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The crystal structures of [PtClx(tten)], [PdClx(tten)], [Pt(ethylenediamine)(ttcn)](PFg)2, and [Pd(ethylenediamine)-
(tten)](PFe) (tten = 1,4,7-trithiacyclononane) show short apical metal—S(ttcn) distances, qualitatively indicating an
interaction. Luminescence spectroscopy was used to study these crystalline complexes at room temperature and
variable hydrostatic pressure. The luminescence band maximum of [PdCl,(ttcn)] shows a pressure-induced blue shift
of +-6 cm™ '/kbar, while the platinum(Il) compounds show a red shift of approximately —20 cm ™~ /kbar. This difference
is rationalized in terms of a competition between blue shifts due to pressure-induced metal—ligand bond shortening in
the equatorial plane and increasing out-of-plane distance of the metal center, and a red shift due to the approach of the
apical sulfur donor to the metal center. Density functional theory (DFT) calculations indicate d-d luminescence
transitions and a different nature of the highest occupied molecular orbital (HOMO) for [PdCly(ttcn)] than for
[PtClx(tten)], while the lowest unoccupied molecular orbitals (LUMOs) are identical in character. This electronic
structure difference is used to rationalize the different pressure effects.

1. Introduction

The interaction of a pendant nucleophile with the metal
center at a vacant axial site of a square-planar d® complex can
have a distinct influence on its electronic structure and
reactivity.! ~® Cyclic ligands such as 1,4,7-trithiacyclononane
(tten) have been used to provide the pendant nucleophile, and
the ligands completing the square-planar coordination
sphere lead to a variation of the distance between the metal
center and the pendant nucleophile.” External pressure has
been shown to significantly vary this distance, for example, a
decrease by 0.2 A has been recently reported for [Pd(ttcn)Cl,]
between ambient pressure and 45 kbar.*

Luminescence spectroscopy provides quantitative insight
on the electronic structure of a wide variety of square-planar
luminophores. The nature of the emitting state of many
platinum(II) complexes can be chemically controlled via the
electronic structure of the ligands, and luminescence spectro-
scopy has been very successfully applied to characterize the
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lowest-energy excited state.”'! Spectra measured as a func-
tion of pressure have been reported and show a blue shift
of the band maxima on the order of 420 cm™'/kbar to
+30 cm ™! /kbar for d-d transitions.' ! In the presence of
strong axial interactions, such as stacked structures, the
luminescence maxima show a pronounced red shift with
increasing pressure.'® These variations are continuous and
reversible, providing important trends and insight on the
magnitude of different interactions. Pressure-dependent
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luminescence spectroscopy'”’ is therefore complementary
to the chemical variation of the coordination sphere
through ligand substitution. The strength of the axial
interaction can be probed experimentally, and the results
compared to literature data for isoelectronic square-planar
compounds without pendant nucleophiles. d-d transitions
are the most straightforward to compare with electronic
structure models, and pressure-dependent luminescence
spectra of three complexes are presented and analyzed in
the following. Density functional theory (DFT) calcula-
tions are used to interpret the results and to identify
significant differences of their electronic structure.

2. Experimental Section

All reagents and solvents were purchased from the Sigma-
Aldrich company and used without further purification.

Synthesis of [Pd(ttcn)en](PFg),. On the basis of the procedure
by Nikol et al.*> Pd(en)Cl, (67 mg, 0.28 mmol) and 1,4,7-
trithiacyclononane (51 mg, 0.28 mmol) were refluxed for 3 h
under argon in a 1:1:1 mixture of water, acetonitrile, and
methanol (30 mL). The solution turned intense red. After cool-
ing, an excess (10 equiv) of NH4PF¢ was added to the solution,
and the solvent was partially removed. The solution was placed
in a refrigerator overnight, and red crystals precipitated. They
were washed with water to remove traces of solid NH4PF¢ and
dried in vacuo. Elemental analysis calculated for CgHgN,S;P,-
F1,Pd (634.79): C 15.14,H 2.86, N 4.41, S 15.15; found: C 15.12,
H 3.46, N 4.30, S 14.71; "H NMR (300 MHz, CD;CN): 6 4.32
(bs,2H, NH), 3.20 (m, 6H, interior ttcn H), 3.04 (m, 6H, exterior
tten H), 2.88 (sept, 4H, CH,). *C NMR (300 MHz, CD5CN): ¢
48.1,35.0..

Synthesis of [Pt(ttcn)en](PF),. Pt(en)Cl, was prepared ac-
cording to a procedure by Ellis et al.'® Pt(en)Cl, (185 mg, 0.5
mmol) and 1,4,7-trithiacyclononane (103 mg, 0.57 mmol) were
refluxed in a 1:1:1 mixture of water, acetonitrile, and methanol
(75 mL) under argon for 3.5 h. After cooling to room tempera-
ture, an excess of NH4PF4 was added. The solution was con-
centrated to 25 mL, filtered, and left in the refrigerator
overnight. Yellow crystals precipitated and were collected and
washed with ice cold ethanol and ether. Elemental analysis
calculated for CgH gN,S;P,F 5Pt (723.45): C 13.28, H 2.51, N
3.87, S 13.30; found: C 13.99, H 2.20, N 3.78, S 13.73; "H NMR
(300 MHz, CD3;CN): 6 4.83 (bs, 2H, NH), 3.15—2.86 (m, 12 H,
ttcn), 2.80 (m, 4H, CH,, /°p_iy = 19.6 Hz); '*C NMR (300 MHz,
CD;CN): 6 48.6, 34.8.

Synthesis of [Pd(ttcn)Cl,] and [Pt(tten)Cl,]. [Pd(tten)Cl,] was
prepared according to a published procedure.' Elemental ana-
lysis calculated for CgH,S;ClL,Pd (357.68): C 20.15, H 3.38,
S 26.89; found: C 20.08, H 3.22, S 26.10. [Pt(ttcn)Cl,] was
prepared according to a published procedure.'” Raman spec-
trum: 191, 226, 266, 323, 352, 381, 412, 604, 628, 637, 668, 639,
699 cm™ . Crystal structures for [Pd(ttcn)Cl,] and [Pt(tten)Cl,]
have been published.'®*

Single-Crystal X-ray Diffraction. X-ray crystallographic data
for [Pd(ttcn)en](PF¢), and [Pt(ttcn)en](PFg), were collected
from single crystal samples, which were mounted on a loop
fiber. Data were collected using a Bruker Platform diffracto-
meter, equipped with a Bruker SMART 2K Charged-Coupled
Device (CCD) Area Detector using the program SMART and
normal focus sealed tube source graphite monochromatic Cu—K,,
radiation. The crystal-to-detector distance was 4.908 cm, and the

(17) Bray, K. L. Top. Curr. Chem. 2001, 213, 1.

(18) Ellis, L. T.; Er, H. M.; Hambley, T. W. Aust. J. Chem. 1995, 48, 793.

(19) Grant, G.J.; Brandow, C. G.; Galas, D. F.; Davis, J. P.; Pennington,
W. T.; Valente, E. J.; Zubkowski, J. D. Polyhedron 2001, 20, 3333.

(20) Blake, A. J.; Holder, A. J.; Roberts, Y. V.; Schroder, M. Acta
Crystallogr. 1988, C44, 360.

Pierce et al.

data collection was carried out in 512 x 512 pixel mode, utilizing
4 x 4 pixel binning. The initial unit cell parameters were deter-
mined by a least-squares fit of the angular setting of strong
reflections, collected by a 9.0 degree scan in 30 frames over four
different parts of the reciprocal space (120 frames total). One
complete sphere of data was collected, to better than 0.8%
resolution. Upon completion of the data collection, the first 101
frames were recollected to improve the decay correction analysis.

All non-H atoms were refined by full-matrix least-squares
with anisotropic displacement parameters. The H atoms were
generated geometrically (C—H 0.97 A and N—H 0.86 A) and
were included in the refinement in the riding model approxima-
tion; their temperature factors were set to 1.2 times those of the
equivalent isotropic temperature factors of the parent site. A
final verification of possible voids was 2performed using the
VOID routine of the PLATON program.

Spectroscopic Measurements. The luminescence and Raman
measurements were carried out using a Renishaw inVia imaging
microscope system equipped with a CCD camera. Excitation
sources were a 488 nm argon ion laser for the luminescence
experiments and a 633 nm He—Ne laser for the Raman experi-
ments. All spectra are unpolarized and corrected for spectro-
meter response. Pressure was applied to the solid samples by
loading crystals into a gasketed diamond-anvil cell (DAC, High-
Pressure Diamond Optics). The ruby (R;) method was used to
calibrate the pressure,”® with paraffin oil used as the pressure
transmitting medium. All pressure effects reported here are
reversible: upon gradual release of external pressure, all quan-
tities return to their normal values at ambient pressure. For the
temperature-dependent measurements, the samples were cooled
in a Linkam microscope cryostat system by pumping off liquid
nitrogen. The absorption spectrum of [Pt(ttcn)en](PFg), in
solution was recorded with a Varian Cary 5E double beam
UV —visible spectrophotometer.

DFT Calculations. DFT calculations for [Pd(ttcn)Cl,] and
[Pt(tten)Cl,] were made with the Gaussian 03 program package.™
Crystallographic atom coordinates*'® were used as a starting
point and first optimized with the SVWN local approximation,
followed by the PBE functional for tighter geometry optimization.

The SIESTA code has been used to calculate pressure-dependent
structural changes and the variation of the HOMO—LUMO gap
in crystalline [Pd(ttcn)Cl,] and [Pt(ttcn)Cl,]. This is a special
situation, as calculated structures can be compared to the pub-
lished experlmentdl structure of [Pd(tten)Cl,] at a number of
different pressures.* We have performed DFT calculations using
the SIESTA method,?* which is based on pseudopotentials and
numerical localized atomic orbitals as basis sets. The calculations
were performed using the generalized gradient approximation
(GGA) with the PBE scheme.?> Core electrons were replaced by
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Table 1. Crystallographic Data for [Pd(ttcn)en](PFg), and [Pt(tten)en](PFg),”

[Pd(tten)en](PFy),
CSH 1 SNZSSPZFIZPd

[Pt(ttcn)en](PF¢),
CgH sN,S;PF 5Pt

empirical formula

M 634.76 723.45

system monoclinic orthorhombic

space group P2y/c Pbca

a[A] 6.547(1) 16.9954(5)

b[A] 19.9066(4) 12.3930(4)

c[A] 16.1215(4) 39.366(1)

B [deg] 90.676(1) 90

VA7 2098.92(7) 8291.4(4)

zZ 4 16

T[°C] 293(2) 293(2)

A[A] 1.54178 1.54178

#(Cu,g) [mm™ 1] 12.373 17.97

F(000) 1248 5504

0 range [deg] 3.53—71.58 3.44-71.99

independent reflections 4082 8145

independent reflections 3231 6765
with I > 20(1)

R[F? > 20(F)*] 0.043 0.047

WR(F?) 0.104 0.12

“Estimated standard deviation in the least significant digits are given
in parentheses.

norm-conserving pseudopotentials using the scalar-relativistic
Troullier—Martins scheme® in the Kleinman—Bylander factor-
ized form?” with nonlinear core corrections.® We used the target-
pressure-molecular-dynamics technique with variable cell shape
and coordinate optimization by conjugate gradients as provided
within the SIESTA code to calculate the crystal structures of
[Pd(tten)Cl,] and [Pt(tten)Cl,]. The hydrostatic pressure was varied
at room temperature from 13 kbar to 36 kbar. Full geometry
relaxation calculations of experimental structures of [Pd(ttcn)Cl,]
and [Pt(tten)Cl,] were performed before the target-pressure-
molecular-dynamics simulations.

3. Results

3.1. Crystal Structure of [Pd(ttcn)en](PF¢),. The single
crystal X-ray diffraction of [Pd(ttcn)en](PF¢), was deter-
mined at 293 K. The compound crystallizes in the P2;/c¢
group, with Z = 4. Table 1 provides further information
about the unit cell. The approximately square-planar
coordination sphere of the Pd atom is formed by two
N atoms of the ethylenediamine ligand and two S atoms
of the 1,4,7-trithiacyclononane (ttcn) ligand. The ligand
adopts an endodentate geometry, allowing the third
sulfur atom to have a weak apical interaction with the
metal atom, leading to a Pd—S,;c. distance of 3.00 A.
This results effectively in a five-coordinate metal center,
as shown in the Supporting Information, Figure S1. The
C atoms of the ethylenediamine ligand are disordered and
resolved into two orientations, with occupancy factors of
0.5 on each position, as both are hexafluorophosphate
anions. The complex molecules and hexafluorophosphate
anions pack as discrete units, and no significant inter-
molecular interaction is observed. .

The equatorial Pd—S distances are 2.257 and 2.253 A,
and the Pd—N distances 2.08 and 2.09 A, as given in Table 2.
The N1—Pd—N2 angleis 82.9°, the slight distortion from a
perfect square geometry being imposed by the ethylene-
diamine chelating ligand. The S1—Pd—S4 angle is 89.7°,
typical for this kind of complexes.'*'¥72° The metal atom
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Table 2. Selected Bond Lengths [A] and Angles [deg] for [Pd(tten)en](PF), and
[Pt(ttcn)en](PFg),"

[Pd(tten)en](PFg), [Pt(ttcn)en](PFg),
bond distance bond distance
Pd—S1 2.263(1) Pt1—N11 2.058(6)
Pd—S4 2.257(1) PtI—NI12 2.082(6)
Pd—NI1 2.085(4) Pt1—S11 2.266(2)
Pd—N2 2.078(4) Pt1—S14 2.259(2)
Pd---S7 3.00 Pt1---S17 3.01
Pt2—N21 2.085(5)
Pt2—N22 2.074(5)
Pt2—-S21 2.255(2)
Pt2—S24 2.265(2)
Pt2---S27 3.06
[Pd(tten)en](PFs),» [Pt(tten)en](PFs),
bonds defining angle angle bonds defining angle angle
NI1—-Pd—Sl 93.9(1) NI1-Pt1-S11 94.1(2)
N1-Pd—S4 174.6(1) NI1-Pt1-S14 172.3(2)
N2—Pd—S4 93.5(1) N12—Pt1-S14 94.0(2)
N2—-Pd—Sl1 174.0(1) NI12—Pt1—-S11 176.2(2)
S1—-Pd—S4 89.7(1) S11-Pt1-S14 89.8(1)
NI1-Pd—S7 102.3(1) N11-Pt1-S17 102.5(1)
N2—Pd—S7 103.2(1) NI12—Pt1-S17 96.1(1)
S1-Pd—S7 82.3(1) S11—-Pt1-S17 84.2(1)
S4—Pd—S7 82.1(1) S14—Pt1-S17 80.0(1)
N21—-Pt2—N22 82.6(2)
N21-Pt2—-S21 92.8(2)
N21—-Pt2—S24 175.2(2)
N22—-Pt2—-S24 94.1(2)
N22—-Pt2—-S21 174.4(2)
S21—-Pt2—S24 90.3(1)
N21-Pt2—S27 104.0(1)
N22—-Pt2—S27 101.3(1)
S21—-Pt2—S27 83.0(1)
S24—Pt2—S27 84.5(1)

“Estimated standard deviations in the least significant digits are given
in parentheses.

lies 0.08 A above the plane of the four ligands, which is in
agreement with the observations regarding the aforemen-
tioned complexes.

3.2. Crystal Structure of [Pt(ttcn)en](PFg),. The single
crystal X-ray diffraction of [Pt(ttcn)en](PF¢), was deter-
mined at 293 K. This compound crystallizes in the Pbca
space group, with Z = 16 (see Table 1). There are two
crystallographically inequivalent complex molecules and
two crystallographically inequivalent sets of two hexa-
fluorophosphate anions in the unit cell. The structure of
the [Pt(ttcn)en]*" ion in Figure 1 is similar to that of the
palladium(II) analogue, a distorted square-planar geo-
metry with a Pt---S, ;.o interaction resulting in an effec-
tive five-coordinate metal. Two of the PFy  ions are dis-
ordered and resolved into two orientations. There are no
significant intermolecular interactions, similar to the
palladium(II) complex. The metal—ligand distances for
[Pt(ttcn)en](PFy), are given in Table 2 and summarized in
Table 3 for the other complexes studied, illustrating
typical values for bond lengths and metal-S,c.; distance
for this category of complexes. The axial metal—sulfur
distanceis 3.01 A, short enough to consider a metal-apical
ligand interaction. In this complex too this axial interac-
tion causes the metal atom to exit the coordination plane
by 0.06 A for Ptl and 0.07 A for Pt2.

3.3. Pressure-Dependent Luminescence Spectroscopy.
Figures 2 and 3 display representative pressure-dependent
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Figure 1. View of the two crystallographically inequivalent [Pt(ttcn)en]*" ions in [Pt(ttcn)en](PF), showing the labeling scheme. Thermal ellipsoids are

shown at the 30% level.
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Table 3. Important Intramolecular Distances (A)

[Pt(ttcn)en](PFg),
[Pd(tten)Cl,]* [Pt(tten)Cl,)” [Pd(ttcn)en](PFg), site 1 site 2
M—Scquacl 2.25 2.221 2.257 2.259 2.255
M—Sequai 2.261 2.238 2.263 2.266 2.265
M =S, pical 3.159 3.26 3.003 3.01 3.06
X 0.10 0.08 0.08 0.06 0.07
d 0.904 1.031 0.743 0.748 0.80
“Ref 4. "Ref 19.
2| 31 kbar 30 kbar
3
£
3
c
3
]
2 4 kbar *
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T T T T T T
12000 14000 16000
Wavenumber (cm™)

Figure 2. Representative pressure-dependent luminescence spectra for
[Pd(tten)Cl,] at 4 kbar (bottom), 17, 21, 24, 27, and 31 kbar (top). The
spectra are normalized and drawn with an offset along the vertical axis for
clarity. A Raman peak is visible at approximately 16500 cm™' and
denoted by the asterisk.

spectra of [Pd(ttcn)Cl,] and of both platinum(Il) com-
pounds. All title compounds have a broad luminescence
band, spanning up to 5000 cm™'. Low luminescence in-
tensity is a common trait for all three compounds, as
expected for the doubly forbidden 'A e 3Eg d-d transition
(in idealized D,;, geometry). These weak bands are hard to
measure because any luminescent imperfections or minor-
ity sites have a strong influence on the spectra. The room-
temperature luminescence intensity of [Pd(ttcn)en](PFy), is
so low that it was not possible to record pressure-dependent
spectra for this complex. A spectrum recorded at 80 K is
given in the Supporting Information, Figure S5. Figure 2
shows a peak at approximately 16500 cm ™', corresponding
to a Raman band and illustrating the low luminescence

22 kbar

Luminescence Intensity  Luminescence Intensity

T v T v T v
12000 14000 16000
Wavenumber (cm")

Figure 3. Representative pressure-dependent luminescence spectra for
(a) [Pt(tten)Cl,] at 3 kbar (bottom), 15, 25, and 30 kbar (top) and
(b) [Pt(ttcn)en](PFg), at 3 kbar (bottom), 17 and 22 kbar (top). The
spectra are normalized and drawn with an offset along the vertical axis for
clarity and the sharp peaks denoted by the asterisk in Figure 3a are ruby
luminescence.

intensities of the title complexes. The sharp signals at
approximately 14500 cm ™' observed in some spectra origi-
nate from ruby, and we were not able to eliminate them
despite using the imaging capabilities of the Raman micro-
scope, again typical for the weak luminescence signals. The
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Table 4. Ambient-Pressure Luminescence Parameters

Epmax (cm™") width at half height (cm™")
[Pd(tten)Cl,] 13200 1500
[Pt(tten)Cl,] 13930 A 2400
[Pd(tten)en](PFy), ~ 14900 A~ 2200°
[Pt(tten)en](PF), 14980 ~ 2500

“Measured at 80 K.

widths, overall shapes, and intensities of the [uminescence
bands show continuous and reversible change over the
studied pressure range, indicating that the observed transi-
tion is always of the same type and that the molecular
structure of the compounds is not strongly modified in
the process. This is confirmed by the pressure-dependent
Raman spectra of the complexes.

The luminescence band maxima at ambient pressure
are located at 13300 cm ™! for [Pd(ttcn)Cl,], 14000 cm ™!
for [Pt(ttcn)Cl,] and 14500 cm™' for [Pt(ttcn)en](PFg),
(Table 4). These values are comparable to those reported
for square-planar palladium(Il) and platinum(II) com-
pounds with sulfur donor ligands."*~"**73% It is a com-
mon trend that the luminescence energies of square-
planar platinum(IT) complexes are higher than those of
their palladium(II) counterparts. The spectra in Figures 2
and 3 show that this trend can be extended to the pseudo
square-planar complexes with ttcn ligands described here.
Luminescence maxima were determined with least-
squares fits of a Gaussian profile to the intensities corre-
sponding to the top 20% region of the luminescence band.

Figures 2 and 3 show that the luminescence band
maxima FE,,,, are shifted as pressure is increased. All
luminescence maxima are shown in Figure 4. Lines are
calculated and shown to illustrate trends. [Pd(ttcn)Cl,]
has a +6 cm ™' /kbar blue-shift, whereas [Pt(ttcn)Cl,] and
[Pt(ttcn)en](PFg)> show red-shifts of —19 cm ™' /kbar and
—26 cm ™' /kbar, respectively, as summarized in Figure 4.
Low luminescence intensities and possibly non-hydro-
static pressure gradients leading to different contribu-
tions from inequivalent complexes present in [Pt(ttcn)en]-
(PF¢)> asillustrated in Figure 1 are the cause of the scatter
of the observed band maxima. Varying maxima were some-
times observed for different regions of the same sample, at
identical nominal pressure, indicative of a significant effect
of pressure gradients for this category of complexes. Despite
these experimental uncertainties, the surprising qualitative
difference between the platinum(II) complexes, which show
a red shift, and the palladium(IT) complex, which shows a
blue shift, is obvious from the data in Figure 4.

To the best of our knowledge, no published report
shows opposite shifts of luminescence maxima with pres-
sure for closely related palladium(II) and platinum(II)
complexes. The square-planar tetrathiocyanato and tetrase-
lenocyanato palladium(II) and platinum(II) comg)lexes show
pressure-induced blue-shifts for both metals,"*~"> as do
palladium(II) and platinum(IT) dithiocarbamate complexes.
This difference is rationalized with theoretical models in the
discussion.

(29) Pelletier, Y.; Reber, C. Inorg. Chem. 1997, 36, 72.

(30) Pelletier, Y.; Reber, C. Inorg. Chem. 2000, 39, 4535.

(31) Preston, D. M.; Giintner, W.; Lechner, A.; Gliemann, G.; Zink, J. L.
J. Am. Chem. Soc. 1988, 110, 562.

(32) Reber, C.; Grey, J. K.; Lanthier, E.; Frantzen, K. A. Comments
Inorg. Chem. 2005, 26, 233.
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Figure 4. Pressure-induced variation of luminescence band maxima
Eax: (2) [Pd(tten)Cl,], (b) [Pt(tten)Cl,] (squares) and [Pt(tten)en](PF),
(circles). The solid lines represent linear least-squares fits and are shown as
a guide for the eye to illustrate the trends.
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Figure 5. (a) Pressure-dependent Raman spectra of [Pd(tten)Cl,] at
3 kbar (bottom), 9, 12, 14, 16, 19, 21, and 23 kbar (top). (b) Temperature-
dependent Raman spectra of [Pd(ttcn)Cly] at 80 K (top), 105, 130, 155, 180,
205, 230, 255, 280, and 289 K (bottom).

3.4. Pressure-Dependent Raman Spectroscopy. Pressure-
dependent Raman spectra have been recorded for [Pd(ttcn)-
Cl,], [Pt(ttcn)Cl,], and [Pt(ttcn)(en)](PFg),. Figure 5a
displays the spectra for [Pd(ttcn)Cl,]. Vibrational frequen-
cies in the 300 cm ™' range are likely to correspond to
metal—ligand stretching modes, as measured at 329 cm™ '
and 307 cm~ ! in the Raman spectra of [PtCl,]*~ 3! and
[PACL,]*.* respectively, and assigned to the totally sym-
metric stretching mode. The corresponding experimental
frequencies are 303 cm™ ' and 274 ecm ™! for [Pt(SCN)4*~
and [PA(SCN)4*~,** respectively, lower in frequency by

(33) Chen, Y.; Christensen, D. H.; Nielsen, O. F.; Hyldtoft, J.; Jacobsen,
C. J. H. Spectrochim. Acta 1995, 514, 595.

(34) Rohde, J.-U.; von Malottki, B.; Preetz, W. Z. Anorg. Allg. Chem.
2000, 626, 905.
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20—30 cm™ " for the palladium(IT) complexes compared to
their platinum(II) analogues. Several Raman active stretch-
ing frequencies are expected for the title compounds, as their
symmetry is lower and the ligands are not identical. The
experimental spectrum of [Pd(ttcn)Cl,] in Figure 5 shows
two prominent peaks at 316 cm™ ' and 339 cm™ !, most
likely corresponding to metal—ligand stretching modes.
Corresponding frequencies in the spectra of [Pt(ttcn)Cls]
and [Pt(tten)(en)](PF), are 388 cm™ ' and 362 cm™ ', again
likely corresponding to metal—ligand stretching modes.
These assignments are supported by DFT calculated Raman
spectra for isolated molecules. Calculated and experimental
Raman spectra of [Pt(ttcn)Cl,] and [Pd(ttcn)Cl,] are com-
pared in the Supporting Information, Figure S7. Calculated
frequencies tend to be lower than experimental values
from Raman spectra. For [PtCl,*” and [PdCLJ*",
stretching frequencies of 268 cm ™! and 245 cm ™! were
calculated,®® lower than the experimental values by
61 cm~ ! and 59 cm ™!, respectively. Similar differences
of 54 cm ™" and 50 cm ™' were obtained between calcu-
lated and observed frequencies for [Pt(SCN),J*~ and
[PA(SCN)4*~.** Normal coordinates with metal—ligand
stretching character correspond to the calculated fre-
quencies of 320 cm ™" and 297 cm ™! for [Pt(tten)Cl,] and
[Pd(ttcn)Cl,]. The experimental peaks observed at
316 cm™ ' and 342 cm™ ' for [Pd(ttcn)Cl,] in the spectra
illustrated in Figure 5 are therefore likely to correspond to
metal—ligand stretching modes. The temperature-dependent
spectra in Figure 5b indicate that these frequencies show a
linear decrease of —0.015 cm ™ '/K with decreasing tempera-
ture. The spectra recorded at variable pressure in Figure 5a
show frequency increases of +0.27 cm ™' /kbar and +0.49
cm!/kbar for the maxima at 316 cm™' and 342 cm™ !,
respectively. These values are comparable to the correspond-
ing peaks of [Pt(ttcn)Clzl at 355cm ' and 389 cm™ !, where
increases by +0.51 cm™ ' /kbar and +0.63 cm™ ' /kbar were
observed. The similar pressure variations and comparable
differences to calculated frequencies can therefore be used to
assign these peaks to metal—ligand stretching modes. The
corresponding peak at 362 cm™ ' for [Pt(ttcn)(en)](PFy),
shows a pressure-induced increase of only +0.08 cm™ ' /kbar,
possibly a consequence of the chelating ethylenediamine
ligand preventing pressure-induced structure changes to a
larger extent than the monodentate chloro ligands. The
comparison of experimental and calculated frequencies
therefore allows the metal—ligand stretching modes to be
identified and reveals characteristic differences between the
two platinum(II) complexes.

The Raman spectra in Figure 5 and in the Supporting
Information provide essential experimental information
indicating that the crystals do not disastrously deteriorate
as pressure increases, a situation that would prevent any
analysis of the luminescence spectra. The number and
shape of the Raman bands are conserved over the studied
pressure range, and only very small frequency shifts are
observed, as both pressure or temperature are varied,
shown in Figures 5a and 5b, respectively. This is a strong
indication that the crystal packing and the overall mole-
cular structure of the complex are retained as pressure is
increased.

(35) Lanthier, E.; Reber, C.; Carrington, T., Jr. Chem. Phys. 2006,
329, 90.
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Figure 6. Calculated frontier molecular orbitals for [Pt(ttcn)Cl,] (lefthand
column) and [Pd(tten)Cl,] (righthand column). The LUMO (top row) have
identical d,»—,» character, but the d-orbital contributions to the HOMO
(bottom row) are different: d.. for [Pt(tten)Cl,] and d.. for [Pd(ttcn)Cl,].

4. Discussion

4.1. Assignment of Luminescence Transitions. The en-
ergies and band widths of the observed bands are similar
to those of sulfur-coordinated square-planar platinum-
(IT) and palladium(II) complexes, where the d-d char-
acter of the luminescence transition has been clearly
confirmed.'?~ 13393236 The weak luminescence signals ob-
served for the title complexes are also typical for d-d
transitions. The solution absorption spectra show molar
absorptivities of less than 100 M~ 'em ™" in the 20000 cm !
to 30000 cm ™' range, again in agreement with a d-d assign-
ment. The spectrum of [Pt(ttcn)en]*" is shown as a repre-
sentative example in the Supporting Information. Raman
spectra do not show resonance enhancements as the molar
absorptivities in the visible wavelength range are too low.

DFT calculations are used to support this assignment
and to obtain information on the HOMO and LUMO.
The latter is expected to be the o* orbital with a significant
d,>— > contribution from the metal center, confirmed for
both [Pd(tten)Cl,] and [Pt(tten)Cl,] as shown in Figure 6.
The highest energy occupied orbitals are close in energy
for square-planar complexes, and their order can be
different even for platinum(Il) and palladium(Il) com-
pounds with identical ligand spheres.’’*® The shapes of
HOMO for both [Pd(ttcn)Cl,] and [Pt(tten)Cl,] are also
given in Figure 6. Figure 7a shows calculated orbital
energy levels for optimized molecular structures of single
[Pd(tten)Cl] and [Pt(ttcn)Cl,] complexes. Energy differ-
ences between LUMO and HOMO are 15700 cm ™' and
13350 cm™ ! for [Pt(ttcn)Cly] and [Pd(tten)Cl,], respec-
tively. The platinum(II) compound has a calculated en-
ergy difference higher by approximately 2000 cm ™' than
the palladium(II) analogue, comparable to the energies of

(36) Guntner, W.; Gliemann, G.; Kunkely, H.; Reber, C.; Zink, J. 1.
Inorg. Chem. 1990, 29, 5238.

(37) Deeth, R. J. Faraday Discuss. 2003, 124, 379.

(38) Harvey, P. D.; Reber, C. Can. J. Chem. 1999, 77, 16.
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Figure 7. (a) Calculated HOMO-1, HOMO, and LUMO molecular
orbital energies for [Pd(tten)Cl,] (left) and [Pt(tten)Cl,] (right). The
character of the main contributing metal d-orbital is indicated.
(b) Angular overlap calculations illustrating the effect of the out-of-plane
distance of the metal ion, represented by the angle a, on the HOMO-1,
HOMO, and LUMO molecular orbital energies for a square-planar
complex with four identical ligands. Solid lines are calculated for an
e,/e, ratio of 0.3, dotted line for a ratio of 0.

the luminescence maxima in Figures 2 and 3, where the
emission maximum for [Pt(ttcn)Cl,] is higher by approxi-
mately 1000 cm™ ' than for [Pd(ttcn)Cl,] at ambient pres-
sure. The calculations show the d.. orbital providing a
significant contribution to the HOMO for [Pt(ttcn)Cl,],
and the HOMO-1 for this complex involves the d.. metal
orbital. In contrast, the d,. orbital provides the dominant
contribution to the HOMO in [Pd(ttcn)Cl,], with the d.»
orbital lower in energy (HOMO-1). The calculations in-
dicate that the metal-S,ca interaction in [Pt(tten)Cly] is
strong enough to destabilize the d.- orbital above the other
occupied d-orbitals. In [Pd(ttcn)Cl,], this is not the case.
One reason for this is the out-of-plane distance x of the
metal center. The experimental values in Table 3 show that
palladium(IT) complexes always have larger x values than
their platinum(II) analogues, independent of the ligands
completing the square-planar coordination sphere. This
trend of the out-of-plane distances x is also obtained from
the optimized calculated geometries for single molecules.
The influence of the out-of-plane distance x on the
energy order of the HOMO-1, HOMO, and LUMO can
be probed with idealized symmetry and the angular over-
lap model. Figure 7b illustrates this approach. We use
four identical ligands in a square-planar structure and
increase their angle a with the z axis perpendicular to the
molecular plane, corresponding to an increase of the out-
of-plane distance x of the metal center. At small angles,
d.. is the HOMO, as calculated for the platinum(II)
complexes, but at large angles, d.. is higher in energy,
as calculated for the palladium(II) complexes. Strong
m—donor ligands emphasize this trend, as illustrated by
the trends shown for a high value of the e,/e, ratio,
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Figure 8. (a) Experimental and calculated metal-S distances. Experi-
mental values for [Pd(ttcn)Cl,] are from the pressure-dependent structures
in ref 4 and are shown as solid circles. Experimental values for [Pt(ttcn)Cl,]
at ambient pressure are shown as solid squares. Calculated values using the
SIESTA program for [Pd(ttcn)Cl,] and [Pt(ttcn)Cl,] are denoted by open
circles and squares, respectively. (b) Calculated LUMO—HOMO energy
differences for [Pd(ttcn)Cl,] (circles) and [Pt(tten)Cl,] (squares).

appropriate for the ligands of the two complexes for
which calculations were carried out. The angular overlap
approach therefore provides qualitative support for the
orbital energy order obtained by DFT calculations.

4.2. Pressure Effects. The luminescence maxima shift
in different directions for [Pd(ttcn)Cl,] and [Pt(ttcn)Cly,]
as pressure increases. In square planar complexes without
apical ligands, a blue shift is observed for d-d lumines-
cence bands.'* %3238 It is caused by the stronger desta-
bilization of the 0¥ LUMO compared to the 7¥* HOMO,
both in square-planar and octahedral complexes. In con-
trast, pressure-induced red-shifts are observed in platinum-
(IT) complexes with strong axial interactions, involving
platinum(IIP ions in stacked structures or other neighbor-
ing groups.'®* The platinum(II) complexes studied here
show a dominant effect of the axial interaction, leading to a
strong increase of the Pt—S,ica1 0* d-- HOMO, dominat-
ing the energy increase of the LUMO, and therefore
resulting in a red shift.

In the palladium(IT) complex, the HOMO is calculated to
be d.., the same as for square-planar complexes without
pendant nucleophiles. The pressure-induced decrease of the
Pd—S,ica distance destabilizes the 7* HOMO to a lesser
extent than the o* HOMO of the platinum(II) complexes. It
appears that the destabilization of the HOMO is not
sufficient to dominate the effect of pressure on LUMO,
and the weak blue shift illustrated in Figure 4a results.

[Pd(tten)Cl,] is one of only a few complexes for which
pressure-dependent crystal structures have been reported.*
Figure 7a summarizes the effect of pressure on Pd—S, picai
and Pd—S.quatpra distances. The Pd—S,;c. distance de-
creases by 0.2 A between ambient pressure and 30 kbar. In
contrast, the effect on the equatorial bonds is smaller by an
order of magnitude. SIESTA calculations lead to calculated

(39) Levasseur-Thériault, G.; Reber, C.; Aronica, C.; Luneau, D. Inorg.
Chem. 2006, 45, 2379.
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structures and orbital energies as a function of pressure. The
calculated structures can be compared to the experimental
data for [Pd(ttcn)Cl,] and effects for the [Pt(ttcn)Cl,] can be
calculated. Figure 8a shows that calculated Pd—S distances
are in good agreement with the experimental values. For
[Pt(ttcn)Cl,], similar trends are calculated, with reasonable
agreement with the ambient-pressure values also given in
this Figure. Calculated HOMO—LUMO energy differences
are shown in Figure 8b. It is interesting to note that an
excellent qualitative agreement with the experimental results
is obtained. For [Pd(ttcn)Cl,], the calculated energy differ-
ence increases by +10 cm ™' /kbar, and for [Pt(ttcn)Cl,] a
decrease by —45 cm™ ! /kbar is calculated, as shown by the
best-fit lines in Figure 8b. This comparison shows that DFT
calculations of the type used here can be applied to ratio-
nalize the influence of weaker effects, such as the metal-
Sapical distances, on d-d electronic transitions, as illustrated
by the luminescence spectra.
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