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Identification of the source(s) of the counterintuitive bending (non-linearity) in heavy group 2 (Ca—Ba)
dihalides and metallocenes has long been in dispute, a difficulty compounded by the low values of
energy involved (ca. < 2 kcal mol~1). Analogous issues exist with compounds of the divalent lanthanides
Sm(II), Eu(Il), and Yb(II), despite the substantially different electronic structures of the metals involved.
The assertion that the bent structure of (CsMes),Sr, for example, can be attributed exclusively to the
operation of attractive dispersion forces between the ring methyl groups has been argued on the basis of
molecular mechanics calculations, and more recently with the aid of DFT studies that employed
dispersion-corrected density functionals (Organometallics, 32(5) (2012), 1265). In contrast, covalent
interactions have been identified as the primary source of bending in the similarly distorted (CsMes),Sm.
The case of bent (CsMes),Sr has been reinvestigated with the use of larger basis sets for strontium, and
with the employment of the “dispersion-free” APF density functional. We find that given flexible enough
basis sets, bending can be modeled even in the absence of explicitly included dispersion effects, and that

both inherent electronic effects and dispersion interactions contribute to the bending of (CsMes),Sr.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

The highly electropositive lanthanide (Ln) metals and the
related heavy group 2 (Ae) elements calcium, strontium, and
barium are characterized by metal—ligand (Ln—L or Ae—L) in-
teractions that are strongly polar. Lacking metal valence electrons
(or in the case of the lanthanides, possessing “core-like” 4f
valence electrons) that could influence the orientation of ligands,
a simple electrostatic analysis of the bonding in LnL, or AelL,
compounds predicts that their geometries should be linear, and
that LnL3 or [AeLs]” species should be trigonal planar, i.e., that
the ligands should be as far from each other as is possible [1].
Nevertheless, it has long been known, for example, that heavy Ae
difluorides (Ae = Ca—Ba) are bent in the gas phase [2], that the f-
element Ln[N(SiMe3);|3 complexes are pyramidal [3,4], and that,
with the exception of species with extremely bulky rings [5—9],
almost all Cp',Ae complexes [10,11] (and the comparable orga-
nolanthanide metallocenes Cp'>Sm, Cp'2Eu, and Cp',Yb) [12,13]
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possess non-parallel cyclopentadienyl rings (Fig. 1, for the case
of Cp' = CsMes).

Reconciliation of an electrostatically-based bonding scheme for
AeL; or LnL, compounds with their nonlinear structures has proven
to be difficult, especially as the molecules are geometrically floppy
(in some cases, “quasilinear”) [14], with the energy required to
bend the bonds from linearity or planarity to the observed values
generally no more than 2 kcal mol~L. Such small values can chal-
lenge computational accuracy with heavy metal compounds [2]. It
is not surprising, therefore, that a range of explanations (not
necessarily mutually exclusive) [15] have been proposed for the
phenomena, including: 1) reverse (core) polarization of the metal
cation by the ligands, i.e., perturbation of the core electrons by the
ligands that induces a dipole moment, resulting in a non-uniform
distribution of electrons to counteract it [1,16]; 2) for the group 2
elements, participation of (n — 1)d orbitals of the metal cation; 3)
pseudo-Jahn Teller effect-induced distortions [17]; and 4) in
appropriate complexes, attractive van der Waals (dispersion) in-
teractions between the ligands [ 18]. The latter has been proposed as
an explanation for the bending in the decamethylmetallocenes of
Ca—Ba and Sm, Eu, and Yb, and has been supported with the use of
molecular mechanics calculations that reproduce the bending an-
gles (ring centroid—metal—ring centroid) angles observed in the
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Fig. 1. Geometries of bis(pentamethylcyclopentadienyl)metal complexes: (a) parallel
rings; (b) nonparallel rings (bent metallocene); o is the ring centroid—metal—ring
centroid angle.

gas-phase structures [19,20]. Intriguingly, this explanation was
considered but then rejected for the bending in (CsMes),Yb and
(CsMes);No [21]. The reason was that the dispersion force expla-
nation implies that the existence of the metal is irrelevant to the
bent geometries. In a density functional theory (DFT) study, two
[CsMes]™ rings sandwiching a dummy atom were found to prefer a
linear (parallel ring) orientation, contrary to the result expected
from the operation of interligand van der Waals attractions [21].

The potential role of dispersion interactions in the bending of
Group 2 and lanthanide metallocenes has been explored more
recently for the particular cases of (CsMes),Sr and (CsMes),Sm
[22], especially as computational disentanglement of the expla-
nations for bending has become feasible with the development of
density functionals with additive empirical terms that capture the
effects of dispersion interactions [23]. Such functionals allow
dispersion corrections to be turned “on” or “off”, and thus provide
a means to distinguish between various bending forces in the
molecules.

We have had a long-standing interest in compounds of the
group 2 elements and the lanthanides, and in particular with issues
of bonding and geometry for which unique explanations are not
always evident. In some cases, this may take the form of structural
resemblances between compounds that have no obvious reason to
be similar, e.g., the comparable bending angles in stannocenes
(Cp'2Sn) and calcocenes (Cp'2Ca), even though the former have a
metal-centered lone pair of electrons that is usually cited as being
responsible for the bending, and the latter do not [24]. In other
cases, interligand steric effects from bulky ligands can force dis-
tortions on molecular geometries, thereby obscuring other metal-
ligand interactions. Thus the structural anomalies found in
various M(E(SiMes);)s complexes (M = f-element; E = N, CH) can
be reproduced in calculations using orbital-free molecular me-
chanics methods, even though agostic M- *(CH) interactions are also
present that could produce similar effects [3].

We wondered whether a related situation existed with the
group 2 metallocenes, i.e.,, whether the fact that molecular me-
chanics calculations or the use dispersion-corrected functionals
reproduced the bending in the complexes might have masked other
influences on their bonding. We therefore reexamined the
computed geometry of (CsMes),Sr, and compared it to that of
(CsMes),Sm. As Nief, et al., has noted [22], these two metallocenes
provide a convenient pair for evaluation, as the ionic radii of Sr**
and Sm?* are nearly identical (1.18 A and 1.17 A, respectively) [25],
even though the electronic structures of the ions are markedly
different ([Kr] and [Xe]4f®, respectively).

2. Methods
2.1. Basis set requirements

The electronic structures of the group 2 elements and their
common ions ([NG]ns? and [NG]?*, respectively) create distinctive
challenges for their computational chemistry [26]. In particular,
there is poor spatial separation between the valence ns and sub-
valent (“semi-core”, (n-1)s,p) orbitals in these metals [15]. Conse-
quently, polarization of either the valence or subvalent orbitals will
influence the other, and semi-core electrons must be explicitly
described in the metal basis sets used for calculations to yield
calculations with meaningful results (if a pseudopotential (ECP) is
used to replace some of the inner electrons, it must be “small core”)
[27]. Another consequence is that in the heavier group 2 metals,
particular care must be used in construction of the (n-1)d orbitals
[28], as they are formally unoccupied but have been considered
“virtual states of the core” [29].

In the design of basis sets for Sr, in particular, several features
must be considered. One is relativistic effects, potentially a concern
in a 4th row metal such as strontium. Sadlej has argued that
although relativistic effects are important in accurate polarizability
calculations with the neutral Sr atom, and to a lesser extent, with
the Sr* cation, they become “negligible” compared to electron
correlation effects in the Sr®* cation [30]. The small effect of rela-
tivistic corrections for calculations on molecular strontium species
has been noted as well [31]. Nevertheless, relativistically corrected
basis sets, either all-electron or containing ECPs that replace some
of the core electrons, are available that can account for major scalar
effects.

In view of the overlap between semi-core, valence, and (n-1)
d orbitals of the group 2 metals, highly flexible valence functions
must be present in the basis sets for accurate results with strontium
compounds [14]. In studies of the quasilinear molecule SrCl,, for
example, it was shown that the use of the standard small-core
Stuttgart/Dresden SDD basis set for Sr [32], which is constructed
around a pseudopotential and is accompanied by a valence basis set
with a 3,2 contraction of the “d” space ((6s,6p,5d) — [4s,4p,2d]),
led to a linear molecule at the RHF level of theory [28]. Simply
uncontracting the d shell allowed the molecule to bend (167.3°),
although higher levels of theory and further elaboration of the
valence basis set, including the addition of f functions, was neces-
sary to model the experimentally determined bent structure
adequately [14].

Basis sets for Sr with more flexible valence spaces than the
standard one originally developed for the SDD ECP are now
available, and were used in the present study. Among them are the
“dhf-" segmented contracted basis sets of Weigend and Baldes
[33]. These are available in split (double zeta) valence to
quadruple zeta valence quality, which allows for a systematic
exploration of the effect of the basis set size on the resultant ge-
ometries. The valence sets are matched with a small-core, ten-
valence electron energy-consistent pseudopotential, which in-
cludes corrections for scalar relativistic effects [34]. The pseudo-
potential is an updated version of the original SDD ECP.

2.2. Density functional requirements

The development of density functionals designed to model
dispersion interactions accurately has been one of the most actively
developed areas of recent computational design, and the various
approaches taken to address the issue have been reviewed [23]. For
the present study, we were particularly interested in the use of
specifically designed “dispersion-free” functionals, and their
dispersion-corrected forms [35—37]. The rationale behind their
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development is not only that commonly used functionals do not
describe long-range dispersion interactions correctly (e.g., with R~®
dependence on the interatomic distance R), but they may also
display non-physical attractive or repulsive interactions that vary
with R. This anomaly occurs with many commonly used func-
tionals, including B3LYP, B3PW91, TPSS, PBE1PBE, M06-2X, and
B2PLYP (Fig. 2). Empirical semiclassical corrections that patch
conventional functionals (e.g., with the DFT-Dn approach) do not
correct the underlying over/underbinding, and in some cases, can
worsen it [38,39].

The dispersion-free functional used in this study is APF, an
empirical combination of the well-established B3PW91 and
PBE1PBE functionals (with approximately 23% HF admixture) that
is designed to minimize spurious dispersion interactions. The APF-
D modification has a spherical atomic model for dispersion forces
[37]. APF-D approximates dispersion forces with an accuracy
comparable to the CCSD(T)/aug-cc-PVTZ level of theory, and its
modeling of electron density is also among the very best provided
by current density functionals. It provides results similar to those
from ab initio methods such as CCSD(T) or MP2 [40].

2.3. Computational details

All geometry optimizations and energy calculations were per-
formed with the Gaussian 09 suite of programs [41]. The majority of
calculations employed the APF or APF-D functionals, described
above [37]. The dhf-ECP basis sets were used for Sr [33,34]. For Sm,
the small core Stuttgart-Dresden relativistic effective core potential
(SDD) was wused, along with its standard valence set
((12s,11p,9d,8f)/[5s,5p,4d,3f]). For comparison, the Stuttgart ECP
ANO valence basis set for Sm was also tested [42]. For C and H, the
def2-SVP basis sets were generally used; trial calculations with
other basis sets of polarized double zeta or better quality indicated
that there were only small effects on the geometry. An ultrafine
integration grid (99,590) was used during all geometry optimiza-
tions, which were conducted without imposed symmetry. Based on

the final structures obtained when the starting geometries were
changed, the error in the calculated centroid-metal-centroid angles
in the metallocenes () was placed at +4°. AIM and Mulliken ana-
lyses of the molecular topology were conducted with the Multiwfn
package (v. 3.3.9) [43].

3. Results and discussion
3.1. Calibration calculations

Several calculations were performed to establish the reliability
of the basis sets for Sr and the APF functional to describe the ge-
ometries of the systems under investigation (Table 1). Where
possible, these results were compared with experimentally deter-
mined values and various high level ab initio approaches.

The Sr, molecule in its ground state (X! =§) is not covalently
bound, and its binding energy (1081.6 cm~, 3.09 kcal mol~1) [44] is
reflective of a van der Waals dimer [45]. Nevertheless, the bond
length is captured about as well with the APF functional (entry 4) as
with several ab initio techniques (entries 2,3) [37,46]. Strontium
monoxide (SrO), in contrast, is more representative of a typical
strontium compound, and its bond length is readily reproduced
with a variety of DFT functionals, including APF (entry 9).

Molecules of greater relevance to the metallocene systems are
the strontium dihalides. Strontium fluoride is known to be a bent
molecule, but the actual angle is poorly determined. The results of
krypton matrix isolation studies provide a value of 108° [51], but
this is almost certainly strongly distorted by interaction with the
krypton matrix. CCSD(T) calculations put the bending angle at
136.9°, and DFT calculations with the B3LYP functional reduce this
to 128.5° (entry 15) [52]. The value from an APF/dhf-TZVP calcu-
lation is 131.1° (entry 17), in line with the B3LYP results.

The best available estimate for the equilibrium bending angle of
the quasilinear molecule SrCl, is from electron diffraction mea-
surements coupled with corrections for anharmonic vibrations
[14]. This is a difficult value to reproduce computationally (see a full
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Fig. 2. Plot of 7(R), the relative error in the dispersion energy, as defined in Ref. [37] for the case of Ne,. %(R) will approach a constant value at long interatomic distances with a
functional that includes the proper R~6 dependence for dispersion. Standard DFT functionals produce 7(R) that goes to 0, either from above (attractive interactions at shorter R) or
from below (repulsive interactions at shorter R). APF provides minimal error in this regard. Reprinted with permission from A. Austin, G.A. Petersson, M. Frisch, FJ. Dobek, G.
Scalmani, K. Throssell, ]. Chem. Theory Comp., 8(12) (2012), 4989—5007. Copyright 2012 American Chemical Society.
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Table 1

Calculated geometries of Sr, SrO, and strontium halides.
Entry Complex Method Sr basis set other basis Sr—X (A) Angle (°) ref.
1 Sry exper. (gas phase) n/a 4.6720(1) n/a [44]
2 Sry CCSD(T) CBS (extrap.) n/a 4,710 n/a [47]
3 Sry CASPT2 ANO—RCC nja 4772 nj/a [48]
4 Sry APF dhf-TZVP n/a 4.633 n/a a
5 Srp B3LYP dhk-TZVP n/a 4.827 n/a a
6 Srp MO06 dhk-TZVP n/a 4,532 n/a a
7 SrO exper. (gas phase) 1.9199 n/a [49]
8 Sro CISD Sadlej pvVTZ cc-pVTZ 1.917 n/a [50]
9 SrO APF dhk-TZVP def2-TZVP 1.907 n/a a
10 SrO B3LYP dhk-TZVP def2-TZVP 1.929 n/a a
11 SrO MO06 dhk-TZVP def2-TZVP 1.901 n/a a
12 SrF, exper. (Kr matrix—IR) 2.20 108 [51]
13 SrF, CCSD(T) SDD(uc)+f° cc-pVTZ 2.142 136.9 [17]
14 SrF, CISD SDD(uc)+f° SDD 2.161 138.8 [28]
15 StF, B3LYP SDD(uc)+f° cc-pVTZ 2.119 1285 [52]
16 SrF, APF SDD def2-TZVP 2.124 130.6 a
17 SrF, APF dhf-TZVP def2-TZVP 2.115 131.1 a
18 SrCl, exper. (ED, equil. values) 2.607(13) 143.3(34) [14]
19 SrCl, CCSD(T) SDD(uc)+f° cc-pVTZ 2634 1673 [17]
20 SrCl, CISD SDD(uc)+f° SDD 2.640 159.5 [28]
21 SrCly B3LYP SDD(uc)+f° cc-pVTZ 2632 155.5 [52]
22 SrCl, APF SDD def2-TZVP 2.612 151.6 a
23 SrCl, APF dhf-TZVP def2-TZVP 2.602 149.0 a

*This work.

The valence d orbitals were uncontracted and a single f orbital was added.

discussion of the issue in ref. [14]), although the APF/dhf-TZVP
combination gets within 6° of the angle (entry 23).

3.2. Calculations on (CsHs)»(Sr,Sm)

Both (CsHs5),Sr and (CsHs)2Sm have long been known, although
the structure of neither has been experimentally determined. They
are presumed to be polymeric in the solid state [53,54]. The parent
(C5Hs5)2Sr molecule has been studied computationally several
times, and both bent [55] and linear [56—58] forms have been
found as the lowest energy configuration. The energy difference
between the conformations is consistently found to be small, and
not surprisingly, the results are sensitive to the level of calculation
employed. As an example, an early calculation reported that
(CsHs),Sr optimized to a bent structure (o = 145°) with the use of
the BP86 functional and DFT-optimized all-electron DGDZVP basis
set [55]. We repeated the calculation with the same functional and
basis set, and also found a bent geometry (Table 2, entry 1),
although the angle is larger (a0 = 164°), perhaps because we con-
ducted a full optimization (no imposed symmetry) rather than a
limited one (only ring rotation and the bending angle were varied

Table 2
Geometry of (CsHs),M optimized with various functional/basis set combinations.
Entry Complex Functional M basis set® M-—centroid (A) Angle (deg)
1 (CsHs),Sr BP86 DGDZVPP 2537 164.1
2 (CsHs)2Sr - APF DGDZVPP 2.532 180
3 (CsHs),Sr  APF SDD 2.539 180
4 (CsHs),Sr - APF-D SDD 2.533 180
5 (CsHs),Sr APF dhf-TZVP 2.520 180
6 (CsHs)2Sr B3LYP-D3  SDD¢ 2.550 180
7 (CsHs),Sm  APF SDD 2495 147.7
8 (CsHs),Sm  APF ANO/ECP 2.494 141.9

2def2-SVP is used on C, H in all calculations using the APF(-D) functionals.
bthe corresponding DGDZVP basis was also used on C, H.
‘6-31G(d,p) on C, H.

in the original study). A reinvestigation of this system by the same
authors [58] using a triple-{ Slater-type orbital with a frozen core
(3d and below) and the BP86 functional found that (CsHs),Sr
optimized to a linear structure; the previous bent structure was
ascribed to deficiencies in the DGDZVP basis. Actually, issues with
the functional need to be considered as well, as we find that the
combination of the APF functional and the DGDZVP basis set also
optimizes to a linear structure (entry 2). This suggests that it is the
BP86/DGDZVP combination that overbinds the molecule. Several
additional test calculations were then performed on (CsHs),Sr to
ensure that there were no spurious effects on the geometries
induced by the APF(-D) functional (entries 3—5).

With the SDD basis set on Sr and the APF functional, a linear
geometry is again obtained for (CsHs),Sr (entry 3). This is the
same result found with the BP86 functional and the SDD basis set
on Sr [57]. Adding dispersion corrections with APF-D does not
change the result (entry 4). With the larger dhf-TZVP valence set
on Sr, (CsHs),Sr still stays linear (entry 5). As a check with one of
the functional/basis set combinations previously used to study the
decamethylmetallocenes [22], (C5H5),Sr also remains unbent with
the B3LYP-D3/SDD combination (entry 6). With the exception of
the problematic entry 1, all these DFT results support conclusions
from previous CCSD(T) calculations; i.e., that to a high level of
approximation, (CsHs),Sr has a linear or quasilinear geometry
[57].

A different situation exists with the samarium analogue,
(CsHs)2Sm; it also has been the subject of previous studies, where it
is always found to be bent at levels of theory above Hartree-Fock
[56,59]. With the use of the standard double-{ valence set on the
SDD ECP, (CsHs),Sm bends with an angle of 147.7° (entry 7). With
the use of the larger Stuttgart ANO/ECP basis set, used in a previous
study of the bending angle of (CsMes5),Sm [22], the bending angle
of (CsHs);Sm (141.9°, entry 8) is not far from that found in the
crystal structure (o = 140.1°) [12], which supports the conclusion
that dispersive interactions between the methyl groups are
comparatively unimportant contributors to its bending.
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3.3. (CsMes),Sr calculations

The determination of how well various methods reproduce the
geometry of (CsMes),Sr is tempered by the fact that its structure is
known only from gas-phase electron diffraction measurements
[60]. The thermal average ring centroid—Sr—centroid angle of 149°
has an estimated error of +3° [11]. In contrast to the experimental
structure, and as previously found with the SDD basis set and
various functionals without explicit dispersion corrections,
(CsMes),Sr optimizes to a linear geometry with the APF functional
(Table 3, entry 1). Addition of the SAM dispersion correction leads
to a bent molecule with a centroid—Sr—centroid angle of 146.6°
(entry 2). This is consistent with the values of 145—153° previously
found with the SDD basis and other commonly used functionals,
including B3LYP-D3, M05, M05-2X, M06, and wB97X-D [22].

Exchanging the Sr SDD basis set for the dhf-SVP + ECP basis
combination replaces both the ECP and the valence functions; for
the latter, the p and d functions are contracted differently, and a
single f function has been added [33]. Nevertheless, (CsMes),Sr
remains unbent at this level with the APF functional (entry 3). With
the APF-D functional, the molecule again strongly bends
(o = 147.9°, entry 4).

Compared with the def-SVP basis for Sr, dhf-TZVP adds extra s
and p functions, and supplies a different contraction pattern for the
d polarization functions ((8s,8p,5d,1f) — [6s,5p,3d,1f]). With the
APF functional, this change results in a very slightly bent (CsMes ),Sr
(o = 174.8°, entry 5). This amount of bending is barely outside the
error limit of a significant difference from 180°, but bending per-
sisted even using tighter convergence criteria (10~4 au in maximum
force), and we take it as real effect. Application of the dispersion
correction not surprisingly led to a much more strongly bent
molecule, with a centroid—Sr—centroid angle of 147.2° (entry 6).

Finally, use of the def-QZVP basis ((9s,9p,6d,2f1g) —
[7s,6p,4d,2f,1g]) with the APF functional led to an unambiguously
bent molecule (o = 160.6°, entry 7). The angle is relatively unaf-
fected by the basis sets on C and H, as long as they are polarized
double zeta or better (entries 8, 9). The bent structure is a minimum
on the potential energy surface (Njmag = 0), and forcing the mole-
cule to remain linear during optimization with imposed D5 sym-
metry resulted in the generation of 2 imaginary frequencies
(=23 cm™'). These results indicate that bending of (CsMes),Sr is
possible even with the use of a functional that is explicitly designed
not to capture dispersion interactions. Using the SAM dispersion
correction resulted in further bending to 146.2° (entry 10). It should
be noted that the energy difference (AH°) between the bent
structure of entry 10 and that of the linear counterpart (D5 sym-
metry) is only 0.51 kcal mol~, in line with other estimates of the
bending force [57]. It is also a testament to the very small amounts
of energy that are involved in these calculations. The results with
the dhf-basis sets and APF(-D) functional are summarized in

Table 3
Geometry of (MesCs),Sr optimized with various functional/basis set combinations.

Entry Method Sr basis set C, H basis sets Sr—centr (A) Angle (o, deg)

1 APF SDD def2-SVP 2517 180

2 APF-D  SDD def2-SVP 2.486 146.6
3 APF dhf-SVP  def2-SVP 2.508 180

4 APF-D  dhf-SVP  def2-SVP 2479 147.9
5 APF dhf-TZVP  def2-SVP 2.502 1748
6 APF-D  def2-TZVP  def2-SVP 2.473 147.2
7 APF dhf-QZVP  def2-SVP 2.491 160.6
8 APF dhf-QzVP  6-31G(d,p) 2495 165.8
9 APF dhf-QzVP  def2-TZVP 2.502 161.7
10  APF-D  dhf-QZVP  def2-SVP 2.467 146.2

exper. (ED) [11] 2.469(6) 149(3)

Table 3, entries 3—10, and are depicted in Fig. 3.

3.4. Covalency in the bonding in (CsMes),Sr

Given the low electronegativity of the heavy group 2 metal-
s—that for Sr is ~1.0 [61|—there is no question that the bonding in
their organometallic complexes, and in (CsMes),Sr in the present
case, is highly polar, even if not actually electrostatic. The quantifi-
cation of the polarity is difficult, as is determining how different
computational treatments affect such measures. Detailed orbital
analysis have been made for bonding in the group 2 metallocenes
[55,57,58], and it is not the intent to repeat such information here.
Rather, we wish to highlight the effect on indicators of covalency
caused by the addition of methyl groups to the metallocenes, and of
the use of highly flexible basis sets in the optimization of the com-
pounds. One such indicator is the calculated charge(s) on the metal
centers. Natural population charges (NPA) are relatively insensitive
to basis set composition [62], and of note is that NPA charges re-
ported for Sr in (CsHs),Sr have clustered near +1.8 (i.e., +1.867
[56], +1.77 [57], +1.80 [58]), despite the use of different basis sets
and computational methods. Interestingly, the NPA charge previ-
ously reported for the Sr center in (CsMes),Sr, +1.53 [22], is similar to
that calculated with the dhf-QZVP basis set and the APF
functional, +1.60 (entry 7 Table 3). The difference in average metal
charge (Aq = 0.25) between the two molecules is large enough that it
likely reflects the better donor properties of the pentam-
ethylcyclopentadienyl ring compared to the unsubstituted ligand.

An alternative investigation of the possible importance of cova-
lent interactions was conducted with Bader's atoms in molecules
(AIM) theory [63]. When examined at the B3LYP-D3/SDD level, the
structure of (CsMes),Sr was found to have only three bond-critical
paths between the Sr atom and the ring carbons, providing little
evidence for covalence between the metal and ligands, and an
additional three bond-critical paths between the methyl groups on
the bent side of the molecule, taken as representing the stabilizing
effect of van der Waals forces [22]. For the present study, bond-
critical points and paths were calculated for (CsMes),Sr with the
APF-D/dhf-QZVP optimized structure (entry 10, Table 3). Fig. 4 il-
lustrates that bond critical paths are now clearly evident between
the metal and the 10 carbon atoms in the ring, and additional ring
critical points, indicative of delocalization in space, are also present.
There are also three bond-critical paths found between hydrogen

180.0 +
I ewh dispersion (APF)
175.0 17 o widispersion (APF-D)

170.0 + (O

165.0 +

Bending Angle (deg)
g
o

150.0 T T + —% }(exp. gas-phase)

T T T
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Basis Set on Sr
Fig. 3. Ring centroid-Sr-centroid angles for (CsMes),Sr as a function of basis set size.

The dhf-basis sets are used with Sr; the def2SVP basis was used on C, H. The error bars
are set at +4°.
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Fig. 4. AIM representation for (CsMes ),Sr; bond critical points are in green, ring critical
points are in blue and cage critical points are in magenta. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)

atoms on the methyl groups on the bent side. The average electron
density (in au) at the bond critical points along the paths from Sr to
the ring carbons is 0.029, over six times the value for the points along
the paths that represent van der Waals interactions between the
methyl groups (avg. 0.0043). Of course, even the SrC interactions
involve only a fraction of the electron density found in the ring bonds
(e.g., the average for the bond critical paths between the ring carbons
is 0.29). Nevertheless, the analysis provides evidence for both an
orbital-based and a dispersion contribution to the bending.

79

Fig. 5. Highest energy occupied orbitals of (CsMes),Sr, optimized with the APF-D functional, dhf-QZVP basis set on Sr. Isodensity surfaces are drawn at the 0.40 level.

In an analysis of the orbitals of (CsMes),Sm [22], it was noted
that they fell into three different categories: one of pure metal or-
bitals, one of pure ligand orbitals, and one of mixed metal-ligand
character (ca. 5% 4f and 10% 5d per orbital). Critically, it was also
observed that the set of mixed metal-ligand orbitals was missing in
(CsMes),Sr, a sign of the higher ionic character in the bonding. In
this context, it is noteworthy that with the dhf-QZVP basis set,
evidence for mixed metal—ligand orbitals is in fact present. Fig. 5
presents the six highest occupied orbitals of (CsMes),Sr. Whereas
75, 76, 79, and 80 (HOMO-5, HOMO-4, HOMO-1, and HOMO,
respectively) are evidently largely ligand-based, Mulliken orbital
analysis indicates that 77 (HOMO-4) contains 9.4% of Sr d character,
and 78 (HOMO-2) has 7.4% d character. The mixing is not as
extensive as in (CsMes),Sm, but it does give an indication that the
flexibility of the valence representation on the metal center can
alter the calculated percentage of metal-ligand interactions.

4. Conclusions

By using the “dispersion-free” functional APF and its accompa-
nying dispersion correction (APF-D), we have found that, provided
a sufficiently flexible basis set is used on strontium, the bent
structure of the heavy alkaline earth metallocene (CsMes),Sr can be
shown to be bent, even without the application of dispersion cor-
rections. However, dispersion effects do bring the bending of the
metallocene into conformity with the experimentally determined
structure. The methyl groups both provide the possibility for
dispersion interactions and slightly increase the covalency in the
metal-ring bonding, so that orbital and dispersion effects
contribute together to the bending. Dispersion corrections alone
can cause bending, however, and in a structurally floppy molecule
such as (CsMes),Sr, can mask deficiencies in the basis sets and/or
density functionals used. An additional consequence of these
findings is that (CsHs),Sr, whose linearity has been reconfirmed in
this study, should not be used as a surrogate for the decamethylated
species [55]. The contribution of the methyl groups to the geometry
of (CsMes),Sr cannot be ignored.
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Although the covalent contribution to the bonding in (CsMes ),Sr
is certainly less than in the lanthanide counterpart (CsMes),Sm, it is
not completely negligible. These results leave the door open to
orbitally based explanations of the bending, such as pseudo-Jahn
Teller effect-induced distortions [17]. In this approach, mixing of
excited and ground states helps supply additional covalency. The
results presented here, although focused on strontium, should
apply as well to calcium and barium, and to ligands other than
cyclopentadienyl rings. Owing to the small energy differences
involved between the geometries, future DFT studies of heavy
group 2 complexes, especially those lacking chelating or other
multidentate ligands that could impose a particular geometry on
the molecules, will need to pay close attention to the choice of basis
sets and the potentially confounding effects of density functional
artifacts on the results.
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