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ABSTRACT: The surprisingly complicated crystal structure of
(bis(terpyridine))copper(IL) tetraphenylborate [Cu(tpy),]-
(BPh,), (tpy = 2,2':6,2"-terpyridine) consists of six crystallo-
graphically independent [Cu(tpy),]*" complexes. At ambient
temperature, five out of six [Cu''Ng] chromophores appear to
be compressed octahedra, while at 100 K, four exhibit elongated
and only two compressed octahedral geometry. Temperature
dependent single crystal UV/vis (100, 298 K) and EPR
measurements (20, 100, 298 K) as well as AOM calculations
suggest that the octahedra which show apparently compressed
octahedral geometry (XRD) result from dynamic Jahn—Teller
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behavior of elongated octahedra [Cu"Ng]. The detailed correlation of structural and spectroscopic data allows an understanding
of the strongly solvent-dependent structures of the [Cu(tpy),]** complex in solution.

B INTRODUCTION

Almost 80 years ago, Jahn and Teller showed that nonlinear,
polyatomic systems in orbitally degenerate states are unstable
with respect to nuclear displacements which lower the
symmetry of the system." The reason for this Jahn—Teller
effect (JTE) is that the electron distribution is less symmetric
than the nuclear distribution in such a situation and that the
adiabatic approximation becomes invalid.”” Extending the
theory of the JTE to account for interactions of the ground
state with excited states gives rise to the pseudo Jahn—Teller
effect (PJTE).* The PJTE removes the restriction to nonlinear
molecules and degenerate ground states imposed by Jahn and
Teller. Recently, it was shown that the JTE and the PJTE are
the only source of structural instability of polyatomic systems in
their high symmetry configuration.”” Therefore, the JTE and
the PJTE have implications for virtually every chemical system
that contains more than two atoms.” The reviews”” by
Bersuker give an up-to-date overview over both the JTE and the
PJTE. While the occurrence of JTE or PJTE is not always
appreciated in studies dealing with main group elements, its
occurrence is more frequently discussed for transition metal
complexes, e in complexes of iron,°™'! cobalt,'*"?
manganese, *~'® and other metal ions.'”~*° Copper complexes
are certainly the most widely studied JT active systems.”'~

Experimentally, a major pitfall when studying JTE and PJTE
system is the occurrence of dynamic effects.”’ As the JTE and
the PJTE are brought about by vibrations, molecules in the
regime of dynamic JTE or PJTE interconvert between different
structures with the frequency of vibrations (i.e., interconversion
frequencies in the terahertz range).”> Such behavior leads to
the observation of structures having an apparently higher
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symmetry than expected for JT-active systems using methods
with time scales which are longer than the period of the
molecular vibrations such as X-ray diffraction (usually several
minutes) and EPR measurement (GHz 1‘egime).3’l The
observation of electronic transitions on the other hand is
expected to proceed much faster than molecular vibrations, and
therefore electronic absorption spectroscopy should be able to
reveal the true geometries of JT active complexes. While the
experimental techniques to distinguish between dynamic and
static JTE for crystalline samples have been developed by
several researchers,”' ™ the investigation of solutions is more
demanding.**~*°

Here, we present the synthesis and temperature dependent
X-ray crystallographic, EPR and UV/vis/NIR spectroscopic
characterization of [Cu(tpy),](BPh,),, 1. The obtained de-
tailed understanding of the correlation between structure and
EPR properties will be applied to interpret the strongly solvent-
dependent EPR behavior of the [Cu(tpy),]** cation in solution.

B EXPERIMENTAL SECTION

Synthesis. Methanol and DMSO (Sigma-Aldrich; chromato-
graphical grade purity) have been used without further purification.
Deuterated solvents for EPR (Deutero) and 2,2':6’,2"-terpyridine
(TCI Europe) were also used as bought. Metal salts have been
purchased from Sigma-Aldrich.

Bis(2,2':6',2"-terpyridine)copper(ll)bis(tetraphenylborate), 1. A
total of 80 mg (0.34 mmol) of 2,2":6’,2"-terpyridine was dissolved
in 6 mL of methanol, yielding a pale yellow solution. A total of 20 mg
(0.15 mmol) of anhydrous copper dichloride dissolved in 3 mL of
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Table 1. Lattice Parameters of [Cu(tpy),](BPh,), at 100, 123, and 293 K

measurement crystal T/K a/A
A 293(2) 40.278(3)
2 A 123(2) 40.001(2)
3 B 100(2) 39.9543(15)

b/A c/A p/deg
24.8878(17) 41.972(3) 116.277(2)
24.5857(2) 41.630(2) 116.319(2)
24.5916(9) 41.6151(14) 116.252(2)

methanol were added to that solution, giving rise to an intensely
colored green solution which was stirred at 50 °C for S min. A roughly
3-fold excess of sodium tetraphenylborate dissolved in methanol was
then added, leading to the immediate precipitation of a green solid.
The solvent was filtered off at 0 °C, and the remaining solid was
washed three times with 4 mL of methanol at 0 °C. Drying under
reduced pressure yielded 1 as a green powder. Crystals suitable for X-
ray crystal structure determination were obtained from a saturated
solution of 1 in DMSO, which was left overnight in an open vial
(Yield: 90%). NMR: All 'H resonances of the ligand have been
broadened beyond recognition. The only remaining resonances at
7.16, 691, and 6.77 ppm are assigned to the tetraphenylborate anion.
Anal. Calcd for 1: C, 80.17, H 5.35, N 7.19. Found: C, 80.15; H, 5.25;
N, 7.16. ESI-MS: 264.6 ([Cu(tpy),]*, 90%), 296.1([Cu(tpy)]*,
100%), 365.2 ([Na,BPh,]*, 55%).

X-ray diffraction. X-ray diffraction experiments with 1 have been
conducted on two different crystals, A and B, at three different
temperatures (Table 1). The monoclinic structure (space group P2,/c)
obtained using crystal B is in complete agreement with crystal A. In the
temperature range from 100 to 293 K, no phase transition is observed
in the XRD experiments, and the cell parameters vary only slightly
with temperature (Table 1).

Intensity data were collected on a BRUKER X8-KappaApexII
diffractometer using graphite monochromated Mo Ka radiation (4 =
0.71073 A). The diffractometer was equipped with a low-temperature
device (Kryoflex, Bruker AXS GmbH, 100(2) K). Intensities were
measured within 892 frames by fine-slicing @ and ¢ scans (rotational
increment 0.5°% 60 s exposure time per frame) and corrected for
background, polarization, and Lorentz effects. An empirical absorption
correction was applied to the data set.’” The structure was solved by
direct methods and refined by the least-squares procedure
implemented in the ShelX program system,”® allowing for anisotropic
displacement parameters. Hydrogen atoms were included isotropically
using the riding model on the bound carbon atoms. CCDC 1061926—
1061928 contain the supplementary crystallographic data for this
paper, which can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/
cif. For further details, see the Supporting Information.

Single Crystal UV/vis/NIR Spectroscopy. A transparent dichroic
crystal (blue/green; main crystal faces (001)/(001); approximate
thickness d = 0.1 mm) was selected using an optical microscope and
placed on the sample holder (aperture) using a small amount of
grease. Polarized single crystal UV/vis/NIR spectra covering the
spectral range from 5800 to 36 000 cm™" have been recorded using a
modified CARY 17 microcrystal spectrophotometer (spectral service,
ANU Canberra, Australia). A halogen lamp was used as a light source.
A photomultiplier (PMT) and a liquid nitrogen cooled Ge photodiode
were used as detector systems for the UV and the visible region
(11111-36000 cm™) and the NIR region (5800—16666 cm™),
respectively. For measurement in both spectral regions, the slit width
was set to 0.08 mm. The reference intensities I, were measured with
the same aperture, however, without the crystal. The spectra (Figure
3) show absorbance A = —log I/I;, vs wavenumber.

EPR Spectroscopy. EPR samples were prepared by filling 0.3 mL
of 200 uM solutions of [Cu(tpy),](BPh,), in d;-DMSO or mixtures of
ds-DMSO with either d,-methanol or d-chloroform into quartz glass
EPR tubes having an outer diameter of about 3.8 mm. The samples
were then shock frozen using liquid nitrogen. For single crystal
measurements, paper strips having a width of 1—2 mm were cut from a
sheet of paper. A small amount of vacuum grease was put on one end
of such a paper strip, which was used to mount the single crystals.
Alignment of the crystals was achieved by visual inspection and
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controlled on EPR spectra obtained in preliminary experiments. For
the powder measurements, single crystals have been carefully ground
until a homogeneous powder was obtained. The homogeneity of these
powders was evaluated by verifying the independence of the EPR
spectrum from the sample orientation in the EPR spectrometer.

All EPR experiments were performed on a Bruker ELEXSYS E580
EPR spectrometer. A Super High-Q resonator and an Oxford ESR900
helium gas-flow cryostat were employed for cw measurements at X-
band frequencies. For single crystal measurements, a programmable
Bruker E 218-1001 goniometer was mounted on the SHQ resonator,
allowing for free rotation around one axis. EPR measurements at Q-
band frequencies were performed using an EN 5107D2 resonator and
an Oxford CF935 helium gas-flow cryostat. Measurement parameters
of the EPR experiments presented below are detailed in Tables S8—
S10, S12, and S13 in the Supporting Information. Spectra were
simulated using the “pepper” routine of the EasySpin program
package.*’

AOM Calculations. AOM calculations have been performed using
the CAMMAG program.*® The X-ray structures have been used as
input geometries for the copper complexes. Only the first ligand
sphere, ie. the nitrogen donor atoms, has been considered. The e,
parameter was set to 6800 cm™' at a copper nitrogen distance d, =
2.00 A. A radial dependence of ¢, = 6800 cm™ X (do/d)™> has been
assumed.*' The ligand 7 interactions perpendicular to the plane of the
ligands have been accounted for by using e, = 1/8e,, while the in-plane
m-interaction was assumed to be negligible. Configuration interaction
between the metal 4s and 3d orbitals was included by introducing the
parameter ey, = 0.13¢, as discussed by Smith.** The orbital reduction
factor k and the spin orbit coupling constant { were set to 0.8 and 664
cm™!, respectively. The whole parametrization is in accordance with
parameters used for describing similar systems.*'™* Yet, the AOM
parameters should not be overinterpreted in a physical sense,
especially since a positive e, paramater implies 7-donating character,
which is unusual for pyridine type ligands.

Choice of the Molecular Coordinate System. The molecular
coordinate system has been chosen in accordance with the
requirements imposed by group theory. Accordingly, the axis of
highest symmetry is defined as the z axis.™ Choosing the z axis in this
way leads to an unusual denomination of the orbitals in some
geometries described in the Results section as the axis of elongation
and is not coinciding with the molecular z axis but is instead assigned
to the molecular x axis. An elongated octahedron in such a coordinate
system has a y* — 2z SOMO and an «> HOMO in the one electron
picture.”* These orbitals have the same properties as the more
conventional x* — y* and z* orbitals. A detailed discussion of the choice
of the axis system is given in the Supporting Information.

B RESULTS AND DISCUSSION

The synthesis of the tetraphenylborate of Cu(tpy),** proceeds
in a straightforward manner (Scheme 1). Mixing CuCl, and 2.2
equiv of tpy in methanol gives rise to intensely green colored
solutions. Subsequent addition of an excess of sodium
tetraphenylborate dissolved in methanol leads to immediate
precipitation of [Cu(tpy),](BPh,), (1) as a green powder

Scheme 1. Synthesis of 1

xs NaBPh,
CuCl, + 2 tpy —eor—>[Cu(tpy).]Cl, %) [Cu(tpy),](BPh,),
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which does not require any further purification after filtration
and washing with methanol.

Interestingly, there have been publications on related
copper(I) compounds which state that the obtained products
or solutions are brown.”’~* Our observations during the
synthesis of 1 indicate that the brown color is a result of
contamination with Cu” ions which stem either from impurities
in the copper(II) salt used as a starting material or from partial
reduction of copper(Il) (for details, see the Supporting
Information). Saturated DMSO solutions of 1 lead to
crystallization of 1 as plate-like crystals with predominant
faces (001) and (001). These crystals exhibit dichroic behavior
(green/blue).

The crystal structure of 1 is typica in the sense that
the two tpy ligands are arranged for each Cu complex in a
meridional fashion, thus giving rise to distorted octahedral
coordination spheres (Figures 1 and 2). The angular strain

|23,50-52

Figure 1. Schematic representation of the coordination structure of 1
with D,; symmetry.

within the ligand backbone pulls the outer N donors out of the
equatorial plane leading to a D,; symmetric structure.
Complexes of this symmetry are subject to PJT distortions.”
However, compared to other homoleptic copper complexes
of 2,2":6',2"-terpyridine, the crystal structure of 1 is surprisingly

complex with six independent [Cu(tpy),]** cations in the
asymmetric unit (Figure 2).”>*°7>* In all chromophores at all
temperatures (100, 123, 293 K), the shortest distances d(Cu—
N) (1.95—2.04 A) are observed between copper and the central
nitrogen atom of the two ligand molecules. It will be of
importance for the explanation of the observed dichroic
behavior that all these short interatomic vectors are aligned
along the crystallographic a axis (Figure 2) with only small
angular deviations. At ambient temperatures, five (A—E) out of
the six chromophores [Cu'"Ny] (Figure 2) appear to have
compressed octahedral geometry very similar to the schematic
D,; symmetric coordination polyhedron in Figure 1 with four
long distances d(Cu—N) ~ 2.17 A. Chromophore F (Figure 2)
shows already at ambient temperature a slightly different
distortion resembling an elongation, with two of the equatorial
ligands at somewhat longer (d(Cu—N) = 2.19 and 2.25 A) and
the others at slightly shorter distances (d(Cu—N) = 2.09 and
2.09 A). On cooling to 100 K, a very similar distortion pattern
is assumed by chromophores A, C, and E, while B and D
remain practically unchanged and the distortion of F
approaches that of a typical 4 + 2 elongated octahedron.
Overall, the various [Cu"Ng] chromophores appear to
change from D,; symmetry with a 2 + 4 distance distribution
at higher temperatures to C,, symmetry and 4 + 2 distance
distribution at lower temperatures. This change can be related
to a temperature dependent competition between the strain
trying to establish the optimum (undistorted) conformation of
the ligand molecules and the forces trying to optimize the
electronic energy of the coordinated cations. While at low
temperatures, the electronic requirements of the Cu* ions (d’
electron configuration) with their static Jahn—Teller effect are
dominant. The occurrence of only a single elongated structure
instead of two statistically disordered elongated octahedra is
indicative of a cooperation between lattice forces and the JTE
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Figure 2. ORTEDP style representation of the six crystallographically independent cations labeled A—F of [Cu(tpy),](BPh,), at T = 100 K. Ellipsoids
at the 30% probability level, distances d(Cu—N) in A at 100 K (bold); distances at 298 K (in italics). ESDs for distances are better than +0.01 A. Red

ellipsoids represent Cu, and pink represent N atoms.
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leading to one global minimum structure.’®> At ambient

temperature, a dynamic JT behavior takes over. The apparently
compressed structures observed using XRD experiments result
from the averaging of the interconversion between two
minimum structures. It appears to be noteworthy that the
dynamic behavior of the various chromophores in the crystal
structure of 1 is so different. Inspection of the crystal structure
reveals that the cation anion separation as well as the cavity size
of the cations appear to be no determinants of the different
dynamic behavior. However, the static octahedra do show more
C—H---7 contacts between the complex cations and the anions
than the compressed ones (16 contacts for the static octahedra
compared to five contacts for the dynamic octahedra with a
separation of less than 2.7 A, see the Supporting Information
for details). Similar observations have been made on iron
complexes. "'

Although conversion from elongated at low temperatures to
apparently compressed octahedra at room temperature is
typical for a transition from a static to a two-dimensional
dynamic JT effect,”> the XRD data alone are not fully
conclusive. We have therefore applied temperature dependent
UV/vis/NIR and EPR spectroscopy to corroborate the
conclusions from the structural investigation.

The single crystal UV/vis/NIR spectra (Figure 3) recorded
at room temperature and 100 K show two broad absorption

Wavelength [nm]

T T T T T

hpol, 100 K
vpol, 100 K
hpol, 298 K
vpol, 298 K

Absorbance [a. u.]

—T —T T
15000 20000 25000

wavenumber [cm™]

—T
10000

Figure 3. UV/vis/NIR spectra of a single crystal of 1 using polarized
light. hpol = horizontally polarized light, vpol = vertically polarized
light. Inset: d electron energy levels and allowed (black dotted arrows)
and forbidden (red dotted arrows) transitions.

~

~ J

bands at 7, 6000 cm™ and 7, ~ 14400 cm™ with
pronounced polarization. The low energy transition allows
estimation of a JT stabilization of 7 ~ (#,/4) = 1500 cm™.*’
The maximum of the band at 6000 cm™ was confirmed by an
additionally recorded powder reflectance spectrum (see
Supporting Information, Figure S1). The high-energy absorp-
tions at wavenumbers higher than 23 000 cm™" are assigned to
charge transfer transitions.”* There is no significant difference
in band intensities in the spectra recorded at ambient
temperature and 100 K. This points to a static dipole
mechanism for the d—d electronic transitions. Very clearly,
the apparent changes in coordination geometry as deduced
from the XRD study are not reflected by the UV/vis/NIR
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spectral behavior of the chromophores. In addition, it is quite
unusual that a crystal structure containing six chemically similar,
however crystallographically independent, chromophores ex-
hibits dichroic behavior with strongly polarized bands.
Typically, one would expect for such a situation averaging of
orientation dependency in absorption properties. However,
despite the complexity of the crystal structure of 1, the two
short Cu—N bonds of the central pyridine rings of each
chromophore [Cu"N] (the molecular z axis according to
group theory; see Figure 1) are pointing almost parallel to the
crystallographic a axis (Figure 2). The horizontal polarization
(hpol) direction in our spectra is parallel to this axis. The
vertical polarization (vpol) is aligned parallel to the crystallo-
graphic b axis. Assuming the selection rules for electronic
excitation via a static dipole mechanism for an elongated
octahedron [Cu'™Ng] of C,, symmetry (C, parallel to the bond
between Cu®" and the nitrogen of the central pyridine rings)
explains the observed polarizations: Excitation of an electron
from x* to y*—2* (¥, &~ 6000 cm™'; for orbital denomination see
Figure 3) will occur only with light polarized along the short
bonds Cu—N to the central pyridine rings (hpol). The
electronic transitions xz, yz — y*—2z* (¥, ~ 14400 cm™") can
be excited by light polarized along the vpol direction (parallel
to the crystallographic b axis). Since the octahedra are not
perfectly aligned, the corresponding excitation will also occur
(to a smaller extent) with light polarized along the crystallo-
graphic a axis (hpol).****** Owing to the high time resolution
of UV/vis/NIR spectroscopy, the electronic transitions of the
elongated octahedra are observed for those cations, which are
distorted by the dynamic JT effect and appear to be compressed
in XRD experiments. Note also that the low energy transition
would be forbidden along any polarization direction in a
hypothetic, static, D,; symmetrical compressed octahedral
chromophore. Furthermore, since only two octahedra appear
to be compressed at 100 K compared to five at 293 K, one
would expect a marked decrease of the intensity of the low
energy transition at higher temperatures if the compressed
octahedra were indeed static. Yet, such an intensity change is
also not observed. Conclusively, the polarized absorption
spectra confirm the presence of elongated chromophores
[Cu™Ng] in 1 at 100 and 293 K but do not show signs of
statically compressed octahedra, in agreement with the
interpretation of the XRD data.

EPR spectra have been recorded at the temperatures of the
UV/vis/NIR and XRD experiments. Furthermore, the exper-
imental setup allowed extending the temperature range below
100 K. The spectra of the powder of 1 recorded at various
temperatures at the X-band are shown in Figure 4.

Figure 4 shows how the relatively narrow four-line spectrum
at room temperature is gradually converted into a broad four-
line spectrum with the highest spectral density on the high field
side at 20 K. In the intermediate temperature range a five line
spectrum is observed, indicative of the simultaneous occurrence
of apparently compressed and elongated octahedral complexes.
Noteworthy, changes in the multiline pattern occur until the
lowest temperature of 20 K.

Taking into account the results from the XRD experiments,
this means that one octahedron is still static at room
temperature while others appear to be dynamic down to
temperatures as low as 40 K. Using 300 and 40 K as
approximate transition temperatures and 400 cm™" for the JT
active vibration,”' barrier heights of 250 cm™ to more than
1800 cm™ can be estimated for the interconversion between
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Figure 4. X-band EPR spectra of neat powdered 1 at various
temperatures. The numbers 1—5 mark the five-line spectrum indicative
of simultaneous occurrence of dynamic and static octahedra.

the two possible axes of elongation of the different cations
observed crystallographically.”” The lowest value for the cation
which interacts the least with the surrounding lattice is in good
agreement with values calculated for an isolated bis-
(terpyridine)copper cation.” The highest barrier on the other
hand is similar to the value obtained on a similar [Cu''Nj]
compound in which JT distortions have been reported.” It is
noteworthy that the highest barrier is slightly higher than the
estimated JT stabilization. This emphasizes the importance of
the cooperative nature of lattice and JT forces.

In order to obtain more insight, the powder spectra obtained
at room temperature, 100 K, and 20 K have also been recorded
at Q-band frequencies and investigated more thouroughly. The
spectra taken at room temperature show high spectral densities
at their low field sides (295—330 and 1080—1130 mT,
respectively. The shape of the EPR spectra corresponds to an
inverse axial g tensor’' for which g, = g, > & Inverse axial g
tensors are expected for compressed octahedra.’’ The
shoulders at the low field sides of the spectra (285 and 1060
mT, respectively) are attributed to the elongated cation F. The
spectra can be simulated best with the corresponding 5:1 ratio
of compressed to elongated octahedra (Figure S). At 100 K, the
spectra can be simulated assuming four elongated and two
effectively compressed octahedra (Figure S). At 20 K, the X-
and Q-band EPR spectra can be simulated assuming only static
elongated octahedra (Figure S).

In addition to the EPR experiments on the polycrystalline
powder, single crystal EPR spectra have been recorded. The
single crystal spectra could be simulated using the same set of
parameters as for the powder spectra. As an example, the single
crystal spectra taken at 100 K are shown in Figure 6 (the others
are shown in the Supporting Information). Taking the
complexity of the spectra into account, a satisfying agreement
between experimental and simulated spectra is achieved at all
orientations. Even for the crystal orientations shown in Figure
6¢) where the EPR lines are heavily overlapping, the agreement
of simulation and experiment is still acceptable. The parameters
used to simulate the EPR spectra agree with the results of the
AOM calculations (see Supporting Information). A noteworthy
exception is the value of g, for the apparently compressed
octahedra, which was calculated to be nearly equal to the free
electron g value, g, = 2.0023. Experimentally, no g, values lower
than 2.04—2.05 have been observed which would be expected
for elongated octahedra. This can be understood as an
indication of the dynamic nature of the apparently compressed
octahedra,®' as the calculations were only performed with the
average, seemingly compressed XRD structure (see Supporting
Information).

It was possible to consistently simulate all EPR spectra and to
theoretically validate the EPR parameters used in the
simulations. Furthermore, the high quality of the XRD data
obtained at 100 K provides a large body of structural
information. Therefore, it should be possible to correlate the
XRD structures with EPR parameters. Such a correlation
requires knowledge of the distortion pathways of the [Cu"Ng]
cations and how these distortions affect the expected EPR
parameters. To investigate the distortion pathways, the
structural parameters obtained from the XRD experiment at
100 K are inspected. It is noted that the average bond lengths of
the bonds along the z axis from the Cu®" ion to the central
pyridine rings of the tpy ligands <d,> as well as the bond
lengths to the outer pyridine rings in the xy plane <d,,> are the
same for all six cations A—F. They amount to <d,> = 1.993 +
0.009 A and <dy> = 2.175 + 0.007 A. This finding suggests
that removal of one ligand from the Cu®* ion by a given
distance leads to an equal approach of the other ligand.***” For
the ligand displacements Ad,, and Ad,_ along the molecular z
axis, it is found:

Ad,, = —Ad,_ (1)

270 280 290 300 310 320 330 340 350
magnetic field [mT]

1050 1100 1150 1200
magnetic field [mT]

Figure 5. EPR spectra of neat powdered samples of 1 at different temperatures (from top to bottom T = 20, 100, and 293 K) and mw frequencies,
(a) X-band and (b) Q-band. The black lines are the experimental data; the red lines are the corresponding simulations. The parameters used to
simulate these spectra are given in Tables S5—S7.
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Figure 6. Single crystal EPR measurements at 100 K (black lines) and corresponding simulations thereof (red lines). (a) Rotation around
crystallographic b axis. (b) Axis of rotation perpendicular to crystallographic a and b axes. (c) Rotation around the crystallographic a axis. See
Supporting Information for single crystal spectrum taken at 20 K and room temperature.

Scheme 2. (a) Vector Model of the Displacement of the Nitrogen Donor Atoms” and (b) Interconversion of the Different

Complex Conformers”

a) b) h N N N

L‘ - N—/c;i\N NZC;/\;N - NAXN

=i /
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#=120° #=180° 4= 240°

“The outer pyridine donor groups are displaced along their bond vectors. The displacement vector of the central pyridine ring is the sum of the
displacement vectors of the outer pyridine rings. The bold bonds indicate the unique axes.

In addition, if the central pyridine of one tpy ligand
approaches the Cu®" ion, the outer pyridine rings of that ligand
do so as well and the other way round. However, the extent of
the displacement of the outer rings is larger than for the central
rings. If the x axis is chosen as the axis of elongation, inspection
of the bond lengths observed in the crystal structure leads to
the formulation of eq 2, which correlates the displace-

ments”>**~% of the outer pyridine rings in the xy plane with
Ad,,:
Ad, = —Ad, = 2.38Ad_, )

The ligand displacements Ad, and Ad, are the changes of the
bond lengths Cu—N along the x and y axes, respectively, and
are equal in magnitude but opposite in sign. The vibration
described by the displacements Ad, and Ad, is the ¢ vibration
in the JT E ® e framework. However, the & vibration does not
contain a displacement of the ligands along the molecular z axis.
Therefore, the displacement along the z axis must result from
the rigid ligand structure, which forces the central pyridine ring
to follow the movement of the outer pyridine rings. The
correlation coefficient of 2.38 with a standard deviation of 0.29
is in agreement with a geometrical model of the ligand
displacement if the outer pyridine rings are assumed to be
displaced along their Cu—N bonds (Scheme 2a and Supporting
Information for details). In the case of a D,; symmetric
compound, application of the PJT (A @ B) ® b framework
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might be considered more appropriate.z’25 In this framework,
the ligand displacement described above as e vibration has b,
symmetry, which is the expected symmetry within the PJT (A
® B) ® b framework.”*® The same conclusions are drawn in
both frameworks and only the labeling of the vibration would
change in the PJT framework. Here, the JT E @ e framework is
used to describe the ligand displacements as the JT radius p and
angle ¢ introduced in this framework are used as descriptors of
the geometry.

The displacements described by eqs 1 and 2 also suffice to
illustrate the interconversion of an octahedron elongated along
the x axis (JT angle of ¢ = 120°) passing through a compressed
state (¢p = 180°) over to a structure elongated along the y axis
(¢p = 240°; Scheme 2b).

As all ligand displacements are correlated, a single displace-
ment parameter suffices to describe all bond length parameters
of the first ligand sphere. These bond length parameters can be
correlated with the experimental EPR parameters using the
equations given in the paper of Ammeter et al.”' The g, and &
values react very sensitively to structural changes and can be
reliably obtained from experimental data. The difference of
these two values is expected to increase upon going from ¢ =
180° to ¢p = 120°. A correlation of Ad,, with g, — g, for the six
[CuHN6] ions at 100 K is shown in Figure 7.

These correlations between structure and EPR parameters
gained on the solid state samples of 1 can now be applied to
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Figure 7. Correlation of Ad,, with g, — g, obtained from the EPR. The
black line is the fit to the data points according to theoretical
expectations.21 A, B, C, D, E, and F are the six different [Cu"'N] ions
in the crystal structure at 100 K. For frozen solutions, g, — g, was
obtained from simulation of the EPR spectra and subsequently used to
infer the ligand displacement Ad,, (see below).

gain insight about the structure of 1 in frozen solution. To that
end, EPR samples of 1 dissolved in various solvent systems
have been prepared and their EPR spectra at the X- and Q-
bands have been recorded in order to evaluate the cation
geometry depending upon the solvent. The results of these
experiments are summed up in Figure 8.

The EPR spectra of solutions of 1 depend markedly on the
choice of the solvent system. In polar solvents like d¢-DMSO or
mixtures of de-DMSO/MeOD, a rhombic g tensor is observed
(8« > g > &.)- If a less polar solvent mixture like dg-DMSO/
CDCl, is used, an axial g tensor is observed (g, > g, = g;). The
nitrogen hyperfine coupling (HFC) structure displayed in the
X-band EPR spectra of 1 dissolved in the solvent mixtures
indicates that the Cu(II) ions are indeed ligated by six nitrogen
donor atoms. Only in the case of pure dg-DMSO could the
nitrogen HFC structure not be resolved, as pure de-DMSO
does not yield glassy samples. The obtained g and copper HFC
values are given in Table S11 and lie within the bounds of those
used to simulate the spectra of powdered or crystalline 1.
Assuming that the relation between geometric and EPR
parameters is the same in solution and the solid state, one
can calculate the geometric parameters for the complexes in

solution with egs 1 and 2, and the Ad,, value can be read off
from the graph in Figure 7. The obtained results are listed in
Table 2.

According to Table 2, all cations found in frozen solution at
20 K correspond to elongated octahedra. However, the degree
of distortion indicated by the JT radius p and the JT angle ¢
depends on the solvent. In the mixture of deuterated methanol
and DMSO, the cation structure resembles those of the cations
found in the crystal structure at 100 K, which still have a
marked orthorhombic distortion as indicated by their JT angle
¢ Z 130°. The other solutions contain cations that are closer to
an ideal elongated structure along the x axis with JT angles ¢
close to 120° and JT radii > 0.38 A. These values lie outside
those observed crystallographically, which might indicate that
the structural change is more complicated in d¢-DMSO and d,-
DMSO/CDCIl; mixtures than just a more pronounced
elongation. Therefore, the assignment of the structure in the
case of the d-DMSO/MeOD solution has a higher degree of
confidence than for the other solution. Further experiments on
frozen solutions using for example MD simulations; EPR
hyperfine spectroscopy; or EXAFS, XANES, and LAXS might
be used to gain deeper insight into the structures in different
solutions.

Note that the theoretical treatment also yields expressions for
the SOMO and the HOMO.”' Both these orbitals have
antibonding character. For all observed elongated structures,
the HOMO in this framework has nearly pure &* character.
This means that only very weak bonding forces and therefore
very elastic bonds between the Cu** ion and the outer pyridine
rings of the remote tpy ligand are expected.”’ Thus, the remote
ligand is activated for ligand displacement.*

B CONCLUSION

The tetraphenylborate of the (bis(terpyridine))copper(Il)
complex 1 crystallizes in a remarkably complicated structure.
The crystal structure revealed the existence of six crystallo-
graphically independent complex cations with highly variable
bond lengths of d, ~ 2.175-2.300 A, d, ~ 2.045-2.175 A, and
d, ~ 1.955—2.045 A, and each of these cations shows different
dynamic behavior. In addition to the X-ray experiments, UV/
vis/NIR and EPR spectroscopy have been applied to investigate
the behavior of the different complex cations. The intensity of
the electronic transitions at 6000 and 14 400 cm™" was used to
confirm the dynamic nature of the apparently compressed
octahedra. The low-energy transition can be used to estimate a
JT stabilization of 1500 cm™". In EPR spectroscopically, the g

a)
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Figure 8. Spectra of frozen solutions of 1 at (a) X- (b) and Q-band frequencies in d,-DMSO, d,-DMSO/CDCI, (1:3), DMSO/CDCI, (1:5), and dg-
DMSO/MeOD (1:1.5) (from bottom to top). T = 20 K. Black: experimental spectra. Red: simulated spectra.
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Table 2. Geometrical Parameters of [Cu(tpy),]** Inferred from EPR Spectra of Frozen Solutions of 1°

solvent 100-Ag,, Ad,. /A d,./A

de-DMSO 18.2§ 0.064 2.057
de-DMSO/MeOD 16.6 0.049 2.042
d¢-DMSO/CDCL" 18.5 0.067 2.060
“The bond lengths have been calculated using d,, = <d,> + Ad,,, d,_

d,_/A d.,/A dy/A p/A ¢/deg
1.929 2.327 2.023 0.381 1239
1.944 2.292 2.058 0.322 130.8
1.926 2.334 2.016 0.402 122.3

=<d>+Ad,_, d,=<d,>+Ad,and d, = <d > + Ad, ®The EPR parameters
are the same for both mixtures of d,-DMSO and CDCl; (1:3 and 1:5).

values have been correlated with the structures of the cations.
The g values amount to g, & 2.260, g ~ 2.110, and g, & 2.04S
for static elongated octahedra and to g, ~ 2.185 ~ g, and g, ~
2.045 of the apparently compressed octahedra, where the g,
value of the latter is another indication of the dynamic nature of
the cations. The experimental results have been analyzed using
the angular overlap model. To account for the dynamic
behavior of the cations, their potential energy surface has to be
assumed to contain two minima corresponding to elongation
along the molecular x and y axes, respectively. The hypothetic
compressed structure lies on the saddle point in between the
two minima, which is also the energetic barrier for
interconversion of the two elongated isomers. For those
cations that reach the dynamic JT at lower temperatures, the
energy barrier between the two minima has to be smaller than
for those that reach the dynamic JT at higher temperature. The
energy barrier can be estimated to lie between 250 and 1800
cm™'. The different barrier heights may be explained by
secondary cation contacts.

In addition, experiments on frozen solutions revealed that the
structure of the cations is also affected by the solvent matrix.
Since the EPR parameters of the Cu®" ion react very sensitively
on even slight changes of the bonding parameters of the ligating
atoms, it was possible to infer details concerning the structure
of the first coordination sphere, assuming that the description
of the complex as a [Cu™Ng] octahedron is still valid. In order
to obtain a deeper understanding of the origin of the different
dynamic behaviors of the [CuN4] octahedra, quantum
chemical and further experiments on solutions are ongoing.
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