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The interaction of tetrahedrally coordinated Ti3* ions generated in the framework of TiAlPO-5 microporous materials
with 1213C.H, leads to the formation of side-on 72 {Ti3*—C.H,} complexes with a unique 5-fold coordination of titanium,
supported by four oxygen donor ligands of the framework. The detailed electronic and magnetic structure of this adduct
is obtained by the combination of advanced EPR techniques (HYSCORE and SMART-HYSCORE) in conjunction with
periodic and cluster model DFT calculations. The binding of C.H, results from the o overlap of low lying C.H,filled =
orbitals with the 3d,2 empty orbital of titanium, enhanced by a small contribution due the 7 overlap between the
semioccupied 3dy. orbital of titanium and the empty 7* orbital of ethylene. The spin density repartition over the
ethylene molecule, obtained experimentally, allows probing directly the entity of the metal-to-substrate 7"-back
donation, highlighting an asymmetry in the spin density delocalization. This interesting feature is supported by parallel
theoretical calculations, which cast the role of the oxygen donor ligands in driving this bonding asymmetry. As a
consequence, the interesting structural feature of potential and actual inequality in the electronic spin states («,5) on
the two ethylene carbon atoms of the 7 coordinated ethylene molecule is produced. The underlying electronic effects
associated to the 7 coordination of ethylene to an early transition metal in paramagnetic state are thus revealed with an
unprecedented accuracy for the first time.

INTRODUCTION

The coordination of olefins to transition metal ions (TMI) is one of the crucial elementary steps
involved in a number of relevant catalytic processes involving the transformation of
unsaturated hydrocarbons. As an example, the widely accepted Cossee-Arlman mechanism? for
the polymerization of a-olefins with Ziegler-Natta catalysts, features z-coordination of the
olefin to the active species, followed by insertion into the metal—alkyl bond through a four-
center transition state. Although the intermediacy of a 7~complex is widely accepted, it should

be emphasized that there is no experimental proof of the existence of a discrete 7-complex
intermediate for early transition metal systems.>2

The metal-olefin 7~bond is in general described by a synergistic bonding model, introduced by
Dewars and by Chatt and Duncanson,4 involving electron donation from the olefin 7~molecular
orbital to the metal d empty orbital and electron back-donation from the metal to the olefin 7*
molecular orbital. The extent and relative importance of substrate-to-metal o-donation and
metal-to-substrate 7*-back donation remains a debated issue5 as well as the formation of =



complexes versus metallacycles having two metal-carbon o bonds and only a single carbon-
carbon bond.® An abundant experimental and theoretical literature is available, concerning
metals-olefins systems in low-temperature matrixes, in which the metals are in zerovalent
state,”1 while a much lower number of experimental studies concerns the interaction of olefins
with charged metal species.’214 Even less explored is the role of paramagnetic TMI and to our
knowledge, there is no systematic experimental study of olefin coordination to open-shell TMI.
These paramagnetic ions are known to promote selective radical-type transformations
potentially exerting important effects in the selectivity through the subtle participation of the
Singly Occupied Molecular Orbital (SOMO) to the reaction.’s® One important example is
provided by Tis+ (3d*, S=1/2) ions, which are believed to play a crucial role in Ziegler Natta
catalysis'” and many other important catalytic processes.

Recently we have demonstrated that Ti3* species can be easily generated at well defined single
sites of microporous aluminophosphates (AlPOs) materials,'® providing unique models to
probe the reactivity of these chemical species.

AlPOs are zeolite-like materials in which silicon ions are replaced by phosphorus and
aluminum in strict alternation, forming a 3-dimensional neutral oxide network that can adopt
a range of polymorphic structures.? In these materials, Al and P ions can be isomorphically
replaced by di-, tri-, and tetra-valent heteroatoms in a relatively easy and controllable manner,
giving rise to acid, redox, and even bifunctional properties.2c When activated via the inclusion
of dopant ions in the framework, AIPOs have widespread applications in the field of
heterogeneous catalysis,2!-23 combining the reactivity of the redox-active cations with high
surface area and the unique spatial constraints imposed by the molecular dimensions of their
porous network.2426 Divalent heteroatoms in MeAlPOs preferentially substitute trivalent Al
framework ions at tetrahedral sites, resulting in a Bronsted functionality (necessary to
compensate the negative charge delocalized on the framework) which disappears after a
reversible oxidation to the trivalent state.27-3t More complex is the situation when tetravalent
ions are inserted in the AIPOs framework, as in the case of Ti4* or V4+ ions. Simple chemical
considerations would suggest the idea that both ions are substituting for pentavalent P atoms,
generating a negative charge on the framework stabilized by a AI(OH)Me Bronsted site.32-36
However, recent studies gave clear-cut evidence for isomorphous substitution of tetravalent
titanium and vanadium ions at both P and Al sites, with emphasis on the presence of reducible
Ti ions at Al sites in TiAIPO-5.18:37-39

The AIPO-5 structure (AFI) and the specific site considered in this study are shown in Figure 1.

TiAIPO-5
Framework

N

Ethylene a c

Figure 1. View along the c axis of the Ti-doped AIPO periodic model. Left: 3D space filling model of a framework portion.
Right: stick model of framework evidencing the Ti3* tetrahedral site onto which the ethylene molecule is adsorbed. Optimized
cell parameters are: a=13.8 A, b=13.9 A, c=8.4 A, a=90.1, f=90.5, y=120.6. The cell composition is H4C>048Al:1P:2Ti..




The presence of easily reducible titanium ions at tetrahedral sites is a unique feature of these
materials4° and is of interest in the context of the study of the chemical reactivity of open shell
TMI towards different adsorbates. In particular in this study we are interested at elucidating
the electronic and geometric structure of ethylene-Ti3* complexes. To do so, we combine
experimental data obtained by CW and pulse EPR techniques with DFT modelling, providing a
detailed description of the coordination geometry and the electronic and magnetic structure of
mono-ethylene complexes with trivalent titanium, produced by adsorption of C2H4 on reduced
TiAIPO-5 zeotype materials. The motivation lies in the important role played by open shell Tis*
compounds in catalytic processes such as olefins polymerization in Ziegler Natta catalysis and
the small amount of data relative to olefinic C=C double bonds coordinated to Ti3* centres.
Emphasis is placed in exploring the underlying electronic effects exerted by singly occupied
metal d-orbitals in olefin coordination which may serve as a lead for more complex systems.

MATERIALS AND METHODS
Sample preparation

TiAlPO-5 was prepared by hydrothermal synthesis as described elsewhere.® Calcined samples
were dehydrated under vacuum by gradually raising the temperature to T = 673 K over a
period of 2 h and kept at that temperature for 1 h. The dehydrated samples were then reduced
under 100 Torr of H> at T = 673 K. Gradual pressures of ethylene, from 3 mbar to 10 mbar,
were delivered on the reduced sample at T = 777 K. Carbon-13 enriched ethylene (99 atom %3C)
gas was purchased from Sigma-Aldrich.

EPR characterization

X-band CW EPR spectra were detected at T = 77 K on a Bruker EMX spectrometer (microwave
frequency 9.46 GHz) equipped with a cylindrical cavity. A microwave power of 10 mW, a
modulation amplitude of 0.3 mT and a modulation frequency of 100 KHz were used. Pulse
EPR experiments at X-band (microwave frequency 9.76 GHz) were performed at T = 10 K on
an ELEXYS 580 EPR Bruker spectrometer equipped with a liquid-helium cryostat from Oxford
Inc. The magnetic field was measured by means of a Bruker ER035 M NMR gauss meter.

Electron-spin-echo (ESE) detected EPR experiments were carried out with the pulse sequence:
n/2 - 7 - - - echo. Pulse lengths t;/- = 16 ns and t; = 32 ns, a 7 value of 200 ns and a 1 kHz
repetition rate were used.

Hyperfine Sublevel Correlation (HYSCORE) experiments4 were carried out with the pulse
sequence nt/2 - t-n/2 -t - T - t2 - ©/2 - 7 - echo. The microwave pulse length /> = 16 ns and t-
= 16 ns were adopted. The time intervals t; and > were varied in steps of 8 ns starting from 96
ns to 2496 ns. In order to avoid blind spot effects different r values were chosen, which are
specified in the figure captions. The adopted shot repetition rate was 1 kHz. A four-step phase
cycle was used for eliminating unwanted echoes.

The SMART (Single MAtched Resonance Transfer) HYSCORE4243 sequence is pm - t1 - 7t - t2 -
pM - 7 - © - 7 - echo (pm = high-turning angle, HTA, matched pulse). The matching-pulse field
strength, v, was taken to be 15.0724 MHz. The length of the matching pulse was optimized
using a matched three pulse ESEEM experiment.43 The optimal value was found to be 120 ns
(see Figure 1S supporting information). The length of the n pulses was taken to be 16 ns. A
four-step phase cycle was used to eliminate unwanted echoes.



The time traces of the HYSCORE spectra were baseline corrected with a third-order
polynomial, apodized with a Hamming window and zero filled. After two dimensional Fourier
transformation, the absolute value spectra were calculated.

EPR and HYSCORE spectra were simulated using Easyspin.44
DFT calculations

We simulated the TiAlPO-5 structure using periodic models that are more suitable than
molecular fragments to represent the extended crystalline environment of the TMI ions.45 The
periodic calculations were performed using the CRYSTAL14 software package4©47 considering
a single Ti3* center per unit cell in the AIPO-5 framework at Al3+ sites compatible with the
experimental findings. The calculations were done within the Density Functional
Approximation (DFT) adopting the hybrid Becke, three parameters, Lee-Yang-Parr (B3LYP)
functional.48:49

The wave function of the systems is described as a linear combination of atomic orbitals
expressed as a contraction of Gaussian-type functions. A triple-valence plus polarization basis
set for Ti, a double valence plus polarization basis set for P, Al and O, and a single valence plus
polarization basis set for H were used during the geometry relaxation of both atomic
coordinates and cell vectors. All these basis set are available on the online library of the
CRYSTAL14 code. For the electronic and magnetic properties, a single point calculation with
the same method was performed using the Ahlrichs triple-¢ plus polarization basis set for all
atoms. Furthermore, for Ti and Al atoms, the basis function with exponents lower than 0.06
are removed, to avoid basis set linear dependence (see Table S2 of the supplementary
information for details and references).

The Gauss—Legendre quadrature and Lebedev schemes are used to generate angular and radial
points of a pruned grid consisting of 75 radial points and 974 angular points over which
electron density and its gradient are integrated. Values of the tolerances that control the
Coulomb and exchange series in periodical systems [CRYSTAL14 Manual] were set to default
values (6 6 6 6 12). The Hamiltonian matrix was diagonalized in 8 k-points (shrink factor = 2)
of the first Brillouin zone. The eigenvalue level-shifting technique was used to lock the system
in a non-conducting state. The level shifter was set to default value (0.6 Ha) without locking
the wavefunction solution up to the end of the self consistent field. To help convergence of the
SCF, the Fock/KS matrix at a cycle was mixed with 30% of the one of the previous cycle. The
difference between the number of a and 3 electrons (spin of the systems) for Ti atom is locked
to 1 for all the SCF cycles of the calculation. This is strictly necessary in order to obtain the
titanium atom under the doublet state in the periodic system.

Harmonic frequencies for ethylene atoms were calculated with CRYSTAL14 at T" point and the
infrared intensity for each normal mode was obtained by computing the dipole moment
variation along each normal mode.

The periodic DFT study has been complemented with molecular cluster calculations,
performed using the ORCA code,5° in order to estimate the g-tensor of Ti3* that cannot be
calculated with CRYSTAL14. A cluster including Ti and its first coordination sphere has been
cut out from the optimized periodic structure obtained with CRYSTAL14, as represented in
Figure 2.



Figure 2. View of 3D balls and sticks cluster model of Ti-site in interaction ethylene molecule. Cluster structure is cut from the
optimized periodic model. The resulting unsatisfied valences have been saturated with H atoms oriented along the broken
bonds. The cluster has net charge=+3 in a doublet spin state.

The resulting unsatisfied valences have been saturated with H atoms oriented along the broken
bonds. The net charge on the cluster was set to +3 in a doublet spin state. This charge ensures
a good representability of the cluster with respect to the periodic model, as judged by the
closeness of the Ti spin density values. The g tensor has been calculated keeping the atom
coordinates fixed, i.e. maintaining Ti and its local environment as in the optimized periodic
model.

Since hyperfine interaction (hfi) values and aiso in particular are known to be very sensitive to
the exchange functional employed, calculations have been repeated with the PBEo 5!
functional, which was found to provide results in better agreement with the experiment. A
specifically developed for EPR/NMR magnetic properties Gaussian basis function is utilized
for describing the cluster system. The CP(PPP) 52 basis set is adopted for Ti atom, IGLO-II 53
for P atoms and EPR-II 54 for O and H atoms. For the numerical integration of the electron
density, 434 points in according with Lebedev scheme are chosen. The SCF convergence
criteria are set to 10-8 Ha.

RESULTS AND DISCUSSION
EPR Characterization

A typical EPR spectrum of TiAlPO-5 reduced in H2 atmosphere at 673 K is shown in Figure 3a
together with the corresponding computer simulation (dotted line). The spectrum is
characterized by two overlapping species (Table 1) with a nearly axial g tensor typical for Ti3+
ions under a distorted tetrahedral symmetry. Clear evidence for isomorphous substitution at
Al3+ sites is provided by HYSCORE spectroscopy, which allows detecting 3P hyperfine
interactions typical for Ti-O-P coordination and only small couplings to remote 27Al nuclei. A
typical HYSCORE spectrum recorded at the observer position indicated in Figure 3a is shown
in Figure 3c. The spin Hamiltonian parameters relative to the different 31P nuclei were
determined and discussed in a previous work.:8

Adsorption of ethylene (Figure 3b) leads to the modification of the EPR spectrum and a new
EPR active species is observed, characterized by the g tensor reported in Table 1. The spectral
change is reversible and pressure dependent (Figure 2S supporting information) and is clearly
correlated to the ethylene coordination and subsequent crystal field modification at the Tis+



metal centre. A more detailed description of ethylene coordination is obtained by means of
HYSCORE spectroscopy.

HYSCORE is a two-dimensional experiment where correlation of nuclear frequencies in one
electron spin (ms) manifold to nuclear frequencies in the other manifold is created by means of
a mixing 7 pulse. The HYSCORE spectrum recorded upon ethylene adsorption (Figure 3d)
shows 3P and 27Al cross peaks, which are similar to those observed for the reduced sample
prior gas adsorption.!® In addition a ridge in the (+,+) quadrant, centered at about 15 MHz (the
'H Larmor frequency) with a width of about 7 MHz is observed. This signal is not present in
the reduced sample (Figure 3c) and can clearly be ascribed to the interaction of the unpaired
electron - mainly localized on Tis+- with the ethylene protons. Double quantum (DQ) peaks
centered at about twice the *H Larmor frequency are barely visible in the spectrum (not
shown). In order to enhance these features - corresponding to correlations between sum
frequencies of the different ethylene protons interacting with the unpaired electron - we
recorded SMART HYSCORE spectra at different observer positions (Figure 4). This detection
scheme combines the enhanced sensitivity due to the use of matched pulses with the lack of
blind spots, allowing the observation of cross peaks at frequencies (vi,a+ Vi, V1 + V1,6) due to
correlation of double quantum (DQ) coherences. In the spectra of Figure 4, in addition to the
strong ridge around vu, (evidenced by the dotted red line) corresponding to the correlations
between the basic frequencies of the two ms manifolds, a ridge is also present around 2vs,
which corresponds to correlations between sum frequencies. These sum frequency ridges are
particularly informative as they allow determining the relative sign and orientation of the
hyperfine tensors. In addition to the ridges correlating proton frequencies, combination peaks
involving the sum and difference frequencies of protons with 27Al and 3'P are also observed as
indicated in Figure 4a (blue dotted lines). The proton hyperfine couplings are particularly
informative on the adsorption geometry, however the ridges around vua do not allow for the
determination of the two tensors and their relative sign and orientations. This information can
be obtained by the analysis of the DQ ridges. We simulated the shape of the combination-
frequency ridges assuming different couplings and orientations of the contributing protons.
The simulation analysis indicates that the shape and extension of the DQ ridges can be
reproduced assuming two interacting protons with slightly different couplings (Table 1). In
Figure 4 the correlation ridges of the two protons at vu are plotted in red and green and they
overlap almost completely. The combination frequencies at 2vu are plotted in black.
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Figure 3. a), b) Experimental (solid line) and simulated (dotted line) CW-EPR spectra of Ti3+ species generated in TiAIPO-5
upon (a) reduction in H: at 673 K and (b) delivery of 10 mbar of ethylene; c), d) HYSCORE spectra recorded at the magnetic
field position corresponding to the arrow in spectra (a) and (b), respectively. The spectra refer to (c) reduced TiAlPO-5 and (d)
reduced sample upon delivery of 10 mbar of ethylene. For both the spectra the adopted rvalue is 104 ns. The spin Hamiltonian
parameters extracted from the computer simulations are reported in Table 1.

Table 1. Spin Hamiltonian parameters derived from computer simulations of Figures 3-5.

Jx gy gz Ax Ay A Qiso Tx Ty T, ﬂ Ref.
S 1.898 1.918 1.991
Reduced +0.005 +0.005 +0.002 g
. 1
TiAIPO-5 o 1.969  1.90 1.90
+0.002 +0.01 +0.01
H(D) -3.2 -3.2 6.5 0.0 -3.2 -3.2 +6.4 20410
+0.3 +0.3 +0.3 +0.3 0.1 +0.1 0.1
-2, -2.5 7.0 +0.7 -3.2 -3.2 +6.4
Reduced H(2) 1053 70410 )
TiAIPO-5 1.902 1.925 1.964 . +0.3 +0.3 $0.3 0.1 0.1 0.1 This
+0.00 +0.005 +0.002 - - - -
+ CH, 5 5 130(1) -1.7 1.7 1.9 0.5 1.2 1.2 +2.4 ~40£20 work
+0.3 0.3 +0.5 +0.4 0.1 +0.1 0.1
- -0. 1 +1.0 -1 -1. +3.1
13C(2) 0.55 55 4 55 55 3 80410

+0.3  10.3 +0.2 0.3 0.1 +0.1  £0.1

The hyperfine coupling constants are expressed in MHz and the arbitrary convention gx<gy<g: is chosen. The signs of the
hyperfine tensor elements were chosen in accordance with the results of the DFT calculations. The Euler angle 3, in degrees,
relates the orientation of the A, component with the g tensor element.



The best fit was obtained assuming that the two tensors are non-coaxial with respect to the
g: axis, forming angles of approximately 70 and 20 degrees, respectively. The parameters
obtained from the simulation of the SMART HYSCORE spectra have been used to simulate
the standard *H HYSCORE spectra (Figure 3S supporting information).

The isotropic and dipolar components of the A(*H) tensors can be obtained by
conventional decomposition (A = aiso1 + T), where 1 represents the unit matrix. This leads
to virtually the same dipolar term for the two protons (T = 3.2 + 0.6 MHz) and aiso ~ 0.03
and 0.7 MHz for Hu) and He) respectively, where the sign has been chosen consistently
with the positive gn value of *H. Considering a purely dipolar interaction the Ti-H distance
can be estimated to be 0.29 + 0.01 nm from the following equation:

)7 1
T = _Ogegnﬂeﬂn _3
A r (1)

with r being the distance between the unpaired electron localized in the Ti d orbitals and
the *H nucleus. This experimentally derived distance is in excellent agreement with the
DFT computed one (vide infra).

In order to thoroughly characterize the ethylene coordination to Ti3+ and the relative spin
density transfer, HYSCORE experiments were performed with 3C-enriched ethylene.
HYSCORE spectra were recorded at different magnetic fields (Figure 5) and at a r value
that suppresses the contribution of remote 27Al and 3C ions that have similar nuclear
Larmor frequencies (visc = 3.74796 MHz and v27a1 = 3.88610 MHz at 350 mT).
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Figure 4. 'H SMART HYSCORE spectra of reduced TiAlPO-5 contacted with 10 mbar of ethylene. The spectra are taken at
observer positions corresponding to (a) Bo = 354.0 mT, (b) Bo = 359.0 mT, (c) Bo = 364.0 mT and (d) Bo = 368.5 mT. The
spectra were recorded using r = 176 ns and symmetrized to obtain a better comparison with the simulations. The
simulations of the correlation ridges expected for a three-spin system, S = 1/2, I = 1/2, I. = 1/2 assuming the hyperfine
couplings reported in Table 1 are superimposed on the experimental spectra. The 27Al, 3'P and *H Larmor frequencies are
indicated by the green, magenta and red dotted lines respectively. Combination frequencies are indicated by the dotted
blue lines.
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Figure 5. Experimental (color) and computer simulation (black) 13C HYSCORE spectra of TiAlPO-5 upon delivery of 10
mbar of 3C-enriched ethylene. The spectra are recorded at T = 10 K with z = 250 ns at field positions corresponding to
the ESE spectrum turning points, namely (a) Bo = 355.0 mT, (b) Bo = 364.7 mT and (c) Bo = 369.0 mT. The parameters
adopted for the simulations are listed in Table 1. Only the 13C signal is simulated.

The spectra are characterized by the presence of cross peaks (C2) centred at the 3C nuclear
Larmor frequency, which are absent in the non-enriched system. The maximum coupling
(r 4 MHz) is observed at magnetic field settings where mainly spectral components
associated to gx and gy positions of the ESE powder pattern are selected by the HYSCORE
experiment. Experiments carried out at the g. spectral position (Figure 5a) indicate a
maximum coupling along this direction of about 1.5 MHz. Careful examination of the
spectra reveals that, at field positions corresponding to gx/y, a second pair of cross-peaks
(C1) is present, located close to the diagonal. These features are no longer observed in the
HYSCORE spectrum recorded at the g. component where they overlap with the C2 signal.
The presence of two distinct 13C couplings is confirmed by the simulation analysis, which
indicates that no satisfactory fitting of the spectra can be obtained assuming a single 3C
coupling. The simulation of the HYSCORE spectrum was thus carried out assuming a three
spin system (S=1/2, I(C1)=1/2, I(C2)=1/2). The geometrical constraints derived from DFT
modelling (vide infra) were used to estimate the dipolar coupling. A nearly equivalent Ti-C
distance of 2.61 A and 2.65 A is computed for the two ethylene carbon atoms, which
translates into an anisotropic hyperfine component 7=1.1 MHz (eq.1). These values were
used as starting parameters and changed together with the g Euler angles for the two 3C
nuclei until a satisfactory fit was obtained for all observer positions. The result is reported
in Figure 5 and the corresponding spin Hamiltonian parameters are listed in Table 1.
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Decomposition of the A(*3C) tensors leads to T(C1) = 1.2+0.1 MHz and T(C2) = 1.5+0.1
MHz in good agreement with the initial guess. The derived isotropic hyperfine components
are found to be aiso(C1)= -0.5+0.3 MHz and aiso(C2)= 1.0+0.1 MHz where the sign has
been chosen in accordance with the positive principal value of the dipolar coupling for 2p
orbitals and positive gn value for the 13C nucleus 55 and in agreement with the DFT results.
The large dipolar character of the :3C A tensor is in agreement with the shift of the ridges
from the vi=-v> axes 56 and its analysis indicates a minute spin delocalization on the
ethylene molecule. Moreover the different sign of the isotropic contact term for the two
carbon nuclei suggests an asymmetry in the spin delocalization pathway over the adsorbed
molecule.

In order to clarify the nature of the {Ti3*—C.H,4} adduct and to develop a detailed self-
consistent description of the electronic and molecular structure of the monoethylene
complex, corroborative DFT calculations were carried out.

DFT Calculations. Electronic structure and binding mechanism of {Ti3+—C-H,}

The considered model has been based on the experimental findings discussed above,
(Figure 3) and consists of a single Ti3+ ion per unit cell replacing for an Al3+ framework ion.
Consistently with the reversibility of the interaction, DFT calculations at B3LYP level (no
dispersion included) reveal that the {Ti3+—C-H,} adduct results unbound with AEC = 3.6
kcal-mol- (see Table S1). Decomposition of AEC in different energy contributions reveals a
large energetic cost associated to the geometrical deformation of the Ti3* centre (6Es = 9.0
kcal-molt) (see Figure 6 for geometrical details) upon ethylene binding, together with a
negligible deformation cost of the ethylene (6Em = 0.4 kcal-mol-!) molecule. However, the
interaction energy between the already deformed system gives AE*C= -5.8 kcal-mol
(spontaneous process), showing a weak chemical interaction. When the calculations are
repeated by including the dispersive contribution with B3LYP-D*, the system becomes
bound with a final interaction energy of AECP = -7.6 kcal-mol-. In conclusion, while the
role of dispersion interactions is essential to keep the system in place at low temperature, it
is the chemical interaction which is responsible of the large geometrical restructuring of
the Ti3+ site and of the spin density transfer towards the ethylene molecule.

10
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Figure 6. B3LYP optimized a) and b) Ti-site of the periodic model before and after the ethylene adsorption respectively.
Ox-Ti-O3 angles are reported in order to emphasize the deformation of Ti-site. ¢) and d) different views of the periodic
Ti-site in which the distances Ti-H and C=C are reported, respectively. All distances are reported in Angstrom.

Upon ethylene ligation the titanium ions attain a five-fold coordination, featuring the side-
on ligated C-H,; moiety with the distance of the two C atoms to the metal center of 2.647 A
and 2.612 A. The C—C bond length of the adsorbed C.H= moiety is elongated to 1.345 A
with respect to the free molecule (1.336 A) suggesting a small weakening of the C-C bond
upon binding. This is in agreement with the computed red shift of the C-C bond, which
becomes slightly activated upon binding with a bathochromic shift of 25 ecm. As no
experimental spectrum has yet been recorded despite our attempts we deposit the B3LYP
computed IR spectrum as supporting information (Figure 4S) for future reference and
elaborations. The computed Ti-H distances (Figure 6¢) range between 2.94 A and 3.07 A,
in excellent agreement with those derived from the analysis of the *H SMART HYSCORE
Spectra.

We find an interesting result through the topological analysis of the electron density
distribution and the evaluation of the critical points.57 The critical points are locations
where the gradient of the electron density is zero and allow the identification of bond
paths. In our case we find a single critical point between the Ti3+ cation and the midpoint
of the C-C bond (Figure 7d), implying a T-shaped electronic structure of the {Ti3+—C2H,}
adduct. A similar result was found in the theoretical analysis of the Cu(C-H4)* complex.t°
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Table 2. Cluster PBE0 computed g and periodic B3LYP 'H and 3C hfi tensor elements relative to
the model structures illustrated in Figures 1 (A tensor) and 4 (g tensor).

gx gy gz Qiso Tx Ty T,

1H1 +3.1 -2.5 -3.1 +5.6

1H2 +1.5 -2.4 -3.0 +5.4

H3 -1.4 -2.3 -3.8 +6.1

1.9443 19609 1.9770 Hg4 -0.6 -21 40 +6.1

1BC1 -1.3 -1.1 -1.2 +2.3

1B3C2  +1.5 -3.0 -3.2 +6.2

All the values are given in MHz. The numbering of the atoms is given in Figure 6.

The computed g and hfi tensors for the {Ti3+—C-H4} adduct are listed in Table 2. The
calculated g factors, obtained with cluster calculations, qualitatively reproduce the
experimental values as well as the g shift experimentally observed upon adsorption of
ethylene to the naked Ti3+ ions (Figure 5S of supporting information).

Comparison of the experimental and DFT calculated *H hyperfine constants indicates a
good agreement in particular between the dipolar tensor components, which are much
more sensitive to the structural rather than computational details and much more faithful
reporters of the equilibrium structure of the paramagnetic complex. The four protons are
found to have very similar dipolar components and different orientations with respect to
the g frame. The full set of Euler angles obtained with the cluster approach is reported as
supporting information (Table 1S) together with a simulation of the experimental 'H
HYSCORE spectra obtained using the computed values (Figure 6S). The good agreement
with the experimental data strongly validates the computational model. In the case of the
13C hyperfine couplings the two carbon nuclei are found to be inequivalent, with C2
displaying a larger coupling in agreement with the larger fraction of (positive) spin
delocalization and with the experimental findings. The hfi is very sensitive to both
computational parameters (method, basis set quality, numerical accuracy, etc) and
geometry. This is particularly true in the present case in which the absolute hfi values are
rather small. The computed hfi are slightly overestimated with respect to the experiment
and are found to depend critically on the ethylene adsorption geometry as demonstrated
by rigid rotations and translations of ethylene with respect to the position assumed in the
optimized structure (Figure 7S supporting information). Energetic data of Figure 7S reveal
that only small translations of ethylene with respect to the adsorption site are compatible
with the low temperature of the experiment, the rotation implying a higher energetic cost.
Detailed computed data (not shown) reveal, however, that the anisotropic component of
the hfi are far less sensitive to the change in the conformation of the adduct. The principal
axes of the 13C hyperfine tensor are non-collinear with the g tensor axes, with the A
direction of C2 being rotated nearly about = 90" along the gx direction. For the C1 carbon
the Az component is computed to be tilted of f = -45  with respect to g. (Figure 8S
supplementary information). These computed orientations were used as starting values to
simulate the experimental HYSCORE spectra reported in Figure 3.
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The origin of the magnetic inequivalence of the two C ethylene atoms can be understood
considering the spin density and the HOMO-SOMO plots shown in Figure 7. Visual
examination of the HOMO shows that the doubly occupied 7 bonding orbital of ethylene is
engaged with a 3dz2 Ti empty orbital in a typical o donating bond interaction. On the other
hand the SOMO is characterized by a dominant 3dy. Ti character with a partial overlap to
the antibonding 7* orbital of ethylene. However, as a result of the asymmetry introduced
by the in plane oxygen (O1), we find an increased orbital population for C2. This translates
in a decrease of the Ti-C2 bond length and into a larger amount of o spin transferred in C2
with respect to C1. In turn, B spin is induced in C1 via spin polarization of the o C-C bond
as shown in the spin density plot of Figure 7c, consistently with the experimental
observation of two inequivalent C atoms. As an overall the experimental spin Hamiltonian
parameters are well reproduced indicating that the calculated SOMO and associate spin
density distribution accurately describe the delocalization of the unpaired electron.

3} b) a
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Figure 7. PBEo a) HOMO and b) SOMO respectively plotted on the cluster structure (contour level 0.02). ¢) spin density

(o}
e
|
o1
P3
plotted on the periodic structure (blue: a spin, red: § spin, isovalue: 0.0004). d) critical point (blue) of the Bader

topological analysis of electron density in the periodic system.

CONCLUSIONS

The olefinic complex between ethylene and Ti3* was experimentally isolated reacting Tis+
ions generated in the AIPO-5 structure with ethylene. From the combination of advanced
EPR techniques and DFT periodic calculations a detailed description of the coordination of
ethylene to tetrahedrally coordinated Ti3* ions was achieved. Ethylene coordinates to Ti3+
ions via a classical donor-acceptor scheme typical for 7 coordination of olefins. The
complex has a T shaped structure and a modest binding energy compatible with the
experimentally observed reversibility of the adsorption phenomenon. Although the
interaction can be classified as a simple physisorption from the overall energetical point of
view, electron transfer channels are clearly evidenced, which result in a small elongation of
the C-C bond. The small activation of the C-C bond with respect to other transition metal
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ionss can be explained considering the small role of 7* back-donation from the metal to the
ethylene molecule. This is directly monitored by the spin density transfer and relative 13C
hyperfine interactions measured by means of HYSCORE spectroscopy. Interestingly an
asymmetry in the spin density transfer towards the two ethylene carbon atoms is observed,
which can be traced back to the local structure of the complex featuring the non-innocent
role of the solid framework into which the TMI is embedded. This asymmetry in the z*
back-donation produces the interesting consequences of the inequality in the metal-
olefinic carbon bond lengths and opposite spin states on the two ethylene carbon atoms.
The effect is small but sizable and is related to the geometrical structure of the site.
Although at the moment it may appear a chemical oddity associated to this specific system,
this spin asymmetry, may have interesting consequences on the chemical reactivity of the
ethylene molecule and the steroselectivity of polymerization catalysts. The impact of
electronic effects associated to the presence of singly occupied molecular orbital has been
so far disregarded in the field of olefin polymerization, however TMI in paramagnetic
states feature large in both heterogeneous and homogeneous polymerization catalysis. In
these reactions intermediate bond breaking, and further bond making is involved and the
spin state of the reactant may have an impact in directing the stereoselectivity of the
catalyst. Moving from the evidence provided from the present study, it will be interesting
to explore the effect of the chemical nature and the geometrical arrangement of
coordinating ligands in modulating the spin repartition on paramagnetic metal-olefin
complexes and its potential impact on olefin reactivity.

ASSOCIATED CONTENT
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