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Density Functional Theory Investigation of Decamethyldizincocene
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A density functional investigation into the structure and vibrational properties of the recently synthesized,
novel, Zn(l)-containing species decamethyldizincocene has been performed. Our analysis is in agreement
with the general structural properties of the experimental results. We have corroborated the experimental
geometry as a true minimum on the global molecular energy surface, confirmed the experimental hypothesis
that the Zn atoms are in a Zn(l) state, and provided a detailed analysis of the experimentally undefined
Zn-dominant IR and Raman spectral bands of this unusual Zn(l) species.

I. Background and Motivation Boatz and Gordohwas used to determine the intrinsic force
constant for the ZarZn bond.

A method to elucidate the contribution of the Zn atoms and
their associated internal coordinates to the IR and Raman spectra
of decamethyldizincocene is provided via the method of the
total energy distribution matrik.In the framework of the
harmonic approximation, vibrational frequencies and normal
coordinate displacements are determined by diagonalization of
the mass-weighted Cartesian force constant matrix. Through
simple transformations the following equation is obtained

The predominant oxidation state for Zn 42, unlike Hg
which can bet1 or +2. Recently, Resa et Alannounced their
synthesis of decamethyldizincocene o@3-CsMes),, an orga-
nometallic compound they hypothesized as zZn(l) formally
derived from the dimetallic [ZrZn]?" unit. Their X-ray studies
show that it contains two eclipsed Zi%CsMes) fragments with
a Zn—Zn distance £ standard deviation) of 2.30%Q) A,
indicative of a metatmetal bonding interaction. However, they
expressed some uncertainty about the presence of the direct Zn
Zn bonding. They also indicated their IR and Raman spectra A =D'FD
provide no useful structural information. Our motivation in this
work is to corroborate the experimental geometry as a true
minimum on the global molecular energy surface, investigate
the oxidation state of the Zn atoms, and identify the Zn-dominant
IR and Raman spectral bands for potential future use in
experimental studies of this type of Zn(l)-containing species. A= zm Z” D,FDsi

where A is the diagonal matrix of the frequencids,is the
eigenvector matrix expressed in terms of internal coordinates,
Dt is its transpose, and is the corresponding force constant
matrix. This can be written in scalar form

Then we can define the vibrational density matixas

R

ArgusLal? was used to generate the initial geometrical model P'un = DmiFmDnif %
for the decamethyldizincocene species with this model being The total energy distribution matriXl is calculated fromp,
optimized using the PM3 approximation to the standard ;g
convergence limits specified within ArgusLab. Final geometry )
optimization and analysis was then performed using the pc- Mn= z“ Pon= z" D iF mPriAi
GAMESS software packagéo perform spin-restricted X3LYP q s th ributi f theh int | dinat
density functional theory calculations. Autogenerated delocalized tanthrepresen Sf theétilon ribu llon Od@ N tm ernal coordinate
coordinates and the internal GAMESS 6-31G* and TZVP GTO '© € energy o normal mode. Note
basis sefswere used to perform full geometry optimizations z M =1

. . . m m

of decamethyldizincocene to the standard convergence limits . _
specified within pcGAMESS. Initial pcGAMESS calculations S0 that we can use thé, to directly understand the fractional
were performed with the 6-31G* basis set. Final calculations contribution of themth internal coordinate to thi¢h vibrational
and analysis were performed with the TZVP basis set. mode. _ _

Natural atomic charges (NACs) and bonding information were ~ WiNGAM®was used to generate the graphical presentation
calculated using the natural bond orbital (NBO) method of Of the calculated IR and Raman spectra. For this purpose we
Weinhold et af used the default values for the Lorentzian half intensity width

Two-sided, translation- and rotation-projected, normal coor- (16 ¢nT?) and intensity scale (1.0). All molecular schematics
dinate decomposition analysis was performed as implemented@"d 3D rendered orbital graphics were generated using Chem-

in pPcGAMESS using @-matrix generated from the optimized ~ Craft™*
geometries. In order to better represent experimental results,
all vibrational frequencies are scaled by a factor of 0.989, as
suggested by Bauschlicher and Partrftige a B3LYP triple< A. Structural Geometry and Bonding. A molecular sche-

basis set. The intrinsic frequency decomposition method of matic of decamethyldizincocene is displayed in Figure 1. Cp*
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II. Methodology

I1l. Results and Discussion
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TABLE 1: Comparison of Essential Geometry Parameters
geometric parameter X3LYP 6-31G* X3LYP TZVP B3LYP DZP BP86 DZP? experiment
ZnB—ZyT—Cp* (deg) 179.9 179.4 180 (assumed) 180 (assumed) HT)4A(
ZnB—2nT (A) 2.29 2.32 2.336 2.315 2.3058)
ZnT—Cp* (A) 1.87 1.96 1.97 1.949 2.043)
ZnT—Cring (A) 2.29 2.30 2.315 2.301 2.27-2.3K)
is the center point of a cyclopentadienal ring (Cp) and is only TABLE 2: Energy Variation as a Function of
used for reference purposes. ZnB—ZnT —Cp* Angle
A full geometry optimization was performed. Essential TZVP
geometrical parameter information for the optimized geometries ZnB—ZnT—Cp* (deg) (kcal/mol)
is listed in Table 1 along with a comparison with the 174.44 0.14
experimental results. A complete set of optimized geometry 179.44 0.00
Cartesian Coordinates and their associataethtrix representa- 185.44 0.11

tions can be found in Supporting Information Tables 1S and
2S.

An examination of the wave function at the optimized
geometry finds that the HOMO energy is negative, the LUMO
energy is positive, and the HOMO/LUMO gap is significant,
at 0.2 hartree. In addition, spin-unrestricted singlet calculations
(single-point and geometry optimizations) were carried out with
a mixing of a and 4 HOMO and LUMO orbitals so as to
generate inequivalent and/ orbital spaces. The results showed
no sign of spin contamination and were identical to the spin-

TABLE 3: Energy Variation as a Function of ZnT —Cp*
Bond Length

ZnT—Cp* TZVP
bond length (A) (kcal/mol)
1.87 0.99
1.92 0.26
1.96 0.00
2.00 0.24
2.04 0.84
2.08 1.58

restricted calculations. These results indicate a single-reference

wave function is appropriate for this system.
The geometry optimization was not constrained by using

The agreement between experiment and theory for the-ZnB
ZnT—Cp* angle falls slightly outside the deviation observed

symmetry since it is apparent from the experimental results that for the application of DFT methods, i.e., 1.RMS? and the

the complex is ofCs symmetry at best. Specifically, the slight
deviation of the ZnB-ZnT—Cp* angle from 180, the slight
deviation from parallel orientation of the rings, as well as an
unequal bifurcation of the £;—Cp*—Ciing angle by the plane
defined by the ZnB-ZnT—Cp* atoms limits the possible point
group of the molecule t&s or C;. We wanted to be sure no
artificial symmetry constraints were placed on the optimization
process and final results, so all optimization calculations were
performed assuming @; point group?!3

The symmetry of the calculated resulQg and no imaginary
frequencies were found at the optimized geometry, indicating
it was a minimum and not a saddle point. The Cp rings are in
an eclipsed conformation and nearly parallel, consistent with
the experimental dafd.

experimental uncertainty. However, it is interesting to note that
the energy change as a function of the ZiBT—Cp* angle
is quite flat over the range encompassing both the experimental
and calculated equilibrium values (see Table 2); thus, the slight
difference between the experimental and calculated results is
not surprising.

The variation between the calculated ZnCp* distance and
the experimental result falls outside the expected quality of the
DFT results. While the energy change as a function of this bond
length is also flat over the range encompassing both the
experimental and calculated equilibrium values (see Table 3),
the source of this deviation between experiment and calculation
is not clear.

Decamethyldizincocene is stable relative to a pair of zinc

For both basis sets the agreement between experiment anghentamethylcyclopentadienyl species (i.e., decamethyldizin-

theory for the ZnB-ZnT and ZnF-Ciing bond lengths falls
within the deviation observed for the application of DFT
methods, i.e., 0.02 A RM%, and the experimental error. The
TZVP basis set does a better job for the ZJp* and ZnT
Ciing bonds than the 6-31G*.

Figure 1. Molecular schematic.

cocene cleaved at the ZZn bond) by 71.8 kcal/mol. Deca-

methyldizincocene is also stable relative to decamethylzincocene
plus a zinc atom by 26 kcal/mol. Both results are consistent
with the relative decomposition results reported by Resa et al.

B. Bonding Analysis. The Wiberg bond order for the zZn
Zn bond is 0.704, indicative of a single bond between the Zn
atoms. The NBO analysis confirms the existence of lzond
consisting of the bonding contributions between the 4s orbitals
of each of the Zn atoms. This-bonding orbital has an
occupancy of 1.9445. The intrinsic frequency decomposition
method yields a ZaZn force constant of 0.0807 hartrees/b
roughly one-half of the ZrCing value (0.172) and one-third
the Ging—Cuwme value (0.251).

We also performed a Hoffmann fragment molecular orbital
analysis (FMOA) to characterize the Zn bonding in more detail.
The molecular orbitals were analyzed with AON%”and NBO
with a specific emphasis on only the orbitals directly involved
in the Zn bonding. This included both the Z#&n bonding as
well as the Zr-Cp* bonding.

There are three molecular orbitals in the decamethyldizin-
cocene complex that have significant Zn bonding. They are
orbitals 101, 95, and 59.
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Figure 2. FMOA for MO 101.

As we can see in Figure 2, dizincocene molecular orbital 101 nonbonding character is focused primarily in the Zn atom (6%).
is formed by the combination of fragment orbitalséand 53 It also has 2% antibonding character. Forty-eigtitas a 94%

p from both fragments. bonding character with 59% in the Cp* species and 20%

A NBO analysis of the fragments indicates &3has 11% between the Zn and the Cp* atoms. It also has 3% nonbonding
bonding character with 6% in the Cp* species. The 88% character and 3% antibonding character.
nonbonding character is focused primarily in the Zn atom (86%)  pjzincocene molecular orbital 95 has a 93% overall bonding
as a singly occupied orbital. A NBO analysis of the fragments character with 9% being between the Zn atoms, 14% between
indicates 53 has a 5% bonding character, a 28% nonbonding the zn and Cp* atoms, and 18% in the Cp* species. It has 5%
character (24% in the Zn atom), and 67% antibonding CharaCternonbonding character and 2% antibonding character.

(66% between the Zn and Cp* atoms).

A NBO analysis of the fragments indicates the dizincocene . . L .
molecular orbital 101 has a 88% overall bonding character with g(r)bltal 5 d9 3:3 fofrmedbb%/htpe comt;matlon of fragment orbitals
70% being between the Zn atoms, derived from the coupling a'an B from bo ra‘%’me” S ) )
of the singly occupied orbitals of the fragments, and 10% shared  Thirty a. has a 66% bonding character with 34% of that in
between the Cp* atoms. It has 4% nonbonding character andthe Cp* species. Thirty also has a 34% nonbonding character
8% antibonding character. focused primarily in the Zn atom (30%). Thirfy has a 70%

As we can see in Figure 3, dizincocene molecular orbital 95 Ponding character with 37% in the Cp* species and 0% in the
is formed by the combination of fragment orbitalse@&nd 48 ~ Zn atom. There is 30% nonbonding character, all of which is
B from both fragments. in the Zn atom.

Forty-eighto. has a 89% bonding character with 56% in the Dizincocene molecular orbital 59 has a 53% overall bonding
Cp* species and 15% between the Zn and Cp* atoms. The 9%character with 6% being bonding between the Zn atoms and

Finally, as we can see in Figure 4, dizincocene molecular
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Figure 3. FMOA for MO 95.

the balance (47%) in the Cp* species. It has 46% nonbonding 1ABLE 4: Oxidation State Analysis Results

character, equally split between the Zn atoms. _formal NAC(I1)/
C. Zn Oxidation State. Resa et al. hypothesized that the molecule oxidation state NAC NAC()
decamethyldizincocene complex is an example of a previously — Hg:Clz | 0.645 1.68
unobservedt-1 oxidation state of Zn. Keeping in mind some HgCk . 1.082
X b A . Zn,Cl? I 0.720 1.86
simple definitions for oxidation state, “The number of electrons ZnCh, I 1.336

to be added (or subtracted) from an atom in a combined state  zn,(CsMes), 1(?) 0.858 1.69

to convert it to the elemental form” as well as “an alternate ~ Zn(GsH5), Il

term that can be used when referring to the charge on an atom”,  azp,.cy, is a hypothetical species used to compare with the known
we hypothesize that we can calculate an oxidation state surrogat&pecies ZnGlin a manner analogous to the Hg compounds.

using calculated atomic charges.

To establish the validity of this approach we first examined
some known | and Il Group 12 compounds of Hg and Zn to
determine how we could use NACs to relate calculated atomic
charges to the cation oxidation states. The geometry of all
molecular species was optimized using TZVP basis sets and
pPcGAMESS as described previously. For molecules involving
Hg we used the internal SBKJC effective core potentials and
associated basis sets. The NACs were then calculated at thesgomplete results for this analysis (Hessian, dipole derivatives,

optimized geometries. ) ) and polarizability derivatives in Table 3S, total energy distribu-
The results of our analysis are presented in Table 4. In both tion matrix in Table 4S, normal modes in Cartesian coordinates,

test cases, Hg(fl> vs Hg(ICl, and Zn(1Cl> vs Zn(I1)Cl, frequencies, IR intensities, Raman intensities, depolarization in

we found that we could differentiate between the | and Il states Taple 5S, and normal modes in internal coordinates in Table

of the cation using the ratio of the NACs. Specifically, the ratio gg).

of NAC(II)/NAC(I) was approximately equal to the ratio of the |t is interesting to note that the highest IR intensity absorption

oxidation states (i.e., 2/1) in both cases. for all 150 vibrational modes (6.196) in Table 5 is associated
Applying this method to decamethyldizincocene {&3Mes), with vibrational mode 41 (320.9 cm) in which 10 Zn-Ciing

in the table), using zincocene Zrdds), as the (Il) cation stretches and 10 ZfCing—Cmety bends are the dominant

reference we see from Table 4 that NAC(I)/NAC&) 1.69, internal coordinates with no obscuring (Cpiidigand absorp-

thus indicating the Zn species in decamethyldizincocene is the
| cation, as hypothesized by Resa et al.
D. Vibrational Analysis. We performed a vibrational analysis

to provide some insight into the details of the infrared and
Raman spectra of decamethyldizincocene, especially for those
features that involve Zn bonding in the molecule. Table 5 and
Figure 5 present the results of the IR analysis for Zn significant
vibrational modes. The Supporting Information contains the
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Figure 4. FMOA for MO 59.

TABLE 5: Results for Zn Significant Vibrational Modes with IR Intensity > 0.0

IR
mode  frequency intensity PCC EDM PCC PzZnCC EDMPZnCC  TZnCC
41 317.34 6.19568  STR.-CRT-ZnT 0.058 STR.-CRT-ZnT 0.058 0.975
91 1417.43 1.18120 STR.-CMB-CRB 0.032 BEND-CRT-ZnT-ZnB 0.031 0.436
53 586.77 0.24347 STR.-CMT-CRT 0.054 BEND-CRT-ZnT-ZnB 0.037 0.460
104 1461.05 0.19207 TORS-CRB-ZnB-ZnT-CRB 0.063 TORS-CRB-ZnB-ZnT-CRB 0.063 0.503
103 1460.85 0.19108  TORS-HT-CMT-CRT-HT 0.062 TORS-CRT-ZnT-ZnB-CRT 0.055 0.506
34 280.53 0.05673  TORS-CMT-CRT-ZnT-ZnB 0.189 TORS-CMT-CRT-ZnT-ZnB 0.189 0.949
36 282.15 0.05109  TORS-CMT-CRT-ZnT-ZnB 0.357 TORS-CMT-CRT-ZnT-ZnB 0.357 0.950
18 105.68 0.01286 TORS-CRB-ZnB-ZnT-CRB 0.211 TORS-CRB-ZnB-ZnT-CRB 0.211 0.999
17 103.59 0.01213  TORS-CRT-ZnT-ZnB-CRT 0.191 TORS-CRT-ZnT-ZnB-CRT 0.191 0.999

aPCC= principle contributing coordinate to this mode of the energy distribution matrix, EDM PGfergy distribution matrix element for
the PCC, PZnCG= principle Zn contributing coordinate to this mode of the energy distribution matrix, TZaC6tal of all Zn contributing
coordinate energy distribution matrix elements for this mode, frequencies arenictansities are in Bamu-&, EDM elements are dimensionless,
STR are bond stretches, TORS are torsions, CRT/B, CMT/B, ZnT/B, M Bing, Cmetny, ZN, H Top/Bottom.

tion (the total Zn coordinate contribution is 0.975). Modes 17, (modes 44 and 45). The Zn bonding and (Cpg)digand

18, 34, and 36 are similarly dominated by internal coordinates absorptions are equally dominant for modes 54, 92, 105, and
involving Zn, albeit with lower IR intensities. The Zn bonding 106. The other Zn contribution modes can be analyzed similarly
and (CpMeg); ligand absorptions are equally dominant for modes using the information in the Supporting Information.

53, 91, 103, and 104. The other Zn contribution modes can be
analyzed similarly using the information in the Supporting

Information. In this work we have presented the results of a density
Table 6 and Figure 6 present the results of the Raman analysisunctional investigation into the structure and vibrational
for Zn significant vibrational modes. properties of the recently synthesized, novel, Zn(l)-containing
The highest 14 intensity Raman absorptions are all dominatedspecies, decamethyldizincocene. We confirmed that the pub-
by (CpMs), ligand absorptions with mode 136 having the lished Resa et al. structure is a true minimum on the global
highest intensity Raman absorption of all 150 vibrational modes. molecular energy surface with good correspondence between
The highest intensity Zn dominated modes correspond to the experimental and calculated geometries. We also showed that
Zn—Z2n stretch (modes 46 and 12) and-Z@/ing—Cmethy beNds the oxidation state of the Zn atoms in the molecule is I.

IV. Conclusions
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Figure 5. Computed IR spectrum.

TABLE 6: Results for Zn Significant Vibrational Modes with Raman Intensity > 107

mode frequency Raman intensity Dep PCC EDM PCC PzZnCC EDM PZnCC TzZnCC
136  2986.58 1736.58 0.01 STR.-HB-CMB 0.181 0.000 0.000
92 1419.02 71.776 0.04 STR.-CMT-CRT 0.032 BEND-CRT-ZnT-ZnB 0.031 0.438
54 588.15 44.258 0.07 STR.-CMB-CRB 0.055 BEND-CRB-ZnB-ZnT 0.039 0.459
46 383.89 21.113 0.18 STR.-ZnB-ZnT 0.281 STR.-ZnB-ZnT 0.281 0.985
44 358.33 15.815 0.75 BEND-CMT-CRT-ZnT 0.098 BEND-CMT-CRT-ZnT 0.098 0.959
45 358.90 15.661 0.75 BEND-CMT-CRT-ZnT 0.108 BEND-CMT-CRT-ZnT 0.108 0.959
105 1461.64 11.395 0.75 TORS-HB-CMB-CRB-HB 0.063 TORS-CRT-ZnT-ZnB-CRT 0.054 0.500
106 1461.94 11.037 0.75 TORS-CRB-ZnB-ZnT-CRB 0.062 TORS-CRB-ZnB-ZnT-CRB 0.062 0.498
12 91.82 10.522 0.25 STR.-ZnB-ZnT 0.286 STR.-ZnB-ZnT 0.286 0.997

a Dep= depolarization, PC& principle contributing coordinate to this mode of the energy distribution matrix, EDM R@@8ergy distribution
matrix element for the PCC, PZnCE€ principle Zn contributing coordinate to this mode of the energy distribution matrix, TZ#GGqtal of all
Zn contributing coordinate energy distribution matrix elements for this mode, frequencies areljrintensities are in Aamu, EDM elements are
dimensionless, STR are bond stretches, TORS are torsions, CRT/B, CMT/B, ZnT/B,#HTiRy, Cmetny, Zn, H Top/Bottom.
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Figure 6. Computed Raman spectrum.
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