Inorganic Chemistry

pubs.acs.org/IC

Effect of Chelate Ring Expansion on Jahn—Teller Distortion and
Jahn—Teller Dynamics in Copper(ll) Complexes

Katharina Mack,” Anica Wiinsche von Leupoldt,T Christoph Forster,’ Maria Ezhevskaya,le
Dariush Hinderberger,i Karl W. Klinkhammer;r and Katja Heinze®'

"Institute of Inorganic Chemistry and Analytical Chemistry, Johannes Gutenberg-University of Mainz, Duesbergweg 10-14, 55128

Mainz, Germany

*Max Planck Institute for Polymer Research, Ackermannweg 10, 55128 Mainz, Germany

© Supporting Information

ABSTRACT: The expanded ligand N,N'-dimethyl-N,N'-dipyr-
idin-2-yl-pyridin-2,6-diamine (ddpd) coordinates to copper(1l)
ions in a meridional fashion giving the dicationic complex mer-
[Cu(ddpd),](BF,), (1). In the solid state at temperatures
below 100 K the cations of 1 localize in Jahn—Teller elongated
CuNy polyhedra with the longest Cu—N bond pointing in the
molecular x or y directions while the z axis is constrained by
the tridentate ddpd ligand. The elongated polyhedra are
ordered in an antiferrodistortive way giving an idealized
zincblende structure. At higher temperature dynamically
averaged (fluxional) polyhedra in the molecular x/y directions
are observed by multifrequency variable temperature electron

paramagnetic resonance (EPR) and by variable temperature X-ray diffraction studies. Compared to [Cu(tpy),]** (tpy = 2,2;6'2"-
terpyridine) the Jahn—Teller splitting 45, of 1 is larger. This is very probably caused by the much more favorable orbital overlap
in the Cu—N bonds in 1 which results from the larger bite angle of ddpd as compared to tpy. The “freezing-in” of the Jahn—
Teller dynamics of 1 (T ~ 100 K) occurs at higher temperature than observed for [Cu(tpy),]** (T < 77 K) which is also
probably due to the larger Jahn—Teller distortion of 1 resulting in a larger activation barrier.

1. INTRODUCTION

The Jahn—Teller theorem states that an orbital electronic
degenerate system is unstable with respect to nuclear
displacement." For six-coordinate copper(II) complexes
Cu"L¢ octahedral symmetry results in a 2E2g ground state
which is subject to a Jahn—Teller distortion induced by the E,
® ¢, vibronic coupling, where ¢, is the Jahn—Teller active
vibrational mode (Figure 1).2_sg Octahedral symmetry is
reduced via the tetragonal Qy = p cos ¢ and orthorhombic
Q. = p sin ¢ components of this ¢, vibrational mode (Figure
la) giving rise to three equivalent minima at ¢ = 0°, 120°, and
240° representing tetragonal elongated octahedra along the
molecular z, y and x axes, respectively.”"® The circular section
of the ground state potential surface of the Mexican hat
potential (Figure 1b) given by ¢ is depicted in Figure 1c (upper
graph).”~® If the octahedron is subject to strain effects acting
parallel to the z axis, for example, by rigid chelate ligands or
crystal packing, the potential surface distorts (Figure lc, lower
graph). Tridentate meridional coordinating ligands like
2,2;6'2"terpyridine (tpy) enforce the central Cu—N bond
(along the molecular z axis) to be short and hence only two
low-energy minima remain with elongation along the molecular
x or y axes (Chart 1, left).>>

In several cases the energy required to overcome the saddle
point between the two minima with elongated octahedra (along
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x or y) is relatively small so that at moderate temperatures a
dynamically averaged polyhedron is observed with a tetrago-
nally compressed z axis. At low temperatures the fluxional
process “freezes in” and the two elongated polyhedra are
formed in equal amounts. Frequently, these elongated
polyhedra arrange in an antiferrodistortive, that is, alternating
manner, in the crystalline state.”

In the prototypical well-studied complexes [Cu(tpy),](X),
pseudocompressed polyhedra are observed by X-ray crystal
structure determination at higher temperature (2X Cu—N =
1.995 A and 4x Cu—N = 2.15 A). The radial and angular
distortion is determined as p ~ 0.27 A and ¢ ~ 150° reflecting
both the Jahn—Teller averaging and the ligand strain.*"'" The
X-band powder electron paramagnetic resonance (EPR)
spectra (microwave frequency =~ 9.4 GHz) show a pattern of
an axially compressed octahedron with g, ~ g, ~ 2.191 > g ~
2.023 at higher temperature (T = 298 K). The finer details of
the structural data and the g values depend somewhat on the
counterions X and the presence of crystal solvent molecules.®
At lower temperature the typical EPR spectra of elongated
polyhedra are detected for [Cu(tpy),](X), complexes (T = 4
K: g, ~226,g,~2.129, and g, ® 2.020).8 Genuine compressed
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Figure 1. (a) Ilustration of the tetragonal and orthorhombic
components Qg Q. of the Jahn—Teller active vibrational mode &
(b) potential energy surface of a CuLg system; (c) circular cross
section along the angular coordinate ¢ in the absence and in the
presence of strain along the z axis.’.

Chart 1. [Cu(tpy),](X), and [Cu(ddpd),](X), Complexes
Relevant to This Study

CuLg polyhedra are quite uncommon, reported examples being
(3-chloroanilinium)s[ CuCls]Cl, featuring an EPR spectrum of
an axially compressed octahedron with g, ~ g, & 2.19 > g, ~
2.06 and [Cu(fac-HC(P(O)Ph,);),]** featuring two short and
four long Cu—O bonds (2 X 1.94 A; 2 X 2.14 A; 2 X 2.15 A),
although all these measurements have been performed at room
temperature and thus dynamic effects might also be
operative.lz’13

The ligand field splitting in [Cu(tpy),]** amounts to A, =
11200—11300 cm™" also slightly depending on the counter-
ion.>* The Jahn—Teller splitting, that is, the splitting of the
2E(dzz_yz, d,?) ground state into ,”A; and ,’A, states has been
determined as 46, = 5900—6550 cm™" again slightly modulated
by the counterion and the crystal packing.>

Recently, we successfully employed the ligand N,N'-
dimethyl-N,N"-dipyridin-2-yl-pyridin-2,6-diamine (ddpd) for
complexation of ruthenium(II)'* with the aim of increasing
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the ligand field splitting (as compared to tpy) to boost
photophysical properties by increasing the energy of deactivat-
ing ligand field states."® This aim was achieved by the larger bite
angle of ddpd (almost 90°) in the six-membered chelate rings
in comparison with that of tpy (78° five-membered chelate
rings). This increases the orbital overlap of metal and ligand
orbitals which is especially pronounced in the M-L ¢ bonds.
Here, we study the influence of the increased bite angle of
ddpd on the ligand field splitting, on the Jahn—Teller distortion
and on the Jahn—Teller dynamics of the homoleptic ddpd
copper(IT) complex [Cu(ddpd),]** as compared to the
analogous benchmark terpyridine copper(II) complex [Cu-

(tpy),)** (Chart 1).

2. EXPERIMENTAL SECTION

All reagents were used as received from commercial suppliers (ABCR,
Acros, Sigma-Aldrich). The ddpd ligand was prepared according to the
literature procedure.’* IR spectra were recorded with a BioRad
Excalibur FTS 3100 spectrometer as CsI disks. (vs) = very strong, (s)
= strong, (m) = medium, (w) = weak. Electrochemical experiments
were carried out on a BioLogic SP-50 voltammetric analyzer using a
glassy carbon working electrode, a platinum wire as counter electrode,
and a 0.01 M Ag/AgNO; electrode as reference electrode. The
measurements were carried out at a scan rate of 100 mV s™! for cyclic
voltammetry experiments and at 10 mV s™' for square wave
voltammetry experiments using 0.1 M (nBu,N)(PF¢) as supporting
electrolyte in CH;CN. Potentials are given relative to the ferrocene/
ferrocenium couple. UV/vis/NIR spectra were recorded on a Varian
Cary 5000 spectrometer using 1.0 cm cells (Hellma, suprasil).
Electrospray ionization (ESI) mass spectra were recorded on a
Micromass Q-TOF-Ultima spectrometer. X-band CW EPR spectra
(94 GHz) were measured on a Miniscope MS 300 (Magnettech
GmbH, Germany). g-values are referenced to external Mn®* in ZnS (g
2.118, 2.066, 2.027, 1.986, 1.946, 1.906). X-band pulsed EPR
experiments (9.4 GHz) were performed on a Bruker Elexsys 580
spectrometer, equipped with a helium-gas flow cryostat (Oxford Inc.)
at 10 K. Davies ENDOR (electron nuclear double resonance)
experiments were performed using the microwave pulse sequence 7
— T —7/2 — 7 — 7 — © — echo, with a 7 radio frequency (rf) pulse
applied during time T. The parameters used were t, = 200 ns, t,/, =
100 ns, T = 12 ps, t¢ = 10 ps. Standard HYSCORE (hyperfine sublevel
correlation) experiments were performed using the 7/2 — 7 — 7/2 —
tl — 7 — t2 — w/2 — v — echo sequence with ¢/, = 16 ns and ¢, = 16
ns and 7 = 200 ns, 256 ns. The time intervals ¢1 and 2 were varied in
steps of 16 ns. W-band EPR experiments (94 GHz) were performed
on a Bruker Elexsys 680 spectrometer equipped with a helium-gas flow
cryostat at 50, 150, and 293 K. Simulations were performed with the
program package EasySpin.'® Melting points were determined using a
Gallenkamp capillary melting point apparatus MFB 595 010 and were
not corrected. Variable-temperature magnetic susceptibility measure-
ments were carried out with a Quantum Design MPMS-XL7 SQUID
magnetometer in the temperature range 2—300 K under an applied
magnetic field of 1 T. Experimental susceptibility data were corrected
for diamagnetic contributions of the sample holder and the underlying
diamagnetism using Pascal’s constants. Differential scanning calorim-
etry (DSC) was performed using a Mettler Toledo 30. DSC curves
were recorded in the temperature range from —150 to —10 °C using a
heating and cooling rate of 10 K min™". Samples were surrounded by a
flow of nitrogen gas (30 mL min~"). The sample volume was 40 uL.
Atomic Absorption Spectroscopy was performed using a Perkin-Elmer
510 ZL with a Zeeman furnace module. Elemental analyses were
performed by the microanalytical laboratory of the chemical institutes
of the University of Mainz.

Crystal Structure Determination. Intensity data were collected
with a Bruker AXS Smart1000 CCD diffractometer with an APEX II
detector and an Oxford cooling system and corrected for absorption
and other effects using Mo K, radiation (4 = 0.71073 A). The
diffraction frames were integrated using the SAINT package, and most
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were corrected for absorption with MULABS.'”'® The structures were
solved by direct methods and refined by the full-matrix method based
on F* using the SHELXTL software package.'”*° All nonhydrogen
atoms were refined anisotropically, while the positions of all hydrogen
atoms were generated with appropriate geometric constraints and
allowed to ride on their respective parent carbon atoms with fixed
isotropic thermal parameters. The asymmetric unit of a crystal of 1
contains one molecule of an acetonitrile solvent molecule and a
disordered [BF,]” counterion. Crystallographic data (excluding
structure factors) for the structure reported in this paper have been
deposited with the Cambridge Crystallographic Data Centre as
supplementary publication nos. CCDC-874634 (263 K) and CCDC-
874635 (123 K). Copies of the data can be obtained free of charge
upon application to CCDC, 12 Union Road, Cambridge CB2 1EZ,
UK. [fax (0.44) 1223-336-033; e-mail deposit@ccdc.cam.ac.uk].

Density functional theory (DFT) calculations were carried out with
the Gaussian09/DFT>' series of programs. The B3LYP formulation of
DFT was used by employing the LANL2DZ basis set.”' No symmetry
constraints were imposed on the molecules. The presence of energy
minima or first order saddle points was checked by analytical
frequenczy calculations. For calculations of EPR parameters the EPR-II
basis set>'® was used for C, H, N, and the 6-311G(d) basis set for Cu.
For time-dependent DFT (TD-DFT) calculations solvent modeling
was also included employing the integral equation formalism
polarizable continuum model (IEFPCM, acetonitrile).

Synthesis of 1. Copper(I) bis(tetrafluoroborate) hexahydrate
(528 mg, 1.529 mmol) was dissolved in ethanol (12 mL), and ddpd
(980 mg, 3.364 mmol) was dissolved in ethanol (18 mL). Upon
mixing the solutions at room temperature a light-green suspension
formed. After stirring for 2 h at room temperature diethylether (S0
mL) was added. The precipitate was filtered and washed with
diethylether (30 mL). After recrystallization from ethanol/diethylether
a light-green solid was obtained in 68% yield (964 mg, 1.039 mmol).
Recrystallization from acetonitrile yielded crystals suitable for X-ray
diffraction.

Anal. Caled for Cy,H, N (B,FsCu (819.86): C, 49.81; H, 4.18; N,
17.08. Found: C, 49.27; H, 4.07; N, 17.17. MS (ESI): m/z = 354.07
(100, [M-ddpd-2(BF,)]**), 373.08 (50, [M-ddpd-2(BF,)+F]*").
SQUID: 4T = 0.443 cm® K mol™! (4—300 K). X-band EPR (powder,
295 K, 942 GHz): g, ~ g, = 2.150, g, = 2.066, A, ~ A (*/*Cu) = 82
G. X-band EPR (powder, 103 K, 9.43 GHz): g, = 2228, g, ® g, =
2.054, and A (%¥/%Cu) = 145 G. UV/vis (CH;CN): A () = 240 nm
(32000 M~ em™), 309 (29000), 433 (140), 657 (25), 1287 (5); by
Gaussian fitting the two LF transitions are found at 653 nm (15308
cm™) and 1254 nm (7973 cm™). IR (CsI): & = 3120 (w, CH), 2924
(w, CH), 1597 (s), 1490 (s), 1450 (s), 1435 (vs), 1365 (s), 1340 (s),
1238 (s), 1170 (s), 1134 (s), 1095 (s), 1061 (vs), 1034 (sh, BF), 947
(w), 868 (w), 806 (w), 781 (m), 750 (m), 617 (w), 584 (w), 522 (w),
437 (w), 413 (w) em™". CV (CH,CN, vs FcH/FcH'): E, = =091 V
(irreversible reduction), —0.65 V (reoxidation of the derived Cu'
species). Mp = 168 °C (dec).

Synthesis of 2. Copper(I) bis(tetrafluoroborate) hexahydrate
(8.2 mg, 0.024 mmol) and iron(II) bis(tetrafluoroborate) hexahydrate
(148.5 mg, 0.440 mmol) were dissolved in ethanol (5 mL), and ddpd
(305 mg, 1.050 mmol) was dissolved in ethanol (S mL). Upon mixing
the solutions at room temperature an orange-red suspension formed.
After stirring for 2 h at room temperature diethylether (25 mL) was
added. The dark red precipitate was filtered and washed with
diethylether (25 mL). A dark-red solid was obtained in 95% yield (360
mg, 0443 mmol). C3HyyN;(B,F;Cu,_,Fe, x = 0.125 from AAS
measurements. X-band EPR (powder, 295 K, 942 GHz): g, = g, =
2156, g, = 2.058, A, ~ A,(*/*Cu) = 79 G. X-band EPR (powder, 103
K, 9.42 GHz): g, = 2.228, g, ~ g, = 2.063, and A,(*/*Cu) = 146 G.

3. RESULTS AND DISCUSSION

The infrared spectrum of 1 is unremarkable showing the
absorption of the BF stretch of the counterion at 1034 cm™,
the absorptions of the C=C and C=N vibrations of the ligand
around 1597 and 1490 cm™' as well as the signature of CH
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stretching vibrations around 3120 cm™ (aromatic CH) and
2924 cm™! (aliphatic CH). 1 can be irreversibly reduced to a
copper(I) complex at —0.91 V vs FcH/FcH'. The magnetic
susceptibility of 1 was measured in the temperature range 2—
300 K giving a temperature independent magnetic moment of
T = 0.443 cm® K mol ™" (T > 4 K) independent of the heating
or cooling mode (Figure 2). For an S = 1/2 system the

ZT/ em®K mol ™
OOO000000800@@@@@900000000
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Figure 2. Variable-temperature magnetic susceptibility measurements
of 1.

expected spin-only value amounts to T = 0.375 cm® K mol™
indicating that spin—orbit coupling is operative for 1 as
expected (g, ~ 2.17, from SQUID measurement).”” Below 4 K
a weak antiferromagnetic interaction is observed (Figure 2).
Optical spectra of 1 were measured in acetonitrile (Figure 3).
Intense ligand-centered 7—7* absorptions are found at 240 nm

M gm !
140

efM-lem™ b

30000

25000

20000

15000

10000 400 600 B0O 1000 1200

Alnm

1400 1600 1800

5000

o
200

300 400 500 800 700

Afnm

B0O 900 1000

Figure 3. Electronic spectrum of 1 in CH;CN (inset: ligand field
region and term diagram in C,, symmetry).

(£ =32000 M~ cm™) and 309 nm (e = 29000 M~ cm™") and
a moderately intense ligand-to-metal charge transfer band is
located at 433 nm (¢ = 140 M™' cm™; N—CHj lone pair —
half-filled Cu d orbital). By Gaussian fitting of the spectrum two
ligand field transitions are observed at 653 nm (& = 25 M™!
cm™') and 1254 nm (e = 5 M™' cm™"), the former bands (433
and 653 nm) accounting for the light green color of 1 (Figure
3; the Gaussian fits including all absorption bands slightly
deviate from the maxima determined directly from the
spectrum). If in the Jahn—Teller distorted case the symmetry
of the dication is lowered to C,, as in [Cu(tpy),]*" and the
Jahn—Teller axis is assigned to the x axis a term sequence A,
(22=y%), LA, («%), "B, (yz), *B; (xz), *A, (xy) is expected
(Figure 3).® The observed ligand field transitions can be
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assigned to the symmetry allowed transitions in the C,, point
group A, (22—y%) — ’B, (y2)/°B (xz) and A (£—y%) —
VA, () (Figure 3; the %A, (zz—yz) — A, (xy) transition is
symmetry forbidden).® The energy of the latter absorption
band corresponds to the Jahn—Teller splitting 45, = 7975 cm™!
and together with the former absorption band the ligand field
splitting is estimated as A, = 11325 cm™".

The significantly larger Jahn—Teller splitting of 1 is
accounted for by a stronger o-type interaction of ddpd with
the copper center and thus an increased energy gain by Jahn—
Teller distortion as compared to tpy complexes. This effect has
already been predicted by Jahn and Teller in their seminal
paper (“If the electrons causing the degeneracy are not essential
for molecular binding, only a slight instability will result ”)1
Vice versa, the stronger ¢ antibonding electrons in the “e,” set
of 1 result in a more pronounced Jahn—Teller splitting 451 as
compared to the less antibonding “e,” electrons of [Cu(tpy),]*
complexes with smaller bite angles.

At 103 K the X-band powder EPR spectrum of 1 displays the
expected axial pattern with g, = 2.228, g, ~ g, = 2.054, and

A(®/%Cu) = 145 G (Figure 4, top). These g values are

gy = 2.228
145 G————L———

g,.=2.054

260 280 300

BI/mT

Gyy = 2.150
82 G —r1+—

320

260 280 300

B/mT

320 340

Figure 4. X-band powder EPR spectra of 1 (9.42 GHz) at 103 K (top)
and 293 K (bottom) and simulated spectra in red.".

comparable to those of [Cu(tpy) ](PF¢), at 4.2 K (g, ~ 2.26, g
=2.129,and g, = 2. 020.% In accordance with the larger energies
of the ligand field absorption bands of 1 the averaged orbital
contribution to the g, value is smaller (g, — g. = 0.114) than
for [Cu(tpy),](PF¢), (giso — g = 0.139).”* Upon being warmed
to 293 K, the powder EPR spectrum of 1 gradually evolves into
a spectrum of an axially compressed octahedron with g, ~ g, =
2.150, g, = 2.066 and A, ~ A(*/®Cu) = 82 G (Flgure 4,
bottom and Figure 5) The g values are again comparable to
those of [Cu(tpy),](PFq), at 298 K (g, = g, = 2.191, g, =
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Figure 5. Variable temperature X-band EPR spectra of 1 indicating the
evolution of the spectra with temperature (T = 273—103 K).

2.023).® Obviously, for both copper(I) complexes g, remains
essentially unaffected reflecting the ligand-strain induced
compression along z while g, and g, gradually converge to a
common value upon increasing the temperature.

The spectra obtained in the temperature range 103—273 K
could be successfully simulated by weighted superpositions of
low-temperature and high-temperature spectra (see Supporting
Information for selected spectra and their simulations). If one
assigns the low-temperature EPR spectrum (Figure 4, top) to
the static elongated complexes and the high-temperature
spectrum to the dynamic, that is, rapidly interconverting
elongated complexes on the EPR time scale (Figure 4, bottom),
one can extract the molar fraction of static and (on the EPR
time-scale) dynamic complexes present at different temper-
atures. A continuous transition from the static to the dynamic
regime is observed implying only weak, if any, cooperative
effects (Figure 6). The absence of exchange coupling between

n{static) / %
100

80
60 e
40

X-ra
20 '

0 50 100 150

T/IK

200 250

Figure 6. Molar fraction of static complexes 1 extracted from variable
temperature X-band EPR spectra.

the neighboring paramagnetic centers in this temperature
regime (Figure 2) further supports practically vanishing
cooperative forces. The critical temperature at which
approximately 50% of the complexes are dynamic on the X-
band EPR time scale is estimated as T}/, = 170 + 10 K.

To diminish intermolecular dipole dipole interactions and
thus to improve the resolution of the EPR spectra the
copper(II) ddpd complex 1 was doped into the diamagnetic
isomorphous iron(II) ddpd complex host lattice giving the
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magnetically dilute material [Fe,_,Cu,(ddpd),](BF,), (2, x =
0.125 by atomic absorption spectroscopy).”> The resulting
variable temperature EPR spectra of 2 are indeed of higher
resolution (Figure 7 and Supporting Information). The

g, =2.228
146 G ———L—F

280 300

B/mT

0y, =2.156
796 —r1+—

260 320 340

260 280 300

Bi/mT

320 340

Figure 7. X-band powder EPR spectra of 2 (9.42 GHz) at 103 K (top)
and 293 K (bottom) and simulated spectra in red.’.

extracted parameters are basically similar to those of pure 1
(T =103 K: g, =2.228, g, = g, = 2.063 and A,(*/*Cu) = 146
G; T=295K: g, =g, =2.156, g =2.058 and A, = A,(*/*Cu)
=79 G). The critical temperature of the transition from the
dynamic to the static regime is T}/, = 190 + 10 K, practically
identical to T}/, of 1 within experimental error again arguing
against significant cooperative forces (see Supporting Informa-
tion).

When a frozen solvent mixture (water/glycerol) was used as
a matrix for 1, a fully analogous behavior was observed (see
Supporting Information; resolution is somewhat poorer)
suggesting that the observed dynamics is mainly a molecular
phenomenon and largely independent of the surrounding
matrix (crystal, diamagnetic host, frozen solution).

DSC on powdered 1 in the temperature range 123—263 K
revealed a small broad endothermic feature between 140 and
180 K (see Supporting Information) which is obviously
associated with the process observed by EPR. A detailed
molecular view could be obtained by variable temperature X-ray
diffraction studies. A single crystal of 1 was subjected to X-ray
diffraction at 123 K and at 263 K (Table 1). Both structures
could be solved and refined as racemic twins in the
orthorhombic space group Fdd2 (Figure 8). At low temperature
the C, symmetric complex cations (C, axis through N3—Cu—
N6) form tetragonal elongated CuNj octahedra with long Cu—
N4 (2.332(16) A) and short Cu—N1 (2.026(15) A) bonds to
the terminal pyridine rings and short Cu—N3/N6 bonds
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Table 1. Data of the Crystallographic Structure
Determinations

1/263 K 1/123 K
empirical formula CysH4oCuN,B,Fg  CygH,0CuN,,B,Fg
formula weight 901.98 901.98

yellow block
0.25 x 0.22 X 0.20

crystal color, habit yellow block

crystal dimensions/mm 0.25 X 0.22 X 0.20

crystal system orthorhombic orthorhombic

space group Fdd2 Fdd2

a/A 26.412(4) 25.9249(12)

b/A 21.696(3) 21.4550(9)

c/A 14.123(2) 14.0455(6)

V/A3 8093(2) 7812.4(6)

V4 8 8

F(000) 3704 3704

density (caled)/g cm™ 1.481 1.534

absorption coefficient y/mm™" 0.623 0.645

20 range/deg 3.78—55.70 4.92—56.10

index ranges -34<h<34 -34<h<34
—28 <k<28 —-26 <k<28
-18<1<18 -18<1<18

reflections collected 27532 13479

independent reflections 4796 4725

parameters 300 299

max./min transmission 0.8855/0.8598 0.8818/0.8553

goodness-of-fit on F* 0.940 0.991

largest difference peak and hole/ 0.281/-0.184 0.342/-0.313

e A

R, (I > 26()) 0.0344 0.0280

R, (all data) 0.0541 00325

wR, (I > 26(I)) 0.0809 0.0648

wR, (all data) 0.0871 0.0660

absolute structure parameter 0.503(19) 0.568(8)

(1.989(3) A, 2.060(3) A) to the central pyridine rings (Figure
8, bottom). The radial distortion p = 0.355 A is large and
similar to the ones calculated for [Cu(tpy),] (X),.* The N1—
Cu—N3 bite angle amounts to 86.06(5)° while the N4—Cu—
N6 bite angle involving the Jahn—Teller elongated Cu—N4
bonds amounts to 80.03(4)°. The N4—Cu—N4' angle
(160.06(8)°) deviates more from the ideal 180° angle than
the N1—Cu—N1' angle with 172.12(9)°. The angular distortion
is estimated as ¢ = 120°.

In the crystal packing CuNg cations with the long axis in the
molecular x direction occupy the lattice sites of an fcc close-
packing (idealizing the orthorhombic crystal system to cubic)
while complex cations with the long axis in the molecular y
direction occupy one-half of the tetrahedral sites giving an
overall approximate zincblende structure, that is, each CuNg
elongated polyhedron is surrounded by four CuNy elongated
polyhedra of the other Jahn—Teller axis orientation (Figure 9).
These two sublattices are canted by ~72° approaching an
antiferrodistortive limiting case (90°) which is typically
observed, for example, for tetrachlorocuprates like
(NH4)2[CUCI4]-24

At 263 K the Cu—N1/N4 distances to the four terminal
pyridine rings are almost dynamically averaged to 2.149(4) A
and 2.191(4) A, respectively, while the bond lengths to the N3/
N6 atoms of the central pyridine rings remain almost
unaffected (2.064(5) A and 1.978(6) A) (Figure 8, top).
Also, the N1-Cu—N1 and N4—Cu—N4 angles almost
converge to a common value (166.5(2)° and 167.0(2)°). The
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Figure 8. Depiction of the molecular structure of the cation of 1 at 263
K (top) and at 123 K (bottom). View along the N3—Cu—N6 (z) axis
(left) and view perpendicular to the N3—Cu—N6 (z) axis (right).
Thermal ellipsoids are drawn at the 50% probability level. Hydrogen
atoms are omitted for clarity.

averaging along the molecular x and y axes results in an
apparent compressed CuN coordination polyhedron (apparent
radial distortion p = 0.187 A) and the two crystallographic sites
become almost indistinguishable (apparent angular distortion ¢
~ 166°). The packing of the averaged CuNy polyhedra can
then be described by an idealized diamond structure. The
cocrystallized acetonitrile becomes highly disordered at 263 K.
From the variable temperature X-ray analysis it appears that the
transition from the static to the dynamic Jahn—Teller distortion
occurs continuously and without a change in space group for 1.

Considering the observed averaged geometry at 263 K as an
approximation of the transition state between the two axially
elongated Jahn—Teller isomers the changes in radial and
angular distortions Ap and A of 1 are more than twice as
large as those estimated for [Cu(tpy),]*" [1: Ap = p(123 K)
—p(263 K) ~ 0.171 A, Ag = (123 K) — (263 K) ~ —46°;
[Cu(tpy),]**: Ap = p(77 K) — p(170 K) =~ 0.082 A, Ap =
@(77 K) — ¢(170 K) ~ —21°]. Thus, geometric reorganization
of 1 during the Jahn—Teller isomerization requires more energy
than that of [Cu(tpy),]*" giving a higher energy saddle point
and thus a higher “freezing-in” temperature for 1.*°

The geometry of the cation of 1 was optimized at the DFT/
B3LYP/LANL2DZ level of theory. As expected, an elongated
polyhedron represents the minimum geometry (Figure 10,
bottom). The long and short Cu—N bond lengths to terminal
pyridine rings are calculated as 2.315 A and 2.071 A (exp.:
2.332(16) A and 2.026(15) A) while the Cu—N distances to
the central pyridine rings are slightly different from each other
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Figure 9. Depiction of the zincblende like packing of the CuNg
polyhedra of 1 at 123 K showing the antiferrodistortive order (top),
view along the ¢ axis (bottom); the long axes of the polyhedra are
shown in yellow; C and H atoms omitted for clarity.

(2.065 A and 2.145 A) similar to the difference obtained from
the crystal diffraction data (1.989(3) A, 2.060(3) A). Also, the
N1-Cu—N1 and N4—Cu—N4 angles are calculated as 173.22°
and 164.90° comparable to the experimental ones (172.12(9)°
and 160.06(8)°).

In the calculated transition state connecting the two Jahn—
Teller isomers (8 kJ mol™" above the two minima; imaginary
frequency 66 cm™') the Cu—N1 and Cu—N#4 distances are
averaged to 2.210 A. This compares well to the averaged data
obtained from the X-ray diffraction at 263 K (2.149(4) A and
2.191(4) A) (Figure 10, top). The Cu—N3/N6 distances to the
central pyridine rings (2.053 A) are also similar to the X-ray
data at 263 K (2.064(5) A and 1.978(6) A). The N1-Cu—N1
and N4—Cu—N4 angles are equal in the transition state
(170.15°). These values reflect the higher symmetry of the
transition state (Figure 10, top).

Spin densities were calculated for the two Jahn—Teller
isomers revealing the expected degenerate z* — y* (2% — &%)
ground state (Figure 11). In the geometrically averaged
transition state the spin density is averaged accordingly (Figure
11, center). g-values were calculated from the optimized
geometry using the EPR-II basis set for C, H, N and the 6-
311G(d) basis set for Cu. For the elongated polyhedron a
nearly axial pattern g, = 2.293, g, = 2.109 ~ g, = 2.089 was
calculated (cf. experimental values: g, = 2.228, g, ~ g, = 2.054).
For [Cu(tpy),]** DFT calculations yield a rhombic pattern
with g, = 2273, g, = 2.194; g, = 2.021 (cf. experimental values:
&~ 226, g ~ 2129, g, = 2.020). For the transition state
geometry of the Jahn—Teller isomerization the g pattern is
calculated as g, = 2277 & g, = 2222; g = 2.010 (cf
experimental values for the dynamically averaged state: g, ~ g,
= 2.150; g, = 2.066).
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Figure 10. DFT optimized geometry of the cation of 1 (bottom) and
of the transition state (top) for the interconversion between the two
Jahn—Teller isomers; View along the N3—Cu—N6 z axis (left) and
view perpendicular to the N3—Cu—NG6 z axis (right). Hydrogen atoms
omitted for clarity.

Figure 11. Spin densities (isosurface value 0.01 au) of the two
degenerate Jahn—Teller isomers and of the connecting transition state.
Hydrogen atoms omitted for clarity.

For improving the resolution we additionally measured
variable temperature EPR spectra of 2 at W-band (microwave
frequency ~94 GHz, see Supporting Information). The
simulations of the W-band spectra fully confirm the results
obtained from the X-band spectra, namely, the characteristic
pseudoaxial pattern for elongated octahedra at 50 K (g, =
2.049; g, = 2.068; g, = 2.258; A,(*/Cu) = 184 G) and a
pattern of an axially compressed polyhedron at 150 K (g, =
2.185; g, = 2.145; g, = 2.049; A, ~ A(*/*Cu) = 90 G). To
further support our DFT calculations by comparing calculated
with experimental hyperfine coupling constants to ligand nuclei
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for the static state '“N Davies ENDOR spectra, *N HYSCORE
and '"H HYSCORE spectra of 1 and 2 were recorded at 10 K.
"N Davies ENDOR spectra of 2 at different magnetic field
positions together with simulations are given in the Supporting
Information. The spectra are characterized by three pairs of
peaks centered at the range from 12 to 23 MHz which are split
by twice the nitrogen nuclear Zeeman frequency. These values
are typical for strongly coupled nitrogen nuclei with 1A/2| >
lvl. The simulations allow to estimate the principal values of
the hyperfine coupling tensors A('*N) for three different
nitrogen atoms, namely, A(**N6),,, ~ 15, 15 G; A("*N3) , ~
10, 10 G; A(**N1),,; ~ 13, 12 G (see Figure 10 for atom
numbering). These values are excellently reproduced by the
DFT calculation giving A(**N6),, = 15 G, A(**N3),, = 10 G,
and A("*N1),, = 14 G while coupling along the elongated axis
to N4 and to the noncoordinating NS is calculated to be very
small with A(**N4) = 04 G and A(**NS,,) = 0.1-02 G.
Indeed, small coupling constants to '*N can be extracted from
"N HYSCORE spectra of 2 (A(**N4) ~ 0.6 G, see Supporting
Information) and these are assigned to N4. From the 'H
HYSCORE spectra of 1 and 2 proton hyperfine couplings of
A('H) ~ 2.9 G can be resolved (see Supporting Information).
The largest proton coupling has been calculated by DFT for the
protons adjacent to the strongly bound nitrogen atom N1
(A("H) = 1.3 G). This value somewhat underestimates the
experimental one, probably because of the strong angular
dependence of this electron—nucleus interaction which is also
evident from the anisotropy of the proton coupling seen in the
"H HYSCORE spectra recorded at different observer positions
(see Supporting Information). All these data together provide
confidence to the DFT calculation and corroborate our
interpretations on the dynamics of 1.

TD-DFT and PCM-TD-DFT (CH,;CN) calculations were
then employed to interpret the experimental electronic
spectrum (Figure 3). The calculated three lowest-energy
absorptions are assigned to the symmetry-allowed ligand field
transitions %A, (zz—yz) — A (+%) (gas phase: 5210 cm™h
CH,CN: 5510 cm™) and A, (2%—y*) — ’B, (yz)/°B; (xz)
(gas phase: 14950 cm™; CH;CN: 15265 cm™'). The next
absorption (gas phase: 18325 cm™'; CH;CN 18720 cm™)
consists of ligand-to-metal charge transfer transitions from the
N-methyl lone pairs to the half-filled copper d-orbital. This
pattern is in qualitative but far from quantitative agreement
with the experimental data, especially with respect to the Jahn—
Teller splitting 45, (vide supra). Even consideration of solvent
effects by employing a polarizable continuum solvent model
only slightly improves the agreement. Possibly the presence of
counterions influences the Jahn—Teller splitting more than the
solvent effects. Indeed, in the solid state the tetrafluoroborate
counterions attach to the ddpd ligands via CH:--F contacts
(H-F = 2.33-3.03 A; see Supporting Information) bridging
the pyridyl ring (N1) of one ddpd ligand with a pyridyl ring of
the second one (N4). In solution a similar contact ion pair
might be expected. As this bridging is not reflected in the TD-
DFT calculations it could be the reason for the discrepancy.

4. CONCLUSIONS

The expanded ligand ddpd coordinates to copper(Il) in a
meridional fashion giving the homoleptic dicationic complex
mer-[Cu(ddpd),](BF,), 1. In the solid state at T < 100 K the
complex cations localize in Jahn—Teller elongated polyhedra
with the longest Cu—N bond pointing in the molecular x or y
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directions while the z axis is constrained by the tridentate
ligand. These polyhedra order in an antiferrodistortive fashion
in an idealized zincblende structure. Increasing the temperature
yields dynamically averaged (fluxional) polyhedra in the
molecular x/y directions as observed by variable temperature
EPR (X-band, W-band) and variable temperature X-ray
diffraction.

The Jahn—Teller splitting 46, of 1 is larger than the
corresponding energy of [Cu(tpy),]*". This is based on the
much more favorable orbital overlap in the Cu—N bonds in 1
which results from the larger bite angle of the ddpd ligand as
compared to tpy.

The “freezing-in” of the Jahn—Teller dynamics of 1 (T ~ 100
K) occurs at higher temperature as observed for [Cu(tpy),]*
(T < 77 K) which is also probably due to the larger Jahn—
Teller distortion of 1 giving a larger activation barrier. Future
work will include functionalized ddpd ligands which could be
able to transmit structural information between individual
Jahn—Teller active copper(Il) complexes resulting in cooper-
ative ordering and maybe also magnetic ordering effects.”®
Ligand functionalization could also be a means to isolate
individual “Jahn—Teller isomers”.>’

B ASSOCIATED CONTENT
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Simulations of variable temperature X-band and W-band EPR
spectra of 1 and 2, HYSCORE spectra of 1 and 2, DSC of 1,
illustration of the coordination of the tetrafluoroborate
counterions in the solid state to the dication, Cartesian
coordinates of DFT optimized [Cu(ddpd),]**. This material
is available free of charge via the Internet at http://pubs.acs.org.
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