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Complexation of the Vulcanization Accelerator Tetramethylthiuram
Disulfide and Related Molecules with Zinc Compounds Including Zinc Oxide

Clusters (Zn,0,)
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Abstract: Zinc chemicals are used as
activators in the vulcanization of or-
ganic polymers with sulfur to produce
elastic rubbers. In this work, the reac-
tions of Zn**, ZnMe,, Zn(OMe),, Zn-
(OOCMe),, and the heterocubane clus-
ter Zn,O, with the vulcanization accel-
erator tetramethylthiuram disulfide
(TMTD) and with the related radicals
and anions Me,NCS,, Me,NCS;,
Me,NCS,", and Me,NCS;~ have been
studied by quantum chemical methods
at the MP2/6-31+ G(2df,p)//B3LYP/6-
314+ G* level of theory. More than 35
zinc complexes have been structurally
characterized and the energies of for-
mation from their components calculat-
ed for the first time. The binding
energy of TMTD as a bidendate ligand
increases in the order ZnMe,<Zn-
(OOCMe), < Zn(OMe), < Zn,0, <

Zn**. The last two zinc species also
form very stable complexes with the
radicals Me,NCS," and Me,NCS;". Dis-
sociation of the TMTD molecule at the
S—S bond on reaction with the Zn,O,
cluster is predicted to be strongly exo-
thermic, in sharp contrast to the endo-
thermic S—S bond dissociation of the
free molecule. The same holds for tet-
ramethylthiuram trisulfide (TMTT).
Surprisingly, the resulting complexes
contain Zn—S as well as S—O bonds.
The Zn,O, nanocluster serves here as a
model for bulk zinc oxide used as an
activator in rubber vulcanization by
sulfur. The further uptake of sulfur
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atoms by the various complexes from
Sg or TMTD with formation of species
derived from the radical Me,NCS; or
the trithiocarbamate anion Me,NCS;~
is endothermic for mono- and dinu-
clear zinc dithiocarbamate (dtc) com-
plexes such as [Zn(dtc),] and [Zn,-
(dtc),], but exothermic in the case of
polynuclear zinc oxide species contain-
ing bridging ligands as in [Zn,O4(p-
S,CNMe,)] and [Zn,O,(p-dtc)]. There-
fore, zinc oxide as a polynuclear spe-
cies is predicted to promote the forma-
tion of trisulfido complexes, which are
generally assumed to serve as catalysts
for the transfer of sulfur atoms during
rubber vulcanization. This prediction is
in accord with the empirical knowledge
that ZnO is a better activator in
TMTD-accelerated rubber vulcaniza-
tion than zinc dithiocarbamate.

Introduction

Vulcanization of unsaturated organic polymers to produce
rubber is one of the key technologies of modern society.
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The annual production of rubber exceeds 17 million tons
worldwide. In this process, natural or synthetic polyolefins
react with sulfur compounds to generate sulfidic and poly-
sulfidic cross-links between the carbon chains and give an
elastic material. Tetramethylthiuram disulfide (TMTD) is
one of the most important accelerators for this type of

sulfur vulcanization.

Tetramethylthiuram disulfide is usually applied together
with zinc oxide,[! and the function of the latter in this con-
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text has recently been studied extensively.”) The formation
of zinc thiolate complexes such as bis-dithiocarbamato zinc
[Zn(S,CNMe,),] has been postulated, which are believed to
take up more sulfur atoms from TMTD or from added ele-
mental sulfur. The resulting polysulfido complexes are as-
sumed to attack the natural or synthetic polyolefins with
eventual generation of cross-links between the polymeric
chain molecules and formation of a useful rubber material.”!
However, a detailed and realistic reaction mechanism is not
known and, in particular, the fate of the oxygen atoms of
ZnO in the rubber mixture is unclear. A recent review
stated “even today, a clear notation of the exact mechanism
in accelerated sulfur vulcanization is still absent and the role
of zinc oxide or zinc complexes is rather ill-understood”.”

Typically, a vulcanization mixture consists of a natural or
synthetic polyolefin (100), carbon black (50), elemental
sulfur (0.5-4), zinc oxide (2-4), stearic acid (1-4), organic
accelerators (0.5-2), and small amounts of antioxidants, re-
tarders, and other chemicals (quantities given in parts per
hundred of rubber).”! The vulcanization reaction takes place
between 130 and 160°C. Thus, in the case of TMTD acceler-
ation the first step may be homolytic dissociation of the
TMTD molecule. Previously, we have shown that the disso-
ciation of TMTD at the sulfur—sulfur bond requires an en-
thalpy of only 150 kJmol .l This rather low value is ex-
plained by resonance stabilization of the formed thiuram
radicals Me,NCS,’, which are of C,, symmetry. In other
words, TMTD-accelerated vulcanization may be a radical
chain reaction. However, in the presence of lithium cations
TMTD dissociates with formation of lithium complexes with
the thiuram radicals as ligands. The reaction enthalpy of this
process is even lower than 150 kI mol'.! Zinc ions as pres-
ent in zinc oxide may have a similar effect.

The reaction of TMTD with bulk ZnO has been studied
several times experimentally but with conflicting results.
The most recent and most reliable study showed that heat-
ing of a TMTD/ZnO (2/1) mixture for 16 h to 140°C results
in the following main products: zinc dithiocarbamate [Zn-
(dtc),], ZnSO,, tetramethylthiourea (Me,N),CS, S, CS,, and
COS." Evidently, the products (Me,N),CS, S, and CS,
result from simple thermal decomposition of TMTD. How-
ever, formation of the dithiocarbamate (dtc) anions requires
two-electron reduction of TMTD.®?! Since both the original
mixture and conventional vulcanization mixtures do not
contain any common reductant, the formation of [Zn(dtc),]
in the TMTD/ZnO reaction has been explained by simulta-
neous oxidation of sulfur to sulfate, recovered as ZnSO,.['")
Note that the actual vulcanization reaction starts at temper-
atures well below 100°C, is usually performed at 140°C, and
is completed in much less than the 16 h used in the above
experiments. Therefore, the question arises which are the
primary products of the reaction of the Lewis base TMTD
with the Lewis acidic atoms on the surface of ZnO crystals
and whether these products are able to initiate the cross-
linking reaction. It has long been suspected that such inter-
mediates of unknown structure exist.!'!
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In the present work, we have studied the interaction of
TMTD with a number of zinc species such as Zn’*, ZnMe,,
Zn(OMe),, Zn(OOCMe),, and the cubelike cluster Zn,O,
using quantum chemical methods. The last-named species is
a model for the surface atoms of bulk zinc oxide since it
contains only three-coordinate atoms. In the bulk material
the coordination number of the zinc atoms is four. The reac-
tions of the Zn,O, cluster with a number of small molecules
have already been studied by a similar theoretical ap-
proach.'? Since vulcanization is often performed with addi-
tion of elemental sulfur, we have also investigated a number
of more sulfur-rich complexes formally derived by uptake of
single sulfur atoms from elemental sulfur or from TMTD.

Results and Discussion

Reference calculations: We describe below a number of hy-
pothetical gas-phase reactions of the zinc species Zn’T,
ZnMe,, Zn(OMe),, Zn(OOCMe),, and Zn,O, with TMTD
and derivatives of TMTD such as the radicals Me,NCS," and
Me,NCS;" and the anions Me,NCS,” and Me,NCS;". The
binding energies of these S-donor ligands to the zinc species
were calculated at the MP2/6-31+4 G(2df,p)//B3LYP/6-31+
G* level of theory without any further corrections. This
method was chosen on the basis of two sets of benchmark
calculations with a hierarchy of basis sets, namely, 6-314
G*, 6-3114+G**, 6-314+(2df,p) and 6-311+G(3df.22p). To
simulate the coordination of a thione sulfur atom to a posi-
tively charged zinc center, the binding energy of the hypo-
thetical model complex [(CS,)ZnO], shown in Scheme 1,

159.5/ S 2422
169.6

154.3/C Zn N

g O

Scheme 1. Hypothetical model complex [(CS,)ZnO].

was calculated at various levels of theory. At the B3LYP/6-
314+ G* level of theory, this molecule is planar and has a
Zn—S bond of length 242.2 pm (C, symmetry); the bond
angles are C-S-Zn 98.1, S-C-S 178.9, and S-Zn-O 175.7°
(dipole moment: 9.66 D).

From this geometry it can be concluded that the positively
charged zinc atom (+1.16) is coordinated to one of the
sulfur 3p lone pairs. The results of the various single-point
energy calculations in Table 1 demonstrate that the conver-
gence of Mgller-Plesset perturbation theory, that is, HF,
MP2, MP3, to MP4, is somewhat unsatisfactory. Both
B3LYP and MP2 yield comparable results. Our best level of
theory corresponds to the CCSD(T) method. The B3LYP
method underestimates the binding energy compared to the
best CCSD(T) result, while the MP2 theory overestimates
it.

The homolytic dissociation energy of sulfur—sulfur bonds
as in TMTD is an important factor to consider in this work.
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Table 1. Calculated reaction energies [kImol™!] for the coordination of
CS, to monomeric ZnO in [(CS,)Zn0O], based on the B3LYP/6-31+G*
geometry.

Level 6-31+G* 6-311+G** 6-31+G(2dip) 6-311+G(3df2p)
B3LYP ~51.0 —50.8 ~563 —55.7

HF ~320 -305 —37.0 -353

MP2 ~779 ~703 727 —67.9

MP3 ~534 —432 —473

MP4SDQ  —82.2 ~733 ~762

MP4SDTQ —99.3 —91.5 —94.0

CCSD —61.1 —524 ~56.0

CCSD(T)  —66.5 —582 —61.7

To study the dependence of this energy on the theoretical
method chosen, the hypothetical model disulfide HC(=S)S—
SC(=S)H was calculated at several levels of theory. The data
in Table 2 clearly demonstrate that the B3LYP method con-

Table 2. Calculated S—S bond dissociation energies [kJmol™'] of HC(=
S)S—SC(=S)H at various levels of theory, based on the B3LYP/6-31 + G*
geometry.

Level 6-314+G* 6-3114+G** 6-31+G(2dfp) 6-311+G(3df.2p)
B3LYP 150.3 147.0 165.4 165.5

HF 1755 1753 188.7 186.7

MP2 202.9 207.3 236.6 2357

MP3 199.3 202.9 223.7

MP4SDQ 1986 201.3 225.4

MP4SDTQ 186.9 190.0 216.3

CCSD 197.4 200.0 2235

CCSD(T) 1843 187.0 2115

siderably underestimates the S—S bond dissociation energy,
while the MP2 results are in closer agreement with the
CCSD(T) values. The effect of the basis set is rather small
in this case. In both sets of benchmark calculations, the 6-
31+ G(2df,p) results are close to those with the larger 6-
3114 G(3df,2p) basis. Hence, the affordable MP2/6-31+ G-
(2df,p)//B3LYP/6-31+G* level of theory was eventually
chosen as a compromise for all zinc complexes examined in
this work. At this level of theory, the S—S bond dissociation
energy of TMTD (157 kJmol™!) is in very good agreement
with the higher level G3X(MP2) value of 150 kJ molL.F!
The absolute energies and dipole moments of all investigat-
ed species are presented in Table S1 in the Supporting Infor-
mation.

Reactions of TMTD with Zn>**: Tetraalkylthiuram disulfides
R,NC(=S)S—SC(=S)NR, are excellent bidentate ligands to-
wards metal ions'¥ since the thione sulfur atoms are nega-
tively charged and act as strong Lewis basic centers.’! Ac-
cordingly, the interaction energy of TMTD with Zn’* cat-
ions is quite large [Eq. (1)].

Zn** + TMTD — [Zn(TMTD)>* (1)

1
AE = —1230.8 kI mol™ @
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Due to the higher negative charge on the thione sulfur
atoms, the reaction energy is much larger than in the case of
the related complex between H,S and Zn**
(=525.1kJmol™!, calculated at the B3LYP/6-311+G(d,p)
level).™ The complex cation 1 is of C, symmetry with ZnS
bonds of length 222.4pm and an S-Zn-S bond angle of
159.5° (Figure 1). On complex formation, the CSSC torsion

Figure 1. Structures of the complexes [Zn(TMTD)]** (1), singlet [Zn-
(S:CNMe,),]** (2), and triplet [Zn(S,CNMe,),]*" (2a), calculated at the
B3LYP/6-314+G* level. Bond lengths in picometers.

angle of TMTD changes from +88.0° in the free ligand to
—120.7° in 1, and the S—S bond length increases from
203.9 pm in TMTD to 212.2 pm in 1. Therefore, one would
expect the homolytic dissociation energy of this bond to be
smaller than that in the free TMTD molecule (see below).
The largest structural changes on complex formation occur
at the C=S bonds, which increase in length from 165.7 pm in
TMTD to 174.4 pm in 1. The structure of 1 differs from that
of the analogous complex [Li(TMTD)]* insofar as the metal
atom in the latter is coordinated to three sulfur atoms,”
while in 1 the larger zinc atom is two-coordinate.

The energy liberated in the reaction shown in Equa-
tion (1) is substantially larger than that required for dissoci-
ation of TMTD with homolytic cleavage of the sulfur—sulfur
bond, calculated at the same level of theory [Eq. (2)].

TMTD — 2Me,NCS, AE = +156.6 kJ mol™! 2)

Therefore, the question arises whether complex 1 immedi-
ately rearranges to four-coordinate species 2 containing two
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thiuram radical ligands Me,NCS,". Due to its large dipole
moment of 5.07 D (see Table S1 in the Supporting Informa-
tion) this radical should be a good ligand. The correspond-
ing reaction is in fact strongly exothermic regardless of
whether the novel complex is formed in the singlet ground
state (2) or in the sligthly less stable triplet state (2a); see
Equation (3).

Zn** + TMTD — [Zn(S,CNMe,),)** (2)

3
AE = —1157.0kJ mol ! ®)

The energy difference between 2 and 2a is 22.6 kImol .
The structures of these two complexes are presented in
Figure 1. They differ mainly by the coordination geometry
at the zinc atom. The more stable species 2 is of D,, symme-
try with a planar ZnS, skeleton, while 2a, containing a dis-
torted tetrahedral ZnS, unit, is of C, symmetry.

The results given in Equations (1)—(3) are of considerable
significance for the vulcanization process, since they show
that zinc atoms bearing a sufficiently high positive charge fa-
cilitate cleavage of the S—S bond of the accelerator molecule
TMTD on heating, as the isomerization reaction 1—-2 re-
quires only 73.8 kJmol™', as opposed to the 156.6 kI mol™
needed to dissociate the free TMTD molecule.

From the above data it follows that the addition of thiur-
am radicals to Zn** is strongly exothermic [Eq. (4)].

Zn>* +2Me,NCS, — [Zn(S,CNMe,),]*" (2)

-1 4)
AE = —1313.5 kI mol
For comparison purposes, we also calculated the thermo-
dynamics of the reaction of Zn** with two dimethyldithio-
carbamate anions Me,NCS,~ (dtc), derived from TMTD by
two-electron reduction [Eq. (5)]. This anion is also of C,,
symmetry with an S—S distance of 302.8 pm and a S-C-S
bond angle of only 122.5° compared to 108.1° in the
Me,NCS; radical.

Zn*" +2Me,NCS,” — [Zn(S,CNMe,),] (3)

1 (5)
AE = —2667.7 kI mol
The enormous reaction energy liberated in the reaction
shown in Equation (5) is still smaller than the lattice energy
of ZnO (—4033 kImol '), The structure of complex 3 is
shown in Figure 2. The coordination at the metal atom is ap-
proximately tetrahedral, in agreement with previous DFT
calculations (C, symmetry).** However, in the solid state,
zinc bis-dithiocarbamate is dimeric with two bridging and
two terminal chelating Me,NCS,~ ligands.I"" For the two ter-
minal ligands the average observed bond lengths are Zn—S
238.1, C=S 172.4, and C—NMe, 132.5 pm,' in good agree-
ment with our calculated data (Figure 2). Despite the stron-
ger interaction of dtc anions with Zn?* compared to thiuram
radicals, the Zn—S bonds of 3 are longer than those in 2.

922 —— www.chemeurj.org
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Figure 2. Structures of [Zn(dtc),] (3) and [Me,Zn(TMTD)] (5), calculated
at the B3LYP/6-31+ G* level. Bond lengths in picometers.

Reaction of TMTD with dimethylzinc: TMTD is known to
react with Me,Zn at 0°C as shown in Equation (6).'"”! For
the first time, we have obtained thermodynamic data of this
reaction.

ZnMe, + 2TMTD — [Zn(S,CNMe,),] (3)
+ 2Me,NC(=S)SMe (4) (6)
AE = —364.4 kI mol ™!

In this process, the S—S bonds of the two TMTD mole-
cules are formally cleaved heterolytically and the resulting
thiolate anions add to the formal Zn** center of ZnMe,,
while the sulfonium ions Me,NCS,* combine with the
formal methyl anions of ZnMe, with formation of 4. The
hitherto-unknown structure of 4 does not show any unusual
geometrical features. The symmetry is C, and the SCSC tor-
sion angle is 0° (atomic coordinates are given in the Sup-
porting Information).

The first step in the reaction shown in Equation (6) is
probably exothermic coordination of TMTD to ZnMe,

[Eq. (D]

ZnMe, + TMTD — [ZnMe,(TMTD)] (5)

i )
AE = —58.5 kI mol
Complex § is of C, symmetry and has two rather long
Zn—S bonds of 327 pm (Figure 2). The C-Zn-C bond angle
has decreased from 180° in dimethylzinc to 167.3° in S.
Thus, the interaction can best be described as an ion—dipole
attraction (NBO charge on Zn in Me,Zn: +1.22; on the
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thione sulfur atoms of TMTD: —0.12). The C-S-Zn bond
angles of § are 99.1°.

Reaction of TMTD with dimethoxyzinc: In the rubber vul-
canization mixture, the added stearic acid is assumed to
react on heating with zinc oxide to give zinc stearate, which
in turn may interact with the accelerator molecules.® For
this reason, we have studied the reactions of TMTD with
various Zn-O compounds to find out which type of zinc salt
is powerful enough to cleave the TMTD molecule into two
radicals Me,NCS,. Dimethoxyzinc serves here as a first
simple model species. Its donor—acceptor interaction with
TMTD is more exothermic than that of ZnMe, [Eq. (8)].

Zn(OMe), + TMTD — [Zn(OMe),(TMTD)] (6)

i (8)
AE = —127.7 kJ mol
Complex 6 is of C, symmetry with distorted tetrahedral
coordination of the zinc atom and Zn—S bonds of length
270.6 pm (Figure 3). The Zn—O bond lengths have increased
from 177.0 pm in Zn(OMe), to 185.0 pm in 6, while the
OZnO bond angle decreased simultaneously from 172.5° to
151.2° in 6. The C-S-Zn bond angles are 93.7°. The TMTD
ligand slightly changed its conformation, as can be seen
from the CSSC torsion angles of £88.0° in the free TMTD
molecule and —78.5° in 6. The energy released on coordina-
tion of TMTD to Zn(MeO), is more than twice the reaction

20 140.7
151.2 4§

~ 7(C2)

Figure 3. Structures of [Zn(OMe),(TMTD)] (6) and [Zn(OMe),-
(S,CNMe,)[ (7), calculated at the B3LYP/6-31+ G* level. Bond lengths
in picometers.
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energy in the case of ZnMe,, most probably as the result of
the higher positive charge on the zinc atom. The NBO
atomic charges on Zn are +1.51 in Zn(OMe), and +1.54 in
6.

As shown above and in our previous work,” the thiuram
radicals produced in Equation (2) may also serve as biden-
tate ligands in metal complexes. To cleave a TMTD mole-
cule homolytically on reaction with a zinc compound re-
quires that two thiuram radicals release a considerably
higher binding energy on coordination to the zinc center
than TMTD itself. To predict the interaction energy for
these radical ligands with a zinc atom linked to two oxygen
atoms, we studied the reaction shown in Equation (9),
during which zinc acquires the normal coordination number
of four (see Figure 3).

Zn(OMe), + Me,NCS, — [Zn(OMe),(S,CNMe,)| (7)

N ©)
AE = —57.7 kJ mol

From the data in Equations (2) and (9), it follows that the
reaction given in Equation (10) is slightly endothermic; in
addition, it is disfavored at higher temperatures by a de-
crease in entropy.

2 Zn(OMe),+ TMTD — 2 [Zn(OMe),(S,CNMe, )| (7)

(10)
AE = +41.1 kI mol™

Evidently, a stronger Lewis acid than Zn(OMe), is
needed to cleave the TMTD molecule on coordination to a
zinc center.

Reaction of TMTD with zinc acetate: Zinc acetate is used
here as a model compound for zinc stearate, which has often
been discussed as a component of rubber vulcanization mix-
tures.”! The crystal and molecular structure of zinc diacetate
are unknown, but the related oxo acetate [Zn,O(OOCMe)]
has been characterized by X-ray crystallography.'®l In this
structure the shortest Zn—O(ac) bond length is 197.6 pm, in
good agreement with our calculations on the hypothetical
mononuclear acetate [Zn(OOCMe),] (8), in which the coor-
dination number of Zn is four, with a distorted tetrahedral
geometry of symmetry C, and an atomic charge on the Zn
atom of +1.56 (Figure 4). The atoms CCZnCC are collinear.
The two independent ZnO distances are 203.5 and 204.6 pm,
and the O-Zn-O angle is 65.2°.

Coordination of TMTD to the acetate 8 is exothermic
[Eq. (11)]. Two distinct isomers of the resulting complex
[Zn(OOCMe),(TMTD)] have been found (9 and 9a), with a
slight preference for isomer 9 (by 2.6 kI mol ™).

[Zn(OOCMe),] (8) + TMTD
— [Zn(OOCMe),(TMTD)] (9) (1)
AE = —93.4kImol ™!

Both 9 and 9a have a quite unusual distorted trigonal-bi-
pyramidal coordination sphere at the zinc atom (Figures 4

www.chemeurj.org — 923
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133.6

178.9 213.6

Figure 4. Structures of [Zn(OOCMe),] (8) and [Zn(OOCMe),(TMTD)]
(9), calculated at the B3LYP/6-31+ G* level. Bond lengths in picometers.

and 5). TMTD serves as a monodentate ligand in 9 but as a
bidentate ligand in 9a. Accordingly, both acetate anions are
bidentate in 9, while one of the acetate anions is monoden-
tate in 9a. We were unable to locate a local energy mini-
mum of [Zn(OOCMe),(TMTD)] with a six-coordinate zinc
center. In the structure of 9 the Zn—O bond lengths range
from 204.1 to 223.1 pm. The Zn—S distance (244.5 pm), the
ZnSC bond angle (110.1°), and the CSSC torsion angle
(—79.7°) all have normal values. On the other hand, the bi-
dentate TMTD ligand in the structure of 9a occupies two
sites at the zinc atom with Zn—S distances of 247.3 pm (eq)
and 281.7 pm (ax). One of the acetate anions is linked to
the metal atom by just one Zn—O bond (190.1 pm), while
the other ligand is bidentate but with two differing Zn—O
distances of 2052 pm (eq) and 220.9 pm (ax). Thus, the
TMTD ligand has pushed one oxygen atom out of the coor-
dination sphere of the central atom to keep the coordination
number lower than six. This may be the reason for the mod-
erate interaction energy. The TMTD ligand of 9a has C,
symmetry with an S—S bond length of 204.8 pm and a CSSC
torsion angle of —81.7°.

Addition of a thiuram radical to zinc acetate complex 8 is
also moderately exothermic [Eq. (12)].

[Zn(OOCMe),] (8) + Me,NCS,’
. [Zn(OOCMe),(S,CNMe,)| (10)  (12)
AE = —57.2 kI mol™!

924 —— www.chemeurj.org
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10 (C'y)

Figure 5. Structures of [Zn(OOCMe),(TMTD)] (9a) and of the radical
[Zn(OOCMe),(S,CNMe,)]" (10), calculated at the B3LYP/6-31+G*
level. Bond lengths in picometers.

As in the case of 9, the radical enters as a monodentate
ligand and the coordination number of zinc increases from
four to five with a distorted square-pyramidal geometry and
Zn—O bond lengths in the range of 199.3-229.4 pm in 10
(Figure 5). The torsion angle ZnSCS at the n' ligand is
108.6°. Due to the relatively small binding energy [Eq. (12)],
the hypothetical cleavage reaction of TMTD by two mole-
cules of the acetate 8 is predicted to be endothermic

[Eq. (13)].

2[Zn(0OCMe),] (8) + TMTD
. 2[Zn(0OOCMe),(S,CNMe,)| (10)  (13)
AE = +42.3 kI mol™

This result is of considerable importance since it demon-
strates that zinc carboxylates are not equally active substi-
tutes for zinc oxide as vulcanization activators. The main
reason for this finding is the fourfold coordination of the
zinc atoms in conjunction with the strong Zn—O bonds. The
same situation is expected for di-, tri-, and tetranuclear zinc
carboxylate complexes and similar species such as zinc glyc-
erolate. Below we will show that the surface atoms of solid
zinc oxide, on the other hand, can cleave TMTD easily due
to their lower coordination number of three.

Chem. Eur. J. 2008, 14, 919-932
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Reaction of TMTD with zinc oxide: To simulate the situa-
tion of the atoms on the surface of zinc oxide particles, we
used a small cluster of zinc oxide, namely, the heterocubane
Zn,0,. The coordination chemistry of similar M,O, cubanes
(M =Co, Ni) has recently been reviewed.'”] In the highly
symmetrical Zn,O, cluster, all zinc atoms are equivalent and
coordinated to three oxygen atoms, as is expected for the
surface atoms of bulk crystalline zinc oxide. This structure is
a local energy minimum on the potential-energy hypersur-
face (PES) of Zn,0,.”" The Zn,0, cluster has already been
successfully used to study the interaction of other vulcaniza-
tion-related molecules with zinc oxide, for example, the ac-
celerator mercaptobenzothiazole (MBT).'"# The NBO
atomic charges on the zinc atoms of Zn,O, are +1.60; the
Zn—O and Zn—Zn internuclear distances are 199 and
263 pm, respectively. In the ideal tetrahedral wurtzite struc-
ture of bulk ZnO these distances are 198 and 323 pm.

On coordination of TMTD to the Zn,O, molecule, two
zinc atoms increase their coordination number from three to
four while the cubelike cluster remains intact (Figure 6).
This complexation reaction is fairly strongly exothermic

[Eq. (14)].

Zn,0, +TMTD — [Zn,0,(TMTD)] (11)
AE = —238.8 kI mol™!

The structure of 11 is of C; symmetry with Zn—S bond
lengths of 242.0 and 244.3 pm and Zn—O bond lengths in
the range 194.8-207.4 pm. Two zinc atoms acquire a distort-
ed tetrahedral coordination sphere. The Zn-S-C bond angles
are 91.7 and 95.9°. The conformation of the TMTD ligand
with a torsion angle 7(CSSC) of —80.5° is almost the same
as calculated for the free molecule (7= 88.0°).F

One might argue that the surface of commercial zinc
oxide is covered by water molecules and that there are no
three-coordinate zinc atoms. In fact, Zn,O, clusters react
exothermically with water to give the oxide hydroxide
Zn,0,(0OH),." However, the interaction of TMTD with
Zn,0, according to Equation (14) is much stronger than the
chemisorption of H,O molecules, which liberates only
—176.7 kImol™!, calculated at the present MP2 level. There-
fore, should H,O be adsorbed on the surface of zinc oxide it
is expected to be replaced by TMTD during rubber vulcani-
zation.

As a result of the high thermodynamic stability of the
complex [Zn,O,(TMTD)], zinc oxide in the form of Zn,O,
is predicted to strip off the TMTD ligand from the carboxyl-
ate complexes 9 and 9a discussed above [Egs. (15) and
(15a)].

[Zn(OOCMe),(TMTD)] (9) + Zn,O,

— [Zn,0,(TMTD)] (11) + [Zn(OOCMe),] (8)  (15)
AE = —150.6 kJ mol™!
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Figure 6. Structures of [Zn,O,(TMTD)] (11), [Zn,04S,CNMe,)]" (12),
and its isomer 12a, calculated at the B3LYP/6-31+G* level. Bond
lengths in picometers.

[Zn(OOCMe),(TMTD)] (9a) + Zn,O,
— [Zn,0,(TMTD)] (11) + [Zn(OOCMe),] (8)  (15a)
AE = —148.0kJ mol !

The interaction between Zn,O, and the radical Me,NCS,’
is also exothermic [Eq. (16)]. Three isomers of the corre-
sponding adduct have been located on the PES. In the most
stable form 12, the radical binds to two zinc atoms through
both sulfur atoms (Figure 6).

Zn,0, + Me,NCS, — [Zn,0,(p-S,CNMe,)] (12)

16
AE = —102.7 kJmol ™! 16)

The isomer with the Me,NCS,’ ligand attached to one zinc
atom (12a) is 14.8 kImol ™' less stable than 12. In the struc-
tures of 12 and 12a, the Zn,O, cube has opened up to a
more basketlike conformation on coordination of Me,NCS,
(Figure 6).

In the least stable isomer 12b the Me,NCS,’ ligand is also
bidentate but is connected to one zinc and one oxygen atom
with a rather long S—O bond of length of 241.5 pm
(Figure 7). This structure is 35.9 kJmol™! less stable than
isomer 12. Similar “expanded” ligand geometries have been
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13a (C))

Figure 7. Structures of [Zn,0,(S,CNMe,)]" (12b) and of two isomeric sin-
glet species of composition [Zn,O,(S,CNMe,),] (13 and 13a), calculated
at the B3LYP/6-314 G* level. Bond lengths in picometers.

observed for oxidized dithiocarbamate ligands, for example,
in the structure of the hexacoordinate chromium(III) com-
plex [Cr(S,CNR,),(OS,CNR,)], prepared by dichromate oxi-
dation of [Cr(dtc);] and containing two four- and one five-
membered metallacycles (R=Me, Et). The S—O bond
length was determined by X-ray crystallography as
126(2) pm.?! The S,0-bound ligand R,NCS,0" is also pres-
ent in the dinuclear zinc complexes [{Zn(OS,CNBu,),},]*
and [{Zn(OS,CNE,),},].”®! However, in the last three com-
pounds the ligands are anions, not radicals as in 12a.

Another difference between the two doublet structures
12a and 12b is the coordination number of the zinc and
oxygen atoms. In 12b all atoms of the Zn,O, unit are three-
coordinate, while 12a has a four-coordinate zinc atom and,
as a consequence, a two-coordinate oxygen atom. The two
binding schemes observed in the structures of 12a and 12b
are also found in the reaction products 13 and 13a formed
between Zn,O, and two Me,NCS,’ radicals [Egs. (17) and
(17a)].

Zn404 + ZMezNCSZ. — [Zn404(82CNM62)2} (13)

17
AE = —560.0 kJ mol™ 17
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Zn,0, +2Me,NCS," — [Zn,;04(S,CNMe,),] (13 a)

17a
AE = —530.4 kI mol™! (172)

Unexpectedly, the ground state of [Zn,0,(S,CNMe,),] is a
singlet structure with two bridging ligands (13). The corre-
sponding triplet state (13b) is much higher in energy (see
Table S1 in the Supporting Information).

Complexes 13 and 13a are remarkably stable and exhibit
several extraordinary structural features (Figure 7). The two
ligands are bound in differing ways, resembling the coordi-
nation patterns of the complexes 12a and 12b. The most re-
markable feature, which is probably responsible for the
rather high binding energies, are the sulfur—oxygen bonds of
lengths 159.9 (13) and 161.2 pm (13a) involving an oxygen
atom which is still linked to one (13) or two (13a) zinc
atoms. The formation of this S—O bond may be the first step
towards sulfate production, which has been observed on
heating of TMTD with bulk ZnO (see Introduction). The
formerly cubelike Zn,O, cluster has opened up to a basket-
like structure in both 13 and 13a. Major differences between
these two isomers are the coordination numbers at zinc and
oxygen. In 13 one Zn atom is four-coordinate and three are
three-coordinate, while 13a has two four-coordinate and two
three-coordinate zinc atoms.

As a result of the high stability of 13, the isomerization
reaction [Zn,O,(TMTD)] (11)—[Zn,0,(S,CNMe,),] (13) is
exothermic, by —164.7 kJmol™". Thus, complexes analogous
to 13 and 13a are predicted to be key intermediates in vul-
canization mixtures containing ZnO and TMTD. This state-
ment also holds for other diorganylthiuram disulfides since
the homolytic S—S dissociation energy decreases with larger
alkyl groups on the nitrogen atom.

In addition to the singlet species 13 and 13a, we identified
four triplet isomers of composition [Zn,O,(S,CNMe,),]
(13b-e) which are considerably less stable than 13 (see
Table S1 and Figure S1 in the Supporting Information). The
relative energies of these complexes with respect to the sin-
glet ground state 13 are 201.6 (13b), 326.4 (13¢), and
3242 kImol™' (13d), respectively (we did not obtain the
MP2 energy for the least stable adduct 13e). Only in the
two least stable of these structures, 13d and 13e, is the
Zn,0O, cube preserved (see Figure S1 in the Supporting In-
formation).

As a consequence of the high stability of species 13, disso-
ciation of TMTD on reaction with the Zn,O, cluster is pre-
dicted to be more exothermic than the simple adduct forma-
tion shown in Equation (14); see Equation (18).

Zn,04 + TMTD — [Zn,0,(S,CNMe,),] (singlet) (13)

18
AE = —403.5 kI mol™! (18)

[Zn,0,(TMTD)] (11)
— [Zn,04(S,CNMe,),] (triplet) (13b)  (18a)
AE = 36.9 kJ mol™

Chem. Eur. J. 2008, 14, 919-932
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When TMTD is coordinated to Zn,O,, homolytic cleavage
of the S—S bond to form two thiuram radicals [Eq. (18a)] re-
quires 36.9 kImol!, considerably less than in the case of
free TMTD [Eq. (2)]. We also examined the kinetic require-
ments of the homolytic process in 11. For homolytic fission
of the S—S single bond in 11, one would expect a large
degree of diradical character in the transition state. There-
fore, unrestricted methods (i.e., UB3LYP and UMP2) were
employed for the transition-state calculations. The identity
of this transition state for S—S bond dissociation (TS) was
confirmed by intrinsic reaction coordinate (IRC) calcula-
tions. We note that the UMP2 wave function of the calculat-
ed transition state is severely spin contaminated, with (S%) =
0.70. This suggests that the UMP2 barrier may not be relia-
ble.”! Hence, a significantly improved barrier height was
obtained by using the projected Mgller—Plesset (PMP2)
theory.” The calculated transition state TS is characterized
by an S-S distance of 301.8 pm (Figure 8). With respect to
11, the calculated barrier is 138.9 kImol . For comparison,
the energy barrier associated with the S—S bond dissociation
of free TMTD is significantly higher (156.0 kJmol™") Hence,
Zn,0, appears to promote the dissociation of TMTD kineti-
cally as well as thermodynamically.

199.3
: []
0:"" 3 S_ 190.2
209.4

14a (Cy)

Figure 8. Structures of transition state TS for dissociation of TMTD coor-
dinated to Zn,O, and of the two isomeric complexes [Zn,O,(dtc)] (14
and 14a), calculated at the B3LYP/6-31+G* level. Bond lengths in pic-
ometers.
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The interaction between a dithiocarbamate anion and the
Zn,0, cluster [Eq. (19)] is expectedly more exothermic than
the analogous reaction shown in Equation (16).

Zn,0, + Me,NCS,” — [Zn,0,(S,CNMe,)|” (14)

(19)
AE = —261.3kJmol™

The structure of complex 14 depicted in Figure 8 is very
similar to that of the neutral species 12 shown in Figure 6.
An isomeric complex 14a with the dtc anion attached to
two zinc atoms is of C,, symmetry with the Zn,O, cluster
intact (Figure 8). However, this species is slightly less stable
than 14, by 2.5 kImol™". This small energy difference indi-
cates that dtc anions can thermally “walk” over the surface
of ZnO particles by coordinating alternatingly to either one
or two neighboring zinc atoms. However, the above-men-
tioned energy difference probably depends on the internu-
clear distance of the closest zinc atoms. Since this distance is
somewhat larger in the wurtzite structure of ZnO than in
our Zn,O, cluster, the isomer analogous to 14 may be slight-
ly more stable than that analogous to 14a. On the other
hand, these Zn—Zn distances are modified by the incoming
ligands, as can be seen in the structures of many of the com-
plexes described in this work.

Sulfurization reactions: Rubber vulcanization accelerated by
TMTD and activated by ZnO is usually performed in the
presence of elemental sulfur. Therefore, we have studied the
uptake of a single sulfur atom from Sg by various complexes
resulting in ligands of the type Me,NCS; and Me,NCS;~
(ttc). The different ligand properties may be judged by com-
paring the NBO atomic charges of the terminal sulfur atoms
and the nonbonding distances between them (Scheme 2).

§+0.03 |’ 5038 19
MezN—C\%276-7 Me,N—-C 2302.8
S S
+0.05 1 02 1o
S.._ 2740
e g oo 3543
€y \ /-019 €y \ \\\
S s——
+0.12  -0.62

+0.21

Scheme 2. NBO atomic charges on terminal S atoms and nonbonding
S--S distances [pm] in neutral and anionic ligands.

The data in Scheme 2 reveal considerable differences be-
tween the neutral and anionic species. In all cases the CS,
groups are practically planar. The higher negative charge on
the terminal S atoms favors the anions over the neutral spe-
cies as ligands, but the two anions differ considerably in
their bite angles, that is, the distance between these terminal
atoms. These bidentate ligands can form five-membered
rings with a single metal atom or can be attached to two
neighboring metal atoms of the Zn,O, cluster to give seven-
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membered rings (Figures 9 and 10). One would expect that
dtc prefers the former case, while ttc would favor formation
of a bridge between two metal atoms. However, our calcula-
tions show that the trithiocarbamate anion is an excellent
ligand even towards a single zinc atom, while the neutral

15a (Cy)

Figure 9. Structures of the isomeric doublet complexes [Zn,O4
(S;CNMe,)] (15 and 15a), calculated at the B3LYP/6-31 4+ G* level. Bond
lengths in picometers.

16a (')

Figure 10. Structures of the isomeric singlet complexes [Zn,O,(ttc)] (16
and 16a), calculated at the B3LYP/6-31+G* level. Bond lengths in pic-
ometers.
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Me,NCS;5’ radical is not, since its reaction with Zn,O, is cal-
culated to be slightly endothermic [Egs. (20) and (21)].

Zn,0, + Me,NCS; — [Zn,0,(S;CNMe,)] (15)

(20)
AE =19.5kI mol !

Zn,0, + Me,NCS,~ — [Zn,0,(S;CNMe,)]~ (16)

(21
AE = —269.5 kJmol*

The seemingly poor ligand properties of the radical
Me,NCS;" towards a single metal atom may be the result of
the strain in the almost planar five-membered ring of 15, as
reflected in the unfavorable torsion angle of —24.3° at the
S—S bond (see Figure 9). In addition, the weak bonding in-
teraction between the terminal S atoms in the free ligand®
must be dissolved on complex formation. Furthermore, the
basketlike structure of the Zn,O, unit of 15 with one “miss-
ing” ZnO bond lowers the reaction energy. If the ring size is
increased by linking the ligand to two metal centers, as in
15a and similarly in 16a, the thermodynamics change con-
siderably [Egs. (20a) and (21a)].

Zn,0, + Me,NCS; — [Zn,0,(u-S;CNMe,)] (15a)

20a
AE = —171.1 kI mol ! (20a)

Zn,0, + Me;NCS;~ — [Zn,0,(u-S;CNMe,)]~ (16a)

(21a)
AE = —399.2kJ mol '

Isomer 15a has an intact Zn,O, cube and the Me,NCS;
ligand bridges two metal atoms to form a chair-shaped
Zn,0CS; ring with an S—S torsion angle of —68.2°
(Figure 9). As a free radical, species 15a is expected to be
highly reactive.

Formation of the Me,NCS; radical from Me,NCS," and
'/ Sg is known to be endothermic,”! by 45.6 kimol™' at the
MP?2 level used in this work. Similarly, formation of the tri-
thiocarbamate anion (ttc) from dtc and '/; Sy is calculated to
be endothermic by 14.9 kJmol™ in the gas phase. At the
B3LYP level, these two sulfurization reactions are even
more endothermic.

The reaction of the singlet complex [Zn(S,CNMe,),]**
with sulfur does not produce the expected cation [Zn-
(S,CNMe,)(S;CNMe,)]**; instead the isomeric tetrame-
thylthiuram trisulfide (TMTT) complex 17 is formed. In
other words, the two ligands have combined to give TMTT

[Eq. (22)].

[Zn(32CNMe2)2]2+ (2 a)+ 1/8 S — [ZH(TMTT)]H (17) ’
AE = —121.7 kJ mol ! (22)

In the triplet state the cation [Zn(S,CNMe,)(S;CNMe,)]**
with two separate ligands (17a) is a local minimum on the
PES. However, 17a is 78.4 kImol ! less stable than 17. The
structures of 17 and 17a are shown in Figure 11. The zinc
ion is three-coordinate in 17 but four-coordinate in 17 a.

Chem. Eur. J. 2008, 14,919-932
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e

Figure 11. Structures of the two isomeric cationic complexes [Zn-
(S,CNMe,)(S;CNMe,)]** (17 and 17a) and of the neutral species [Zn-
(S,CNMe,)(S;CNMe,)] (18), calculated at the B3LYP/6-314+G* level.
Bond lengths in picometers.

The following isodesmic sulfurization reactions leading to
the most stable isomers of the corresponding compositions
are predicted to be partly endothermic and partly exother-
mic [Egs. (23)-(26)].

[Zn(dte),] (3) + /s S — [Zn(dte)(ttc)] (18)

23
AE = +8.8 kI mol™ (23)

[Z1n,0,(S,CNMe,)]" (12) + /s S — [Zn,04(S;CNMe,)]" (15a)
AE = —22.8 kImol™
(24)

(Zn,0,(dtc)]” (14) + s Ss — [Zn,O,(ttc)] (16a)

25
AE = —62.9 kI mol™ (25)

[Z1,0,(S,CNMe,),] (13) + /s Ss
— [Zn,0,(S,CNMe,)(S;CNMe,)] (19)  (26)
AE = +0.3kJmol™

A complex of composition [Zn,O,(S,CNMe,)(S;CNMe,)]
as shown in Equation (26) may exist as several isomers. We
have located four additional connectivities in singlet state
(19a-d) and one in triplet state (19e). At the B3LYP/6-31+
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G* level, structure 19 shown in Figure 12 is the most stable
form, while the other five isomers 19a-e (see Figures S2 and
S2a in the Supporting Information) are at least 32.0 kJmol ™!

198.0 197.3

20 ()
Figure 12. Structures of the isomeric complexes [Zn,0,(S,CNMe,)-

(S;CNMe,)] (19) and [Zn,O,(TMTT)] (20), calculated at the B3LYP/6-
31+ G* level. Bond lengths in picometers.

less stable. All six isomers are characterized by a basket-
shaped Zn,O, cluster and two separate ligands. In the less
stable isomers one ligand is always connected to one zinc
atom, while the other is attached to one zinc and one
oxygen atom, that is, there is always one sulfur—oxygen
bond, similar to complexes 12a and 13a discussed above. In
the most stable form 19 both ligands are bridging but in dif-
fering manners, as indicated by the formula [Zn,O;(u-
0OS,CNMe,)(u-S;CNMe,)]. The corresponding triplet state
19e is 152kImol' less stable than the related singlet
isomer 19a (B3LYP/6-31+4 G* level). Atomic coordinates of
all six isomers are given in the Supporting Information.

The hypothetical isomerization of 19 to the trisulfido com-
plex [Zn,O4TMTT)] (20) is strongly endothermic. There-
fore, we predict that TMTT dissociates at one of the S—S
bonds on contact with zinc oxide according to Equa-
tions (27) and (28).
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Zn,0, + TMTT — [Zn,0,(TMTT)] (20)

27
AE = —251.3kJ mol™' @)

[Zn,0,(TMTT)] (20) — [Zn,0,(S,CNMe,)(S;CNMe,)] (19)
AE = —156.1 kI mol"!
(28)

The structure of 20 is analogous to that of [Zn,O,-
(TMTD)] (11) with CSSS torsion angles of +92.7° and
—116.2° (Figure 12).

Sulfurization of dithiocarbamato complexes and their rad-
ical derivatives may not only occur by reaction with elemen-
tal sulfur but TMTD itself may function as a sulfurizing
agent which then is turned into the monosulfide TMTM.
The corresponding reactions are either slightly endothermic
or exothermic, as the examples in Equations (29)—(31) show.

[Zn(dtc),] (3)+ TMTD — [Zn(dtc)(ttc)] (18)-+TMTM

29
AE = +17.1 kI mol™! 29)

[Zn,0,(dtc)]” (14) + TMTD
— [Zn,04(ttc)]” (16a) + TMTM  (30)
AE = —54.6 kI mol ™!

[Z0,04(S,CNMe, ), (13) + TMTD
. [Zn,04(S,CNMe, ) (S:CNMe,)] (19) + TMTM (31)
AE = +8.6 kImol™

On the basis of the results presented in Equations (23)-
(31), we predict that polynuclear trisulfido zinc complexes
will be formed under the equilibrium conditions to be ex-
pected during rubber vulcanization at temperatures near
150°C, even though the decrease in entropy makes the
Gibbs energies of some of these reactions slightly more pos-
itive than the reported reaction energies. On the other hand,
the formation of mononuclear trisulfido complexes such as
18 is predicted to be endothermic, and therefore such spe-
cies are not expected to form in noticeable concentrations
during rubber vulcanization. Zinc complexes with the sulfur-
rich ligands Me,NCS;" and Me,NCS;™ have never been pre-
pared as pure materials. The only experimental evidence for
their existence comes from MALDI-MS studies. In a laser-
desorption mass spectrometry experiment, mixtures of [Zn,-
(dtc),] with Sg produced positive ions which in some cases
contained more than four sulfur atoms per zinc atom.’
However, The connectivity of these cations is unknown, and
the energy of the laser may trigger even highly endothermic
reactions. On the other hand, bridging trithiocarbamate (ttc)
ligands have been found in the structure of a dinuclear
osmium complex (Scheme 3). This species was prepared by
refluxing [Os(dtc);] with Sg in dimethylformamide.”

Bridging and terminal dithiocarbamato ligands are pres-
ent in commercial [Zn,(dtc),] and they may behave differ-
ently on sulfurization. Therefore, we optimized the struc-
tures of [Zn,(dtc),] (21) and [Zn,(dtc)s(ttc)]. In the latter
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Scheme 3. Structure of osmium complex.

the ttc ligand may be bridging (22) or terminal (22a). Ac-
cording to the results presented above, terminal ttc ligands
are less favorable thermodynamically than dtc ligands.
Hence, we investigated only the complexes 21 and 22 (see
Figure 13). The C,-symmetric structure of 21 is in good
agreement with the X-ray diffraction analysis of zinc bis-di-
thiocarbamate.'! The dimerization reaction 2[Zn(dtc),]
(3)—[Zn,(dtc),] (21) is predicted to be exothermic, by
—81.7kJmol™', but the isodesmic sulfurization of 21 by
either S3 or TMTD to give 22 is clearly endothermic
[Egs. (32) and (33)].

[Zn,(dtc),] (21) + 1/8 Ss — [Zny(dtc)s(ttc)] (22)

32
AE = 4+50.9 kT mol™! (32)

[Zn,(dtc),] (21) + TMTD
— [Zn,(dtc)s(tte)] (22) + TMTM  (33)
AE = +59.2 k] mol !

Complex 22 is rather unsymmetrical and contains a puck-
ered nine-membered ring with five sulfur atoms. The two
terminal ZnS,CNMe, units are of C, symmetry with stag-
gered methyl groups. In contrast to the structure of 21, the
bridging S,CNMe, groups of 22 are no longer of C,; symme-
try. The S—S torsion angle of 22 is 114.2°. The Zn—S bonds
to the terminal ligands are considerably longer than those to
the bridging ligands (av 242.7 vs. 237.1 pm). Thus, there
seems to be a certain amount of strain in the four-mem-
bered ZnS,C rings, also in the structure of 21, as can also be
seen in the S-Zn-S bond angles of 75.5° in the four-mem-
bered ring and 114.3° in the eight-membered ring. This
strain probably produces the driving force for the spontane-
ous dimerization 23—21.

Conclusion

We have shown for the first time that tetramethylthiuram di-
sulfide (TMTD) reacts with a variety of zinc species to give
chelate complexes with strong Zn—S bonds. In the case of
Zn** and Zn,0, as a model for solid zinc oxide, the initially
formed adducts are predicted to isomerize exothermically to
the more stable complexes with dimethylthiuram radical li-
gands resulting from dissociation of TMTD at the sulfur-

Chem. Eur. J. 2008, 14, 919-932


www.chemeurj.org

Complexation of Tetramethylthiuram Disulfide with Zinc Compounds

\.( 22(Cp)
LS

Figure 13. Structures of the dithio- and trithiocarbamato complexes [Zn,-
(dtc),] (21) and [Zn,(dtc)s(ttc)] (22), calculated at the B3LYP/6-31+ G*
level. Bond lengths in picometers.

.

sulfur bond. Thus, for the first time it has been shown that
ZnO functions not only as a reinforcing filler and a trap for
acids formed during rubber vulcanization, but it also acti-
vates the TMTD accelerator by a true chemical reaction.
The same holds for the corresponding trisulfide TMTT.
During complex formation, the ZnO structure is partly dis-
solved and disintegrated by the incoming ligands, that is,
Zn—O bonds are broken. In this way, more Zn centers
become available for reactions with TMTD or its deriva-
tives. Surprisingly, in some cases the ligands form additional
S—O bonds with the Zn,O, cluster. In the presence of ele-
mental sulfur or an excess of TMTD as sulfur donor trithio-
carbamato complexes are predicted to form, but only the
corresponding polynuclear complexes derived from ZnO are
formed exothermically, while the sulfurization of mono- and
dinuclear zinc dithiocarbamato complexes such as [Zn(dtc),]
and [Zn,(dtc),] to produce [Zn(dtc)(ttc)] and [Zn,(dtc)s-
(ttc)], respectively, is definitely endothermic.
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Computational Details

Ab initio and density functional theory (DFT) calculations were per-
formed with the Gaussian 03 series of programs.””! The geometries of the
various complexes and their components were examined by using the
hybrid functional B3LYP™®! together with the 6-314G* basis set. The
B3LYP/6-314G* level of theory has previously been shown to reproduce
the structures of similar zinc compounds very well.”! Full geometry opti-
mizations were carried out without any geometrical constraint. The Car-
tesian coordinates of the investigated complexes are given in the Sup-
porting Information. To obtain improved energies, single-point calcula-
tions at the MP2/6-31+G(2df,p) level were performed for all species.
Thus, all thermodynamic data are related to the MP2/6-31+ G(2df,p)/
B3LYP/6-314+G* level of theory unless noted otherwise. The reaction
and binding energies are given as AE at the potential-energy minimum.
The absolute energies and dipole moments of all investigated species are
presented in Table S1 in the Supporting Information, which also contains
the Cartesian coordinates of all complexes. Harmonic fundamental fre-
quencies were calculated at the same level as the corresponding geome-
try to characterize stationary points as equilibrium structures, with all fre-
quencies real. Since the rubber matrix is rather unpolar, the gas-phase re-
action energies obtained in this work should provide a realistic approxi-
mation to the “real world”. For all investigated molecules a charge densi-
ty analysis at the B3LYP/6-31+G* level was carried out by using the
natural bond orbital (NBO) approach.”” NBO atomic charges of small
molecules have been demonstrated to agree well with experimental
values obtained from X-ray diffraction data.”'! The benchmark calcula-
tions on [(CS,)ZnO] and HC(=S)S—SCH(=S) were performed with
Mgller-Plesset perturbation theory (MP2, MP3, and MP4) and coupled-
cluster theory (CCSD and CCSD(T)).?!
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