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Density Functional Study of Tetra-Atomic Clusters and Complexes of the Group 16
Elements: Trends in Structure and Bonding
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Se and Ta clusters, the intermolecular weakly bound charge-transfer complexgg@geand (Te)(O5),

and the (%)(Y>) and (XY)(YX) mixed compounds (X, ¥= S, Se, Te) were studied using density functional
theory with all-electron and effective core potential basis sets. All systems were analyzed in terms of interactions
of the diatomic molecules. The energetically favorable “face to face” binding of the diatomic moieties leads
to delocalization of the electron density in the high-lying occupigeantibonding orbitals of the tetra-
atomic products. The cis structures are minima for all systems considered as a result of this delocalization.
For the clusters and mixed compounds, the cis tetra-atomic structures formed by the diatomic molecules with
equal or similar electronegativities correspond to global minima. The diatomic fragments in these compounds
are nonparallel and have shorter bond lengths than their free diatomic values. For the clusters, the other
low-lying isomers ordered according to their relative stabilities are trans, branched ring, and puckered ring.
The increase in the delocalization of bond lengths leads to a decrease in relative stabilities. The rectangular
configuration was predicted to be a transition state in the degenerate interconversion of two cis forms of Se
with a chemically insignificant barrier. For Tethis barrier disappears and the geometry of the cis global
mimima is extremely close to the rectangular structure. The stability of the (XY)(YX) compounds with
heteronuclear diatomic fragments relative to the)(X;) isomers with the homonuclear diatomic species
increases with a decrease in the difference between the electronegativities of the X and Y atoms. The cis
structures of (S8(0,) and (Te)(O,) with the larger difference in electronegativities between the diatomic
moieties correspond to local minima.

Introduction The X4 species show similar vibrational spectra and thus it
The diatomic molecules ;S Se, and Te can be readily was proposed that all the tetra-atomic chalcogen clusters have

isolated in a solid argon matrix from superheated vapors. TheseSimilar potential energy surfaces. Andrews et al. using ab initio
X, molecules may be considered as the conceptual building COMPUtations on s a guide for the otheryspecies assigned
blocks for the % clusters which have been observed spectro- the IR bands of S_’éd and Ta'e to the Cy, cis isomers and to )
scopicallylad These tetra-atomic compounds are known to be the Qs brgncheq ring isomers. These results do not agree with
less stable than larger clusters of the chalcogens, butirggs earller_ pioneering computations on the4$l_yster by Hohl et
are incorporated into infinite chains of amorphous seleffum @l.*>with parameter-free local density functional theory (LDFT)
and exist in selenium gas. The use of selenium in the and molecular dynamics. To the best of our knowledge,
xerographic process has stimulated research on small seleniuntheoretical investigations on Téave not been reported.
clustersteh Dithio-, diselena-, and ditelluradiazolyl dimers Unlike the tetra-atomic chalcogens, no neutralsBuctures
contain S, Se, and Ta fragments and are important building in the ground electronic state were observed experimendtaily.
blocks in the design of low-dimensional molecular conduc{@ts. O, can form tetra-atomic species in combination with the
Experiments suggest at least two nearly degenerate isomerghalcogen diatomic molecules. Spectroscopic 'datalicated
of the X species, but it has proven impossible to extract weakly bound (§(O,) and (Se)(0O,) intermolecular complexes
information on the pure forms of these isomers. Thus, theory in a solid argon matrix with very similar IR spectra. The small
can be used profitably to examine the structures and relative blue shifts of 8 crm! for the X, subunits (X= S, Se) and the
energies of the Xisomers. Very extensive high-level ab initio  red shift of 148 cm? for the G, moiety*2 suggested the transfer
investigations have been carried out on the&ential energy  of electron density from Xto the more electronegative,GFor
surface?® It has been pointed out that at the multireference ab the ($)(02) complexi? the BLYP functional predicted &,
initio level two interacting triplet molecules can form four cis minimum energy structure and binding energies-8fto
nearly isoenergetic,3somers with closed-shell singlet electronic  —5 kcal/mol. The predicted changes in harmonic vibrational
states as illustrated in Figure 1. The global minimum was frequencies were in good agreement with experiment. The

predicted to have th(_e opely, Cis strgcturel. The Cyy, trans possible formation of a (B0, complex has not been
isomerlll is closest in energy to thi€,, form. A branched considered previously.

three-membered rintV (Cs) and a four-membered puckered

ring V (D) lie higher in energy. In addition to the clusters Xand the charge-transfer

complexes (%)(0Oy), there exist intermediate cases of interaction

t Permanent address: Institute of Physical and Organic Chemistry, RostovWhen the two chalcogen diatomics have similar electronega-
University, Rostov-on-Don, 344090, Russian Federation. tivities: the (Se)(Sy), (Te)(S), and (Te)(Se) systems. These
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3.144 2542 intermolecular charge-transfer complexes approaches the limit
""""""""""" (4) of reliability of present techniqués.
1.914 1.889 Theoretical Details
o =106.4

All theoretical predictions were made with the GAUSSI-
@W@ """""" 3 AN98 package. Becke’s 1988 (B)functional with gradient
I, o2, rectangular correction of the density and Becke’s three-parameter hybrid
. transition state functional (B3)® which incorporates a contribution due to
cis- Hartree-Fock (HF) exchange, were used to model the exchange.
Correlation was included via the functionals of Lee, Yang, and
Parr (LYP} with local and nonlocal terms. Thus, the exchange-
correlation functionals used were BLYP and B3LYP.

The probable influence of the HF exchange component was
considered before choosing between pure and hybrid DFT
potentials. In the general case, the HF exchange component
ameliorates the typical DFT overestimation of bond lengths and
underestimation of energy gaps. However, the failure of the HF
IV. cs prediction of energetics for systems with strong electron

' correlation effects makes the hybrid DFT methods unsuitable
for the quantitatively accurate description of the potential energy
surface of such systems. For the clusters considered herein, the
HF method overestimates the stability of the puckered ring

trans- branched ring

S$=S double structures very significantl§. Thus, the inclusion of HF
bond length: 1.897 exchange in the exchange-correlation potential (B3LYP has 20%
S-S single HF exchange) would not be expected to produce the correct
bond length: 2.061 energetics. For the same reason the hybrid B3 failed to predict
adequately the stability of the £§0,) complex!? Those

authord? noted that the HF method (HF/TZ2P) itself predicts
the ($)(0,) complex to be thermodynamically unstable by 111
) ) kcal/mol above free Sand Q. Therefore, a lack of stability of
O i o, o b Sclitrs! 4 ong i lecte_ the (09 comple i he 53 functonal coul be anic:
computed with CISD/DZP. The standard-S single bond length pated. To demonstrate the influence O.f the HF exchange
corresponds to the experimental value for the HSSH molecule. component on the energetics of the Species, we made one
series of predictions with B3LYP on the Jeluster. The pure
Y—Y Y----- Y Y------- X B-exchange functional was taken as the basic method for all
! | ” “ ‘ I other molecules considered herein.
, | It should be noted that in cases where both HF and pure DFT
X=X X---- X X------ Y methods fail but with opposite signs for the errors, the inclusion
Figure 2. Possible structures of the mixech% compounds. of HF exchange may improve the energetic prediction from
DFT. The Salahub group'$research with DFT on the charge-
compounds could be analyzed in terms of the interactions of transfer complex between ethylene and Iids shown that the
triplet state SeS, SeTe, and TeS heteronuclear diatomic mol-pure B-potential overestimates and HF underestimates the
ecules which are known experimentaifyThree types of mixed ~ binding energy. The inclusion of the HF exchange component
X,Y, structures (X, Y are chalcogens) may be envisaged asdoes improve the computed energetics. B3LYP yields a binding
depicted in Figure 2. Experimental studies of larger mixe@se of —3.7 kcal/mol and the BH and H half-and-half functional
rings have been reported (see ref 29 and references therein)with 50% HF exchange predicts2.1 kcal/mol binding in good
Se-Te crystals, amorphous filn%, and mixed chalcogen agreement with experiment. As a second example, the B3
polycation§ are known experimentally. The chemistry of functional predicted the correct relative stability of g rings
tellurium—sulfur complexes was discussed by Haiduc eéral. compared to th€,, open structures of thegXX = O, S, Se)
Earlier theoretical investigatiofsof the seven- and eight-  Systemg*HF overestimated and the pure B-functional under-
membered mixed S8, rings with LDFT predicted an energetic ~ estimated these energy differences.
preference for the isomers with—§ or Se-Se linkages DFT studies of those Xmolecule$* have shown that a
compared to isomers with S& bonds. Ziegler et & studied change in the correlation functional plays a relatively minor
several possible structures of ;88" ions within the LDFT role in predictions for these systems with strong nondynamical

V. b2y
puckered ring

approximation. correlation. Thus, the influence of different correlation correc-
We present here the first nonlocal DFT study of the structure tions was not examined herein and LYP was used throughout.
and bonding in the X(X = Se, Te) clusters, intermolecular Several all-electron basis sets were employed. For predictions

(X2)(Oy) charge-transfer complexes, and the mixed complexes on the Sg and the (Sg(0O,) species the valence triple{TZ)
XoY2 (X, Y=S, Se, Te). All systems were analyzed in terms of 6-311!82 basis set was augmented with diffuse functiort§ (
the interaction of diatomic fragments. Accurate theoretical and polarization functions 2df (two sets of d-type and one set
studies of these systems already are known to present difficulties.of f-type polarization functions). The 6-31G#¥,6-311G(2df),

An adequate description of the Sotential energy surface was 6-311+G(2df), and 6-311G(3df) basis sets were employed in
obtained only with very high-level multireference methdds. initial computational tests on,SThe large (18s14p8d) all-

In addition, the application of DFT to rather weakly bound electron basis set of HuzinagHD, was used for Tg Basis
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TABLE 1: DFT Prediction of Bond Lengths R (A),
Harmonic Vibrational Frequencies @ (cm™1), and Force
Constantsf (mDyne/A) for Selected Group 16 Diatomic

Molecules
method R w f R 1)
35,70, IS,
UBLYP/
6-311Fg(2df)  1.229 1495 211 1.936 664 8.3
6-311g(2df) 1.230 1503 21.3 1.935 663 8.3
6-311g(3df) 1.228 1512 215 1.928 668 8.4
6-31g(BPF) 1.963 657 8.1
LanL2DZ(BPF) 1.247 1503 21.3 1.967 649 7.9
CEP-121g(BPF) 1.971 650 8.0
Cep-31g(BPF)  1.258 1504  21.3
experiment 1.207 1580 1.88°c 717P0b
1552¢b
35, Se 35-SeS
UBLYP/
6-311-g(2df) 2220 354 59 2081 509 5.9
LanL2DZ(BPF) 2.247 350 5.8 2.106 498 5.6
experiment 2.1% 38Xaa 5560
33 TeS 33-SeTe
UBLYP/
LanL2DZ(BPF) 2.292 427 4.0 2429 288 4.0
experimertt 471b 314
2y Te
UBLYP/
Cep-31g(d) 2.698 211 3.4
Cep-31g(BPF)  2.655 225 3.9
LanL2DZ(BPF) 2.618 231 4.1
HD 2.659 227 4.0
UB3LYP/
Cep-31g(d) 2.662 225 3.9
experiment 2.5%  246ich

a2 Fundamental values obtained in gas phasaindamental values

obtained in solid argon.
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for the weakly bound (¥(O,) intermolecular charge-transfer
complexes (Table 7) where the decreaseAH;,q due to the
ZPVE corrections are significant.

Results and Discussion

1. &, Se, and Te; Clusters. Si. The S cluster has been
examined with many theoretical methods, and thus, a first step
in the present study involved BLYP predictions on the@ecies
to determine the suitability of DFT in describing the potential
energy surfaces. According to earlier works,2Aland CISE3
methods predicted the global minimum to be the puckered ring
structure. At multireference levets,the global minimum was
the operCy, cis structure, with nonbonded terminal atoms. The
closest critical point to the ope@,, cis minimum is theD,
rectangular configurationl , which at the MR-CISB level
appears to be the transition state and is-2@3 kcal/mol higher
than the openC,, cis structure. Some correlated ab initio
methods (MP2, MP43, QCISD(T)P and LDFTt predict the
rectangular species to be the global minimum rather than a
transition state.

The geometries and relative energies qfpBedicted with
the BLYP/CEP-121(BPF) and BLYP/6-31G(BPF) methods are
in good agreement with the earlier multireference reslEhe
openC;,, cis form is predicted to be the global minimum and
the Dy, rectangular species corresponds to the transition state
for the C,, cis to Cy, cis degenerate interconversion, with a
barrier of approximately 0.2 kcal/mol. A more localized terminal
3—4 bond length is predicted in comparison to multireference
methods. In contrast to the multireference restite 1-2 and
3—4 bond lengths in the opdy, cis structure are very slightly
shorter (by 0.001 to 0.002 A) than in the fregrBolecule. The
D2 rectangular form shows a similar decrease in bond lengths
relative to the free diatomic molecule. In general, the predictions

sets with pseudopotentials for the core electrons as incorporatedf the operCs, cis andDh rectangular systems from the BLYP
in GAUSSIAN98 also were employed: the Stevens-Basch- methods are closer to each other in energies and geometries
Krauss effective core potential (ECP) triply split basis CEP- than in the earlier ab initio result$.The binding energies from
12120 split-valence CEP-31&, and the Los Alamos ECP
LanL2 with double¢ (DZ) quality valence basis sét.These
basis sets were augmented with one set of polarization functions121G(BPF) set. Since the predictions for d&pend strongly
(BPF) with the exponents recommended by Ba&ai(O) =
0.85, 04(S) = 0.49, a4(Se) = 0.32, anday(Te) = 0.22. The
standard polarization function included in the GAUSSIAN98 the larger 6-311G(2df), 6-3#G(2df), and 6-311(3df) basis
code for Te withog(Te) = 0.532 was used for comparison.
Table 1 presents DFT results on selected group 16 diatomic height along with the QCISD(T)/6-311G(d) valuewvith the
molecules with the various basis sets along with the available all-electron triply split valence basis sets, the2land 3-4 bond
experimental data. These diatomic results are the reference datéengths in the oper;, cis structure are somewhat longer than
in our further analysis of the tetrameric species. The LanL2DZz in free $. The barrier for theCs, cis to Cy, cis interconversion
basis augmented with the BPF yields reasonable results whichincreases to 0.8 kcal/mol. The binding energy of the opgn
agree well with the much more computationally expensive all Cis structure increases t620.3 kcal/mol with the 6-311(2df)
electron 6-31+G(2df) results and with experiment. Thus,
LanL2DZ(BPF) was the core potential and basis set of choice. general, the differences in geometries and energies between the
The very computationally economic CEP-31G(BPF) sets were openCy, cis andD2, rectangular forms increases with larger
used for the tellurium compounds. Table 1 shows that, in basis sets and the op&, cis isomer of $adopts a structure
general, DFT approaches with all basis sets systematically reminiscent of butadiene. These results are in very good
overestimate the bond lengths and underestimate the harmoni@greement with the most accurate of the earlier conventional

vibrational frequencies.

Binding energies AEning) Were calculated as the difference

BLYP for the openCy,, cis S-S, structure are-17.7 kcal/
mol with the 6-31G(BPF) and-16.5 kcal/mol with the CEP-

on the basis sets used, more reliable BLYP predictions on the
openC,, cisandDyy, rectangular configurations were made with

sets. Figure 3 illustrates the predicted geometries and the barrier

and to—21.3 kcal/mol with the larger 6-311(3df) basis sets. In

ab initio result3*°lending credence to our further research on
the other chalcogens.

between the total energy of the tetra-atomic system and the sum Se. Predictions for Seare presented in Table 2. Very similar
of the total energies of two triplet diatomic molecules. Zero- trends were obtained with the all-electron 6-313(2df) basis
point vibrational energy (ZPVE) corrections were omitted from set and with LanL2DZ(BPF) core potential and basis set. The
the predicted relative energies andkying in the clusters and
the mixed compounds (Tables-3, Figures 8-10) since the
changes in the energetics due to the ZPVE corrections are veryisomer in energy, and the puckered ring is the highest. F2 1
small. ZPVE corrections were included in the predicidg)ing

closed cis structure (trapezoidal four-membered ring) was found
to be the global minimum, th€;, trans structure is the closest

and 3-4 distances in the closed cis structure predicted with
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Figure 3. Predicted geometries (in A and deg) for g cis minimum

and theDa, rectangulartransition structure of the,Sluster. Theoretical
methods were BLYP with the 6-311G(2df), 6-3&@df) (values in
parentheses), and 6-311G(3df) [square brackets] basis sets. Values i
{curly brackets are QCISD(T)/6-311(d) results from ref 5. The barrier
height is in kcal/mol.

TABLE 2: Relative Energies AE; (kcal/mol) and Bond
Lengths and Angles (in A and deg) for Sglsomers?

basis sets/properties  cis trans  branched ring puckered ring
AE;
6-311+G(2df) 0.0 6.1 13.7 17.9
LanL2DZ(BPF) 0.0 6.4 14.7 18.2
Geometries
6-311+G(2df)
o 2.213 2.224 2.421 2.451
I3 2.878 2.475 2.542 3.301
Ia 2.898
34 2.225
a 89.7 109.9 121.0 131.1
LanL2DZ(BPF)
2 2.236 2.267 2.450 2.477
I3 2.905 2.505 2.571 3.333
l14 2.905
I'34 2.245
a 90.0 109.8 121.2 130.8

a All the predictions are from DFT with the BLYP functional. See
Figure 1 for the atom numbering scheme.

the 6-31%#G(2df) and LanL2DZ(BPF) basis sets decrease
slightly compared to the free Semolecule by 0.007 and 0.011
A, respectively.

A difference between the all-electron tripleplus polarization
and core potential doublgbasis set appears in the prediction
of the symmetry of the closed ring structure, the global minimum
of Se. The LanL2DZ(BPF) basis set predicts g, rectangular
form to be the global minimum. Th&,, cis species does not
appear to be a critical point on the Smtential energy surface
with this basis set and collapses to the, rectangular form
during geometry optimization. In contrast, the larger 6-8GE
(2df) basis set qualitatively reflects the terrain near the global
minimum on the X% potential energy surface expected on the
basis of the gresults: theD,, rectangular form is predicted to

Orlova and Goddard

D2h rectangular

Figure 4. Distances (in A) and transition state vector for the,
rectangulartransition structure of Sewith the BLYP/6-311G(2df)
method.
be a transition state for th€,, cis to C,, cis rearrangement.
The geometry and the transition vector of bg, rectangular
configuration are depicted in Figure 4. Geometry optimization
along the direction of the transition vectdteads to theC,,
structure. The potential energy surface in this region is very,
very flat; the total energy decreases by only 8.2077 hartree
during optimization. Thus, it was impossible to reach a critical
point, and consequently the closgg cis configuration obtained
cannot be unambiguously identified as a true minimum.

In summary, the barrier to they, cis toC,, cis rearrangement
almost disappears on the potential energy surface piBdike
the openCy,, cis form of §, the closedC,, cis structure of Sg
is extremely close to thB,y, rectangular configuration and has
the same shorter-12 and 3-4 bonds compared to free diatomic
molecules. Thus, the model of the binding arising through
delocalization of the high-lying occupied-antibonding orbitals
of the X subunitd can be applied to the $elusters. The

ri‘ncreasing delocalization of the bond lengths in the sdrieg

of the Sg isomers leads to a decrease in their relative stability.
Figure 5 shows the molecular orbital (MO) interaction diagram
for the closedC,, cis and the trans isomers of }Se). The
orbital energies of the,aand g occupied MO of theCy, trans
structure with an “end to end” orientation of the,Sroieties
decrease and the bccupied MO increases in energy on going
to the closedC,, cis isomer with a “face to face” orientation of
the diatomics (b &, and B MO in Cp, symmetry, respectively).
The total effect is a stabilization of the clos€g, cis structure
compared to th€,y, trans form. The predicted binding energies
in the closedC,, cis isomer are—18.5 kcal/mol with the
LanL2DZ(BPF) and—21.3 kcal/mol with the 6-31tG(BPF)
basis sets. Th€,, trans form is ca. 6 kcal/mol less stable.
Electron density transfer from the*-antibonding portions of
the by and @ molecular orbitals leads to a decrease in th1
and 3-4 distances in the close@,, cis isomer. The “end to
middle” orientation of the diatomics in the branched ring is less
effective in terms of orbital interactions than the cis and trans
geometries. The energetically highest puckered ring isomer with
a “middle to middle” orientation of the diatomics has all bond
lengths equal and consequently cannot be viewed reasonably
as an (%)---(Xy) interacting system at all. The puckered ring
could be considered an analogue of the metastahién@’ or
of cyclobutadiene.

A comparison of the Mulliken overlap populations of the2
and 1-4 interactions in the close@,, cis isomer of Sgand
the operCy, cis isomer of $from BLYP/6-31HG(2df) method
also revealed a difference between these two species. f-or S
the overlap population for the-23 interaction is 0.13 on the
same order as a-SS single bond value (0.18 in the HSH
molecule). The significantly smaller overlap population of 0.05
between the 1, 4 terminal S atoms corresponds to a weak
stabilizing interaction rather than a chemical bond. In contrast,
the overlap populations between the 2, 3 and 1, 4 atoms of 0.110
and 0.107 in the close@,, cis isomer of Sgare nearly equal
and may be attributed to chemical bonding.
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TABLE 3: Relative Energies AE; (kcal/mol) and Bond
Lengths and Angles (in A and deg) for theTg Isomers?

branched puckered

properties/methods cis trans ring ring
AE;
BLYP/
HD 0.0 5.3 9.2 9.2
LanL2DZ(BPF) 0.0 5.4 9.5 10.3
CEP-31G(BPF) 0.0 5.0 8.1 9.2
Geometries
BLYP/HD
2 2.651 2.682 2.859 2.879
I3 3.310 2.902 2.972 3.871
l14 3.311
I3a 2.665
a 108.4 120.0 130.4
BLYP/LanL2DZ(BPF)
2 2.609 2.642 2.823 2.847
I3 3.260 2.865 2.935 3.817
l14 3.289
I'34 2.625
a 108.6 120.6 129.2
BLYP/CEP-31G(BDF)
i 2.647 2.680 2.857 2.882
I3 3.293 2.902 2.969 3.862
I14 3.295
I'34 2.664
a 108.7 121.4 128.9

aAll the predictions are from DFT methods. See Figure 1 for the
atom numbering scheme.

energies of interaction with BLYP between two;Timoieties
in the closedC,, cis form are essentially the same as for the S

Cav, cis- C2h, trans- and Se clusters. The predicted binding energies at&7.3,
Figure 5. Orbital interaction diagram illustrating the stabilization of —18.2, and—20.3 kcal/mol with the CEP-31(BPF), LanL2DZ-
the C,, cis isomer relative to th€, trans isomer of Se (BPF), and HD basis sets, respectively. The relative stabilities

of the Cyp trans isomers also do not change on going from sulfur
It has been shown for,8that the lowest triplet electron state  to tellurium. A stabilization of the branched ring and puckered
isomers lie ca. 8 kcal/mol above i, cis singlet. Given the  ring isomers on going down the column may be explained in

increasing flatness of the potential energy surfaces gftBere chemical terms by the increasing ability of the heavier elements
may be low-lying triplet states of the Selusters. With the to adopt higher coordination numbers.
LanL2DZ(BPF) basis set, the triplet isomers of; 8ee predicted For Te, the isomers on the lowest triplet state surface are

to lie only 3—5 kcal/mol higher than their singlet analogues. even closer in energy to their singlet state analogues than in
The larger all-electron basis set does not change these resultshe case of the Seluster but all still lie higher in energy than
significantly; with 6-311G(2df) theCyy, trans triplet isomer the singlets. The BLYP/LanL2DZ(BPF) method predicts that
is 3.8 kcal/mol higher than the corresponding singlet species. the triplet isomerd, Ill , IV, andV are 5.2, 1.3, 2.6, and 0.4
Tey. The potential energy surfaces of &d Se are very flat kcal/mol higher than their closed-shell singlet analogues,
with respect to variation of the distance or the angular orientation respectively. It should be noted that the puckered ring isomer
between the two interacting diatomic moieties in the region of of Teyin its triplet electronic state collapses to a planar rhombus.
the global minima. The flatness of these potential energy The results obtained for Feclusters with DFT are in
surfaces increases on going from t8 Se. Extrapolation to agreement with earlier theoretical investigatidnsf the 1,2,3,5-
Tey would imply that the potential energy surface near the global ditelluradiazolyl species which contains asTfeagment. The
minimum is a single potential well. These results are presentedstructure of the most stable isomer predicted with HF/LanL1DZ-
in Table 3. The pure BLYP functional predicts the same (d) is depicted in Figure 6. The Tdragment in the [TeN,-
energetic ordering of the isomers for4l&s for the $and Se CH]. dimer which consists of two weakly interacting units has
clusters. The hybrid B3LYP functional overestimates the relative the same close@,, cis structure as the most stable isomer of
stability of the puckered ring due to the inclusion of the HF Tey.
exchange component into the exchange potential (recall Theo- Harmonic Vibrational Frequencied\s is usually observed,
retical Details). It is predicted to be the closest in energy to the the harmonic vibrational frequencies for all systems evaluated
closedC,, cis structure. However, both functionals and all basis with DFT are smaller than those predicted with conventional
sets predict the closddb, cis isomer to be the global minimum, ab initio methods and also smaller than the experimental
with shorter 12 and 3-4 bonds relative to the lengths in free fundamental values. However, general trends still may be
Te,. The geometry of the closeth, cis structure is very close  obtained from the DFT level vibrational frequencies. The
to the Dy, rectangular form, with the difference in lengths question of greatest interest concerns the structures of the two
between the 23 and -4 bonds of 0.001 (HD basis set) to isomers whose IR and electronic absorption bands were
0.029 A from LanL2DZ(BPF). The BLYP functional with all  observed for both the $@nd the Tg clusterst For Sa, one
basis sets employed predicts the branched ring and puckeredsomer is characterized by an IR band at 345 Emvhile the
ring isomers of Tgto be almost degenerate. Interestingly, the other isomer has a band at 370 ¢mFor the Teg isomers, IR



6830 J. Phys. Chem. A, Vol. 103, No. 34, 1999

Orlova and Goddard

TABLE 5: BLYP Predictions of Selected Harmonic
Vibrational Frequencies o (cm™1), with IR Intensities
(km/mol) in Parentheses, and Force Constant§ (mDyne/A)
for the Isomers |, IlI, IV, and V of Se 4

1
i 6-311+G(2df) LanL2DZ(BPF)
39481 13415 s
' 1> , Cis
Te | w1 sym stretch 360(0) 354 (0)
2.6%" w2 asym stretch 34224) 336 (31)
N Te f, 6.12 5.9
/ fa 5.5 5.3
N I, trans
. . . tretch 327 (0) 326 (0)
Figure 6. Selected geometrical parameters (in A) for the most stable w1Syms
isomer of the ditelluradiazolyl dimer with HF/LanL1DZ(d) method from ?’2 asym stretch 5%25 (47 5 %23 (42)
ref 11a. The Tefragment is highlighted. é 5'0 4'9
TABLE 4: BLYP Predictions of Selected Harmonic IV, branched ring
Vibrational Frequencies @ (cm™1), with Their IR Intensities w1 exo stretch 326 (45) 337 (43)
(km/mol) in Parentheses, and Force Constant§ (mDyne/A) w3 basal stretch 278 (3) 273 (3)
for the Isomers |, Ill, IV, and V of S 4 fy 5.3 5.3
6-31G(BPF) CEP-121(BPF) 6-3+D(2df) f2 3.6 35
| cis _ V, puckered ring
wysymstretch 650 (0) 644 (0) 647 (3) @1 fing stretch 270 220
wo asym stretch 620 (94) 614 (31) 619 (101) ! : '
f1 7.8 8.0 .9 2 These values correspond to the, rectangular structurd which
fa 7.1 7.2 7.2 is very close in energy and geometry to the cis structure
I, trans . _ .
wisymstretch 610 (0) 603 (0) TABLE 6: BLYP Predictions o_fISelected Harmonic
wzasym stretch 602 (130) 594 (138) Vibrational Frequencies o (cm™), with IR Intensities
f 6.8 70 (km/mol) in Parentheses, and Force Constants (mDyne/A)
1 ’ ’ for the Isomers |, IlI, IV, and V of Te 4
fa 6.6 6.6
IV, branched ring HD LanL2DZ(BPF)  CEP-31(BPF)
w1 exo stretch 626 (118) 619 (128) I, cis
w2 basal stretch 491 (8) 491 (9) w1 Sym stretch 231 (0) 234 (0) 226 (0)
fi 7.2 7.4 w,asym stretch 222 (14) 224 (15) 217 (15)
f, 45 45 f, 4.1 4.2 3.9
V, puckered ring f, 3.8 3.8 3.6
w1 ring stretch 465 (0) 466 (0) Il , trans
fy 4.1 4.1 w1 Sym stretch 212 (0) 216 (0) 210 (0)
wpasym stretch 212 (14) 215 (22) 209 (22)

bands at 224 crit and 243 cm?® were observed. By analogy i 3.4 3.6 3.4

with the theoretical predictions of the vibrational frequencies f2 3.4 35 33

for S2, the lower IR band was assigned to the exocychkeX IV, branched ring

stretching vibration in the branched ring isomer and the other g’;g;t;‘f:g?ch i%%((zl?) 2152% ((22?) ig g?)
to the antisymmetric ¥X stretching frequency in the cis flz 3.7 38 36
isomer. Thus, the spectroscopically observed isomers, &eg f 2.7 2.6 2.6

and Te previously have been assigned to the branched ring V, puckered ring

and Cy, cis structures.Selected vibrational frequencies along o, ring stretch 182 (0) 179 (0) 176 (0)
with the IR intensities and force constants from the DFT f; 2.5 2.4 2.4

approaches for the isomdrsV of S, Se, and Te are collected Some useful information on the double bond character in the
in Tables 4-6. The highest vibrational frequencies are assigned X, isomers can be obtained by comparing their vibrational
to the stretching modes of the-X bonds with considerable  frequencies and force constants in Tables64with the
double bond character, i.e., the-2 and 3-4 bonds of the cis  vibrational frequencies and force constants of the corresponding
and trans isomers, and the-8 exocyclic and +2 basal bonds  diatomic molecules (Table 1). The predicted vibrational fre-
of the branched ring isomers. From the vibrational frequencies quencies and force constants for the symmetric stretches of the
reported in Tables46, the IR active modes are the asymmetric 1—2 and 3-4 bonds in theC,, cis isomers of Seand Tq are
stretches for theC;, cis and theCy, trans structures and the  larger than in the comparable diatomic molecules. The increases
exocyclic stretch of the terminal=¥X bond in the branched in these values mirror the decreasing2land 3-4 bond lengths

ring structure. All DFT methods predict the same trend: the compared to the free diatomic molecules values, in accord with
asymmetric stretch of th€;, cis form and exocyclic stretch of  Badger’s ruleg® In summary, the vibrational frequencies and
the branched ring have nearly the same values. The asymmetriche force constants as well as the geometries and the overlap
stretch in theC,, trans structure is ca. 10 crhlower in energy. populations predicted with the BLYP functional highlight the
The predicted IR active vibrational frequencies of @g cis different nature of binding for the ope@,, cis isomer of $

and branched ring structures indicate that these species areand the closed,, cis isomers of the Seand Tq clusters.

almost indistinguishable by IR spectroscopy. Tentatively, the 2. (Se)(O) and (Tey)(O,) Intermolecular Charge-Transfer
highest IR band may be assigned to the cis and branched ringComplexes. The interactions of the $eand Te diatomic
isomers of Sgand Te. The second IR band of lower energy molecules with molecular oxygen lead to weakly bound closed-
then may be assigned to the trans isomers. shell singlet electronic state intermolecular complexes with the
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@ TABLE 7: Binding Energies AEping (kcal/mol), with the
ZPVE Corrected Values in Parentheses (kcal/mol), Red
Shifts for the O—0O Stretch Vibrational Mode Avo_o and
@ Blue Shifts for the X—X Stretch Vibrational Mode Avyx-_x
(cm™1), Lengthening of the O-0 Bonds Alo—o (A) and
Shortening of the X—X Bonds Al x_x (&) for the (S,)(Oy),

,.' ) 334‘.‘ (2.422) (107.9) (2.423) (Se)(0y), and (Tey)(0O2) Complexes
'l' ’ ‘\‘ (1 10 6) ’ complex AEbind AVofo Afox Alofo A'xfx
@_—:@ @ (S)(0)  -31(16) 179 23 0037 0036
1.931 (Se)(0) —4.1(-2.8) 192 15 0.041  0.043
Vi X ® (Te)(O,) —4.4(=3.3) 219 13 0.051  0.049

a All the predictions are from the BLYP/LanL2DZ(BPF) method.

1.341

(1.261) the X=X harmonic vibrational frequencies, and red shifts in
@=® -0.10 the O-O harmonic vibrational frequencies. In general, these
FE 439\‘ results are i_n accord with the Qata from the earlier spectroscopic
; (2'_434)-\ study!? Unlike the IR experiment® which measured very

similar spectra for botNI andVIl , the DFT approach predicts
a decrease in the blue shifts and an increase in the red shifts on
going from (§)(0,) to (Te)(Oz). The binding energies and

v

2.204

(2.184) Mulliken charges on the oxygen atoms increase down this
X column of the periodic table. The same trends were predicted
il i theoretically for charge-transfer complexes between ethylene
and diatomic halogen molecules on proceeding froroH,.132
1.351_-0.13 @ 1.874 To place these (X(O;) charge-transfer complexes in the
context of the full potential energy surfaces of thgdX systems,

=0
," ‘\ several plausible isomers of the,8g and TeO, systems also
N 2.585\‘ were examined. Earlier reseaféhon the Sg0, systems with
/ : 116.5 the B3LYP functional predicted that the open cis and trans
@ 0OSeSeO structures are nearly degenerate and, likely, are the
2.569 A lowest minima. Extrapolation suggests that similar isomers will
be the most stable for the 7@, system. For the related,S,
vil XI system, the open cis OSSO structure was determined as the most
Figure 7. Predicted geometries (in A and deg) and selected Mulliken stable isomer in a microwave spectroscopic experirffent.
atomic ghargesitalics) for VI =XI with the basis sets 6-3#G(2df) However, the CCD/TZ2P method predict&that the open cis
(values in parentheses) and LanL2DZ with BPF on the chalcogen atoms.oSSO structure is only a local minimum on the potential energy

C,, cis structured/Il andVIIl . These are depicted in Figure 7~ Surface of §0,. The global minimum was predicted to have a

along with the other isomers. The geometry and energetics of thio S=SQ; structure. A similar SeSeQ isomer might compete

the sulfur analogu&/| were predicted for comparison. Other ~€nergetically with the cis and trans isomers.

possible orientations of two interacting @d $ molecules in For SeO,, BLYP/6-311+G(2df) predicted that the cis isomer

various electronic states have been stutfi¢gideoretically but X is 31.3 kcal/mol more stable than the=S8eQ speciesVIl .

only the closed-shell singlé,, cis configuration with parallel ~ The transiXa and the cisIX are almost degenerate with a

orientation of the diatomic moieties was found to be stable. We chemically insignificant energetic preference for the cis form

propose herein that similar preferences will exist for the)}Se  in good accord with the earlier B3LYP predictiofid.X is

(O,) and (Te)(02) complexes. Given that the {80,) and (Se)- predicted to be 20.1 kcal/mol less stable tikanFor the TeOy,

(O,) complexes demonstrated much the same properties incomplex VIl is 25.7 kcal/mol higher than the cisl at the

spectroscopic experiments, similar spectral changes and energeBLYP/LanL2DZ(BPF) level. In summary, the intermolecular

ics might be extrapolated to the (J€D,) charge-transfer ~ weakly bound charge-transfer £O;) complexes may be

complex. considered as metastable systems corresponding to higher lying
Two interacting diatomics, X(X = S, Se, Te) and £ may local minima on the %O, potential energy surfaces.

be described by the same qualitative molecular orbital diagram 3. (Se)(S,), (Tex)(S:), and (Se)(Te;) Mixed Compounds.

depicted in Figure 5 for th€,, cis isomer of Sg Thus, bonding Chalcogens are elementally similar and, thus, the structures,

through delocalization of electron density from th&-anti- bond lengths, and binding energies in the mixed compounds

bonding orbitals which stabilizes the “face to face” orientation composed from homo- and hetronuclear diatomic moieties

of the diatomic moieties occurs. Given the considerable differ- should resemble those in the clusters considered above. How-

ence in electronegativities of the interacting diatomic molecules ever, due to the differences in the electronegativities of the

when Q is one partner stabilization due to delocalization is tellurium and sulfur atoms, a small charge transfer from the

expected to be smaller on the basis of the orbital interaction Te, to the $ diatomic fragments in the (BES;) system would

diagram than in the case of the clusters. There is only a smallbe expected. The geometrical parameters and energetics pre-

charge transfer from the ¢o O, moiety. dicted with the BLYP/LanL2DZ(BPF) method are given in
Table 7 presents the BLYP results #F, VII , andVIIl with Figures 8, 9, and 10 for the &, Te;:S,, and SeTe, systems,
the LanL2DZ basis set with BPF on the, Xnoieties. All respectively. For all of the “mixed” compounds considered, the

complexes show very similar features: the shortening of the closed-shell singlet cis structures, with a nonparallel orientation
X—X bond lengths and the lengthening of the-O bonds of the interacting diatomic moietiedl (XV), XVII , andXXIV
compared to their free diatomics values, small blue shifts in were predicted to be the global mimima. Predicted binding
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! 3.081 53.054

1.963

I

; 12790, . T95.0 53_038 52»846 52,731 :.-':2.669 \ pazz |
12232 @ ' . @ . 2.853 ._.
P— 1 —

e 2‘096 e XXII XXIV
Xl Xill XIV wansiti XX1
ransition state AE=0.0
AE=0.0 AE=0.7 AE=12 AE=17.2 AE=T17 AEping=-19.0

AEpjing=-17.4

2.419 2.477
(1.936) 1990 2 677
’ W H 13177 . N 109.1 K .

O /110.0 13.095 | 1096 _/ 9439 1 2852
:(3'095) 1109 2383

(2214) AEé);; XXVI AXE)S:I, |0
. AE=6.2
XV Xvi
AEpjnd=-20.3 AE=7.0 2227
Figure 8. Predicted geometries (in A and deg), relative energis @_e
(kcal/mol), and binding energiesEping (kcal/mol) for the isomerXIl — s 2684 2_515&-‘:’ s

XVI of SeS, with the LanL2DZ(BPF) and 6-31G(2df) (values in

parentheses) basis sets. @
2.631 ._.

-0.041  _0.044 2290 2.282 XXV XXIX
@ﬁ@ @— ’—:—@ AE=6.6 AE=9.1
':2.991 :2.458 ! 2941 15938 12949 13209
l ! . ! L'\93.3 :
2-594 e .2.290
Xvii XVl XIX
AE=0.0 AE=2.0 AE=2.8
AEpind=-17.1
XXX
triplet state
2.000
%@ AE=6.5
,—108.7 Figure 10. Predicted geometries (in A and deg), relative energies
1115 /2,578 (kcal/mol), and binding energieAEina (kcal/mol) for the isomers

XXII =XXXI of the TeSe species.

isomers lie ca. 47 kcal/mol higher than their cis counterparts

XX XXI  triplet state which is similar to the behavior observed for the dusters.

AE=6.8 AE=14.1 The Se-Se and S-S bond lengths iiXIl are 0.015 and 0.004
Figure 9. Predicted geometries (in A and deg), relative energigs A shorter after formation of the complex compared to the free
(kcal/mol), and binding energiedEsina (kcal/mol) for the isomers  Se and S molecules, respectively. The=S bond length in
XVII =XXI of Te;S, with the LanL.2DZ(BPF) basis set. XV has the same value as in the free®lecule, and the Se

Se bond is shorter by 0.005 A compared to the fresdgomic

energies are of the same order of magnitude as in fletusters  mpolecule. Due to the increasing difference between the elec-
(ca.—17 to—19 kcal/mol). For the $&; cis structures (Figure  tronegativities of the diatomic chalcogens in,$gcompared
8), the exact angular orientation of thezsm’ld S diatomic to SeS,, the Cs cis structure of TS, demonstrates some
molecules depends on the basis set employed. The LanL2DZ-features of the charge-transfer complexes with oxygen which
(BPF) basis set predicts th&, structureXIl with a parallel  were discussed above. The bond length pfv@h the greater
orientation of diatomic molecules similar to the rectangular electronegativity is longer and the bond length of the Stdunit
isomer of the Sgcluster. The larger 6-31G(2df) basis set  with the smaller electronegativity which is shorter relative to
predicts &Cs structureXV with a nonparallel orientation of the  the free diatomic bond lengths. The Mulliken charges on the S

diatomic moieties in S&,. atoms inXV are small but negative. Therefore, a small electron
The (SeS)(SeS) and (TeS)(TeS)cis isomersKIV andXVII density transfer from the*-antibonding orbital of the Tgeto
were found to be very close in energy to thef§®) and (Te)- the z*-antibonding orbital of the Smoiety has occurred. For

(Sy) cis forms, with a very small preference in energy for the the (SeTe)(SeTe) isomekXIV and XXV, the Se=Te bond
isomers viewed as constructed from the homonuclear diatomic lengths are shorter by 0.007 and 0.01 A, respectively, than those
molecules. For the T8e system, the (Tg(Se) cis structure predicted for the free SeTe molecule.

XXl was predicted to be a transition state which is 5.5 kcal/  All triplet isomers of the mixed compounds were predicted
mol higher than the minimum with nonplanar structélll . to be slightly higher in energy than their singlet state analogues.
The most stable (T Se) isomer was predicted to have the The triplet isomers oIl and XVI lie 5.0 and 4.8 kcal/mol
trans structureXXVIII . For all systems considered, the trans higher than these singlets, respectively. FosSkEg the most
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stable triplet isomer was predicted to have a planar cis structure
XXX with Se=Te terminal double bonds.

Summary and Conclusions

Two triplet state diatomic molecules ;X(X Se, Te)
containing formally double bonds can interact to form closed-
shell singlet state tetra-atomic clusters. There are four energeti-
cally favorable configurations: “face to face”, “head to head”,
“head to middle”, and “middle to middle”. The corresponding
isomers ordered according to their relative stabilities are: closed
Cy, cis, Co trans,Cs branched ring, anB,g puckered ring. The
closedC,, cis structure is stabilized by a delocalization of the
electron density in the high-lying occupied orbitals which are
m*-antibonding for the interacting diatomic fragments but are
m- or o-bonding for the two “new” bonds formed upon
interaction. The predicted binding energies are-€&8 kcal/
mol with ECP basis sets and ca21 kcal/mol with all-electron
basis sets. For th&y, trans isomers where electron density from
m*-antibonding orbitals on the fragments migrates to only one
“new” bond, the stabilization is ca=12 or 6 kcal/mol less than
in the Cy, cis form. TheCs branched ring and thiB,4 puckered

J. Phys. Chem. A, Vol. 103, No. 34, 1998833

R\ .’SR R\ §R _
2,066 Py 983 p\
S S S S
2.471 /2989 \
.I;e 2723 1‘e Te-- Te
i\ /
S S
/P,'.' /P
R R R “R
a b

Figure 11. TeyS;PPh).. Observed structure a with selected X-ray
geometrical parameters (in A) from ref 30 and hypothetical structure
b. The S-Te—Te—S and S-Te—S linkages are highlighted.

and ca.—3 kcal/mol, respectively. These complexes adopt the

ring with less delocalization are even less stable. Thus, the closedCz, Cis structure with a parallel orientation of the diatomic

C,, cis isomers are the global minima on the potential energy
surfaces of the Xclusters.

As a result of the withdrawal of electron density from the
occupiedx*-antibonding orbitals the X bonds are shorter
than in the free diatomic molecules. The trapezoidal cl&sgd
cis structures are very close in geometry to g rectangular
configuration; that is, the “double” bonds of the diatomic
fragments are nearly parallel and the two parallel “new” bonds
have almost equal lengths. Thus, the clo§gdcis structures
of Se, and Tq are different from the ope@,, cis structure of
Sy & has only a weak stabilizing interaction between the
terminal sulfur atoms and thus, in general, is similar to the cis
butadiene structure. Despite the different natures of binding,

subunits. Given the greater difference between the electrone-
gativities of the interacting diatomic moieties, delocalization of
electron density from ther*-antibonding orbitals on the

fragments is significantly smaller than in the cases of the clusters

and mixed compounds. Thus, ¢§©.) and (Te)(O.) cor-
respond to higher lying local minima. Due to the transfer of
electron density from Seand Te to the Q subunits, the bond
lengths in the chalcogen diatomic moieties are shorter and the
bond lengths in the @moieties are longer relative to their free
diatomic values. The small blue shifts of the chalcogen stretch
and the red shifts of the Gtretch are in qualitative agreement
with IR spectroscopic data. DFT predicts an increase in binding
energies and in spectral shifts on proceeding down the column

all tetra-atomic chalcogens have similar potential energy surfacesof the group 16 elements in the periodic table.

with the same energetic order of the local minima and a similar,
complicated topology near the global minima. Fara®d Sg,
these regions contain a double well potential which corresponds
to the degenerat€,, cis to Cy, cis rearrangement through the
D2n rectangular transition state. The very small barrier of 0.8
kcal/mol for S becomes a chemically insignificant value for
Se, and disappears for FeThus, for Tq there is a simple
potential well with a very flat bottom.

Mixed (X2)(Y2) and (XY)(YX) compounds (X, Y=S, Se,
Te) have the same nature of binding as thea®el Tq clusters.
Consequently, the same clos€g, cis structures are the most
stable isomers. The isomers with homonuclear diatomic frag-
ments were predicted to be very close in energy to the isomers
from the heterodiatomic moieties. The stabilities of the species
with heteronuclear diatomic molecules relative to the isomers
from the homonuclear diatomic molecules increases with a

decrease in the difference between the electronegativities of the

chalcogen atoms; (TeS)(TeS) is less stable thap)($£, but
(TeSe)(TeSe) is more stable than the Jj{®e) system. This
conclusion agrees with the experimental X-ray structure a for
Te)(S,PPH)2*° which is shown in Figure 11. The observed
geometry clearly indicates aSe—Te—S bonding arrangement.
The alternative structure b with-Se—S equal bonds is
unobserved, although such a structure is typical for thg$30
PPH), and Au(S,PPH), systems. In general, the relative
stability of the mixed (XY)(YX) compounds increases slightly
down the column of chalcogens in the periodic table.

The binding energies of the intermolecular £%8,) and
(Tex)(Oy) charge transfer complexes are only e& kcal/mol

The predicted structural trends may be applied to larger
molecules containing these tetra-atomic fragments. Thus, the
distortions in dithia-, diselena-, or ditelluradiazolyl dimers may
be explained on the basis of nonparallel orientations of tie X
X (X = chalcogen) bonds in theétructural fragments. For
mixed compounds of tellurium and selenium, a preference for
isomers with Te-Se linkages is predicted. In contrast, for mixed
compounds of selenium or tellurium with sulfur, an energetic
preference for isomers with homonuclear bonding is anticipated.
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