorus
processes have been discussed in detail in studies reportedtom has been considered explicitly. This reaction seems
previouslyl’2%21|n step (b), the RSPOmolecules take part  particularly reasonable under engine conditions where water
in reactionl to yield a diphosphate chain that contains a is formed in large quantities as a byproduct of combustion.
tri-coordinate phosphorus atom. The extent to which this  Overall, the steps shown in Scheme 2 form a reaction
reaction will occur is dependent upon the relative energetics mechanism demonstrating how ZDDP decomposes into basic
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Figure 11. Relevant species and associated energetics for the formation of phosphate polymers from MeleBQes. The energies of the intermediates,
transition states and products are indicated in kcal/mol in brackets.

phosphate building blocks that are subsequently transformeddimer and an MTP monomer simply yields another dimer
into phosphate chains. These processes are akin to freeand monomer. Consequently, dimers will persist in the oil
radical polymerization, where stable molecules decomposeand eventually establish an equilibrium with the separate
to form highly reactive radicals, which then react with monomers. The calculated energetics suggest that when such
monomers to yield unstable intermediate polymers of longer an equilibrium is reachedy1% of the MTP molecules will
chain lengths through processes that regenerate the reactivee present in the monomeric form. The monomers can react
center until some termination reaction occurs. Here, the stableto yield a diphosphate chain through reactigrwhich will
molecules are ZDDPs, which decompose into reactive MTP remove monomers from the system and prompt further
species. The MTPs then take part in a polymerization processdecomposition of the dimers. As such, the dimers can be
that forms phosphate chains until the site at which polym- thought of as a source of MTP molecules and the chain
erization occurs, i.e., the tri-coordinate phosphorus atom, isformation reactions as a sink for these molecules. The
saturated through attack by a nucleophile in the oil. In what energetics clearly demonstrate that the diphosphate chain is
follows, the energetic details associated with these processe¢ess stable than the monomers. This chain can either
will be explored. decompose to re-form the separate monomers or react with

The extent to which the polymerization mechanism shown additional MTP molecules to yield an even longer phosphate
in Scheme 2 will occur is dependent upon the energetics chain. Decomposition will essentially allow the entire process
associated with the reactions in which MeSRfblecules to start over again. On the other hand, elongation of the chain
can take part. MeSPQOmnolecules are formed through the destabilizes the system by another 0.8 kcal/mol, indicating
decomposition of ZDDP isomers at locations where engine that, although the continual addition of MTP molecules to
surfaces come into contact and temperatures approach 100€he growing chain is possible, this process does not yield
K. As argued in Section a.ii., these molecules should not stable phosphate chains. This is consistent with the analogy
react with other species until they encounter regions whereto free-radical polymerization mentioned above, where the
the temperature is-500 K or lower, which should allow intermediate species formed throughout the polymerization
appreciable quantities of MTP molecules to accumulate in process are inherently unstable. The formation of a stable
engine oil. As such, the following analysis will focus on phosphate polymer can be achieved through attack of the
processes occurring within systems composed exclusivelytri-coordinate phosphorus atom in the growing chain by a
of MTP molecules. The reader is directed to our earlier nucleophile in the oil. As noted above, this will increase the
studied”-2%?'for a discussion of the energetics associated with coordination number at the reactive phosphorus atom to four,
the formation of MTPs, which must precede the processesthereby stabilizing the system and preventing further chain
discussed in what follows. growth. In Figure 11, the addition of water is considered as

The free energies at 500 K are given in Figure 11 for atermination reaction and was found to stabilize the system
reactions leading to the formation of a triphosphate from by 29.2 kcal/mol, which is sufficient to render the final
three MeSP@molecules and water according to the polym- triphosphate product energetically favorable with respect to
erization mechanism outlined in Scheme 2. When two the reactant molecules. The energetic barrier for the addition
MeSPQ molecules encounter one another, they can reactof water was not evaluated; however, it is reasonable to
according to either of reactionk (chain formation) or2 assume that it is similar to, or smaller than, those for the
(dimerization). The energetics show that dimerization is other reactions considered here and hence is accessible under
preferred at this temperature, with the dimer being favored engine conditions. Overall, these reactions provide a plausible
over separated monomers by 4.3 kcal/mol. However, in means of transforming ZDDP additives into phosphate
Section b, it was demonstrated that reactions between thechains.
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Using the energetics for these reactions, it is possible to dimerization of two MTP molecules and has been reported
estimate an upper limit on the lengths of the phosphate chainsin previous experimental studies. The second reaction
formed through this polymerization mechanism. Assuming involves the transfer of a sulfide group and formation of a
that the addition of water to the growing phosphate chain P—O—P linkage between the tri-coordinate phosphorus atoms
stabilizes the system by approximately 30 kcal/mol and the of the MTP molecules to yield a longer phosphate chain.
addition of each MTP molecule to the growing phosphate This process regenerates the reactive center within the
chain destabilizes the system by 0.8 kcal/mol (the difference molecule and, to the best of our knowledge, has not been
in energies of the di- and triphosphate chains), it is possible reported previously.
to place an upper limit of approximately 24 units on the |t was found that the MeSPQnolecule could participate
length of the phosphate polymers formed through this in either the dimerization or chain-formation reactions, with
mechanism. The consideration of other termination reactionsthe former being preferred on longer time scales. On the other
may change this value. In light of the energetics in Figure hand, the remaining three MTPs considered in this study are
11, which indicate that the system becomes increasingly only likely to take part in dimerization. These differences
unstable with the chain length, it seems appropriate to suggestan be understood in terms of the electronic structures of
that this reaction mechanism can lead to phosphate chainghese systems. Simulations performed to explore the possible
that contain between 2 and 24 phosphate units with aelongation of the phosphate products of these reactions
preference for shorter chains. In a broad sense, these chaighowed that the dimers did not react with additional MTP
lengths are consistent with those reported previously for molecules, while the length of the phosphate chains could
ZDDP antiwear and thermal films, which range fros8 to be increased through reactions with additional MTP mol-
20 phosphate units in length®! ecules. Overall, the results suggest that only MeS§t@uld

Thus, the reactions described in Sections a and b, alongform such phosphate chains. This is interesting within the
with the decomposition and isomerization of ZDDP as context of forming ZDDP antiwear films because it has been
described previously, form a reaction scheme that connectsshown previously that MeSR@s the MTP molecule that is
the ZDDP molecule to linear phosphate chains, which may most likely to be formed from ZDDP.
be precursors to the antiwear films. It is noted that the entire  T¢ details of the dimerization and polymerization reac-

polymerization scheme described above is based on thejons were used to develop a reaction scheme linking MTP
notion that the MeSP&dimer persists in the oil as a stable  mpjecules to phosphate chains. Within this polymerization
species and acts as a source of MepR@nomers. This  mechanism, it is likely that phosphate chains between 2 and
was justified on the basis that reacting the dimer with 24 phosphate units in length will be formed, assuming that
additional MTP molecules does not yield larger phosphate the reaction with water terminates polymerization. While it
species, e.g., a trimer or triphosphate chain. It should be g ot possible to conclude that the polymerization scheme
mentioned, however, that the dimer does indeed react Withdeveloped in this study is a primary mode of phosphate
the other MTP molecules, yet only forms a new dimer and f5rmation within engines, the results point toward a pathway
liberates an MTP monomer. That is, the reactants andfor the transformation of ZDDP antiwear additives into
products in such a process are identical to one another anthposphates. This represents a significant step toward under-
contain an MTP monomer. If the MTP dimer should react gtanding how ZDDPs are transformed into phosphates, which
with a different species, e.g., water, two products would be may prove useful in the design of new antiwear additives.
formed. In the specific case of the reaction between the |, 3 more general sense, this mechanism may be relevant to
MeSPQ dimer and water, the first product would be a qher systems that contain MTPs. In such cases, it may be

phosphate, PO(ORH{(EMe), and the second would be an ossible to control the lengths of the phosphate chains formed
MeSPQ monomer. Thus, the reaction of the MTP dimers  {nrough polymerization by, for instance, selecting a particular

with other species in the oil also liberates MTP monomers, nucleophile other than water to terminate chain growth.
which will enable the polymerization scheme described
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