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Density functional theory calculations were applied to study a set of isomerization and decomposition reactions
that zinc dialkyldithiophosphate (ZDDP) engine oil antiwear additives may take part in. The products of
these reactions comprise a set of chemical species that can lead to the formation of poly(thio)phosphate films
that are thought to be responsible for the antiwear protection offered by ZDDPs. The specific reactions examined
involved either intramolecular alkyl group transfer within ZDDP or the intramolecular elimination of olefins
from this molecule. A series of substituents were employed to examine how the nature of the substituent on
the ZDDP molecule affects the thermodynamic and mechanistic details of these reactions, which in turns
may have ramifications regarding various aspects of antiwear film formation. It was found that qualitative
and quantitative aspects of these reactions were markedly different when hydrogen atoms were used as
substituents instead of alkyl groups. The details of the reactions for the H-substituted system indicated that
the precursors to the antiwear films should not be formed. When alkyl groups were employed as substituents,
the energetic details of the reactions considered in this study exhibited a dependence upon the nature of these
groups. An examination of these details revealed that straight-chained primary alkyl ZDDPs should decompose
through reactions involving alkyl group transfer, while secondary and branched primary alkyl ZDDPs should
primarily undergo olefin elimination reactions to form precursors to ZDDP antiwear films. The details of the
reaction pathways that these systems follow to form the precursors shed light on the observed byproducts of
antiwear film formation.

I. Introduction

The automobile engine presents a harsh environment under
which surfaces are subjected to high loads and temperatures.
Premature engine failure due to wear is rapid under such
conditions if lubricants and antiwear additives are not used to
protect the materials that form these surfaces. The most com-
monly used antiwear additives are zinc dialkyldithiophosphates Figure 1. General structure of the ZDDP molecule. The label “R”

(ZDDPs) which have the chemical formula ZaP§ORY)]>, denotes an alkyl group.
where the label “R” represents an alkyl grotpThe general peratures and pressures, and that the decomposition products
structure of this molecule is shown in Figure 1. react to form a zinc poly(thio)phosophate fiffT2° The exact

ZDDPs were originally added to engine oils as antioxidants chemical composition of the film is not known, and it is possible
over 60 years ago; however, it was soon found that they were that a wide variety of films exist depending upon the specific
also highly effective antiwear agerts® Very little is known conditions under which they are formed in the engine. The
regarding the origin of the antiwear properties exhibited by evolution of sulfur- and carbon-containing species such as
ZDDPs, which is surprising in light of their longevity and olefins, sulfides, and mercaptans has also been observed to take
universality as components in commercial engine oils. Recently, place during the formation of ZDDP antiwear filifs24 and a
interest in the development of alternative antiwear additives hasnumber of mechanisms have been proposed to explain how the
been driven by environmental concerns regarding the Zn, P, elimination of these volatile species from the system can lead
and S atoms of ZDD¥ and by interest in the use of engines to the formation of zinc poly(thio)phosphatts18.20.21,23,25,26
made of lightweight materials, such as aluminum, where the Although none of these mechanisms have been proven to
antiwear capabilities of ZDDPs are greatly diminis8éd clear uniquely explain the formation of ZDDP antiwear films in a
understanding of the origin of the antiwear protection offered manner that is consistent with all of the available experimental
by ZDDP additives would be useful in the intelligent selection data, the proposed mechanisms do share some common features
and design of alternative antiwear additives. that are potentially relevant to the formation of antiwear films.

A great deal of experimental study has been directed toward An examination of these processes at the atomic level may
understanding the nature of the antiwear properties exhibited provide useful insight into the formation of ZDDP antiwear
by ZDDP additives:210-14 |t is generally accepted that these films.
additives decompose under engine conditions, i.e., high tem- In general, the proposed mechanisms of ZDDP film formation
follow the same pattern. First of all, the molecule either
* To whom correspondence should be addressed. E-mail: twoo@uwo.ca. undergoes isomerization through the transfer of alkyl groups
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in turn, leads to the formation of different films, and the fact

: that most experiments focus on the characterization of the
Figure 2. General structure of the antiwear film thought to be formed antiwear films rather than on the atomic-level details of the
through the polymerization of the decomposition products of ZDDP formation and properties of the films. The development of a
antiwear additives. The bonding should continue in a rather random complete understanding of the formation, behavior, and proper-
fashion to form an amorphous polyphosphate network. ties of ZDDP antiwear films, which would aid in the design of
effective alternative antiwear additives, has been severely

decomposed throuah the elimination of alkvl arouos in the form hampered by these issues, and it is clear that alternative methods
of olef'?\s§3v26 = r?hger decolmlos'lt'on o reym% gl?solme of the Must be employed to obtain additional information pertaining
ns: u positi v to ZDDP additives and films.

sulfur atoms as mercaptans and other sulfur-containing species . . ) .
then occurs along with or is followed by polymerization of the Computational simulation has proven to be an effective means

remaining phosphorus-containing species to form the (thio)- of de\_/eloping a clear description of the a_ltomic-level details of
phosphate filmi®:1721.23.26Thjs polymerization occurs through chemical processes through the calculation of molecular struc-

the formation of either PO—P or P-S—P linkages between tures and energetics. Simulations at various levels of theory have
(thio)phosphate subunits, and an extensive amount of experi-Préviously been employed to examine the structural aspects of
mental evidence suggests that the product of the polymerizationZDDP molecules in monomeric, dimeric, and isomeric foffn?
reaction is an amorphous zinc polyphosphate network with the The reactivity of various atomic centers within the ZDDP
occasional replacement of an oxygen atom by a s An mqlecule toward & anions, to model '.[he interaction Wlth an
example of a structure consistent with this film is shown in ©Xide surface, has also been examined with semiempirical
Figure 2. The polymerization process requires both the elimina- molecular orbital method®;however, the results of that study
tion of substituents around the phosphorus to make that atomaré guestionable given that the representation of the surface with
susceptible to nucleophilic attack and the removal of alkyl @ single anion is clearly inadequate. In other studies the
groups from the oxygen atoms to allow for their participation Properties of a model for the antiwear film comprised of a
in linkage formation. The alkyl group transfer, olefin elimina- Monolayer of dialkyldithiophosphate (DDP) ions, and dithio-
tion, and sulfur elimination processes accomplish both of these carbamate model antiwear additives, adsorbed on an iron oxide
objectives. surface were examined with molecular mechanics tech-
In some studies it has been suggested that film formation is Niques?*In those studies, it was found that the binding energy
dependent upon the interaction of ZDDP and its decomposition Of the DDP ion on the oxide surface exhibited a dependence

products with other chemical species that are present in theUpon the nature of the alkyl substituent on the DDP ion that
0il.16-182527 Some authors have also proposed that these Was analogous to the observed trend in the antiwear capabilities

reactions occur entire|y after the ZDDP molecule has been of films derived from ZDDPs with different substituents. On

adsorbed on and interacted with the surface mat&idlyhile the basis of this similarity, it was proposed that the antiwear
in the other cases the role of the surface is not taken into effectiveness of ZDDPs with different aIkyI substituents was

consideration, and it is assumed that the film adheres to the dependent upon the magnitude of the binding energy between
surface at some stage during the overall process of film the DDP anion and the iron oxide surface. Although the results
formation. Thus, it seems that, in a very general sense, theof those studies seem to provide insight into some of the basic
formation of ZDDP films involves three main steps, all of which ~ atomic-level details related to ZDDP antiwear films, the methods
may be affected by the presence of other chemical species inand model systems used are debatable, particularly when
the oil including the engine surface. These processes, notconsidering that a great deal of experimental evidence suggests
necessarily in the order that they occur, are alkyl group transfer that antiwear films are multilayered polyphosphate structures
and elimination, leading to decomposition of the ZDDP as opposed to a monolayer of DDP idfis2® More recently,
molecule, polymerization of (thio)phosphate subunits, and the ab initio molecular dynamics simulations have been used to
adsorption of ZDDP or its decomposition products on the study the finite temperature behavior of ZDDP antiwear
antiwear film on the surface. additives with a variety of alkyl substituer%In that study it
Although it would appear that the main steps involved in the was observed that the ZDDP molecule can decompose through
formation of ZDDP antiwear films have been identified, this is Several routes involving the elimination of olefins, sulfides, and
only true on a very general level, and a great deal of uncertainty radicals, which is consistent with experimental observations
exists regarding the specific details of the processes leading toregarding the decomposition of these additives. Furthermore,
film formation. For example, the atomic-level details of the the results of that study shed light on differences in the behavior
chemical reactions leading to the decomposition of the ZDDP of ZDDPs with aliphatic and aryl substituents that could be
molecule are not entirely known and thus have not been correlated with the observed differences in the antiwear proper-
examined in detail. Other aspects of ZDDP additives and films ties of films derived from these types of additives. The results
that remain unclear include the effect of other chemical speciesof that study are more reliable than those of the earlier studies
on the decomposition of ZDDP and formation of antiwear films, since high-level simulation methods were used and minimal
the role of the surface in antiwear film formation, and the assumptions were made regarding the model systems under
atomic-level details of the film responsible for the observed study. Thus, it is clear that meaningful results can be obtained
antiwear properties. These uncertainties arise from a multitudethrough simulation as long as care is taken in the selection of
of difficulties associated with the experimental study of ZDDP the method and model systems used, and it is unfortunate that

0 S antiwear additives and films. These include the difficulty in

—o—ﬂ—o—Pl—o—Zn—o s obtaining atomic-level details regarding chemical processes
| | ANV4 through experiment, the fact that the conditions under which
? (I) (ﬁ /P\ ZDDP films are formed in the engine are not amenable to
Zn O—P—O0—P— experimental study, the likelihood that different film formation
c|) l, c|) mechanisms are operational under different conditions which,
| | |

from the oxygen atoms to the sulfdé®d7:21 or is partially
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SCHEME 1: Mechanisms for the Reactions Considered in This Study: (a) Alkyl Group Transfer, (b) Concerted Olefin
Elimination, and (c) Stepwise Olefin Elimination®
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a Portions of the molecules have been removed for clarity. The products shown correspond to the final products of the reaction and may not be
the direct products following the transition state. This point is discussed further in the main text.

more theoretical studies of ZDDP additives and films have not for straight-chained primary alkyl ZDDPs, and is slowest for
been reported. branched primary alkyl ZDDP%.:22The byproducts of straight-

In the current study the mechanistic and thermodynamic chained primary alkyl ZDDPs are mainly composed of dialkyl
details of the alkyl group transfer and olefin elimination sulfides, while those produced from branched primary and
processes leading to the isomerization and decomposition ofsecondary alkyl ZDDPs contain large quantities gSHjas?’-22
the ZDDP molecule will be examined with quantum chemical Additionally, it is known that films derived from secondary alkyl
methods. The polymerization and adsorption processes involvedZDDPs exhibit antiwear properties that are superior to those of
in ZDDP antiwear film formation will be examined in future primary alkyl ZDDPs and that ZDDPs with aryl groups as
studies. Furthermore, in the current work only intramolecular substituents yield films of very low qualif{?—%” Since these
reactions leading to alkyl group transfer and olefin elimination differences in various aspects of the formation and properties
will be explicitly considered despite the fact that it has been of antiwear films exhibit a dependence upon the nature of the
proposed that alkyl group transfer may take place through alkyl group, itis possible that they are due to fundamental details
bimolecular reactions involving other ZDDP molecdlesr of the reactions considered in this study, which explicitly involve
basic species present in the #ilThe investigation of such  the alkyl groups and are thought to occur experimentally. In
bimolecular processes will be presented in a separate study. Thehis study calculations will be performed on ZDDP molecules
results of the current investigation will provide fundamental with a series of substituents in order to examine how various
atomic-level insight into the processes of isomerization and aspects of these reaction differ for different types of ZDDPs.
decomposition of the ZDDP molecule that will aid in the In particular, this study will focus on the identification of
development of a clear description of the steps leading to the precursors to the antiwear films for ZDDPs with different types
formation of antiwear films. alkyl groups. The study of the effect of the nature of the alkyl

The specific mechanisms that will be considered in this study group on the rate of film formation and quality of the antiwear
are outlined in Scheme 1. The mechanism labeled “a” corre- film requires knowledge of the mechanism of film formation
sponds to the intramolecular transfer of an alkyl group from an and will be examined in future studies of how the precursors
oxygen atom to an adjacent sulfur atom. Previous experimen-identified in the current work can react to yield antiwear films.
tal?326 and theoreticdf studies have provided evidence sug-  Thus, the overall goal of this study is to examine the
gesting that olefin elimination occurs through the transfer of a intramolecular alkyl group transfer and olefin elimination
B-hydrogen atom from one of the alkyl groups to a sulfur atom reactions that ZDDPs take part in through chemical simulation.
through either of the mechanisms labeled “b” and “c” in Scheme This information will be used in an effort to identify the potential
1. In the mechanism labeled “b” the reaction occurs in a precursors to ZDDP antiwear films for additives with different
concerted manner while “c” takes place in a stepwise fashion types of alkyl groups, which in turn will be used in future studies
involving initial formation of a carbonium ion followed by  of the formation of antiwear films. The computational methods
pB-hydrogen transfer. and model systems that were used are described in the next

It is known that ZDDP additives with different types of alkyl  section. This is followed in section Il by a detailed discussion
groups exhibit differences in both the rates and byproducts of of the energetic and mechanistic details of the alkyl group
film formatior?>-22as well as in the antiwear capabilities of the transfer and olefin elimination reactions and an investigation
resulting film35-37 It has been shown that antiwear film of their relationship to the overall process of antiwear film
formation occurs fastest for secondary alkyl ZDDPs, is slower formation. The conclusions are given in section IV.
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Il. Computational Details R_O\P/ S N N
ST — N

a. Methods.Kohn—Sham density functional theg##°(DFT) o o v L e

was used for the calculation of the energies and structures of Full ZDDP 7o

all reacta.mts,. products, intermediatgs, and transition statesFigure 3. Comparison of the parent and model ZDDP systems. The
reported in this study. These calculations were all performed model system is derived from the fully substituted molecule by replacing
with the Jaguar 5.0 software packd@ecke’s three-parameter  the alkyl groups in one of the DDP ligands with hydrogen atoms. All
hybrid gradient-corrected exchange functidhatas used in reactions considered in this study take place within the DDP group
conjunction with the gradient-corrected correlation functional that has not been modified.
of Lee, Yang, and Paf2which is commonly referred to as the
B3LYP functional. A 6-3%G(d,p) basis set was used on all introduced by assuming that one particular conformation is the
atoms except zinc, which was treated with the LAV3P effective Most stable. The transition-state geometries were based on those
core potential (ECP$ where the naming of the ECP is of the reactants, and the optimization scheme outlined above
consistent with that used in the Jaguar 5.0 manual. In this ECPWas not used.
the 3d and 4s electrons of the zinc atom are treated with the b. Model SystemsAs mentioned above, one of the goals of
6-31G basis set, and the remaining electrons are treated withthis study is to examine the effect of different substituents on
an ECP of the variety developed at Los Alomos National the energetic and mechanistic details of the intramolecular
Laboratories. reactions under consideration. A series of model compounds
Frequency calculations were performed on all stationary with different substituents were employed in order to achieve
points to confirm that all minima possessed no imaginary this goal. The specific substituents considered were hydrogen
frequencies and that all transition states possessed only one(H), ethyl (Et), isopropyl'r), and isobutyl'Bu) groups which
Unscaled zero-point vibrational energy corrections (ZPVE) are allow for a comparison to be made between straight-chained
included in all reported energies. The transition states were primary (Et), secondaryRr), and branched primariBu) alky!
characterized through a visual examination of the normal mode ZDDPs. The H-substituted case provides an example where the
with the imaginary frequency. Intrinsic reaction coordinate electronic and steric effects of the substituents are minimal.
calculations were not performed since that option is not available Although experimental evidence suggests that aryl-substituted
in Jaguar 5.0. ZDDPs yield antiwear films of very poor qualify, 37 these
ZDDP additives react and decompose under high-temperaturesubstituents were not considered in this study since they are
conditions within the engine, and hence it may be of interest to Unlikely to take part in alkyl group transfer and olefin elimina-
estimate the effect of temperature on the relative energetics alongfion through the mechanisms outlined in Scheme 1. Furthermore,
the located reaction pathways. The free energies of the stationaryhe results of previous simulations have shown that aryl-
points along these pathways were calculated during the fre- substituted ZDDPs primarily decompose through the elimination
quency calculations within the ideal gas approximation at 1 atm Of alkoxy radicals, while other decomposition pathways, includ-
and temperatures of 300 and 500 K and are reported along withing olefin elimination, are available for alkyl-substituted ZD-
the electronic energies. These particular temperatures wereDPs?8In that study it was also found that ZDDPs with nonary!
selected since 300 K roughly corresponds to room temperaturesubstituents can decompose through the elimination of alkyl
and 500 K approximates both the average surface temperaturdadicals; however, since the energetics of this process were
of running engines where film formation takes plfcand the examined in that study, they will not be considered again here.
temperatures often used to thermally initiate antiwear film Tertiary alkyl substituents will not be considered in this study
formation617 The ZDDP molecules and the species derived Since they are not used experimentally due to their instability.
from them possess several very low frequencies which may The consideration of increasingly larger substituents quickly
introduce significant errors into the calculation of the molecular leads to an increase in the size of the system and the
entropies and free energies. To minimize these errors, all normalcomputational effort required to perform the calculations. This
modes with frequencies of less than 100@émwvere excluded is due to the fact that the ZDDP molecule contains four identical
from the free energy calculations. The natural bond order (NBO) alkyl groups, and hence increasing the size of the alkyl
progrant® distributed with Jaguar 5.0 was used for the calcula- substituent through the addition of a methyl group, i.e., going
tion of all Wiberg bond ordef8 and NBO charge$4éreported from ethyl to isopropy! groups, actually places four extra methyl
in this study. groups on the ZDDP molecule as a whole. Since the reactions
Since the alkyl groups on the ZDDP molecule and its considered here involve only one DDP group at a time, it may
derivatives may adopt a large number of conformations, a only be necessary to change the alkyl substituents within the
systematic scheme was used in an effort to locate a globalDDP group that is involved in the reaction while using smaller
minimum when optimizing the structures of the reactants and substituents on the DDP ligand that is not participating in the
products. Within this geometry optimization scheme a 1.0 ns reaction. In this study model systems were used in which the
molecular dynamics simulation was performed at 1000 K using reacting DDP ligand was substituted by one of the alkyl groups
the Universal 1.02 force fief@5° with the Cerius2 molecular ~ in the series given above while the other DDP group was
modeling packag®. One hundred structures were selected at substituted by hydrogen atoms. The relationship between the
regular intervals along the resulting trajectory and optimized at true and model system for a given type of alkyl substituent is
the PM3 semiempirical level of theddf3with the Gaussian ~ shown in Figure 3.
98 suite of program%! The 10 unique lowest energy structures Calculations were performed on the stationary points, i.e.,
were then optimized with DFT methods as described above, minima and transition states, along the pathways for the three
and the data corresponding to the lowest energy DFT structureintramolecular alkyl group transfer reactions, labele 3 in
are reported in what follows. This procedure does not guaranteeScheme 2, for both the fully substituted ethylDDP system
the location of a global minimum; however, it does allow for and the corresponding model system to investigate whether any
the consideration of a large number of structures in an automatedsubstantial errors were introduced through the use of the smaller
fashion which should remove the errors that would likely be model systems. The results of these calculations showed that
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SCHEME 2: Reactions Considered in This Study
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a2 The labels underneath each of the phosphorus-containing apecies are explained in the main text. The labels over the arrows indicate in which

sections of the discussion the various mechanisms for these reactions can be found.

the largest difference in the thermodynamic values for any of elimination, or vice versa, is not explicitly considered; however,
these reactions was 1.3 kcal/mol, the largest difference in anyit is noted that such combinations of reactions are possible. The
of the barriers was 1.6 kcal/mol, and all bond lengths agreed products of the reactions shown in Scheme 2 are important
within at least 0.10 A. The agreement is quite good and indicates within the context of ZDDP antiwear film formation since they
that the use of the smaller model systems will not likely provide are known to be formed experimentdfy’2+23 and have
misleading results. properties consistent with precursors to the antiwear films.

The unconventional two part naming format indicated in
Scheme 2 will be used to identify the phosphorus-containing

The results of calculations on the reactants and products ofspecies. The first part of a particular name will identify the type
the reactions considered in this study are given in part a. This of substituent that was present on the parent ZDDP molecule.
is followed by a discussion of the mechanism for the intramo- As noted above, the labels H, E®r, and'Bu will be used to
lecular alkyl group transfer in part b and of the mechanism for denote the hydrogen, ethyl, isopropyl, and isobutyl species,
olefin elimination in part c. In part d the mechanistic and respectively. The second part of the name will indicate the
thermodynamic details are summarized and used to determinechemical nature of the structure. In reaction 1 the system starts
the reaction pathways that lead to the formation of precursorsin the ZDDP form, referred to as R-ZDDP, where R is the
to the ZDDP antiwear films for additives with different alkyl —appropriate substituent label, and undergoes the transfer of one
substituents. alkyl group to form what is called a linkage isomer. This isomer

a. Thermodynamics of the Alkyl Group Transfer and is denoted as R-LI1, where the LI1 term indicates that this is a
Olefin Elimination Reactions. Each DDP ligand contains two  linkage isomer formed through the transfer of one alkyl group
alkyl groups that can be transferred or participate in olefin from an oxygen atom to a sulfur. In reaction 2 the system starts
elimination, and hence the reactions considered here can occuin the R-LI1 form, and a second alky! group is transferred to
twice within a single DDP group. A full set of reactions that the sulfur atom that is not alkylated. The product of this reaction
allows for two consecutive alkyl group transfer or olefin is referred to as R-LI2, since it is the linkage isomer formed
elimination reactions to take place within a single DDP group through a second alkyl group transfer. Reaction 3 also starts
was developed and used as the basis for the calculations in thiswith the species in the R-LI1 form and involves the transfer of
study. These reactions are shown in Scheme 2. For the sake of second alkyl group; however, in this case the alkyl group is
simplicity it is assumed that each DDP group exclusively transferred to the alkylated sulfur atom to form a dialkyl sulfide
participates in either alkyl transfer or olefin elimination. That and a zinc metathiophosphate. This product will be denoted as
is, the case where alkyl group transfer is followed by olefin R-ZMTP; however, it should be noted that for the By, and

I1l. Results and Discussion
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TABLE 1: Electronic and Free Energiest of the Products of isomers or decomposition products at all temperatures. On the
Reactions -6 Relative to the Appropriate Parent ZDDP other hand, the data for all of the alkyl-substituted systems
Molecule indicate that at least one species other than the parent ZDDP
reaction products Erel  Gre(300) Gre(500) molecule is thermodynamically favored at all temperatures. The
H differences between the H- and alkyl-substituted systems call
1 H-LI1 1.4 1.3 1.3 into question the validity of using hydrogen atoms as substituents
2 H-LI12 5.6 5.7 5.8 in the DDP groups that are taking part in the reactions since
3 H-ZMTP + HoS 22.9 117 34 the results with these substituents are both qualitatively and
Et quantitatively different than those obtained through calculations
% EEH% j-g :g'g :i-i on ZDDPs with alkyl substituents to a significant extent.
3 EtZMTP+ ELS 176 17 -107 The relative electronic energiesE) in Table 1 indicate that
4 Et-LI1H + CyH,4 16.9 4.4 -5.5 R-LI2 is the most stable species for the Et- dBd-substituted
5 Et-LI2H + 2GH, 34.0 91 110 systems and tha®r-LI1 is the most stable of tHBr-substituted
6 Et-ZMTP + 2GHs + HoS 51.2 151 -133 species. When temperature effects are not considered, it is also
_ Pr clear that the products formed through the dissociation reactions
1 Priil —-02  -08 —18 (numbered 3-6) are all thermodynamically disfavored. These
g iE;Z;ﬁTP +iPLS 222'5 %i _72_93 results indicate that, with the exception of H-ZDDP, the ZDDP
4 iPr-LI1H + CaHe 15.7 06 —11.2 molecule is not actually stable with respect to at least one of
5 Pr-LI2H + 2CsHe 32.7 3.7 —-18.8 its isomers. This is consistent with the results of our previous
6 'Pr-ZMTP+ 2CHs + H.S  50.0 9.7 211 calculations on R-ZDDP and R-LI1 molecules with a series of
iBu alkyl substituents similar to that used héfe.
1 Bull -11 -02 —0.2 The relative thermodynamic stabilities of the products of the
2 Bu-L12 . ~18 0.1 1.9 reactions considered here are particularly relevant at 300 K since
3 'Bu-ZMTP + 'Bu,S 18.1 2.4 —-9.4 - . ; . .
4 Bu-LI1H + i-C4Hs 103 —41 155 oil, which contains ZDDP, spends long periods of time at
5 iBu-LI2H + 2i-C4Hs 207 -86 -31.8 temperatures o300 K in containers and in automobiles that
6 BU-ZMTP + 2i-C;Hg + H,S 38.0 —2.6 -34.1 are not running and have sufficiently cooled. These long-

aEnergies are in kcal/mol relative to the parent ZDDP molecule and stgndlng pgrlods decrease the importance O,f kinetic gonSIder-
include ZPVE correctiond The numbers identifying the reactions ~ ations at this temperature, at least for reversible reactions, and

correspond to those given in Scheme®Zhe products are those instead the relative thermodynamic stabilities of the products
indicated in Scheme 2 for each of reactions6l“ The temperatures  are relevant with respect to the structure of ZDDP molecules at
in kelvin are indicated in parentheses. room temperature. At 300 K the effect of temperature on the

iBu-substituted systems the R-ZMTP species is identical to relative energetics of reactions 1 and 2 is minimal, and for all

H-ZMTP since the unreacted DDP group in the model species substituents the relative free energies at this temperature are
has hydrogen atoms as substituents. nearly the same as the relative electronic energies. This is not

Reaction 4 is the first olefin elimination from the zDDP  SUrPrising since R-ZDDP, R-LI1, and R-LI2 have similar
molecule and results in the formation of a phosphorus-containing €NtroPY values, and hence the relative free energies are not
species that is similar to R-LI1, except that a hydrogen atom is 9réatly dependent upon the temperature. On the other hand, the
bonded to the sulfur instead of an alkyl group. This species relative energies of reactions—8 all exhibit a significant
will be referred to as R-LI1H due to the similarity with R-LI1, decrease when temperature effects are considered due to the
where the “H” indicates that a hydrogen atom is present on the fact that all of these reactions |_nvolve the dlssoc_:lgtlon of the
sulfur. It is possible for further olefin elimination from R-LI1H ~ZDDP molecule and are entropically favored at finite temper-
to take place in either of two ways. In reaction 5 the olefin ature. At 300 K, there is already a clear difference between the
elimination occurs with @-hydrogen being transferred to the Pehavior of the branched primary alkyl-substituted system (
sulfur atom that does not have a hydrogen substituent while in BU-ZDDP) and the other two alkyl-substituted systems. The
reaction 6 the hydrogen atom is transferred to the sulfur that thérmodynamic data for the Et- ait-substituted systems favor
has a hydrogen atom bonded to it. For the B¥;, and'Bu- the formatlon of isomers at this temperature whHe'BwZI.:).DP
substituted species the phosphorus-containing product of reactiorsyStem is most stable &8u-LI2H. The increased stability of
5 is actually identical to H-LI2; however, to distinguish this the products of the olefin elimination reactions for tigei-
product as being formed through olefin elimination, it will be Substituted system is likely due to the fact that the@double
denoted as R-LI2H. The phosphorus-containing product of bond in the isobutene prodyct is stabilized by.substltuent effects
reaction 6 is identical to the R-ZMTP species for each of these {0 @ greater degree than in the corresponding alkene product
systems and will be identified with the same name. for the Et- andPr-substituted systems.

The electronic and free energies of the products of the The free energy data at 500 K, which is similar to average
reactions outlined in Scheme 2 are given relative to the energy engine surface temperatures, show that the reactions leading to
of the parent ZDDP molecule in Table 1. The reader is cautioned dissociation (numbered-3) are favored over those that do not
that the values in this table are not the reaction energies forinvolve dissociation (reactions 1 and 2). In all cases the products
each of these reactions. The energetics for the transition stateof reaction 6 are the most stable at this temperature. The fact
and intermediate structures along the possible pathways for thes¢hat the decomposition products are favored at higher temper-
reactions can be found in the sections of the discussion that areatures is not surprising since the higher entropy of the dissociated
indicated by the labels above the arrows in Scheme 2. species will act to decrease the relative free energies as the

It is apparent from the data in Table 1 that the energetic valuestemperature is increased. The results also show that the products
for the H-substituted species are markedly different than those of the olefin elimination reactions (46) become increasingly
calculated for the alkyl-substituted ZDDPs. The electronic and favored as the number of carbon atoms in the alkyl group is
free energies indicate that H-ZDDP is more stable than its increased. Once again, this is consistent with the increased
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stabilization of the €&C double bond in the olefin product as linking these structures to the R-LI1, R-LI2, and R-ZMTP
the size of the alkyl group is increased for the substituents usedproducts was not attempted. The reason for this is that once
here. the system proceeds past the transition state, the alkyl group

Thus, the thermodynamic data demonstrate that both tem-has already been transferred, and the difference between the
perature and substituent effects exist for the alkyl group transferintermediate and the final product is primarily due to the
and olefin elimination reactions. These effects will result in coordination at the zinc atom. In a previous theoretical sttidy
differences in the reaction pathways that different types of it was shown that the coordination at this atom readily fluctuates

ZDDPs follow during the formation of precursors to the antiwear at finite temperature, and hence it is unlikely that the transition
films. The elucidation of such pathways will take p|ace in part states for the interconversion of the intermediate to the final

d of the discussion. product are important with respect to the isomerization or

b. The Mechanism of Intramolecular Alkyl Group Trans- decomposition of the ZDDP molecule.
fer. As mentioned above, experimental evidence suggests that The electronic and free energies of the reactants, products,
alkyl group transfer within the ZDDP molecule is a key step in intermediates, and transition states for the three alkyl group
the formation of ZDDP antiwear film¥$:2* Although it has been  transfer reactions considered here were calculated and are
suggested that the alkyl groups may be transferred throughpProvided in Table 2. Selected geometric data for the stationary
bimolecular reactiond34in this study only an intramolecular ~ Points along the reaction pathways for each of reaction3 1
mechanism will be considered. This mechanism is labeled “a” are given in Figure 4. Specific details regarding the electronic
in Scheme 1 and involves the direct transfer of an alkyl group structures of the stationary points along the reaction pathways
from one of the oxygen atoms to an adjacent sulfur atom within are given throughout the discussion as appropriate, and full
the same DDP ligand. In Scheme 1 the mechanism was details are provided in Table 1S of the Supporting Information.
explicitly drawn for the reaction starting from the parent ZDDP Reaction 1 involves the progression from R-ZDDP through
molecule which leads to the formation of R-LI1 as outlined in the R-LI1-ATS transition state to yield R-LI1 as shown in
reaction 1 in Scheme 2. As noted above, R-LI1 can undergo Scheme 1a. In the H-LI1-ATSransition state the ©H bond
further alkyl group transfer to yield either R-LI2 or R-ZMTP  distance has increased to 1.414 A from its original value of
and RS as in reactions 2 and 3, respectively. In this part of the 0.969 A in the reactant ZDDP while the-$1 bond distance
discussion the mechanisms of alkyl group transfer will be has decreased to 1.579 A, which is only slightly longer than its
examined for all three of these reactions. The naming conventionrespective value of 1.352 A in H-LI1. These bond lengths are
for the transition-state structures will be an extension of that consistent with a process where the dissociation of théHO
used to describe the reactants and products. Each transitionbond and the formation of the-84 bond occur in a concerted
state structure will be given a three-part name where the first fashion as in the mechanism labeled “a” in Scheme 1. An
part identifies the alkyl substituent on the parent ZDDP, the examination of the electronic structure of the transition state
second part denotes the phosphorus-containing product of thesupports this interpretation. For example, thetDand S-H
reaction, and the third part is the label AT®hich indicates Wiberg bond order§é were found to be 0.25 and 0.60,
that this is an alkyl group transfer transition state. The third respectively, and it was observed that the NBO chérfeon
part of this naming scheme is necessary to distinguish thesethe hydrogen atom that was transferred decreased-ford5G2
transition states from those that will be discussed in the next in the reactant to+-0.34% in the transition state. These data
section which also have the same first two labels. Thus, the indicates that substantial bonding between the hydrogen atom
transition states for reactions 1, 2, and 3 are labeled as R-LI1-and the remainder of the ZDDP molecule exists throughout the
ATSH, R-LI2-ATSH, and R-ZMTP-ATS, respectively. reaction.

Three intermediate structures were located along these In the H-Llla intermediate the hydrogenated sulfur is still
pathways corresponding to the direct product following each coordinated to the zinc atom. This is apparent through theZn
of the transition states. Structural details of these intermediatesdistance which has only increased slightly to 2.624 A from its
are given in Figure 4. The intermediate along the pathway for original value of 2.456 A in the reactant H-ZDDP. The- i3
reaction 1 following the formation of R-LI1-ATSs a structure bond is fully formed in the intermediate as evidenced by the
in which the zinc is still coordinated by the two sulfur atoms in  bond order of 0.94, which indicates that the transfer process
the DDP ligand where isomerization has occurred; however, has completed at this point along the reaction pathway. The
one of the sulfurs has an alkyl substituent. This structure is formation of this bond leads to a decrease in theSPbond
referred to as R-LIla. Similarly, the direct product from the order from 0.91 in the transition state to 0.73 in the intermediate.
transition state in reaction 2 is a structure in which the DDP The P-O bond order has increased to 1.29 in this structure from
ligand taking part in the reaction is coordinated to the zinc 0.99 in the transition state which indicates that the interaction
through a dealkylated oxygen atom and an alkylated sulfur atom. between these two atoms has increased in the intermediate. In
This structure will be referred to as R-LI2a. An intermediate the final product, H-LI1, the ZrS bond has dissociated and
complex in which the BB molecule is weakly bound to the P-S bond order has increased to 0.96 while the-2n
R-ZMTP was located along the pathway for reaction 3 and will distance has decreased to 2.069 A as that bond is formed.
be referred to as R-ZMTPa. In this complex the zinc atom of  The calculations on the alkyl-substituted systems indicated
the R-ZMTP component is substituted by three sulfurs and one that alkyl group transfer within these molecules occurs through
oxygen and the phosphorus atom of the DDP group that hasa different mechanism than that observed for the H-substituted
participated in dissociation is weakly coordinated by the sulfur system. The initial indication of this difference is found in the
atom of the RS molecule. In the product the zinc atom in  structural details of the transition states where theOQistance
R-ZMTP is coordinated by two sulfurs (undecomposed DDP has been extended by at least 0.8 A relative to the same distance
ligand) and two oxygens (decomposed DDP ligand), asl R jn the corresponding R-ZDDP molecule for the alkyl-substituted
has been removed from the system. systems while for the H-substituted system this increase was

The energies of the intermediate structures along the reactionmuch less pronounced. For all alkyl-substituted ZDDPs it was
pathways were calculated, but the location of the transition statesalso observed that the total charge on the alkyl groups being
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R-ZDDP J R-LI1-ATSt
R | Zn-8* S§*C* C*-O* R |Zn-§* §*-C* C*-O*
H |[2456 3.038 0.969 H |2551 1579 1.414 H | 2069 1.352 3.168
Et | 2444 3.584 1.454 Et | 2498 2846 2.335 Et [2.069 1.862 3.284
iPr | 2439 3.592 1.471 iPr | 2.432 3.042 2.590 iPr [ 2563 1.876 3.162 iPr [ 2.069 1.882 3.261
Bu | 2442 3.588 1.455 Bu | 2.453 2.953 2.391 Bu [ 2566 1.858 3.153 Bu | 2.069 1.864 3.598

R | Zn-8* 8§*-C* C*-O*

R-LI2-ATS!
R |Zn-8* S§*C* C*O* R |Zn-§* §*-C* C*-O*
H |2484 3414 0.972 H [2552 1.587 1.409 H [2.106 1.349 3.143
Et | 2459 3.689 1.461 Et |2465 2880 2.344 Et | 2076 1.859 3.094
iPr | 2.453 3.680 1.476 Pr 2422 3.046 2.590 iPr | 2.526 1.885 3.344 Pr | 2.079 1.883 3.163
Bu | 2454 3716 1.462 Bu | 2.451 2953 2.387 Bu | 2.542 1.861 3.196 Bu | 2.077 1.861 3.067

R |Zn-O* §*-C* C*-O*

R-LI1 R-ZMTP-ATS! i R-ZMTPa R-ZMTP
R pP-s* §*-C* C*-O* R p-s* S§*-C* C*-O* R pP-s* §*-C* C*-0* R |Zn-O* P-O* P-S*
H [2111 3.790 0.972 H |2442 1546 1.398 H 2811 1.348 3.321 H |2112 1.538 1.906
Et | 2101 4.329 1.461 Et |2.203 2865 2.380 Et [2456 1.839 3.177 Et | 2112 1.538 1.906
iPr | 2103 4.372 1.476 iPr | 2.206 3.080 2.578 iPr | 2.465 1.871 3.316 Pr | 2112 1.538 1.906
Bu | 2.104 4.330 1.462 Bu | 2204 2.888 2457 Bu | 2423 1.840 3.253 Bu | 2.112 1.538 1.906

Figure 4. Structures and relevant bond distances for the stationary points along the reaction pathways for rea8tidittel that the structures

shown all correspond to the Et-substituted species. The bond lengths given below each structure are in A. For the H-substituted compounds the
terms S*=C* and C*~O* refer to S*~H* and H*—O*, respectively, where H* is the hydrogen atom that is being transferred from the oxygen to

the sulfur. Note that the unreacted DDP group has been replaced with the generic symbol DDP.

transferred increased b¥0.208, +0.323%, and+0.20% for in a concerted manner; however, the formation and dissociation
the Et-,'Pr-, andiBu-substituted systems, respectively, as the of the S-C and G-C bonds do not occur in unison.

system proceeded from the reactants to the transition state. For For all of the alkyl substituents the R-LI1a intermediates were
the Et- andBu-substituted transition states the-O bond order  similar to the analogous species for the H-substituted system.
was ~0.25 while for'Pr-LI1-ATS this value was 0.09. The  The zZn-S bond lengths were slightly increased to values
bond orders between the sulfur atom and ¢hearbon of the ranging from 2.563 to 2.590 A, depending upon the substituent,
alkyl group vary from 0.24 to 0.34 in the transition state which which indicates that interaction between the zinc and sulfur atom
indicates that this bond is not formed to the same degree as thes siill present. The SC bond orders were all approximately
O—H bond in the H-LI1-ATS. These results are consistent with  1.00 in the intermediate which demonstrates that the alkyl group
the transfer of the alkyl group in an asynchronous fashion where transfer has been completed at this point along the reaction
the C-O bond has undergone significant dissociation before coordinate. The PS bond orders also experienced a decrease
the C-S bond has formed to a substantial degree. The observedirom values of~0.95 in the transition state t80.75 in the
increase in the charge on the alkyl group that is being transferredintermediate which is a result of the formation of theGbond.
during this process is due to a combination of the heterolytic The P-O bond order also increases as the system moves from
cleavage of the €0 bond and the asynchronicity of the bond the transition state to the intermediate and then decreases in
formation and dissociation during the reaction. The fact that the final product as the Z2nO bond is formed. Overall, the fact
no additional intermediate structures were located betweenthat the intermediates and products for the alkyl- and H-
R-LI1-ATS* and R-LI1a indicates that the alkyl transfer occurs substituted systems are similar indicates that the main difference
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TABLE 2: Relative Electronic and Free Energie$ of the the hydrogen atom that is being transferred. On the other hand,
?Egﬂggﬂéé’gg?ﬂg'gﬂ% wﬁhﬁam\évﬂls ontr t?erg'dGrOUp the data for the alkyl-substituted species showed that the alkyl
iBu-Substituted ZDDPs Molecules ' group was.transferred with asllghtly p03|t|vg charge due to a

decrease in the total bonding between this group and the

reactiort species AE  AG(300F  AG(500y remainder of the ZDDP molecule which decreases the stability
H of the transition state. The positive charge formed in the

1 H-2DDP 0.0 0.0 0.0 transition states for the alkyl-substituted species would formally
::H;ATS ?ﬁz ?iié ?ii'g be located on thex-carbon of the alkyl group following
H-LI1 14 13 13 heterolytic cleavage of the-€0 bond in the transition state. In

2 H-LI1 0.0 0.0 0.0 the'Pr-substituted system the positive charge is stabilized due
H-LI2-ATS* 31.7 315 31.3 to slight electron donation effects from the two substituents on
H-LI2a 12.2 12.3 12.2 the o-carbon which decreases the energetic barrier to the
H-LI2 4.2 44 4.5 reaction. When €0 bond dissociation occurs for the other alkyl

3 H-LI1 1.4 1.3 1.3 . . . . . .
H-ZMTP-ATS! 33.9 341 346 substituents considered in this study, Et dBdi, primary
H-ZMTPa 205 20.8 221 carbocations with minimal stabilization are formed, and ac-
H-ZMTP + H.S 21.5 10.4 2.1 cordingly the energetic barriers are larger. In all cases the value

Et of the barrier exhibits only minimal temperature dependence,

1 Et-ZDDP 0.0 0.0 0.0 and as expected the products are more stable than the intermedi-
Et-LI1-ATS? 52.5 52.4 52.1 ates.

E::t:ia _ f"sl _Z '48 _3734 The larger barrier for the alkyl-substituted systems is a result

2 Et-LI1 0.0 0.0 0.0 of the heterolytic cleavage of the<® bond which results in
Et-LI2-ATS? 52.3 52.6 53.1 the separation of charge across the bond. It may be thought
Et-LI2a 3.9 4.1 4.5 that homolytic cleavage of the-@ bond to result in the transfer

5 E‘ttﬁ _g-é _%‘E _1610 of the alkyl group as a radical would be energetically preferred
Et-ZMTP-ATS 552 550 547 since the significant separation of charge would be avoided. In
Et-ZMTPa 9.9 8.5 8.1 fact, previous simulations have shown that ZDDP molecules
Et-LI1 + ERS 19.4 4.1 -7.4 can decompose through the elimination of alkyl radié&ksnd

iPr hence the formation of a radical through homolytic cleavage of

1 iPr-ZDDP 0.0 0.0 0.0 the C-0O bond is not unreasonable. Despite several attempts to
Pr-LI1-ATS 455 449 443 locate such a mechanism no process consistent with an alkyl
:E::Hia _63-27 —0883 _175-;9 radical transfer was found. Instead, the only intramolecular alky!

2 Pr-LIL 00 00 0.0 group _transf_er process that was observed was that dlsqL_lssed
iPr-LI2-ATSH 46.6 46.6 46.9 above involving transfer of the alkyl group as a slightly positive
iPr-LI2a 8.5 8.7 9.3 species. The same holds true for the mechanisms of reactions 2
Pr-LI2 2.9 3.3 4.1 and 3 which are discussed below.

8 PrLil 0.0 0.0 0.0 The mechanism described above for reaction 1 leads to the
Pr-ZMTP-ATS 48.9 485 48.1 ! . . )
iPr-ZMTPa 13.4 12.5 11.4 formation of the R-LI1 linkage isomer. As noted previously
iPr-LI2 4+ iPRS 222 5.9 -6.1 further alkyl group transfer within this molecule can occur

Bu according to either of reactions 2 and 3. Structural and energetic

1 iBu-ZDDP 0.0 0.0 0.0 data for these reactions are given in Figure 4 and Table 2,
Bu-LI1-ATS* 50.1 51.6 53.0 respectively. The calculations showed that the details of the
'Bu-Llla 7.7 8.7 9.2 geometric and electronic structures of the stationary points

5 :Eﬂt& _é-(l) _%-% _0(520 located along the reaction pathway for reaction 2 were analogous
BU-LI2-ATS! 51.0 518 532 to thosg dlscpssed above for reaction 1. Furthermore, _the
iBu-LI2a 33 3.9 52 energetic barriers and trends for reaction 2 were quite similar
‘Bu-LI2 -0.7 0.3 2.1 to those observed for reaction 1 and can be interpreted similarly.

3 EU-EII\]/-ITP AT 53'2, 5%-% 5(21-% This is not surprising since these two reactions occur through
'Bu- - . . . : . : L
BUZMTPa 25 g 9.1 virtually identical processes and should only be minimally

BU-ZMTP + 'BU,S 192 2’6 92 affected by the Q|ﬁerence between the reactant R-ZDDP
molecule in reaction 1 and the reactant R-LI1 molecule in
a All energies are in kcal/mol and include ZPVE correctionhe reaction 2. Because of the similarity in the geometric and

numbers identifying the reactions correspond to those given in Schemeg o g atic details of the mechanisms for these reactions, the latter
2. ¢The species are identified according to the nomenclature explained " . . . .
will not be discussed in detail.

in the text.d The values in parentheses indicate the temperature in
kelvin. Reaction 3 involves the transfer of an alkyl group from an

oxygen atom to the alkylated sulfur in R-LI1 to form R-ZMTP
between the mechanisms of alkyl group transfer and hydrogenthrough the elimination of a dialkyl sulfide. For the H-substituted
transfer is only present in the transition state. species reaction 3 occurs through a process similar to that

The energetic data for reactidhshow that the barrier to  described above for reactions 1 and 2. The main difference is

isomerization is smallest for the H-substituted system while the that in reaction 3 the ZaS bond does not undergo any
energetic barriers for the alkyl-substituted ZDDPs are at least appreciable change as the system moves toward the transition
12 kcal/mol higher. The barrier for the H-substituted system is state while the PS bond distance increases by a significant
smaller because substantial bonding exists between the hydrogeamount. The bond order and charge data (see Table 1S in the
atom and the rest of the ZDDP molecule throughout the course Supporting Information) indicate that this process is consistent
of the reaction which prevents the accumulation of charge on with a concerted hydrogen atom transfer analogous to that



6010 J. Phys. Chem. A, Vol. 108, No. 28, 2004 Mosey and Woo

described above for reaction 1. In the transition state th8 P discussion the olefin elimination mechanism will be explored
bond length has increased to 2.442 A, which is significantly for the Et-,/Pr-, andBu-substituted species. The H-substituted
longer than the original value of 2.111 A in the H-LI1 reactant. ZDDP molecule cannot participate in this reaction due to the
The P-S bond order has also decreased to a value of 0.50 fromlack of alkyl groups and will not be considered.

an initial value of 096, which indicates that this bond has Attempts were made to locate mechanisms consistent with
undergone significant dissociation, but interaction between thesepoth of those labeled “b” and “c” in Scheme 1; however, only

two atoms still exists in the transition state. In the H-ZMTPa one pathway was identified. The mechanism of olefin elimina-
adduct the P-S bond distance has increased to 2.811 A, and tion was found to be similar for all types of substituents that
the electronic energy is more stable than that of the dissociatedyere considered and will be examined in a general sense with
product due to favorable electronic interactions betweeB H  jnformation regarding specific substituents given as appropriate.
and the remainder of the adduct. The free energy values indicateThe naming scheme that will be used to identify the reactants,
that dissociation of the adduct to form the separated productsproducts, transition states, and intermediates is similar to that
is favored at higher temperature. used in sections Illa and Illb. The reactants and products will
For alkyl-substituted ZDDPs the mechanism of reaction 3 be identified by the same names that were introduced in part a.
was found to be different than that of the H-substituted system The transition states will be labeled with a three-part name,
and involved the transfer of the alkyl group as a species with a where the first part indicates the type of substituent on the parent
slightly positive charge. This process is similar to that discussed ZDDP molecule, the second part identifies the product formed
above for reactions 1 and 2. It is interesting to note that for from the transition state, and the third part is the label OETS
reaction 3 the PS bond distance in the transition states of the which indicates that this is an olefin elimination transition state.
alkyl-substituted species is approximately 0.2 A shorter than Thus, the transition states for reactions 4, 5, and 6 are labeled
the analogous distance in H-ZMTP-ATShe P-S bond orders  as R-LIIH-OETS, R-LI2H-OETS, and R-ZMTP-OET§
in the alkyl-substituted transition states are all approximately respectively, where R is the appropriate substituent label. Once
0.75, which indicates that bonding between th& Rroup and again, intermediate structures corresponding to the direct
the phosphorus atom of ZMTP is present to a greater degree inproducts following the transition states were located. For
all of the alkyl-substituted transition states than in the H- reactions 4 and 5 these intermediates will be denoted with the
substituted case. The shorter-8 bond length is due to the letter “a” following the name of the product, and for reaction 6
fact that the SR bond, and hence the dialkyl sulfide, is not the intermediate will be denoted with the label “Ha” after the
nearly as completely formed in the R-ZMTP-AT8ansition name of the product to avoid confusion with the name of the
states, where R is a non-hydrogen substituent, as it is inintermediate for the alkyl group transfer discussed above. Thus,
H-ZMTP-ATS*. The increased interaction between the dialkyl the intermediate structures will be labeled as R-LI1Ha, R-LI2Ha,
sulfide and the R-ZMTP molecule is apparent in the electronic and R-ZMTPHa for reactions 4, 5, and 6, respectively. The
energies which indicate that the R-ZMTPa adduct is substantially transition states connecting these intermediates to the final
more stable than the dissociated products. As expected, wherproducts were not located for the same reasons that were
temperature effects are considered, the free energy values favoputlined above for the isomerization reactions. Energetic details
dissociation of the adduct to yield the product. of reactions 46 are given in Table 3, and structural data of
Thus, it is apparent that alkyl group transfer to yield a dialkyl the stationary points along the reaction pathways for each
sulfide and R-ZMTP occurs through a mechanism similar to reaction are presented in Figure 5. Specific details of the
the alkyl group transfer mechanisms that were located for electronic structure are given in the main text where appropriate,
reactions 1 and 2. The electronic and free energy barriers forand a full set of such details is provided in Table 2S of the
reaction 3 all exhibit the same trends that were discussed aboveSupporting Information.
for the previous two reactions and are due to the relative abilities  In reaction 4 the system is initially in the R-ZDDP form,
of the alkyl groups to stabilize the positive charge formed at and olefin elimination occurs through the transfer gf-ay-
the o-carbon during the alkyl group transfer. In all cases the drogen from an alkyl group to one of the sulfur atoms. This
barrier for reaction 3 was a few kcal/mol higher than that of process is facilitated by a decrease in theHsdistance due to
reactions 1 and 2 for the system with the same substituents.the rotation of one of the alkyl groups from its position in the
The increased barrier for reaction 3 is most likely due to the reactant ZDDP, which is apparent for all substituents from the
fact that the dissociation of the+5 bond in this reaction incurs  structural data provided in Figure 5 as the system proceeds from
a larger energetic penalty than the partial dissociation of the the reactant to the transition state. In the transition state the
Zn—S bond in reactions 1 and 2. The larger barrier for reaction S—H bond order has increased 4@.3 while the @—H bond
3 may be significant since, as noted above, R-LI1 can undergoorder has decreased 0.5 at this point during the reaction.
alkyl group transfer to yield either R-LI2 or R-ZMTP, and the  An increase in the &C* bond order was also observed to occur
latter process may be kinetically disfavored. The effect of the throughout thes-hydrogen transfer with the®c-C? bond orders
energetic details of these reactions on the overall formation of exhibiting values of-1.5 in the transition state for all types of
antiwear films is explored in greater detail in part d of the supstituents. In the transition states the-© bond orders were
discussion. all less than 0.20, which indicates that significant dissociation
¢. Mechanism of Olefin Elimination. The formation of of this bond has taken place at this point during the reaction.
olefins during the decomposition of ZDDP additives is observed An examination of the charges at thecarbon in the transition
experimentally?>24 It has been suggested that this reaction states showed only small increasestdf.014, +0.043%, and
occurs through either of the mechanisms denoted “b” or “c” in +0.032 for the Et-,'Pr-, and'Bu-substituted species, respec-
Scheme 1, both of which involve the transfer gf-4ydrogen tively, when compared to the appropriate R-ZDDP molecule,
atom from one of the alkyl groups to an adjacent sulfur a&d#f. which indicates that a carbonium ion is not formed during the
Recently, a theoretical study of the finite temperature behavior olefin elimination reaction. This is most likely due to the
of ZDDPs has also provided evidence in favor of olefin increase in the ©-Cf double bond character which prevents
elimination throughs-hydrogen transfe® In this part of the the accumulation of positive charge &t @hcluding the charges
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TABLE 3: Relative Electronic and Free Energies for the molecules formed through alkyl group transfer. This is not

Stationary Points along the Olefin Elimination Pathways for surprising since the only difference between the alkyl and

gga%%i-énzr;i—%nd Bu-Substituted ZDDPs Participating in H-substituted species is the presence of an alkyl group on an
oxygen atom not involved in the reaction. As a result of this

reactiort species AE AG(300y AG(500y similarity, the bonding and structures within these species can
Et be interpreted in an analogous fashion to that described above

4 Et-2DDP 0.0 0.0 0.0 for the H-substituted systems, and aside from saying that the
Et-LI1H-OETS 42.0 4.7 411 intermediate and product are consistent with mechanism “b” in
Et-LI1Ha+ CyH4 29.0 16.6 6.8 . . .

Et-LITH + CHs 16.9 4.4 55 Scheme 1, these species will not be discussed further.

5 Et-LI1H 0.0 0.0 0.0 The energetics show that in all cases the barrier to reaction
Et-LI2H-OETS 415 411 39.9 4 is smaller than that of the intramolecular alkyl group transfer
Et-LI2Ha+ CoHq 251 12.6 22 labeled reaction 1 that was discussed in part b. This is significant
Et-LI2H + CoHq 17.1 4.7 -55 : .

6 Et-LI1H 0.0 0.0 0.0 since both reactions start from the R-ZDDP molecule, and hence
Et-ZMTP-OETS 47.1 46.6 45.4 it appears that olefin elimination is kinetically favored over
Et-ZMTPHa+ C,H.4 46.8 345 24.6 isomerization, at least from an energetic point of view. It was
EtZMTP+ CH, +H,S - 343 107 —7.8 also found that the barrier for olefin elimination in reaction 4

iPr is rather insensitive to temperature effects; however, a slight

4 'Pr-ZDDP 0.0 0.0 0.0 dependence upon the nature of the substituent was observed.
:E:zt:m;ﬂ%i gg-‘l‘ igé 33-2 The electronic and free energy barriers are smallest foiPthe
Pr-LILH A+ C3|§|66 157 06 112 substituted system at36 kcal/mol, which is in relatively good

5 iPr-LI1H 0.0 0.0 0.0 agreement with the experimentally estimated value of 31 kcal/
iPr-LI2H-OETS 36.7 36.6 36.5 mol for the elimination of propene from isopropyl-substituted
IPr-LI2Ha+ CsHs 25.1 10.9 0.1 ZDDP 23 The barrier for théBu-substituted system is the next

6 :E;Hi: + CHe 18-8 g-é _7660 largest (40 kcal/mol), and that for the elimination of ethene
Pr-ZMTP-OETS 422 42 417 from Et-ZDDP is largest{42 kcal/mol). It may be thought
iPr-ZMTPHa+ CsHs 46.7 32.8 225 that the observed substituent dependence is due to charge
Pr-ZMTP+ CsHg + H,S  34.3 9.1 -9.2 stabilization effects at the-carbon as was observed in the case

iBu of alkyl group transfer. Such an interpretation would be correct

4 iBu-ZDDP 0.0 0.0 0.0 if a process involving the formation of a carbonium ion took
'Bu-LI1H-OETS 40.1 41.0 41.0 place; however, in the located transition state no appreciable
:Eﬂ'[:miﬁ'ccﬁ'"'s ig; _ff _—1%-2 accumulation of positive charge at thecarbon was observed,

5 BU-LILH 4re 00 00 00 a_nd hence_tr_le ob_served substituent dependence must be of a
iBu-LI2H-OETS 405  40.2 305 different origin. It is known that the €0 bond energy is-3
iBu-LI2Ha + i-C4Hsg 18.5 3.3 -8.6 kcal/mol less for secondary carbons than it is for primary &hes.
'Bu-LI2H +i-C4Hs 104 —45 —-16.3 In the transition state for the olefin elimination mechanism the

6  'Bu-LIIH 0.0 0.0 0.0 C*—0 bond has undergone significant dissociation. e
'Bu-ZMTP-OETS 44.8 446 44.0 substituted system may have a lower barrier since the dissocia-
Bu-ZMTPHat CaHs 401 252 138 tion of the C-O bond presents less of an energetic penalty for
BU-ZMTP + i-C4Hg + H.S  27.7 1.5 —-18.6

a . . . ) this system than that incurred in the case of either of the two
All energies are in kcal/mol and include ZPVE correctioh§he . ) .
numbers identifying the reactions correspond to those given in SchemeOther substituents. In all gases thg final pro_ducts of the reac.tllo.n
2. < The species are identified according to the nomenclature explained @r¢ more stable than the intermediate species, and the stabilities
in the text.d The values in parentheses indicate the temperature in Of both the intermediate and products with respect to the
kelvin. transition state increase with the temperature. This is expected
due to the dissociation of the molecule through the elimination
of the alkene which increases the entropy of these systems
These results indicate that reaction 4 occurs through a relative to that of the transition state where the olefin elimination

concerted mechanism consistent with that labeled “b” in Schemehas not been completed. o ) .
1: however, in the transition state the-O bond dissociation It was found that the mechanistic details of reaction 5, such

is completed to a greater degree than the other bond dissociatiorS the geometries and energetic barrier, were similar to those
and formation processes involved in the reaction. The fact that discussed for reaction 4 for all substituents that were gon5|dered.
this reaction was observed to occur through a concerted proces$ urthermore, the observed dependence of the magnitude of the
is consistent with experimental evidence that shows that arrier upon the type.of subs’Fltuent was similar to thaf[ qbserved
rearrangement of the alkyl group to a more stable carbocationfor reaction 4 and likely arises from the same origin. The
does not occur during olefin elimination in the absence of &cid. ~ Similarities between the mechanistic details of these two
It is noted that rearranged alkenes have been observed duringeactions are not surprising since the only difference between
the decomposition of ZDDPs in an acidic environment which them is in the structure of the reactant, and this difference is
indicates that other chemical species in the oil may influence only for atoms not actually involved in the reaction. As a result,
the decomposition mechanisilt is important to note that the the mechanism for reaction 5 will not be discussed in detail.
phosphorus-containing product of acid-catalyzed olefin elimina-  For all of the substituents that were considered it was found
tion would not differ from that here; however, the rate of that the barrier to reaction 6 was approximately 5 kcal/mol
elimination would likely be increased. higher than that for reaction 5. The mechanism itself was quite
It was found that the geometric and electronic structure data similar to that of reactions 4 and 5 and could be described as
of the atoms involved in the reactions leading to R-LI1Ha and taking place through an analogous concerted process involving
R-LIZIH were similar to those of the H-Llla and H-LI1 A-hydrogen transfer. The main structural difference is that in

on the groups bonded to tlecarbon in the charge calculation
did not change this interpretation.
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R-LITH-OETS! *© R-LI1Ha R-LIH
R | S"H* CPH* CeCP CoO* R |S-H* CBH* Co-CE C:0* R |S-H" Zn-0* Zn-§* R |S'H Zn-O* Zn-S*
Et | 5540 1094 1517 1454  Et |1772 1293 1390 2305 Et | 1349 3701 2657 Et | 1351 2066 4.530
Pr | 4714 1005 1522 1471  Pr |1.807 1279 1395 2,502 Pr | 1348 3706 2641 Pr | 1.351 2067 4512
Bu | 5500 1101 1528 1455  Bu |1.870 1241 1403 2273  Bu | 1.348 3766 2.641 Bu |1.351 2.072 4.531

R-LIMH R-LI2H-OETS* R-LI2Ha
R S*-H* CB-H* Co-CP Co-O* R S*-H* CB-H* Co-CP Co-O* R S*-H* Zn-O* Zn-S* R S*H* Zn-O* Zn-S*
Et |5.060 1094 1516 1.464 Et |1.790 1.286 1.391 2.307 Et | 1.348 3.794 2608 Et 1.349 2106 4.202
iPr | 4098 1.093 1.521 1.479 Pr | 1.827 1.271 1.395 2535 iPr | 1.348 3.794 2.608 Pr | 1.349 2106 4.202
Bu | 5328 1.098 1.527 1.463 Bu |1.876 1.248 1.401 2288 Bu | 1.348 3.794 2.608 Bu | 1.349 2106 4.202

PSS e
/@e/@ ws @99/
DDP ™ s re

O,GSH

R-ZMTP-OETS* R-ZMTPHa R-ZMTP
R S*-H* CB-H* Co-CP Co-O* R S*-H* CB-H* Ca-CP Co-O* R S*H* P-O* P-S* R |Zn-O0* P-O* P-8*
Et |5.312 1.094 1516 1464 Et | 1724 1.344 1382 2459 Et 1.348 1479 2811 Et [2112 1.538 1.906
Pr 5127 1.093 1.521 1.479 Pr | 1.781 1.314 1387 2.901 Pr | 1.348 1479 2811 iPr | 2112 1.538 1.906
Bu [5.182 1.098 1.527 1.463 Bu | 1.841 1.283 1.391 2489 Bu | 1.348 1479 2811 Bu | 2112 1538 1.906

Figure 5. Structures and relevant bond distances for the stationary points along the reaction pathways for rea6tidittelthat the structures

shown all correspond to the Et-substituted species. The bond lengths given in the tables below each structure are in A. Note that the unreacted DDP
group has been replaced with the label DDP.

the transition state for reaction 6 the-B bond is being broken  in Figure 215720 The formation of this network is thought to
instead of the Za'S bond as in reactions 4 and 5. This difference occur through a polymerization process involving the formation
is the likely origin of the larger barrier since the dissociation of of P—O—P and P-S—P linkages between (thio)phosphate
the P-S bond in reaction 6 involves a larger energetic penalty subunits that are derived from ZDDP. The formation of these
than the dissociation of the Z8 bond in either of reactions 4  linkages requires the availability of low-coordinate phosphorus
and 5. For all of the substituents the elimination of the olefin atoms that are receptive to nucleophiles and a supply of oxygen
leaves behind an adduct species, R-ZMTPHa, where a moleculeand sulfur atoms that can act as nucleophiles. The low-
of H,S is coordinated to the phosphorus atom. In the final coordinate phosphorus atom in the decomposed DDP group of
product the HS molecule has been removed from the system, the R-ZMPT product of reactions 3 and 6 can readily undergo
and it is possible that this reaction is responsible for the attack by various nucleophiles present in the oil, and hence this
evolution of this gas that is observed to take place during the species satisfies the first criterion for linkage formation. In a
experimental formation of ZDDP antiwear films:22 The previous theoretical study of the finite temperature behavior of
magnitude of the barrier for reaction 6 exhibited the same R-ZDDP and R-LI1 it was shown that the coordination number
substituent dependencies as those observed for reactions 4 andt the zinc atom of these molecules fluctuates between two and
5. Once again, the substituent dependence exhibited by thefour.28 Presumably, this is also true for the products of the other
barrier can be rationalized in terms of the strength of the G reactions considered here which have similar bonding arrange-
bond when different types of substituents are present on thements around the zinc atom. The change in coordination at the
molecule. The fact that the barrier to reaction 6 is larger than zinc atom occurs through the dissociation ofZD and Zr-S

that to reaction 5 is interesting since it indicates that dissociation bonds which provide a source of oxygen and sulfur atoms,
of R-LI1H to yield R-LI2H plus olefin is kinetically favored  respectively, that can act as nucleophiles and react with the low-
over the formation of R-ZMTP, olefin, and .8 from an coordinate phosphorus atoms to form-®—P and P-S—P
energetic point of view. The phosphorus-containing intermedi- linkages. Thus, it is apparent that R-ZDDP and the products of
ates and products for all of the model alkyl-substituted systems reactions 16 possess the attributes necessary to form antiwear
are identical to the H-ZMTPa and H-ZMTP molecules discussed films through the polymerization of (thio)phosphate subunits

above and will not be elaborated upon here. and hence may be important within the earlier stages of antiwear
d. Interpretation of the Thermodynamic and Mechanistic film formation. The fact that the sulfur- and carbon-containing
Results within the Context of ZDDP Antiwear Film Forma- products of these reactions are consistent with known byproducts

tion. ZDDP antiwear films are thought to consist of an of film formation is further evidence suggesting that these
amorphous zinc poly(thio)phosphate network of the type shown reactions take place during the formation of antiwear films.
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Experimentally, it is observed that ZDDP antiwear films are 60.0
not formed under ambient conditions but can be formed through Et-LI1-ATS*
the application of temperature and pressure. The general &1) (614) Et-ZMTP-ATS*
experimental procedure involved in the formation of antiwear = 50.0\- FA {49.8) ELLIZ-ATS?
films involves the addition of ZDDP additives to oil, whichis £ i
initially at room temperature where film formation does not take § / ! i 4
place, followed by either heating to500 K or the application = 0.0 /
of pressure within wear testing devices to initiate the formation 5 = = 7 e =
of the antiwear film. It is observed that film formation does £ / | f
not instantaneously take place at the higher temperature but oo 09 i ; B
occurs only after an induction period has been incurred. Since Et-ZDDP \1\ 33y 244
it is known that the antiwear films are not directly produced v BRI iEtL2
from ZDDP, but rather from species derived from this molecule, g0l \\ i107)
it has been proposed that the induction period is due to the Et-ZMTP + Et,S
accumulation of precursors to the antiwear filfrReactions Reaction Pathway (arb.)

1-6 explicitly involve the alkyl groups and lead to the formation Figure 6. Reactions relevant to the formation of antiwear film
of precursors to the antiwear films and hence an examination precursors for the EtZDDP system. Relative free energies at 500 K
of the types of antiwear film precursors derived from these of the stationary points for these reactions are given in parentheses.

difference types of ZDDPs through these reactions may provide Note that the energetic barriers discussed in the text for a given reaction
useful insight into experimentally observed aspects of the are the differences in the free energies of the transition state and reactant
g p y P and do not correspond to the relative free energies of the transition

formation of antiwear films from different types of ZDDPs. In  gtates given in parentheses. Each reaction is identified according to
the following analysis the mechanistic and thermodynamic data the appropriate label above or below the appropriate arrow.
presented above will be interpreted to determine the main ) )

reaction pathways that the different types of ZDDPs undergo Molecule is not used as an antiwear agent; hence, data do not
to form precursors to the antiwear films. The identification of €XiSt to examine the validity of this conclusion, and these results
these pathways will provide insight into the origin of differences Will not be examined further. _

in the observed byproducts of film formation for different types '€ calculated thermodynamic data for the Et-substituted

of ZDDPs and also provide a basis for future investigations of SyStem showed that the Et-LI1 and Et-LI2 isomeric forms are
how these precursors can react to form antiwear films. both energetically favored over the parent Et-ZDDP molecule

The interpretation of the data will proceed in a fashion that at300 K by 2.4 and 2.8 keal/mol, respectively. Once equilibrium

mirrors the process employed to thermally produce antiwear 'S reached at t.hls Fernperature, thq EH‘I.l and Et-LI2 ISOmers
. . ) ; will be present in similar concentrations since they have similar

films. F."St' the thermodynamic d.at?‘ at 30(.) K will be used to free energies. These two molecules provide a source of sulfur
o_letermln(_e what form the system is n _aft_er I ha_s spent enoughand oxygen atoms that can react to form linkages between (thio)-
time at this temperature to reach equilibrium. It is assumed that

the t i £ h tem is then i df 300 ¢ phosphate subunits; however, no substantial supply of low-
€ temperature of the system IS then increased trom 9coordinate phosphorus atoms is available since the products of
500 K at a sulfficiently fast rate such that the concentrations of

. reactions 3 and 6 are both energetically disfavored at this

the variqus chemical s_pecies cann.ot adjust to th.e. changes 'ntemperature. This may be why film formation is not observed
the relative free energies to establish a new equilibrium, and to occur at the lower temperature. When the temperature is

henc_e _the initial con(_:_ent_rations of these species at 500 K will ;.\ aocad to 500 K, the products of reactionsé3become
be s_lmllar to the eq_umbnum Va'“‘?s at 300 K. The data_ at 500 energetically favored, and the decomposition reactions are likely
K will then be_ applied to determlne_what reactions will take_ to take place. Reaction 3 can occur directly through the
place at the higher temperature to yield precursors to the anti-4ecomposition of Et-LI1 that is already present in the oil, while
wear films. Overall, this analysis will allow for the identification o4 tions 5 and 6 require the availability of Et-LITH which is
of the series of reactions that lead to the formation of antiwear derived from Et-ZDDP through reaction 4. Unfortunately, Et-
film precursors from the various types of ZDDP additives.  7ppp and Et-LI1H are not available to participate in olefin
The H-ZDDP system can only participate in intramolecular elimination reactions, or at best exist in very small quantities,
hydrogen atom transfer, at least when exclusively considering since the system is initially in the Et-LI1 and Et-LI2 isomeric
reactions examined in this study, and hence the formation of forms when the temperature is increased to 500 K. Et-ZDDP
H-ZMTP, which is imperative for film formation, can only take  could be formed through the isomerization of Et-L11; however,
place through reaction 3. This reaction can only occur through the thermodynamic and mechanistic details of the reactions that
the decomposition of H-LI1, and hence reaction 1 must precede Et-LI1 and Et-LI2 take part in must be examined before the
reaction 3. The thermodynamic data at both temperatures showprocess of olefin elimination from Et-ZDDP can be considered.
that H-ZDDP is energetically favored over either of the isomers A series of reactions involving Et-ZDDP, Et-LI1, and Et-LI2
which limits the likelihood that decomposition to H-ZMTP  that are relevant to the formation of precursors to the antiwear
through reaction 3 will occurs since H-LI1 will not be available film are given in Figure 6.
in significant quantities. The products of reaction 3 are energeti-  Et-LI2 can only undergo alkyl group transfer to yield Et-LI1
cally disfavored at both temperatures, which further decreasesthrough the reverse of reaction 2, which is referred to as 2-r in
the probability that H-ZMTP will be formed. Overall, these Figure 6; however, the energetic details of this reaction are not
results indicate that the system will persist in the H-ZDDP form favorable, and hence this reaction is not likely to occur. On the
which cannot directly react to form antiwear films, and it is other hand, Et-LI1 can participate in three different alkyl group
unlikely that film formation will occur to an appreciable extent transfer reactions: reaction 2 which leads to the formation of
for the H-substituted system without the influence of other Et-LI2; reaction 3 which leads to the irreversible decomposition
chemical species present in the oil that may initiate chemical of the molecule through the elimination of,Bt or the reverse
decomposition of H-ZDDP. Experimentally, the H-ZDDP of reaction 1, labeled 1-r in Figure 6, which will produce Et-
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ZDDP. These three reactions all occur through the transfer of 500 (#3) Pr.zMTP.ATS:

the same alkyl group through one of three similar mechanisms, Pr-LIT-ATS: (44.3)
and hence the relative rates of these reactions will primarily be _ , | Pr-LITH-OETS! |
determined by the energetic barriers of these reactions. Theg 359)

kcal/

barrier to reaction 1-r is 55.4 kcal/mol, that to reaction 2 is 53.1
kcal/mol, and that to reaction 3 is 54.7 kcal/mol, and hence the & 300F i | i } ]
isomerization of Et-LI1 to Et-LI2 will occur fastest, the = / “ / 7
elimination of EtS will be slightly slower, and the formation
of Et-ZDDP will be slightly slower yet. When the fact that Peiith |
reaction 2 is kinetically favored is taken in combination with +CH, | /
the thermodynamic data that indicate that the stability of Et-  -100F 112)

LI2 relative to Et-LI1 has increased with temperature, it is clear Reaction Pathway (arb.)

_that Et-LI2 will a'WaYS be prese_nt in the system. This is Figure 7. Reactions relevant to the formation of antiwear film
important because this molecule is a source of oxygen atomsprecursors for théPr—ZDDP system. Relative free energies at 500 K
that can react with the low-coordinate phosphorus atom of of the stationary points for these reactions are given in parentheses.
Et-ZMTP during the polymerization process. The formation of Note that the energetic barriers discussed in the text for a given reaction
Et-ZMTP can occur through either the elimination of dialkyl are the differences in the free energies of the transition state and reactant
sulfides from Et-LI1 or a series of olefin elimination reactions and do not correspond to the relative free energies of the transition
A - . states given in parentheses. Each reaction is identified according to
that are initiated _by the formation of Et-Z_DDP through reaction appropriate label above or below the appropriate arrow.
1-r. It was mentioned above that reaction 3 should occur at a ) N
faster rate than 1-r, and hence the majority of the Et-LI1 Since it leads to the decomposition of the molecule, and hence
remaining in the system after reaction 2 takes place will the kinetic data are most appropriate for its study. On the other
decompose through dialky! sulfide elimination. The formation hand, reaction 1 is reversible and will lead to an equilibrium
of Et-ZMTP through the elimination of B$ provides an  betweenPr-ZDDP andPr-LI1 if 'Pr-ZDDP remains in the oil
explanation for the experimental observation that large quantities/ong enough for this equilibrium to be established. Itis necessary
of dialkyl sulfides are produced during the formation of antiwear 0 determine the relative rates of reactions 1 and 4 in order to
films from straight-chained primary alkyl ZDDP§22 determine whether th@r-ZDDP molecule will persist in the
system or be removed from the system through olefin elimina-

It should be noted that in this analysis it was assumed that tion. The mechanistic data indicate that reaction 4 will occur at
the energetic barriers for these reactions are accurate; however, ~ .-

it is likely that errors of approximately-24 kcal/mol are associ- a significantly .higher rate th.an. reaption 1 for two reasons. First
ated with these values. If these errors are taken into account itOf all, the barrier to olefin elimination was calculated to be 8.4

is more appropriate to suggest that reactions 1-r and 3 proceedr(g:gt?\jlzl Iljosvpe ' :23” g;:?:_tzoljlg?:)ml%z_ﬁtlgp(; ?ndszergog\,d;ﬁ;&;he
at similar rates which will increase the amount of Et-ZDDP group ycrog

that eventually decomposes through olefin elimination. None- to takg part in o.Iefm elimination vs two.alkyl groups for

. I . . isomerization, which further promotes olefin elimination over
theless, the conclusion that the system will primarily participate . o o .
. . - . isomerization. Thus, it is clear that reaction 4 occurs at a
in alkyl group transfer reactions to yield precursors to antiwear

films still holds due to the fact that reaction 2 is overwhelmingly S|gn|f|caintly higher rate th?” reaction .1' Wh'c.h in turn implies
; . L . that any'Pr-ZDDP present in the oil, either initially or formed

favored and since reaction 3 will still occur, albeit to a lesser . . : .

extent through reaction 1-r at higher temperature, will rapidly decom-

. . ) pose through olefin elimination on the time scales of these
The thermodynamic data for thr-substituted system sug-  reactions; however, it remains to be seen if the formation of

gest that significant quantities of botRr-ZDDP andPr-LI1 iPr-ZDDP through reaction 1-r is likely to occur at higher
should be present at 300 K, with the latter being favored by temperature. It was mentioned above titLI1 can either
0.8 keal/mol. These molecules cannot react to form antiwear gecompose through reaction 3 or isomerize through reaction
films in the absence of low-coordinate phosphorus atoms, andy.; once again kinetic factors will determine the relative

hence film formation will not occur at this temperature, which  hopapilities of the occurrence of these reactions since reaction
is consistent with experimental observations. The initial con- 3 s jrreversible. In the case of alkyl group transfer within
centrations ofPr-ZDDP andPr-LI1 at 500 K will be similar iPr-LI1 the energetic barrier will have the most significant effect
to the equilibrium values at 300 K, assuming that the temper- op, the relative rates of these reactions since both processes start
ature of the system is increased at a sufficiently fast rate. The from the same type of molecule and involve the transfer of one
thermodynamic data.shov_v that the stabilityf-LI11 increases  gpecific alkyl group through two very similar mechanisms. The
by 1.8 keal/mol relative toPr-ZDDP when the temperature iS  energetic barrier for reaction 3 is 48.1 kcal/mol while the barrier
raised to 500 K, and at this temperature the products of the to 1-r was calculated to be 46.1 kcal/mol. Using the calculated
decomposition reactions (labeled-8) are all energetically  yalyes for the barriers it can be estimated that the rate of reaction
favored (see Table 1). THer-ZDDP molecule can directly take  1.r will be ~7.5 times greater than that of reaction 3. As a resullt,
part in olefin elimination through reaction 4 or can isomerize the majority of théPr-LI1 molecules initially present in the oil
through reaction IPr-LI1 can decompose through reaction 3,  after heating will isomerize to forriPr-ZDDP which, in turn,
revert to'Pr-ZDDP through the reverse of reaction 1, labeled || rapidly decompose through olefin elimination as discussed
1-r, or isomerize toPr-LI2 through reaction 2. The thermody-  apove. Thus, the decomposition ®-ZDDP through olefin
namics do not favor the last of these reaCtionS, and it will not elimination is the primary mode of precursor formation for the
be examined in the following analysis. A series of reactions ipr-substituted system. THer-LI1H molecule cannot directly
involving 'Pr-ZDDP andPr-LI1 that are relevant to the forma-  form antiwear films due to the absence of low-coordinate
tion of precursors to the antiwear films are given in Figure 7. phosphorus atoms, and this molecule must undergo further
As mentioned aboveiPr-ZDDP can undergo either of reactions before film formation can take place. The energetic
reactions 1 or 4. The latter of these reactions is irreversible, data at 500 K indicate that reactions 5 and 6 are likely to take

ook i 100y 1)

1-r

iPr-LI1
\ 7.9

Pr-ZMTP + Pr,S
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place, and the products of these reactioi&;LI2H and formation of antiwear films fromBu-ZDDP, and hence this
iPr-ZMTP, provide a source of oxygen atoms and low-coordinate reaction is a possible decomposition route for this system;
phosphorus atoms, respectively, that can participate in the however, a more extensive study of the reactions'Bial_I12H
formation of antiwear films. The formation &?r-ZMTP through can take part in is required before any definite conclusions can
reaction 6 occurs along with the elimination of$and is likely be made. The decomposition @u-ZDDP through olefin
the reason that the evolution of large quantities of this gas is elimination, and possibly }$ elimination, is consistent with
observed during the formation of antiwear films from secondary the experimental observation that the byproducts of the forma-
alkyl ZDDPs21.22 tion of antiwear films from branched primary alkyl ZDDPs are

It is noted that the difference between the energetic barriers Similar to those produced through the decomposition of second-
of reactions 1-r and 3 are within the intrinsic errors associated 'y alkyl ZDDPs:122
with these calculations. In the case that reaction 3 is slightly ~Once again, itis noted that errors in the calculated energetics
faster than reaction 1-r, the amount®f-LI1 that decomposes  €xist. If the energetics change such that reaction 6 becomes even
through dialkyl sulfide elimination will be increased. However, Mmore favored, the analysis is relatively unaltered. This is also
it is noted that théPr-ZDDP present in the solution, either after ~true if the changes in the energetics favor reaction 5; however,
the temperature is increased to 500 K or formed through reactionin this case the formation of ZMTP would occur through this
1-r, will preferentially decompose through olefin elimination ~reaction which would preclude the need for further decomposi-
reactions. Thus, even when errors in the calculated energetiction of LI2H to yield ZMTP. Overall, despite the possible changes
barriers are considered, it is clear that tResubstituted system i the energetics, it is clear that thBu-substituted system
will still participate in olefin elimination reactions to a greater Primarily decomposes through olefin elimination reactions.
degree than the ethyl-substituted system.

An examination of the thermodynamic data at 300 K indicates
that the'Bu-substituted system should demonstrate markedly  The mechanistic and thermodynamic details of the intramo-
different behavior than that observed for either of the Et- or |ecular alkyl group transfer and olefin reactions that ZDDP
'Pr-substituted systems. In particular, the data indicate thatantiwear additives may take part in were examined with DFT
'Bu-ZDDP should decompose through olefin elimination at this methods. In particular, a set of reactions allowing for two
temperature and that isomerization reactions should not occurconsecutive olefin elimination or alkyl group transfers within a
toa significant extent. The free energies at 300 K indicate that single DDP group was used. A series of substituents comprised
'Bu-ZDDP should primarily depompose through olefin elimina-  of hydrogen, ethyl, isopropyl, and isobutyl groups was employed
tion as in reaction 4 to formBu-LI1H. This molecule can  to investigate the dependence of the mechanistic and energetic
undergo further olefin elimination through either of reactions 5 details of these reactions upon the nature of the substituent. The
or 6 to form 'Bu-LI2H and 'Bu-ZMTP, respectively. The  differences in these details were used to elucidate the main
thermodynamic data at 300 K (Table 1) show that the products reaction pathways that lead to the formation of precursors to
of reaction 5 are more stable than those of reaction 4 from which antiwear films. The identification of these pathways provided
they are formed while the products of reaction 6 are less favored. insight into the origins of various byproducts of film formation
Since these reactions are irreversible, the kinetic details are moreand the observed differences in the rates of film formation for
relevant to probability that they will occur and the energetic ZDDP additives with different types of alkyl substituents.
data (see Table 3) show that the barrier to reaction 5 is 4.3 The energetic data showed that the H-substituted system
kcal/mol lower than that to reaction 6. Overall, these data should be relatively unreactive and remain in the H-ZDDP form.
indicate that reaction 5 is significantly favored over reaction 6, On the other hand, it was found that the alkyl-substituted systems

IV. Conclusions

assuming that the barriers are accurate, and h&hwe&DDP should exist in different forms at finite temperature. In particular,
will decompose through olefin elimination reactions at 300 K it was found that Et-ZDDP should eventually decompose
to form'Bu-LI2H. This molecule cannot directly form-FfO—P through intramolecular alkyl group transfer, while the decom-

linkages due to a lack of low-coordinate phosphorus atoms andposition of Pr-ZDDP and'Bu-ZDDP is most likely to occur

is possibly the reason that film formation is not observed to through olefin elimination. Differences between the H- and
take place under ambient conditions for branched primary alkyl alkyl-substituted systems were also apparent through the
ZDDPs. It is observed, however, that ZDDP antiwear films are mechanistic data which showed that for the H-substituted system
formed from these additives at higher temperatures, and thishydrogen atom transfer occurs in a concerted fashion with the
process requires a supply of low-coordinate phosphorus atomsformation of the S-H bond and dissociation of the-&H bond
which can be produced through the either of reactions 3 or 6. occurring nearly simultaneously. For all of the alkyl-substituted
The former requires the availability é8u-LI1 while the latter systems the alkyl group transfer occurs through an asynchronous

occurs through the decomposition'Bti-LI1H. Unfortunately, concerted mechanism where the-G bond is significantly

the system has irreversibly decomposetBte-LI2H at 300 K, dissociated before the €S bond has undergone substantial
and neitheiBu-LI nor 'Bu-LI1H will be available to decompose  formation. It was also found that olefin elimination occurred
at 500 K. Thus, in order for film formation to take pla¢Bu- through a concerted process involving the transfer of a

LI2H must decompose through reaction(s) other than those -hydrogen atom from one of the alkyl groups in the ZDDP
considered in this study. One such reaction involves the transfermolecule to an adjacent sulfur atom. This process is consistent
of a hydrogen atom between the two hydrogenated sulfur atomswith those proposed in previous studies.

of IBu-LI2H to release kS and formBu-ZMTP. The thermo- The mechanistic and thermodynamic data were interpreted
dynamic data indicate that the products of this reaction are within the overall context of ZDDP antiwear film formation,
favored by 2.4 kcal/mol ovéBu-LI2H at 500 K, and the barrier  and it was found that the results of this study could provide
at this temperature was found to be 31.7 kcal/mol. These resultsinsight into experimentally observed aspects of the decomposi-
indicated that this decomposition reaction is energetically tion of ZDDPs. The most apparent observation is that H-ZDDP
favorable. The main byproduct of this reaction isSHjas, which molecules should not readily form antiwear films and hence
is also observed to be produced during the experimental are not an appropriate model for the study of ZDDP antiwear
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film formation. This may be important in selecting model

systems for future simulation studies of ZDDPs. It was found
that all of the alkyl-substituted ZDDPs could react to produce
precursors to antiwear films in different ways and that these
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precursors to the antiwear films through alkyl group transfer
reactions. The formation of Et-ZMTP through alkyl group

transfer occurs through the elimination of,&t and the fact

(15) Fuller, M.; Fernandez, L. R.; Massoumi, G. R.; Lennard, W. N.;
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that this reaction predominates for this system is consistent with |nt. 1995 28 177.

the observation that large quantities of dialkyl sulfides are
produced during the formation of films from straight-chained
primary alkyl ZDDPs. The data for th&r-ZDDP system, a
model for secondary alkyl ZDDPs, showed the molecule
primarily decomposed through olefin elimination reactions and
that'Pr-ZMTP should primarily be formed through the elimina-
tion of H,S gas, which is also consistent with experiment. The
iBu-ZDDP system, a model for branched primary alkyl ZDDPs,
was also found to undergo olefin elimination; however, the main
decomposition pathway results in a product that cannot directly
form antiwear films, and further decomposition to yiéRl-
ZMTP is necessary. A reaction that yields this product through
the elimination of HS gas fromBu-LI2H was briefly inves-

tigated and proposed as a possible decomposition route;
however, further study is necessary before definite conclusions

regarding the fate 0Bu-ZDDP can be made.

Thus, we have examined the reaction pathways leading to

the formation of ZDDP antiwear film precursors for several
different types of ZDDP additives. The identification of the
precursors to film formation is a key step in the overall
elucidation of a mechanism of antiwear film formation, and the
details of this study will provide a basis for future theoretical
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(20) Willermet, P. A.; Carter lll, R. O.; Boulos, E. Nribol. Int. 1992
25, 371.

(21) Jones, R. BASLE Trans1979 24, 91.

(22) Coy, R. C.; Jones, R. BASLE Trans1979 24, 77.

(23) Dickert, J. J.; Rowe, C. Nl. Org. Chem1967, 32, 647.

(24) Larsen, RSci. Lubr.1958 10, 12.

(25) Spedding, H.; Watkins, R. Qribol. Int. 1982 15, 9.

(26) Harrison, P. G.; Kikabhai, TWear1987, 116, 25.

(27) Wu, Y. L.; Dacre, BTribol. Int. 1997 30, 445.

(28) Mosey, N. J.; Woo, T. KJ. Phys. Chem. 2003 107, 5058.

(29) Armstrong, D. R.; Ferrari, E. S.; Roberts, K. J.; Adams\ear
1997, 208, 138.

(30) Jiang, S.; Dasgupta, S.; Blanco, M.; Frazier, R.; Yamaguchi, E. S.;
Tang, Y.; Goddard Ill, W. AJ. Phys. Cheml1996 100, 15760.

(31) Armstrong, D. R.; Ferrari, E. S.; Roberts, K. J.; Adams\War
1998 217, 276.
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