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ABSTRACT: Octahedral coordination complexes of the general
formula trans-[MX,(R,ECH,CH,ER,),] (M" = Ti, V, Cr, Mn; E =
N, P; R = alkyl, aryl) are a cornerstone of both coordination and
organometallic chemistry, and many of these complexes are known
to have unique electronic structures that have been incompletely
examined. The trans-[CrCl,(dmpe),] complex (dmpe =
Me,PCH,CH,PMe,), originally reported by Girolami and co-
workers in 1985, is a rare example of a six-coordinate d* system T e
with an § = 1 (spin triplet) ground state, as opposed to the high- R e
spin (S = 2, spin quintet) state. The ground-state properties of S = trans-[Cr(Me,PCH,CH,PMe3),Cl5]

1 systems are challenging to study using conventional spectro-

scopic methods, and consequently, the electronic structure of trans-

[CrCl,(dmpe),] has remained largely unexplored. In this present work, we have employed high-frequency and -field electron
paramagnetic resonance (HFEPR) spectroscopy to characterize the ground-state electronic structure of trans-[ CrCl,(dmpe),]. This
analysis yielded a complete set of spin Hamiltonian parameters for this S = 1 complex: D = +7.39(1) cm™, E = +0.093(1) (E/D =
0.012), and g = [1.999(5), 2.00(1), 2.00(1)]. To develop a detailed electronic structure description for trans-[ CrCl,(dmpe),], we
employed both classical ligand-field theory and quantum chemical theory (QCT) calculations, which considered all quintet, triplet,
and singlet ligand-field states. While the high density of states suggests an unexpectedly complex electronic structure for this “simple”
coordination complex, both the ligand-field and QCT methods were able to reproduce the experimental spin Hamiltonian
parameters quite nicely. The QCT computations were also used as a basis for assigning the electronic absorption spectrum of trans-
[CrClL(dmpe),] in toluene.

[l Metrics & More | @ Supporting Information

B INTRODUCTION
Chelating ligands, R,E(CH,),ER, (E = group 1S donor; n = 1—

Previously reported complexes of Ti" with the same tetragonal
geometry,”” but with nitrogen donor ligands, have been recently

3; R = H, alkyl, aryl), have played an important and historical
role in coordination and organometallic chemistry. The size of
the chelate ring is controlled by n, wherein n = 2 forms the stable
five-membered metal-chelate ring and is the most commonly
employed. The o-donor and s-acceptor properties of E are
controlled by period, with E = N being the classical coordination
chemistry ligand (e.g., R = H gives ethylenediamine, en) with no
m-bonding and E = P being the classical organometallic ligand
series (e.g, R = Me giving dmpe, 1,2-bis(dimethylphosphino)-
ethane, and R = Ph giving dppe, 1,2-bis(diphenylphosphino)-
ethane) with z-acceptor properties. In a landmark paper,
Girolami, Wilkinson, and co-workers reported a series of first-
row divalent transition-metal dmpe complexes of general
formula trans-[MX,(Me,PCH,CH,PMe,),], where M" = Ti,
V, Cr, Mn and X = Me, Cl, Br.'"”? Subsequent studies by
Girolami and co-workers explored the chemistry of trans-
[TiX,(Me,PCH,CH,PMe,),] (X = Me,* OPh,” #>-BH,") and
of trans-[VX,(Me,PCH,CH,PMe,),] (X = 5'-BH,,° Me’)
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explored by us. These are trans-[TiCl,(py),] (py = pyridine) "
and trans-[TiCl,(tmeda),] (tmeda = N,N,N’,N’-tetramethyl-
ethane-1,2-diamine = Me,NCH,CH,NMe,)."'"'> A theme that
is pervasive in these studies, and of importance for practical
applications,"” is the variation in spin ground state among
related complexes. For example, the spin ground state of trans-
[TiX,(Me,PCH,CH,PMe,),] is a function of the axial ligand,
wherein X = Cl," 77-BH,° have the triplet ground state expected
for d% but for X = Me," OPh’ the ground state is a singlet
(diamagnetic).
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Even within triplet complexes, there is variation in that the
ground state in trans-[TiCl,(py),] is doubly degenerate (°E, in
Dy, ideal symmetry),'® while that of tmns-[TiClz(tmeda)j is
singly degenerate (*A, in Dy, ideal symmetry)."'

Our current interest is not to discuss further the differences
among these trans-[ Ti"X,(L),] complexes but to use these as an
inspiration for moving to the next even-electron-count 3d
dication, namely Cr'', as found in trans-
[CrCl,(Me,PCH,CH,PMe,),], hereafter trans-
[CrCly(dmpe),]. This complex is of interest not only as another
member of the trans-[MX,(L),] series but also for its low spin
(in an octahedral sense;'*~'® in D, symmetry, S = 0 is viable if
the e, orbitals (d,,, d,.) are sufficiently lower in energy than the
b,, orbital (dxy)) 1,16 ground state, in contrast to typical
octahedral Cr", such as that found in [Cr(H,0)¢]**."" ™" We
have previously studied an “octahedrally low-spin” d* system, in
that case with trigonal distortion, namely Mn"" supported by
bis(scorpionate) ligands, of both the “traditional” hydro-
(trispyrazolyl)borate and “carbene” phenyl(trisimidazolyl)-
borate type.”’ Again, these S = 1 d* systems are in the minority,
as such Mn"" complexes typically exhibit an S = 2 ground state.
The complex trans-[CrCl,(dmpe),] thus provides a tetragonal
example of this electronic configuration and is in a 2+ oxidation
state. This lower oxidation state, combined with relatively weak
axial ligands (chloride, as opposed to e.g., methyl, as in the Ti"
example above), which are cylindrical 7-donors, as opposed to
more 7-anisotropic ligands (e.g,, phenoxide) make the triplet
ground state intriguing. To achieve our goal of understanding
the electronic structure of trans-[ CrCl,(Me,PCH,CH,PMe,), ],
we can apply experimental (high-frequency and -field electron
paramagnetic resonance (HFEPR) spectroscopy) and computa-
tional (ab initio quantum chemical theory (QCT)) methods that
were unavailable when these types of trans-
[MX,(Me,ECH,CH,EMe,),] complexes were originally re-
ported near the end of the last century. The key contribution of
HFEPR in such systems is the accurate and precise
determination of zero-field splitting (ZFS) parameters (for
systems with S > 1/2),”"*” which are very sensitive metrics of
electronic structure, as well as being a crucial phenomenon in the
function of single-molecule magnets (SMMs).** Moreover, in
the previously studied S = 1 Mn'™ complexes, the electronic
absorption spectra were relatively uninformative,”” which is not
the case for trans-[CrCl,(Me,PCH,CH,PMe,),], but those
spectra had not been analyzed."' This study specifically on trans-
[CrCl,(dmpe),] also provides generally applicable information
on the bonding effects of the widely used dmpe ligand.

B EXPERIMENTAL SECTION

General Considerations. The manipulation of air-sensitive
compounds was performed using standard Schlenk-line techniques or
an MBraun inert-gas glovebox containing an atmosphere of purified
dinitrogen or argon where specified. Solvents were purified using a two-
column solid-state purification system (Glasscontour System, Joerg
Meyer, Irvine, CA), transferred to the glovebox without exposure to air,
and stored over activated molecular sieves and/or sodium metal. NMR
solvents were dried over Na/K alloy or molecular sieves and distilled
under reduced pressure and/or filtered through a column of neutral
activated aluminum oxide. Elemental analysis results were obtained
from the Analytical Laboratories at FAU-Erlangen-Niirnberg, using
Euro EA 3000 (Euro Vector) and EA 1108 (Carlo-Elba) elemental
analyzers. Electronic absorption spectra of trans-[ CrCl,(dmpe),] were
recorded on a Shimadzu UV-3600 UV—vis—NIR spectrophotometer in
toluene solution at room temperature.

Synthesis of trans-[CrCl,(dmpe),]. The general procedure of
Girolami et al. was used." Under a nitrogen atmosphere, CrCl, (40.6
mg, 0.33 mmol, 1 equiv) was suspended in toluene (1.8 mL).
Immediately after addition of dmpe (0.09 mg, 0.1 mL, 0.66 mmol, 2
equiv), a color change from light green to intense apple green was
observed. The solution was stirred for 2 h, concentrated to a volume of
1.5 mL, and cooled to —35 °C overnight, affording green crystals that
were collected by filtration, washed with a few drops of cold (=35 °C)
toluene, and dried. A second crop was obtained by further
concentration of the filtrate, cooling, filtration, washing, and drying as
with the first crop (65 mg, 47%). Anal. Calcd for C;,H;,CLCrP, (MW
= 423.18 g/mol): C, 34.06; H, 7.62. Found: C, 34.28; H, 7.53.

X-ray Crystallography. Details of the X-ray crystallography of
trans-[ CrCl,(dmpe),] collected at 100 K, are given in Section S1 in the
Supporting Information. Figure S2 shows crystal packing diagrams for
this complex, demonstrating that there are no intermolecular
interactions.

Magnetometry. Magnetometry data of crystalline, finely powdered
trans-[ CrCl,(dmpe),] restrained within a polycarbonate gel capsule
were recorded with a Quantum Design MPMS-XL SQUID magneto-
meter (FAU-Erlangen-Niirnberg). DC susceptibility data for two
separate samples (15.0 and 6.5 mg, respectively) of trans-
[CrCl,(dmpe),] were collected in the temperature range of 2—300 K
under a DC field of 1 T. Values of the magnetic susceptibility were
corrected for the core diamagnetism of the sample estimated using
tabulated Pascal’s constants.** The program DSUSFITP (J. Telser) was
used for fitting magnetic susceptibility data using a standard S = 1 spin
Hamiltonian.

High-Frequency and -Field EPR Spectroscopy (HFEPR).
HEEPR data were acquired using the EMR Facility of the NHMFL.
Details are provided in Section S2 in the the Supporting Information.

Computational Methods. Ligand field theory (LFT) calculations
employed locally written (J. Telser) programs and Ligfield (J.
Bendix).”> All quantum chemical theory (QCT) calculations were
performed using ORCA 4.2.1.>%*” Details are provided in Sections S3
(LFT) and S4 (QCT) in the Supporting Information, respectively.

B RESULTS AND ANALYSIS

Single Crystal X-ray Diffraction (XRD). The crystal
structure of trans-[ CrCl,(dmpe),] was previously reported by
Girolami et al. (CSD code: DAJDUN)." This had been
determined at room temperature; therefore, a low-temperature
(100 K) structure was determined here for overall confirmation
as well as better comparison with low-temperature, solid-state
HFEPR spectroscopy and computational studies. The structure
is shown in Figure 1; Figures S1 and S2 in the Supporting
Information respectively show the structures of both crystallo-
graphically independent molecules and the crystal packing.

Figure 1. Molecular structure of trans-[CrCl,(dmpe),]. Thermal
ellipsoids are drawn at 50% probability, and H atoms are omitted for
clarity. Only molecule 1 of the two crystallographically independent
molecules is shown. See Figures S1 and S2 in the Supporting
Information for further crystal structure representations.
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Crystallographic information is given in Table S1. The
differences between the previous room-temperature and current
100 K structures are minimal. Table S2 summarizes the relevant
metrics for a wide series of complexes of the general formula
trans-[ CrX,(R,PCH,CH,PR,),]%*", where R = Me, Et, Ph and
X = awide range of monoanionic ligands. The structure reported
by Ricci et al.** of trans-[CrCl,(depe),] (depe = 1,2-
bis(diethylphosphino)ethane, Et,PCH,CH,PEt,) is almost the
same as that of the dmpe complex, with only a slight decrease in
P—Cr—P chelate angle, 81.77° versus 82.84° (average of the
present and previous dmpe structure values), which may be due
to the larger steric requirements of the depe ligand.

In contrast to trans-[TiCl,(tmeda),],'' the M—Cl and M—E
(E = N for tmeda; E = P for dmpe) bond lengths are very close in
the Cr structure, a consequence of all the donor atoms being
from period 3 in the present study. The relevant, averaged
metrics (in A) are as follows: trans-[ TiCl,(tmeda), ], d(Ti—Cl)
= 2.51, d(Ti—N) = 2.38; trans-[CrCl,(dmpe),], d(Cr—Cl) =
2.35, d(Cr—P) = 2.37. The key crystallographic feature for the
present purposes of electronic structure analysis is the same as
that in the previously studied complex trans-[TiCl,(tmeda),]:
namely, that the CI-M—Cl angle is 180° and that the CI-Cr—E
(E = P here) angles average 90° (with a range of ~+2°; see
Table S2). Thus, a tetragonally distorted octahedral coordina-
tion describes this Cr!! complex well, as was the case for TilL!!
The chelate effect of Me,ECH,CH,EMe, (here, E = P) leads to
an orthorhombic distortion (£ZP—M—P < 90°), so that the
idealized molecular point group symmetry is D,;; however, Dy,
is generally sufficient, as will be discussed below.

Magnetometry. As noted above, trans-[CrCl,(dmpe),] is
approximately octahedral, so that for Cr' (3d*), a high-spin
(spin quintet) ground state might be expected (S = 2; ty’e,' in
strong-field notation). For comparison, the congener trans-
[VCl,(dmpe),], which contains V"' (3d*), hasan S = 3/2 ground
state as expected (t2g3eg° in strong-field notation) and its room-
temperature susceptibility in toluene solution gave i ¢ = 3.7(1)
(unitless™);' the S = 3/2 spin-only value with g = 1.91—a
reasonable value for a less than half-filled system. Likewise, the
Ti" congener trans-[TiCl,(dmpe),] has an S = 1 ground state
(tzgzeg0 in strong-field notation) as expected for octahedral d*
and its room-temperature solution susceptibility gave p.g =
2.9(1)," the spin-only value with g = 2.05—somewhat high but
not disturbingly so. In contrast, trans-[ CrCl,(dmpe),] has an S =
1 spin ground state (tzg“eg0 in strong-field notation), and its
room-temperature susceptibility in toluene solution is ¢ =
2.8(1), which corresponds to the S = 1 spin-only value with g =
1.98. We have measured the variable-temperature (2—300 K)
DC susceptibility of powdered trans-[CrCl,(dmpe),] and
confirmed the spin triplet behavior. Consistent with the room-
temperature solution study, y,,T is essentially constant over the
range 30 < T < 300 K and can be fitted with g, = 2.008, slightly
higher than the solution value, as explained below. At T < 30 K,
amT decreases due to ZFS, which can be fitted using axial
magnetic anisotropy (i.e., E = 0), as shown in Figure 2. In this
case, the fit quality is highly sensitive to the sign of D. Fits using a
positive D value were superior to those with negative D, in terms
of both the error and the g value being unreasonably large for D <
0. Thus, magnetic data alone yield S = 1 with D = +7.3 cm™" and
Ziso = 2.01 for trans-[ CrCl,(dmpe),]. As will be shown below,
HFEPR provides superior spin Hamiltonian parameters for this
complex, which can be applied to the magnetic data. The low-
temperature data are well fitted by the HFEPR parameters, but
T for the high-temperature data (30 < T < 300 K) are slightly

pubs.acs.org/IC
1.1
aaaasss sy PR
5
IS
N D > 0 — 25
§ D >0, 3
= 06| 0.6 HFEPR
2 05
0.5 oa D<0 20
04— 03 T T T T — 1.8
0 10 20 30 40 50
03 I I | T |
0 50 100 150 200 250 300
T/K

Figure 2. Variable-temperature DC magnetic susceptibility of
powdered trans-[CrCl,(dmpe),]. The inset shows an expansion of
the lower temperature region. Experimental points are shown as circles
and fits using the S = 1 spin Hamiltonian as solid lines. Red trace: fit
with D = +7.305 cm™!, g, = 2.0086. Blue trace: fit with D = —12.086
cm™, g, = 2.0130. Magenta trace: fit with D = +7.360 cm™, E = +0.005
em™, g, = 1.998, gy = 1.989, TIP = 63.6 X 107 cm® mol™". The
parameters used to generate the magenta trace are fixed from HFEPR
(see below) with TIP determined by fitting.

too low, by ~1.3%. This can be addressed by inclusion of a small
temperature-independent paramagnetism (TIP) term, which is
justified as it can account for excited states, such as those with §
= 2.%" There is then an improved match between the magnetic
susceptibility data over the full temperature range and the
HFEPR results for the S = 1 Cr" complex.

HFEPR Spectroscopy. HFEPR was initially performed on
powdered samples of trans-[CrCl,(dmpe),]. Due to the
complex’s air sensitivity, these studies were conducted on
material that was left intact as microcrystals. As a result, an ideal
powder pattern (i.e., random distribution) was not obtained;
rather, there were narrow signals from individual micro-
crystallites, as we have seen previously.”’ Nevertheless, it was
clear that trans-[ CrCl,(dmpe),] gave a strong HFEPR response
and that the signals arose from a spin triplet as shown in Figure
S3. At higher temperature (30 K), the individual crystallite line
widths increased so that the spectral appearance was more like a
powder pattern (Figure S4) and spin Hamiltonian parameters
could be extracted by simulation of the 203 GHz spectrum
shown therein. These parameters (chiefly, IDI = 7.38 cm™")
match the HFEPR spectrum at the highest available VDI diode
source frequency (406 GHz, Figure SS), but because of the
relatively high temperature it was still not possible to determine
the sign of D. A 2D data set of resonant field position versus
frequency (energy) shown in Figure S6 allows for a global fit for
the spin Hamiltonian parameters for solid trans-
[CrCl,(dmpe),]: IDI = 7.36(2) cm™, |El = 0.005(10), g, =
1.998(5), and g = 1.989(7). These values were used to
successfully fit the DC susceptibility (Figure 2), with D > 0, as
required by the magnetometry fits and determined from frozen
solution (vide supra).

To determine the spin Hamiltonian parameters of isolated
trans-[ CrCl,(dmpe),], and to assign the sign of D, HFEPR
spectra were subsequently recorded of the complex in a frozen
toluene/dichloromethane (1/2 v/v) solution. A representative
spectrum, recorded at 295 GHz and 4.5 K, is shown in Figure 3.
It is clear from the relative intensities of the signals at ~5 T

https://doi.org/10.1021/acs.inorgchem.1c02471
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versus those at ~14 T that D is positive. Consequently, and by Energy (cm™)
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convention, the sign of E is given as positive.
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Figure 3. HFEPR spectrum of a frozen solution (toluene/dichloro-
methane) of trans-[ CrCl,(dmpe),] at 295 GHz and 4.5 K (black trace).
The S = 1 simulation parameters are IDI = 7.38 cm ™', IEl = 0.103 cm ™,
Ziso = 2.00; red trace with D > 0 and blue trace with D < 0. The
experimental and simulated spectra are normalized to the height of the
B, signal and leave no doubt that D is positive. A signal from a
Kramers (half-integer spin) impurity (presumably Cr'™) is observed at
~10.6 T (g ~ 1.985). The integrated intensity of this narrow and
isotropic signal is minimal in comparison to that of the compound of
interest, which covers a ~12 T field range.

An additional, higher-frequency (403 GHz) frozen solution
HFEPR spectrum is shown in Figure S7, and it further confirms
the positive sign of D. As with the solid-state data, global fitting
of a 2D field-frequency plot, shown in Figure 4, yields a final set
of spin Hamiltonian parameters for a frozen solution of trans-
[CrCly(dmpe),]: D = +7.39(1) em™, E = +0.093(1), g, =
1.999(5), g, = 2.00(1), g, = 2.00(1), where the positive sign is
derived from individual spectra (e.g., Figure 3 and Figure S7).

A final confirmation of the positive sign of D comes from the
temperature dependence of the HFEPR spectra, as shown in
Figure S8. The allowed (Amg = +1) excited state IS, mg) =11, 0)
< |1, +1) originated transition at ~14 T (see also Figure 3)
grows in intensity as the temperature is increased, while the
ground state IS, mg) = 11, —1) <> |1, 0) originated transition at ~5
T (see also Figure 3) decreases in intensity. If D were negative,
then the intensity behavior would be reversed. It is also useful to
point out that Figure S8 shows no detectable change in the spin
Hamiltonian parameters between 5 and ~80 K, so that the
structures determined for trans-[ CrCl,(dmpe),] by XRD at 100
K (this work) and ~300 K (Girolami et al.") are the same as
those at the liquid He temperatures used for the bulk of the
HFEPR measurements. The correspondence of the VT
magnetic susceptibility data with HFEPR also supports this
assumption.

Electronic Absorption Spectroscopy. The complex trans-
[CrCl,(dmpe),] is yellow-green' to green, a color often
associated with Cr'" but is purely coincidental in this low-spin
Cr'' case. The electronic absorption spectrum of trans-
[CrCl,(dmpe),] at room temperature in toluene solution is
shown in Figure S. There is a strong charge transfer (CT) band

Magnetic Field (T)

0+ A e
0 50 100 150 200 250 300 350 400 450
Frequency (GHz)

Figure 4. Field vs frequency (energy) map of turning points (shown as
squares) in a frozen solution of trans-[CrCl,(dmpe),] at 4.5 K. The
best-fit S = 1 spin Hamiltonian parameters are IDI = 7.39(1) cm™, E =
0.093(1), g, = 1.999(5), & = 2.00(1), and g, = 2.00(1). Black lines
correspond to turning points with Byllz, red lines to Byllx, and blue lines
to Bylly. The green line corresponds to an off-axis extremum, which is
also simulated. The dashed vertical lines represent the frequencies (295
and 403 GHz) at which the spectra shown in Figure 3 and Figure S7,
respectively, were recorded.
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Figure S. Electronic absorption spectrum of trans-[ CrCl,(dmpe),] in
toluene solution at room temperature. The main figure shows the
visible and NIR regions, the first inset shows the UV and visible regions,
both on wavelength scales, and the second, boxed, inset shows the
visible and NIR regions on a wavenumber scale. The ordinate is in
molar absorption coeflicient in all cases.

(shoulder) in the near-UV region (~350 nm, & &~ 3000 mol ' L
cm™'; Figure S, inset) and three bands assignable to d—d
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transitions, one in the visible region (629 nm (15900 cm™), & =
13 mol™' L cm™) and two in the NIR region (1104 nm (9060
ecm™), e =12mol™ L em™; 1432 nm (6980 cm ™), £ = 9 mol™!
L cm™"). The assignment of these bands will be discussed in the
following section.

Ligand Field Theory: Electronic Transitions and ZFS
Parameters. The spin-allowed electronic transitions in an
octahedral high-spin d* system are straightforward, as there is
only one free-ion quintet term, °D. In contrast, there is a large
number of free-ion triplet terms: °H, 3G, °F,, °F,, °D, °P,, and
3P, In addition, there are eight free-ion singlet terms, which are
typically ignored in high-spin d* but can be relevant in the
octahedral low-spin case: '1,'G, 'G, 'F, 'D,, 'D,, 'S, and 'S,
Given that an octahedral, here with tetragonal distortion, low-
spin d* configuration is relatively uncommon, we begin by
generating a Tanabe—Sugano type of diagram that probes the
free-ion term origin of the lower energy states in octahedral
symmetry. The free-ion Racah interelectronic repulsion
parameters of Cr"are B=796 cm™! and C = 3298 cm™! (C/B
= 4.14).>" These values must be substantially reduced (the
nephelauxetic effect) for the ground state to become a spin
triplet. For illustrative purposes, we use B = 500 cm™' and C =
2000 cm™ (C/B = 4.0), i.e,, just over 60% of the free-ion values,
which is appropriate in the “Goldilocks” model, in that a larger
nephelauxetic effect would favor low spin even with weak-field
ligands (e.g., H,0), while a lesser effect would not give a low spin
unless the ligands were extremely strong field (e.g, CN~). The
resulting term energies in O, symmetry are shown in Figure 6,
with a complete depiction given in Figure S10 in the Supporting
Information. For completeness, a diagram such as in Figure 6
was generated using B = 600 cm ™' and C = 2500 cm™' (C/B =
4.17), i.e.,, ~75% of the free-ion values, which gives qualitatively
the same results as shown here (Figure S11 in the Supporting
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© -15000
c
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-20000
-25000 . =
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-30000 > |
0 500 1000 1500 2000
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Figure 6. Energy level diagram for d* in O, symmetry (g subscripts are
omitted for clarity) calculated using Racah B = 500 cm™" and C = 2000
cm™" with cubic crystal field splitting, Dq, varying on the abscissa. The
two quintet states originating from °D are shown in black, triplets are
shown as colored solid lines, and singlets are shown as colored dashed
lines. Some high-energy states that would appear in part on the diagram
are omitted. See Figure S10 for a more complete diagram and Figures
S9 and S11 for calculations using B = 400 em™,C=1600cm™'and B=
600 cm™!, C = 2500 cm™, respectively. Triplet and singlet free-ion
terms are not indicated, but *H is the lowest energy among these on the
ordinate, while *P, °F, and *G on the ordinate are in the range 750—
2000 cm™" and 'I, 'G, and ®D are clustered near 5000 cm™. The two
arrows represent possible assignments of the observed band in the
visible region (15900 cm™), corresponding to the lower and upper
ranges of Dq.

Information). It can be seen that the high-spin term *E,(°D)
(t,%" in strong-field notation) persists as the ground state until
10Dq (A,) =~ 12000 cm™, which corresponds to a relatively
modest octahedral field. Thereafter, the ground state is 3Tlg
(t,%°).*” Indeed, at 10Dg ~ 18000—19000 cm™, also not an
excessively strong field, two singlet states ('T,, and 1Eg, both
t,*e’, of course) become lower in energy than §Eg(sD). These
both originate in 'I but are very mixed, mainly with 'G,}, and
'D,}, respectively, at Dg = 2000 cm ™. We have thus identified
the ground state in trans-[ CrCl,(dmpe), ], albeit in an idealized
O, symmetry. The next item is to identify triplet excited states
that might be those involved in the observed bands (Figure 5). It
is clear from Figure 6 that there are no triplet excited states that
would yield spin-allowed transitions in the NIR region (i.e.
none within 10000 cm™"). These bands must either be spin-
forbidden or involve the tetragonal splitting present within the
actual geometry of the complex. The absorption band in the
visible region (15900 cm™"), however, could be related to a spin-
allowed transition. Figure 6 shows six possible triplet excited
state candidates, in pairs of three, in ascending energy order,
*E,(*H,’G), *T,(*H,’G,’P), and °T,,(*H,’F), all closely
separated, and then 3Alg(sG), 3A2g(3Fb), and 3Eg(3G,3D)
(t,%"), also closely separated.”® All other triplet excited states
are much higher in energy. Note that these six triplet excited
states are all t,%e! in strong field and, thus, track linearly with an
octahedral field (for Dq > 400 cm™), as does the ground state
(albeit with a different, greater slope). Thus, their relative
ordering is constant, regardless of the value of Dgq. Figure 6 also
shows using arrows, corresponding to the energy of the band at
15900 cm™}, assignments that bracket the range 1400 cm™ < Dq
< 1800 cm™, which give viable spin-allowed transitions. For
example, using Dgq = 1509 cm™, it is possible to match exactly
this band to 3T1g(3H) - 3Azg(‘?’F), which is roughly in the
middle of this group of triplet excited states. Note that these
excited states span all representations, Ayg Agg By Ty, and Ty
so any symmetry/polarization could in principle be possible. All
g — g transitions in Oy, are technically dipole forbidden, but the
use of point group O shows that T, = A, E, T, and T, are
dipole allowed, with only T, — A, being forbidden.

The band at 15900 cm™" can be fitted in multiple ways with O,
symmetry, as indicated by Figure 6 (and Figures S9—S11).
Assigning this band to 3T1g - 3ng gives B =430 cm™" (54% of
the free-ion value;’' C/B = 4 for this simplistic fit) and £, = 5530
cm™. Assignment to 3Tlg - 3Alg gives B=570 cm™" (72% of the
free-ion value®') and £, = 5200 cm™.** Thus, B = 500 + 70 cm ™
and &, = 5400 + 400 cm™" cover the range of possibilities. The
next step is to attempt to assign the NIR transitions, which must
necessarily be spin forbidden in O, (see Figure 6 and Figures
S9—S11). Retaining the assignment 3Tlg - 3A1g for the band in
the visible region allows fitting the lower energy band in the NIR
region to 3T1g — 1T, (see Figure 6) with B = 609 cm™! (76% of
the free-ion value’') and &, = 5179 cm™! (essentially
unchanged). At the other end of the range, 3T1g - 3T2g is
successful only if the lower energy NIR band is assigned to 3Tlg
- 5Eg, which can be achieved with B = 384 cm™ (48% of the
free-ion value®'), thus verging on the low side, and &, = 5513
cm™" (essentially unchanged) so that 10Dq ~ 16000 cm™
covers these possibilities.

Given this viable model for the overall electronic structure of
trans-[ CrCl,(dmpe),] in idealized O, symmetry, we shift to a
more realistic geometrical description via the angular overlap
model (AOM), as shown in Figure S12. We employ idealized
D,;, symmetry, meaning that all angles (£Cl—Cr—P and £P,—
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Cr—P;) are set equal to 90°. We also assume that the two
chlorido ligands are equivalent, which is reasonable given their
crystallographically imposed symmetry, and all four P donors as
well.” The result of the decrease in symmetry from O, to D, on
the ligand-field states is shown in Figure 7.

ligand-field states
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Figure 7. Ligand-field correlation diagram from Oj, to D,;, symmetry
showing low-lying triplet and quintet states. The relative ordering of
states is illustrative, and they can be matched with those shown in
Figure 6, with use of the same color scheme. The d orbital splitting
shown at the bottom is qualitatively that seen in trans-[ CrCl,(dmpe),],
so that the ground state is 3Azg.

The above estimate for 10Dg means that the combination of
€501 and &,,p should roughly equal this value, including 7-
bonding, which is assumed to be symmetrical (i.e., cylindrical)
for both the chlorido and phosphine ligands, donating for the
former and accepting for the latter. If we make further the
qualitative assumption that z-donation by the chlorido ligands is
roughly equal in magnitude to 7-acceptance by the phosphine
ligands, then the net effect is a lowering in energy of the d,
orbital (bzg) and little effect on the d,, and d, orbitals (eg) % as
shown in Figure 7 (bottom). The challenge is that, even in Dy,
symmetry, the number of states is large and can become
interleaved; namely, that closely spaced 1‘3Eg and 1‘3‘5A,B(1,2)g
states are not separated as in Figure 7 (top), which moreover
omits the singlet states for clarity. Moreover, even with the above
simplification, there are five variables: one interelectronic
repulsion parameter (since C/B is fixed at 4.1) and four bonding
parameters (€, and €, ,p), with only three d—d bands being
observed. Nevertheless, it is possible to find a solution, by no
means unique, that provides a reasonable model for the
electronic absorption spectrum. Use of the parameters (values
incm™) B = 585.4, C=2400.2, £,c; = 5522.3, £,¢ = 574.9, €,p =
5790.4, and €,, = —536.0 gives an exact match to the observed

bands with the following assignments (in D,;, symmetry, with O,
parentage:”’ Ay (°T,) = 'Bi('E,) at 6980 cm™, *A, (°T,,)
- l_}?g(szg) at 9060 cm ™', and A, (*T ;) — *E,(°T,,) at 15980
cm™. All ¢ — g transitions in Dy, are technically dipole
forbidden, but the use of point group D, shows that A, — A, is
dipole allowed with z polarization and A, — E is dipole allowed
with x, y polarization, while A, — A,, B;, and B, are all forbidden,
so that the two higher energy transitions are dipole allowed by
these criteria. The fit value for B is 74% of the free-ion value,’’
thus, a plausible nephelauxetic effect,”® and the bonding
parameters are plausible as well.””*" Specifically, the dmpe
ligand is a stronger o-donor and weaker 7-acceptor than PPhy, at
least in comparison with MCL,(PPh;), (M = Co',*" Ni" ),
which is as expected for these alkyl versus aryl (and chelating
versus monodentate) phosphines.” An edited listing of the
Ligfield® output is given in Table S3A. Finally, it is possible to
use idealized D,; symmetry, on the basis of the intrachelate ZP—
Cr—P average values (see Table S2). Prior to fitting in this
orthorhombic symmetry, we can use the same fit parameters as
derived for D, symmetry, but now with the XRD-based D,
symmetry. This model gives calculated bands at 6697 and 9270
cm™'—each still close (within 300 cm™) to the observed NIR
bands—and two bands at 15624 and 16151 cm™", which average
to 15888 cm™'—the observed visible band energy. Fitting,
however, requires either bracketing the observed bands
previously assigned to “°E, transitions, arbitrarily selecting
only one to fit (either 1’3B2g or 1’3B3g, the ground state being 3Blg
in this point group symmetry),"" or having the fit program
contrive to fit both simultaneously, noting that in D, symmetry
there are now 100 states (S quintet, 45 triplet, and SO singlet
states). The last of these methods is successful, and the results
are given in Table S4, but the fit parameters appear less
reasonable than those obtained originally. Thus, the use of Dy,
symmetry adds merely “heat and no light” to the discussion.
Further insight is provided using quantum chemical theory
(QCT) calculations, as given in the next section.

Finally, SOC can be included to model the observed ZFS.
Given that the fit value of B was ~74% of the free-ion value, we
can employ the same reduction in {, for which the free-ion value
is 229 cm™L.* Therefore, use of { = 168 cm™ gives a ground
state spin singlet and an excited state spin doublet at 7.36 cm™".
This corresponds to D = +7.36 cm ™', which is essentially the
same as the experimental value from frozen solution HFEPR
(the condition most relevant to the optical spectrum), D = +7.39
cm™". The results of this calculation using Ligfield showing only
the lowest states is given in Table S3B in the Supporting
Information. Because of the assumed D,;, symmetry, there is no
rhombic ZFS, but this effect, as seen by HFEPR, is quite small
(E/D = 0.0126), validating the approximation of axial (4-fold)
symmetry. Use of the D,;, model also gives the observed ZFS, D
=+7.36cm™}, nowwith E = +0.16 cm ™}, although a smaller SOC
is required, { = 141 cm™" (62% of the free-ion value), and the
results are given in Table S4B.

Quantum Chemical Theory (QCT): Geometry Optimi-
zations. To complement the ligand-field theory approach, we
performed both DFT and ab initio QCT computations to
examine the ZFS and excited states of trans-[CrCl,(dmpe),].
Before delving into those computations, we note that calculated
spin Hamiltonian parameters are often very sensitive to the
particular molecular structure employed in the calculation. An
extreme example is provided by the simple trans-[(py),TiCl,]
coordination complex, where D values calculated using the
CASSCF/NEVPT2 method for structural models obtained
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from X-ray crystallogre}phy an.d a DFT calculation using the T B
popular B3LYP functional differed by nearly an order of ]

0 -

magnitude (D = —58.4 and —6.23 cm™!, respectively).'” We
therefore performed a geometry optimization of trans-
[CrCly(dmpe),] in order to assess the influence of modest
differences between DFT-optimized and X-ray structures on the
calculated spin Hamiltonian parameters. The metric parameters
from the DFT optimizations are compared with those from the
X-ray structure in Table 1. All calculated bond lengths between

Table 1. Bond Lengths (A) and Bond Angles (deg) for trans-
[CrCl,(dmpe),] as Determined by X-ray Crystallography
(This Work) and DFT Calculations Using Three Different
Density Functionals

exptl TPSSh-D3 B3LYP-D3 MO06-L
Cr—P 2.364 2.351 2.384 2.360
2.371 2.362 2.377 2.351
Cr—Cl 2.350 2.340 2.370 2.367
Cl-Cr—Cl 180.0 180.0 180.0 180.0
Cl1-Cr—P P1: 88.18 P1: 86.49 P1: 88.79 P1: 89.34
P1A: 91.82 P1A: 93.51 P1A: 91.21 P1A: 90.66
P2:91.23 P2:90.35 P2:92.63 P2:93.11
P2A: 88.77 P2A: 89.65 P2A: 87.37 P2A: 86.89
P1-Cr-P P1A: 180.0 P1A: 180.0 P1A: 180.0 P1A: 180.0
P2: 83.09 P2: 82.97 P2: 83.15 P2: 8293
P2A: 96.91 P2A: 97.03 P2A: 96.85 P2A: 97.07

the Cr" center and coordinating atoms are within 0.02 A of the
experimental values, and bond angles involving coordinating
atoms and the metal center show deviations of less than 2°.
Thus, the DFT structures are in excellent agreement with the
solid-state structure.

Quantum Chemical Theory: Electronic Structure and
Ligand-Field Excited States. The 3d-orbital splitting pattern
predicted for trans-[CrCl,(dmpe),] from spin-unrestricted
DFT computations is shown in Figure 8. The compositions of
these MOs are summarized in Table 2. The general MO splitting
pattern is in accordance with that expected for a complex of
approximate D, symmetry and is in qualitative agreement with
the results of LFT (see Table S3). Although the actual symmetry
of trans-[ CrCl,(dmpe),] is lower than D, we will nonetheless
employ symmetry labels from this point group in our discussion
of the orbitals and states of this complex, as was done in the LFT
section above. The lowest-energy Cr 3d MO is ng(dxy) , which is
doubly occupied (Figure 8 and Table 2). Both the a- and f-spin
by, (d,,) orbitals show significant mixing with the phosphorus
orbitals of the two dmpe ligands. The b,,(d,,,d,.) MOs lie at
slightly higher energy than the b,,(d,,) MO and are singly
occupied. The lack of true D, symmetry for trans-
[CrCl,(dmpe),] leads to a splitting of the components of the
es(ded,.) MOs by ~0.1-0.3 eV (~800—2400 cm™"), with the
larger splitting being observed for the f-spin MOs. The
e,(d,,,d,,) orbitals show 7-interactions with the axial chloride
ligands and contain a modest admixture of P character from the
dmpe ligands (Table 2). For the a-spin e,(d,,,d,,) MOs, the
admixture of ~18% chloride character reveals enhanced Cr—Cl
covalency in comparison to the corresponding Ti—Cl
interactions in the recently examined trans-[ TiCl,(tmeda),]
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Figure 8. Cr 3d-orbital splitting pattern for trans-[ CrCl,(dmpe),] from
spin-unrestricted DFT calculations.

complex. In the latter comlplex, the e,(d,,,d,,) MOs showed only
4—8% chloride character."' The algfdzz) and blg(dxz_yz) MOs of
trans-[ CrCl,(dmpe),] are both unoccupied and lie 1-3 eV
(8000—24000 cm™) above the by,(d,,) and e, (d,,d,,) MOs
(Figure 8 and Table 2). The alg(d;% MO is dominated by a o-
antibonding interaction with chloride ligands, with modest
(~6%) contributions from the P atoms. The b,(d,>_,?) MO,
which is the highest energy Cr 3d orbital, is o-antibonding with
respect to the equatorial dmpe ligands and carries ~20% P
character. The 0.5 eV (4000 cm™) splitting between a;,(d.?)
and blg( dxl_yl) reflects the relatively strong Cr—P interactions in
the latter MO.

The ligand-field excited states of trans-[ CrCl,(dmpe),] were
examined using CASSCF/NEVPT2 computations. This meth-
od provides an excellent balance of computational efficiency and
accuracy and has been employed to treat both the excited and
ground state properties of a variety of transition-metal
complexes. Our CASSCF/NEVPT2 calculations for trans-
[CrCl,(dmpe),] employed an active space of the five Cr-
based 3d MOs and the fully occupied bonding counterparts of
the alg(dzl) and blg(dxl_yl) to give a total of 8 electrons in 7 MOs.
The calculations considered 5 quintet, 45 triplet, and 50 singlet
states. To aid in our presentation of the CASSCF/NEVPT2
results, we refer back to Figure 7, which illustrates how some of
the triplet and quintet O, parent states split in D,;, symmetry.
The lowest-energy 3T1g(H) state splits into 3A2g(3T1g) and
*E(*T ) terms, with A, (°T,) expected as the ground term. At
higher energy there are a multitude of additional triplet states
(ie., 3T1g’, 3Eg, 3T2g, 3A1g, and 3A2g in O, symmetry), many of
which derive from the same *H free-ion term as *T,,(H). The
lowest-energy quintet state is *E,(D), which splits into °B,, and
SAlg terms in D, symmetry. While a number of singlet states
interleave these low-lying triplet and quintet states, we will
discuss only those single states that contribute to the zero-field
splitting of trans-[ CrCl,(dmpe),] (vide infra).

The energies of the lowest-lying triplet and quintet states from
the CASSCF/NEVPT2 computations are given in Table 3. In
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Table 2. Molecular Orbital Symmetry Labels, Energies (eV), and Percent Compositions Based on Spin-Unrestricted DFT

Computations for trans-[ CrCl,(dmpe),]

MO symmetry label (in D,;,) occupancy
109 byg(d,y) 1.0
110 e(dioye) 1.0
11la e(dy/) 1.0
112 a(dy) 0.0
113 bi(day?) 0.0
1098 byg(d,y) 10
108 ey(d) 00
1114 eg(dyz/e) 0.0
1128 a(d2) 0.0
1145 bg(dy) 0.0

composition (%)

energy (eV) Cr 3d° Cl 3p+3sb P 3p+3s+3d°

—3.9340 75.7 0.8 13.6
—3.9039 73.1 18.0 3.8
—3.7851 76.2 17.2 2.4
—1.2615 64.0 174 6.6
—0.7133 55.0 0.4 23.6
—-3.1601 66.0 0.0 21.0
—1.9841 67.5 10.0 13.0
—1.6870 75.1 8.6 9.2
—0.5986 64.2 12.8 5.6

0.0015 53.9 0.0 19.8

“Sum of all Cr 3d contributions to this MO. ’Sum of all Cl 3p and 3s contributions to this MO. “Sum of all P 3s, 3p, and 3d contributions to this

MO.

this table we have labeled the states according to the D,;, point
group, and we include the parent Oy, states in parentheses. (In
the Supporting Information, we show an alternative to Table 3,
Table S9, where the states are arranged first by the parent O,
states from which they derive.) Figure 9 shows a plot of the
relative energies of the lowest-lying states. The CASSCE/
NEVPT2 computations predict a *A,,(*T ;) ground state for
trans-[ CrCl,(dmpe),] (Table 3). This ground state arises from a
(byg)*(eg) (1)’ (byy)° configuration, which is consistent with
the DFT computations (Figure 8) and with LFT (see Table S3).
The ground state is single reference, containing a 97%
contribution from the leading configuration.

The CASSCF/NEVPT2 calculations predict a cluster of
triplet, singlet, and quintet states between roughly 10000 and
13000 cm™" (Figure 9 and Table 3). The lowest-lying triplet
excited states of trans-[CrCl,(dmpe),] are predicted at 10878
and 12598 cm™" and are components of the 3Eg(g’Tl ) state.
Thus, these states derive from the same Oj, parent state Tlg) as
the *A,, ground state (Figure 7). Each component of the
3Eg(3T1g) state arises from a (bzg)l(egl)3(alg)0(blg)0 config-
uration and is therefore related to the 3A2g(3T1g) configuration
by a by, — e, one-electron excitation. The lowest-lying quintet
states of trans-[CrCl,(dmpe),] flank the *E,(*T,,) states (Table
3). These states are at 10474 and 11759 cm ™! and are attributed
to the °B 1g and SA,, states that arise from the 5Eg parent state of
Oy, symmetry. The 'A,,('E,) and 'B,,('T,,) states are also found
in this region at 9424 and 10932 cm™', respectively.

The next cluster of ligand-field excited states for trans-
[CrCly(dmpe),] is predicted at roughly 16000—19500 cm™"
(Table 3 and Figure 9). This cluster contains the singlet excited
states 'A; ('A,) and 'E,('T,,). Triplet excited states for trans-
[CrCl,(dmpe),] are predicted at 15675 and 16800 cm™". These
excited states have a (by,)*(e,) ' (a;4)" (by,)° configuration, which
allows us to attribute these states to the 3Eg components of the
3T1g’ O, parent state (Figure 7). Relative to the ground
configuration, these states consist of an e, — a;, one-electron
excitation. The °T, ¢ Oj parent state also gives rise to a 3A2g state
in Dy, symmetry (Figure 7). From the CASSCF/NEVPT2
computations, this state is at 27353 cm ™, a significantly higher
energy than that for 3Eg(3T1g’). The different configurations of
the 3Eg(3T1g’) and 3A2g(3T1g/) states account for this large
splitting. While each state corresponds to a t,, — e, excitation in
O, symmetry, in D, symmetry the 3Eg state corresponds to an ey
— a,, excitation, while the higher-energy 3A2g state corresponds

17872

to a by, — aj, excitation. Thus, the lower energy of the b,, MO
relative to the e, MOs account in part for the large energy
difference between these states.

At higher energy, between 25000 and 32000 cm™!, the
CASSCF/NEVPT2 computations for trans-[CrCl,(dmpe),]
predict nine triplet excited states, three singlet excited states,
and two quintet excited states (Table 3 and Figure 9). This high
density of triplet excited states is expected on the basis of a d*
Tanabe—Sugano type of diagram, which predicts a cluster of
E(2), °T,, *A,, and *A, states at similar energies, as shown in
Figure 6 and Figures S9—S11.

Quantum Chemical Theory: Ground-State Spin Ham-
iltonian Parameters. Using a minimalist active space of just
four electrons in the five Cr 3d-based MOs (CAS(4,5)), the
CASSCF/NEVPT2 method predicts D = +7.81 cm™ and E/D =
0.001 (Table 4). When the NEVPT?2 correction is not included,
the D value is reduced to +5.77 cm™". The values including the
NEVPT2 correction are very close to the experimental
parameters of D = +7.36(2) cm™" and E/D = 0.0007 (solid),
0.012 (solution). Thus, the CASSCF/NEVPT2 method is nicely
able to reproduce the experimental values using a very small
active space, which is consistent with LFT that uses only the d*
basis set, only indirectly including covalency.

With the use of a slightly larger CAS(8,7) active space, which
includes the doubly occupied bonding MOs of the Cr d,> and
do_, orbitals, the CASSCF/NEVPT2 method predicts D =
+7.31 cm™"! and E/D = 0.003. These values are nearly identical
with their experimental counterparts, noting the small difference
between solid state and frozen solution data. With this active
space, we obtain g = [1.992, 1.996, 2.003] (g, = 1.997), which
are also in good agreement with experiment (Table 4; Gavg =
1.997 for solid state complex). In conclusion, the combined
experimental and theoretical results indicate, as we have noted
previously,*® that g values in non-Kramers-ion systems are
notoriously uninformative in that these are generally isotropic
and often very close to the free electron value (g, = 2.002—to
the precision meaningful here), especially for d* systems (usually
high spin). Only the ZFS provides useful information on the
electronic structure.

The main difference between the calculated D values from the
CAS(8,7) and CAS(4,5) calculations are in their contributions
to D from the spin—orbit and spin—spin terms (D¢ and Dggc),
respectively. For transition-metal complexes, Dgq is typically
the dominant term, with contributions from Dggc amounting to
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Table 3. Ligand-Field Excited States of trans-[ CrCl,(dmpe), ]
from CASSCF/NEVPT2 Computations: Energies and
Contributions to Zero-Field Splitting Parameters D and E*

Dy, state” energy D E
ATy 0
'A('Ey) 9424 0.09 0.00
*B,(°Ey) 10474 0.00 0.00
SE(Ty) 10878 141 039
12598 0.36 -0.34
"By (‘o) 10932 0.00 0.00
SA1,(E,) 11759 0.00 0.00
’E (T, 15675 112 -1.10
16800 1.06 1.05
'A (AL 17087 2.90 0.00
'By('Tyy) 18045 -0.43 -0.47
19482 —0.42 045
'Ey('Tyy) 23612 -0.66 0.64
25044 -0.63 -0.62
*ACEy) 25613 —0.01 0.00
*B,(’Ey) 25922 0.00 0.00
A (AL 27121 0.00 0.00
Ay (T 27353 0.00 0.00
3By, (°Tsy) 27857 -0.16 0.00
SE((*Tyy) 27950 0.00 0.00
29086 0.00 0.00
*E,(*Tyy) 28766 0.04 0.04
29820 0.04 —0.04
’B 1 (A,) 29025 -0.19 0.00
'A (AL 29570 0.72 0.00
°B,,C’E,) 30744 —0.60 0.00
*A,CE,) 31242 -0.01 0.00
*Bp(*Tay) 37118 0.00 0.00

PAll values in cm™'. PParent state in O, symmetry given in

parentheses. See Table S9 for ordering by these parent states.

~10% of the total D value. Calculations for trans-
[CrCl,(dmpe),] using either active space reveal that the Dgoc
and Dggc terms have opposing signs (Table 4). However, the
smaller CAS(4,5) calculations predict much larger magnitudes
for the Dy and Dgg terms. For the CAS(8,7) active space, the
magnitude of the Dggc value is much smaller, roughly 10% of
Dgoc. Thus, the “correctness” of the total D value using the
CAS(4,5) active space likely results from some cancellation of

*B1g(°Eg)
R — TA("Agg)
Eg(°Tog)
3829(31—29)_ :} o
25000~ mmmmeee
________ HE«('T2g)
200004
________ FEy(Tzg)
s N Arsl Ao
= Eg( T1g) {
g 15000 —
w
5A1g(5Eg)
Eg(*T1g) {— ~ — 'Bay(Tay)
10000 ~ T BulEg)
________ 1A‘Ig(‘IEg)
5000 —
0 3A29(3T19)

Figure 9. Relative energies of ligand-field excited states of trans-
[CrCl,(dmpe),] from CASSCF/NEVPT2 computations. For clarity,
only selected states are labeled. The color scheme corresponds to that in
Figures 6 and 7.

error in the Dy and Dgg( contributions (i.e., the magnitudes of
both are overestimated but this inaccuracy is canceled by the
opposing signs of these terms). Note that the simple LFT model
does not include SSC yet fortuitously gave an exact match to the
experimental D value.

We also performed CAS(8,7) calculations for DFT-optimized
structures of trans-[ CrCl,(dmpe),], and the spin Hamiltonian
parameters for these calculations are in Table 4. From the
CASSCF/NEVPT?2 calculations, the D values for the geometry-
optimized structures range from +6.93 to +7.48 cm™’, in very
good agreement with the experimental value (+7.36(2) cm™).
In fact, the greatest deviation, observed for the structure
optimized using the TPSSh-D3 functional, is still within 6% of
the experimental value and therefore quite respectable. The E/D
values for the optimized structures are all very axial and are also
in good agreement with experiment. Thus, for trans-
[CrCly,(dmpe),], the modest differences between the crystal
structure and DFT-derived coordinates merely have a very small
effect on the calculated ZFS parameters.

Focusing on the calculations using the crystal structure
coordinates of trans-[CrCl,(dmpe),] and the CAS(8,7) active
space, we examined contributions to the ground state ZFS
parameters for individual excited states (Table 3; see also Table
S9 for an alternative organization). The two low-energy 3Eg
states near 11000 and 16000 cm™ each provide positive
contributions to D of +1.77 and +2.18 cm™, respectively. The
contributions to the E values from the components of the 3Eg
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Table 4. Experimental and Calculated Zero-Field Splitting Parameters (D in cm™") and g Values

geometry method D" Dgoc”
HFEPR (solid)” +7.36(2)
HFEPR (solution) +7.36(2)
X-ray CAS(4,5) +5.77 +9.57
X-ray CAS(4,5)/NEVPT2 +7.81 +11.62
X-ray CAS(8,7) +5.34 +6.18
X-ray CAS(8,7)/NEVPT2 +7.31 +8.14
TPSSh-D3 CAS(8,7) +4.97 +5.86
CAS(8,7)/NEVPT2 +6.93 +7.81
B3LYP-D3 CAS(8,7) +5.52 +6.56
CAS(8,7)/NEVPT2 +7.48 +8.52
MO6-L CAS(8,7) +5.08 +5.88
CAS(8,7)/NEVPT2 +7.02 +7.83
X-ray DFT-BP +4.64 +3.18
X-ray DFT-B3LYP +2.11 +0.42
+3.57° +1.88°
X-ray DFT-TPSS +4.12 +2.61
X-ray DFT-TPSSh +5.67 +4.05
+5.62° +4.01°
X-ray DFT-MO06 +7.28 +5.61
+7.19° +5.52°
X-ray DFT-MO06-L +3.85 +2.21
ideal Dy, LFT? +7.36 +7.36
ideal Dy, LFT? +7.35 +7.35

Dgsc” E/D g

~0 1.998(5), 1.998(5), 1.989(7)

0.012 1.999(3), 2.00(1), 2.00(1)

-3.80 0.001 1.983, 1.989, 2.000
-3.81 0.001 1.978, 1.984, 2.001
—0.84 0.004 1.980, 1.984, 2.003
—-0.83 0.003 1.992, 1.996, 2.003
-0.89 0.011 1.981, 1.986, 2.002
—0.88 0.008 1.981, 1.986, 2.002
—1.04 0.003 1.978, 1.984, 2.003
—1.04 0.002 1.978, 1.984, 2.003
—0.80 0.012 1.980, 1.985, 2.003
—-0.81 0.009 1.980, 1.985, 2.003
+1.46 0.007 2.001, 2.006, 2.008
+1.68 0.037 1.999, 2.000, 2.004
+1.69° 0.021° 1.999, 2.000, 2.003¢
+1.51 0.004 2.000, 2.00S, 2.007
+1.61 0.007 2.000, 2.002, 2.00S
+1.61° 0.005°¢ 2.000, 2.002, 2.004°
+1.67 0.051 1.996, 1.998, 2.011
+1.67° 0.047° 1.994, 1.997, 2.007°
+1.64 0.013 2.000, 2.002, 2.004
J— 0 J—
— 0.021 —

“D values in cm™". ®The positive sign of D was determined from magnetometry and by comparison with frozen solution HFEPR measurements; |E|
= 0.005 cm™}, and so E/D < 0.001 cm™'. An axial g tensor was assumed. “Calculations utilized def2-TZVPP basis sets for all atoms. 9See LFT

section and Tables S3 and S4 for parameters used. The LFT calculations do not include SSC.

states are of similar magnitudes but opposite signs and thus
cancel each other out. An additional, positively signed
contribution to D comes from the 1A1g(1A1g) state at 17087
cm™', which contributes +2.90 cm™ (Table 3). More modest,
negatively signed contributions to D come from a pair of 1Eg
states at roughly 19000 and 24000 cm™' (—0.85 and —1.29
cm™, respectively). These contributions tend to decrease D, but
only slightly. The components of these E, states also provide
contributions to E that effectively cancel. Additional contribu-
tions to D come from the higher-energy 3B1g(3A2g), 1Alg(lAlg),
and *B,,(°E,) states. On the basis of this analysis, we conclude
that the positive sign of D arises largely from contributions from
3Eg and 1Alg states, while negatively signed contributions from
1Eg states tend to decrease the magnitude of D. The near-perfect
cancellation of contributions arising from differently signed
contributions to E from the components of E, states gives rise to
the very small E/D value.

For comparison, we also calculated spin Hamiltonian
parameters for trans-[CrCl,(dmpe),] using coupled-perturbed
(CP) DFT calculations. Although CP-DFT calculations are
typically less reliable than the CASSCF/NEVPT2 method for
such parameters, it is informative to determine if the CP-DFT
approach is effective for a “simple” coordination complex with
relatively high symmetry and modest ZFS. The results of CP-
DFT calculations, employing a variety of different density
functionals, are collected in Table 4. We draw two main
conclusions from the ZFS parameters from the CP-DFT
computations. First, while the magnitudes of D vary depending
on the identity of the density functional, all functionals properly
reproduce the experimental sign of D, and all functionals predict
a nearly axial system. The meta-hybrid-GGA functionals
(TPSSh and M06) provide the D values closest to those in the
experiment (+5.67 and +7.28 cm ™, respectively), with the M06

method being the most accurate functional in our series. The
pure functionals (the meta-GGA TPSS and GGA BP func-
tionals) perform slightly worse, with D between +4 and +5 cm ™,
and the MO06-L and B3LYP functionals most significantly
underestimate the magnitude of D (D = +3.85 and +2.11 cm™").

The second main conclusion that we draw from the CP-DFT
results are that the Dgoc and Dggc contributions differ markedly
from those predicted by the CASSCF/NEVPT2 method.
Regardless of the functional chosen, the CP-DFT calculations
predict a Dggc value of roughly +1.6 cm ™. Thus, the variation in
the D values from the CP-DFT calculations comes almost
completely from the Dgo term. In comparison, the CASSCF/
NEVPT?2 calculations predict a negatively signed contribution
from Dgge (Table 4), with much larger Dy contributions. If
one assumes the CASSC/NEVPT method to be more reliable in
predicting the signs and magnitudes of the Dgo ¢ and Dgg( terms,
then the excellent D value predicted by the M06 functional is an
example of DFT computations getting the correct answer for the
wrong reason. Specifically, the DFT methods predict the wrong
sign for Dggc but compensate by predicting a small Dgp¢ term.

Finally, we performed CP-DFT calculations for the B3LYP,
TPSSh, and M06 functionals using the larger def2-TZVPP basis
sets on all atoms. While the D and E/D values for the TPSSh and
MO6 functionals showed a very modest dependence on basis set
size (changing by less than 2%), the D value for the B3LYP
functional increased notably from +2.11 to +3.57 cm™". This
increase is due to a nearly 5-fold increase in the magnitude of the
Dgoc term.

B CONCLUSIONS

Chelating diphosphines are among the most ubiquitous ligands
in inorganic/organometallic chemistry, with dmpe being the
paramount of these. The synthesis by Wilkinson and co-workers
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of the series of trans-[MX,(dmpe),] (M = most 3d** ions, X =
halide) complexes was a landmark in the area."” Subsequent
work by Girolami and co-workers*~” and others***” built on this
foundation. Advances in both experimentation, in particular
HFEPR to access integer spin (non-Kramers) ions, and in
theory, in particular ab initio methods, have now made it
worthwhile to revisit some of these complexes with the goal of a
definitive determination of their electronic structure. Complexes
with P donors, as opposed to those with N donors, have been
relatively less explored by these combined experimental and
theoretical methods. Here, trans-[CrX,(dmpe),] has been
subjected to low-temperature XRD (the original structure
being at room temperature'), variable-temperature magneto-
metry, and HFEPR spectroscopy in both the solid state and
frozen solution. In addition to classical LFT, state of the art
QCT, in particular ab initio methods, have been used to analyze
the experimental results. The complex trans-[ CrX,(dmpe),] is
more computationally challenging than it might seem given its
relatively simple structure with approximate D, symmetry.
Unlike a typical distorted-octahedral Cr" complex, the complex
has an S = 1 spin ground state, rather than S = 2. Theory
quantitatively shows how this 3A2g ground state is the result of
the ligand field exerted by the phosphine and chlorido ligands.
The observed electronic transitions are well reproduced by
theory, but more importantly, so are the spin Hamiltonian
parameters of the triplet ground state, which are measured
precisely by HFEPR, with the ZFS given by D = +7.36 cm™" with
a remarkably small rhombic component (E/D = 0.01), despite
the distortion imposed by the dmpe chelates. The g values are
isotropic, close to 2.00, and are thus essentially uninformative.
The origin of the ZFS is described in detail using CASSCE/
NEVPT2 computations, which reveal contributions from
particular excited states to the ground state ZFS. From these
computations, the magnitude of D in this system is controlled by
aset of low-lying 3Eg states and a lAlg state. A careful comparison
among theoretical methods demonstrates in this Cr'! system the
optimal approach to an electronic structure determination. This
study thus provides a roadmap toward understanding para-
magnetic early-transition-metal phosphine complexes in general
and contributes to the awareness of the importance of spin
ground state variation in all types of coordination complexes."
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