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Preface

For a long time, the properties of transition metal and rare earth compounds
have fascinated chemists and physicists from a scientific view-point, and more
recently also their enormous potential as new materials has been explored.
Applications in different fields have already been realized or are under cur-
rent investigation, for example, new laser materials, IR to visible upconversion
systems, compounds for photolithographic processes, systems involving photo-
redox processes for solar energy conversion, new photovoltaic devices, chemical
sensors, biosensors, electroluminescent devices (OLEDs) for flat panel display
systems, supramolecular devices with wide-range definable photophysical
properties, materials for energy harvesting, optical information and storage
systems, etc. Metal complexes are also highly important in biology and medi-
cine. Most of the applications mentioned are directly related to the properties of
the electronic ground state and the lower-lying excited states. Metal complexes
with organic ligands or organometallic compounds exhibit outstanding features
as compared to purely organic molecules. For instance, metal compounds can
often be prepared and applied in different oxidation states. Furthermore, various
types of low-lying electronic excitations can be induced by a suitable choice of
ligands, for example, such as metal-centered transitions (MC, e.g. d-d* transi-
tion), ligand-centered (LC, e.g. m-7*), metal-to-ligand-charge transfer (MLCT,
e.g.d-mr*), intra-ligand-charge-transfer (ILCT) transitions, etc. In particular, the
orbitals involved in the resulting lowest excited states determine the photophys-
ical and photochemical properties and thus the specific use of the compound.
Itis of further interest that the lowest excited electronic states can be shifted over
the large energy range from the U.V. to the LR. by chemical variation of the
ligands and/or the central metal ion. Moreover, these excited states have mostly
spin-multiplicities different from those of the electronic ground states. In con-
trast to organic molecules, spin-orbit coupling induced by the metal center is of
crucial importance for the splitting and the population and decay dynamics of
these multiplets as well as for transition probalities. In summary, it is of out-
standing importance that this class of compounds provides the possibility of
tuning excited state properties by chemical variation. Thus, compounds with
user-defined excited state properties can be prepared.

In view of the fascinating potential of these compounds, it is of great interest
to develop a deeper understanding of their photophysical properties. In this
volume, leading scientists present modern research trends in comprehensive
reviews which not only provide a deep insight into the specific subjects, but are



also written in a style that enables researchers from related fields and graduate
students to follow the interesting subjects. In particular, in the present volume
Kevin L. Bray presents effects that are observed under the application of high
pressure. Max Glasbeek introduces us to optically detected magnetic resonance
(ODMR) techniques as applied to transition metal complexes and Arnd Vogler
and Horst Kunkely give a summary concerning the diversity of excited states
as found in various compounds. In a companion volume (Topics in Current
Chemistry 214, in press) Daniel R. Gamelin and Hans U. Giidel review upcon-
version processes in luminescent transition metal and rare earth systems. Mark
J. Riley relates geometric and electronic properties of copper(II) compounds.
Finally, Hartmut Yersin and Dirk Donges explain on the basis of case studies,
the ways in which photophysical properties of organometallic and related com-
pounds depend on the metal character of the low-lying electronic states and how
these properties can be tuned by chemical variation.

I hope that the contributions in the present and in the subsequent volume
demonstrate the attractiveness and the enormous potential of metal compounds
and that a more detailed understanding of the photophysical properties will
open pathways to new developments.

Regensburg, Germany Hartmut Yersin
October 2000
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High Pressure Probes of Electronic Structure
and Luminescence Properties
of Transition Metal and Lanthanide Systems

Kevin L. Bray

Department of Chemistry, Washington State University, Pullman, WA 99164-4630 USA
E-mail: kbray@wsu.edu

Recent work has demonstrated that unique insight into the electronic structure and optical
properties of solid state transition metal and lanthanide systems is achievable through high
pressure studies. In this review, we present selected examples that illustrate the advances in
understanding possible from high pressure luminescence experiments. The ability of pressure
to continuously vary energy level structure and coordination environment is emphasized and
related to variations in luminescence properties. Pressure is shown to influence luminescence
properties through crystal field, covalency, and spin-orbit coupling effects. The effect of pres-
sure on luminescence energy, intensity, and decay properties will be considered. Additional
phenomena to be discussed include electronic crossovers, vibrational coupling, admixing of
electronic states, energy transfer and site selective spectroscopy. High pressure luminescence
properties of transition metal and lanthanide ions in crystalline solids, metal complexes, and
glasses will be reviewed.
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Introduction

The ability to predict and control the luminescence properties of transition me-
tal and lanthanide systems has long been an objective of the optical materials
community. Solid state lasers, solar energy conversion, optical sensing, optical
data storage,and phosphors are examples of areas where precise control over the
wavelength, lineshape, and efficiency of luminescence is essential for optimizing
performance and extending the range of applications. Luminescence properties
of transition metal and lanthanide ions are ultimately controlled by the chemi-
cal and physical interactions they experience in a given material. The most im-
portant interactions occur in the nearest neighbor coordination shell where fac-
tors such as bond lengths, bond angles, coordination number, and covalency
determine the energy, mixing, and splittings of the electronic states involved
in luminescence. Secondary effects associated with more distant neighbors are
also frequently important and depend on the system in which a luminescent ion
is found. When transition metal and lanthanide ions are incorporated as do-
pants in crystalline or amorphous solids, ligands in the first coordination shell
are strongly bonded to second nearest neighbors. As a result, the spatial distri-
bution and electronic interactions of ligands in the first coordination shell are
constrained. In molecular inorganic or organometallic complexes, intramolec-
ular interactions normally dominate intermolecular interactions and the in-
fluence of atoms outside the first coordination shell occurs secondarily through
ligand-ligand interactions or chelation effects.
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The design of luminescent materials for new and more exacting applications
requires a systematic understanding of the relationship between the bonding
environment of transition metal and lanthanide centers and absorption and
emission properties. The customary approach for investigating the relationship
between bonding environment and optical properties is through variations of
chemical composition. By changing chemical composition, it is possible to syste-
matically vary the local bonding environment of luminescent centers and gain
information useful in developing a predictive capability. Examples of this ap-
proach include luminescence studies of a given metal ion as a dopant in a series
of host lattices or of complexes of a given metal ion with a series of ligands.

In this review, we present an alternative approach to gaining structure-bond-
ing-property information for luminescent transition metal and lanthanide ions
in solids and complexes. The approach is based on using hydrostatic pressure to
systematically influence the bonding environment of luminescent centers. We
will show that with pressure it is possible to directly influence the bonding in-
teractions that are responsible for determining the luminescence properties of
the electronic states of transition metal and lanthanide ions. By correlating pres-
sure-induced changes in electronic states, structure, and bonding with pressure-
induced changes in luminescence properties, we create new opportunities for
generalizing the behavior of transition metal and lanthanide ions.

High pressure studies are complementary to the conventional chemical com-
position approach and offer several potential advantages. First, with high pres-
sure we can continuously vary structure, coordination environment, and lumi-
nescence properties. Variations in chemical composition, on the contrary,lead to
discrete changes. The continuous tuning capability of pressure provides new
opportunities for correlating structure, bonding, and luminescence properties.
The finer resolution offered by high pressure is particularly important at condi-
tions such as electronic crossovers or phase transitions where optical properties
vary abruptly. Second, with high pressure we have the ability to study a given
chemical composition over a wide range of structure and bonding conditions.
As a result, the need to synthesize a range of host lattice compositions or com-
plexes with a variety of ligands is minimized. Complications such as differences
in impurities or defects that may accompany a series of systems are also avoided.
Third, high pressure provides the potential for achieving structures, molecular
configurations, phases and electronic states that are not achievable through
other means. Variations in pressure alter the relative thermodynamic stability of
different states of a system and offer the possibility of creating new states with
new properties. Finally, high pressure often allows us to resolve overlapping or
competing excited state processes. Frequently several optical processes and/or
electronic states contribute to ambient pressure luminescence properties. Since
competing effects are typically perturbed to differing extents by pressure, it be-
comes possible to stabilize one effect relative to others. Characterization of do-
minant effects at high pressure, followed by back-extrapolation to ambient pres-
sure, frequently leads to new understanding of ambient pressure luminescence
properties.

High pressure and variable chemical composition studies share the goal of
striving to identify the chemical and physical factors necessary for controlling
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optical properties. The ultimate objective is to progress toward the rational de-
sign of new materials with new ambient pressure properties. The following re-
view attempts to illustrate the unique insight into luminescence properties
achievable through high pressure studies. We restrict our attention to the lumi-
nescence properties of transition metal and lanthanide ions in insulating in-
organic solids and metal complexes. The effects of pressure on the luminescence
properties of pure organic systems [1-18], inorganic systems that do not con-
tain transition metal or lanthanide ions [19-25], semiconductors [26-38], and
liquid phase systems [39-50], as well as related techniques such as uniaxial
stress [51-54] and shockwaves [55, 56], will not be discussed. We begin by de-
scribing the methods of high pressure luminescence spectroscopy and the phe-
nomenological effects of pressure on basic luminescence properties. We then
present several examples from the recent literature that illustrate the range of
phenomena observable at high pressure and conclude with a few remarks con-
cerning the future.

2
Methods of High Pressure Luminescence

Studies of material properties as a function of pressure have received less atten-
tion historically than studies as a function of temperature. As a result, most in-
vestigators have a more intuitive sense of the effect of temperature on materials
and routinely consider temperature-dependent experiments during the course
of their work. This state of affairs is unfortunate because pressure is an equally
valuable variable that not only complements temperature, but also provides an
opportunity to gain insight not attainable through temperature studies. Where-
as temperature studies are valuable probes of competing states and processes
that are separated by an energy barrier, pressure can alter the heights of energy
barriers and is much more likely to stabilize new states and phases.

The underutilization of high pressure methods is partly due to the percep-
tion that the laboratory facilities and procedures needed to create high pres-
sure conditions are cumbersome and time consuming. Contrary to this per-
ception, the tremendous advances that have been made in high pressure ex-
perimentation over the past decade have greatly increased the accessibility of
high pressure methods to the scientific community and have prompted grow-
ing interest in research at high pressure conditions. The range of experi-
ments that can now be conducted as a function of pressure includes [57-60]
X-ray diffraction, Brillouin scattering, EXAFS, optical absorption, lumines-
cence, non-linear spectroscopy, Raman scattering, NMR, and conductivity.
High pressure experiments can also be completed at both low and high tem-
perature.

In this section, we present basic aspects of modern high pressure experimen-
tation. We begin with a few introductory comments about pressure, its effect on
materials, and the range of pressure normally needed for studying solids. We
continue by discussing the diamond anvil cell technique used by many groups
to generate high pressure in the laboratory and conclude with a discussion of
luminescence experiments at high pressure.
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2.1
High Pressure as an Experimental Variable

High pressure has traditionally been viewed as a macroscopic, thermodynamic
experimental variable. Classic applications of pressure have involved equation
of state studies of liquids and solids and measurements of the variation of phy-
sical properties as a function of pressure [57,59 - 66]. The basic effect of pressure
on a system is a consequence of the thermodynamic stability requirements of
the second law [67] and can be expressed most generally as

<ﬂ> <0 (1)
oP J;

Equation (1) indicates that, in order to comply with the second law, the volume
of a material must decrease upon isothermal compression. The precise manner,
however, in which a material reduces its volume in response to an applied pres-
sure is unspecified by the second law and requires consideration on a molecular
level. Molecular attributes such as bond angles, bond lengths, covalency, coordi-
nation number, and intermolecular forces can be influenced by pressure. Since
these attributes are responsible for defining chemical, electrical, optical, and
magnetic properties, pressure is a potentially powerful probe of the properties
of materials.

When considering the potential effect of pressure on a system, it is useful to
recognize the magnitude of pressure required to significantly alter molecular
and bulk properties. The isothermal compressibility, x (or its reciprocal K, the
bulk modulus) (Eq. 2), gives an indication of the sensitivity of a system to pres-

sure:
=L (a_v) _1 )
v\er /), K

Systems with large compressibilities (“soft” or “highly compressible” systems)
exhibit large volume decreases per unit applied pressure and as a result are ex-
pected to show significant changes in properties with pressure. Pressures of a
few bars, for example, can significantly alter the behavior of gases. Condensed
phases experience much stronger intermolecular interactions and are much less
compressible. As a result, pressures in the kbar and even mbar range are gen-
erally required to measurably perturb the properties of solids and liquids.

Our focus in this review is on the luminescence behavior of solid state lan-
thanide and transition metal systems over a pressure range extending up to
~300 kbar. Since this magnitude of pressure is well beyond everyday experience,
it is beneficial to consider how these pressures compare to those encountered in
the physical world. Table 1 presents selected examples from a more comprehen-
sive compilation presented by Jayaraman [68]. The pressures in Table 1 range
from 1071° bar in outer space to 10!! bar at the center of the sun. The unit of pres-
sure of relevance to this review is the kbar. From Table 1, we see that 1 kbar cor-
responds approximately to the pressure at the deepest point in the ocean. A pres-
sure of 50 kbar would result if one were to invert the Eiffel tower and place it on



6

K.L.Bray

Table 1. Pressures encountered in several physical situations

Situation Approximate pressure (bar)
Pressure in outer space 1077
High vacuum chamber 1071
Sound waves 10710-10-*
Inside light bulb 107!

Sea level 1

Engine cylinder 10
Charged scuba tank 100
Marianas Trench (37,800 ft) 1000
Freezing of H,0 at 100 °C 3 x 10*
Center of Earth 6 x 108
Center of Jupiter 108
Center of Sun 101

a 12 cm square plate [69]. Static pressures well above 1 Mbar have been achieved
and are routinely used in many laboratories [57 - 60, 70 -73].

2.2
Diamond Anvil Cell

The generation of high pressure in the laboratory is typically accomplished by
placing a sample between opposing anvils and forcing the anvils together to pro-
duce pressure. The strength of the anvil material ultimately determines the ma-
ximum attainable pressure. In the early days, large hydraulic presses based on
diametrically opposed hardened steel or carbide anvils were used in high pres-
sure research. Over the years, several revisions occurred which led to the devel-
opment of devices based on multiple anvil and toroidal geometries. These de-
vices are capable of generating ~ 300 kbar and continue to be widely used today
[59, 60, 74].

A new era of high pressure research began with the advent of the diamond
anvil cell [57-60,68,75,76]. The use of diamond as an anvil material has two im-
portant advantages over steel or carbide anvils. First, diamond is the hardest
known substance and is capable of reaching higher pressures than steel or car-
bide anvils. Second, diamond is optically transparent and therefore permits a
wider range of experimental probes at high pressure. Photon spectroscopies, in
particular, become possible in diamond anvil cells. Although diamond anvil
cells were recognized to be versatile devices for generating pressure, they were
not widely used initially because of the difficulty in accurately determining the
pressure exerted on a sample. It was not until the development of the ruby
fluorescence pressure calibration method (see Sect. 2.2.1) in the 1970s that the
diamond anvil cell became the leading device for generating static high pres-
sures.

A schematic depiction of a diamond anvil cell is shown in Fig. 1. The prin-
ciple of operation of the cell is straightforward [77]. A sample is placed between
the two parallel diamonds. By moving the diamonds together, a force is trans-
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Diamond Anvil Cell

Diamond

Belleville
Washers

Tightening
TOP VIEW Screws CROSS SECTION

Fig. 1. Schematic depiction of a diamond anvil cell. The upper half shows an enlargement of
the opposed diamond anvils that are used to generate pressure. The sample is placed in the
central hole of the metal gasket along with a pressure transmitting fluid and a pressure cali-
brant. The lower half of the figure illustrates one method for applying mechanical force to the
diamonds. The resulting translational force leads to a reduction in sample volume and a con-
sequent increase in sample pressure

mitted to the sample and the sample pressure increases. The metal gasket [78]
contains the sample radially to prevent it from extruding outward. A hole drilled
in the center of the gasket defines the sample chamber. Along with the sample, a
pressure calibrant and a transparent pressure transmitting fluid (not shown) are
placed in the gasket hole. The fluid fills up the free volume of the hole and flows
as the diamonds are moved together to insure a uniform pressure throughout
the sample chamber. The diamonds are mounted on hardened steel or carbide
platens that are incorporated into a mechanical force generating system. Several
force generating mechanisms are currently in use [76]. In the modified Merrill-
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Bassett [79] design used in our laboratory (lower part of Fig. 1), the platens are
countersunk into the triangular halves of the cell proper and three screws are
used to translate the halves of the cell. As the halves move together, the distance
between the diamonds decreases and the sample pressure increases as a result of
the consequent reduction of sample volume. Three guide plates attached to the
lower half of the cell provide translational stability and aid in maintaining the
parallel alignment of the flat, load bearing surfaces of the diamond (culets).
Diamond alignment is critical because, although diamond is strong, it is suscep-
tible to cleavage failure in the presence of shear stresses.

The diamond anvils are typically gemstone quality and weigh about 0.2 carat.
Since pressure is simply force per unit area and the upper force limit is deter-
mined by the strength limits of the components of the cell, the diameter of the
diamond culet ultimately determines the maximum achievable pressure. No
definitive relationship between the culet diameter and maximum pressure is
available, but with a well-designed cell one can typically expect to reach pres-
sures of 100 kbar with 700 pm culets, 500 kbar with 400 pm culets, and 1 Mbar
with 200 pm culets [77]. Bevelled diamonds are recommended for pressures
above 1 Mbar [77, 80-82]. Sapphire [83, 84] and cubic zirconia [85] are less ex-
pensive alternatives to diamond, but are not as strong and can be used only to
~100 and ~ 30 kbar, respectively.

2.2.1
Pressure Calibration

The determination of the pressure inside the diamond anvil cell requires a
calibrated standard. The most commonly used standard is the R-line (°E —*A,)
emission from ruby. The wavelengths of the ruby R, and R, lines have been ac-
curately calibrated as a function of pressure using fixed point standards [86]
and the measured lattice constant of NaCl in conjunction with the Decker equa-
tion of state [87-89]. The shift rate of the lower energy R, line is normally
used to calibrate pressure. The room temperature R; shift rate is linear up to
200 kbar (0.365 A/kbar (- 0.759 cm!/kbar)) [87]. Above 200 kbar, the shift be-
comes non-linear and has been quantified empirically [90-93]. The currently
accepted R, line wavelength calibration is valid up to 800 kbar and can be ex-
pressed [91] by

a5

where A =19.040 kbar, B=7.665, 1,=6942 A and AA=A(P)- Ay. The pressure
shift of ruby has also been determined at low [94, 95] and high [94-96] tempe-
rature.

Other fluorescent pressure sensors have also been suggested, but are used less
frequently than ruby. Wavelength calibrations with pressure have been reported
for alexandrite [97,98], Sm?**:Y;Al;0,, (YAG) [99-101], Sm?*:MFCI (M = Ba, Sr)
[102,103], Sm?*:SrB,0, [104,105], Eu**: YAG [106], Tm>*: YAG [107], Nd**: YALO,
[108], and V**:MgO [109]. Fluorescence lifetime calibrations have also been re-
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ported for ruby [110-112], Cr**: YAG [113], alexandrite [114, 115], and Sm?*:
MEFCI (M=Sr, Ca) [116].

Calibrations based on techniques other than fluorescence are also available.
Lattice parameter calibrations from pressure dependent X-ray experiments have
been reported for several systems. The most commonly used X-ray standards in-
clude MCl (M=Na, K, Cs) [89], Au [117, 118], W [119], and Cu [120]. Spectral
shifts of Raman lines in N, [121] and diamond [122] have also been calibrated
as a function of pressure.

2.2.2
Pressure Transmitting Media

The pressure transmitting medium plays a critical role in the success of dia-
mond anvil cell pressure experiments. The function of the medium is to insure
a homogeneous pressure distribution in the sample chamber by flowing or de-
forming in response to the forces created as the diamonds are moved closer to-
gether. Pressure gradients and shear stresses need to be avoided because they
can alter the physical state of a sample independent of any hydrostatic pressure
effects. Pressure transmitting media can be soft solids, liquids, or gases at am-
bient pressure. Liquid media can readily distribute force and eliminate pressure
gradients by flowing. When gases are used, they are normally introduced into
the diamond cell in liquid form at low temperature and pressurized sufficiently
to maintain the liquid state upon warming to room temperature. Fluidity of a
liquid or liquefied gas medium is maintained with increasing pressure until so-
lidification due to glassification or crystallization occurs. Once solidification
occurs, a medium possesses mechanical strength and can support pressure gra-
dients. The yield strength of a solidified medium represents the maximum sup-
portable pressure gradient. Since most solidified materials have high yield
strengths, most substances become unsuitable as pressure media upon solidifi-
cation. Solids (whether at ambient pressure or formed at high pressure) with low
yield strengths, however, may be suitable as pressure transmitting media be-
cause they deform easily and lead to only small pressure gradients. When used
with samples that have small compressibility factors (Eq. 2), solid media provide
conditions that are nearly hydrostatic.

The process of identifying potential pressure transmitting media is largely
empirical [123]. Cryogenic gases such as Ar, Ne, N,, He, and Xe provide hy-
drostatic or nearly hydrostatic conditions at room temperature and are essential
for work above about ~300 kbar [70, 76, 124]. The main drawbacks for cryogenic
gases are the need to load them remotely into a cryogenically cooled cell and
their tendency to escape from the sample chamber because of their low viscos-
ity. Low volatility liquid media are much more convenient to work with, but have
lower hydrostatic pressure limits. A 4:1 mixture by volume of methanol and
ethanol is the most widely used pressure medium and provides hydrostatic con-
ditions at room temperature up to its glass transition at 104 kbar [123,125]. It is
only weakly non-hydrostatic above the glass transition up to ~200 kbar and be-
comes severely non-hydrostatic at higher pressure. Addition of a small amount
of water to the mixture (16:3:1 methanol:ethanol:water) has been reported to
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extend the hydrostatic limit to ~140 kbar [126]. Other liquids that have been sug-
gested include simple alkanes [125, 127], mineral oil [123], poly(chlorotri-
fluoroethylene) [128], and silicone oil [129]. We have recently completed experi-
ments on [(CH;);Si0],Si(CHj;), and have shown that it remains nearly hydro-
static up to ~300 kbar. Solid media are the simplest to use, but are also the least
hydrostatic. Alkali halides are the most commonly used solid media [125].

Much less is known about the low temperature hydrostatic limits of pressure
media. The flow and deformation properties of cryogenic gas and solid media
are likely not significantly altered at low temperature. Low temperature can,
however, be expected to promote solidification and lower the hydrostatic limit
of liquid media. Few quantitative studies of this effect have been reported [70,
124]. In practice, most investigators indirectly assess the onset of non-hydrosta-
tic stresses at low temperature and limit experiments to P, T conditions that are
sufficiently hydrostatic for their purposes. The linewidth of fluorescence lines or
X-ray diffraction peaks of the pressure calibrant used in an experiment provide
a qualitative measure of hydrostaticity. Non-hydrostatic stresses lead to in-
homogeneous broadening and an increase in linewidth. A discontinuous in-
crease in linewidth with pressure is an indication that solidification of a liquid
pressure medium has occurred and that significant non-hydrostatic stresses are
present.

2.3
Luminescence

The diamond anvil cell can normally be readily adapted to standard lumines-
cence systems. The presence of the diamond windows and the small sample sizes
are the two important considerations not encountered in standard luminescence
experiments. The sample dimensions in diamond anvil experiments are typi-
cally 100 X 100 x 50 pm and in many samples of interest to this review the emit-
ting transition metal and lanthanide ions are present at low concentrations. As a
result, luminescence signals tend to be weak, data acquisition times are in-
creased, and alignment requirements of the optical system are more stringent.
Laser excitation sources are required for experiments involvingd > dorf — f
excitation of transition metal and lanthanide ion dopants in host lattices. The
higher oscillator strengths of f — d and charge transfer transitions may permit
excitation of some systems or complexes with conventional lamp sources.

The diamond anvils used in a high pressure luminescence experiment need
to be carefully selected to avoid unwanted diamond fluorescence. Diamond an-
vils are normally natural, rather than synthetic, and contain impurities that pro-
duce fluorescence [130, 131]. Nitrogen-related defects are the most abundant
fluorescent impurities in diamond and give emission in the visible and infrared
that can overlap the fluorescence from the sample [132, 133]. It is possible to
select anvils that do not fluoresce and these should be used in luminescence ex-
periments. Low fluorescence diamonds are also essential for high pressure Ra-
man experiments. Care must also be exercised when using diamonds in pulsed
laser experiments. The high peak powers encountered in pulsed lasers can dam-
age the culet and table surfaces of the diamond anvils and lead to catastrophic
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failure. To our knowledge, the pulsed laser damage thresholds of diamond for
the most commonly used pulsed laser excitation wavelengths have not been
quantified. It is therefore recommended to use the minimum power necessary to
complete an experiment when using pulsed laser excitation.

3
High Pressure Luminescence Phenomena

The ability of pressure to alter the coordination environment of luminescence
centers in solids or complexes provides an opportunity to understand better the
relationship of local structure and bonding to electronic energy levels and opti-
cal properties. One objective of high pressure luminescence studies is to gain
new insight into the fundamental chemical and physical factors necessary for
achieving user-designed optical properties in new materials. This objective
benefits not only practical applications, but also allows us to understand better
the ability of luminescence centers to function as probes of chemical and physi-
cal phenomena. Progress toward this goal requires elucidation of the funda-
mental effects of pressure on the behavior of luminescence centers. In this sec-
tion, we discuss the fundamental effects of pressure on luminescence centers. We
begin with a qualitative discussion of the effect of pressure on luminescence
transitions in the context of a single configurational coordinate mode. We con-
tinue by discussing more specifically how pressure influences luminescence
energies and lifetimes. We consider d - d, f — f, f — d, and charge transfer
transitions of transition metals and rare earths in solids and complexes. We
then discuss pressure induced electronic crossovers and the effect of pressure
on energy transfer processes. The section includes several theoretical and ex-
perimental examples from the recent literature.

3.1
Pressure and the Configuration Coordinate Model

A single configuration coordinate model with linear electron-phonon coupling
[134,135] is appropriate for the analysis of most high pressure luminescence ex-
periments. A depiction of the single configuration coordinate model is shown in
Fig.2a. The ground and excited electronic states involved in a luminescence pro-
cess are shown. The model is based on harmonic potential wells with equal force
constants for both electronic states and includes vibrational sublevels separated
by a phonon frequency fiw. The model assumes coupling of the luminescent
center to a single, totally symmetric vibrational mode. The other key parameters
in the model are E, the zero phonon energy, and S, the Huang-Rhys factor. The
value of S is a measure of the strength of coupling of the luminescent center to
the surrounding lattice. S ranges from values close to zero for f — f transitions
of lanthanides to values of 4 or 5 for spin allowed d — d transitions of transition
metals. The value of S is an important factor in determining the lineshape of a
luminescence transitions (Fig. 2b).

In the context of the single configuration coordinate model, pressure can po-
tentially influence Ey, S, and 7ico. Changes in E, lead to shifts of electronic energy
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Fig. 2a. The single configuration coordinate model of luminescence centers. The energies of
the ground and excited states of a luminescence transition are shown as a function of a totally
symmetric configuration coordinate Q.0,1,2 ... and 0’,1’,2’, ... denote vibrational sub-levels
corresponding to a single coupling mode with energy #w. E, denotes the zero phonon energy
and S the Huang-Rhys factor of the transition. Solid and dashed arrows represent radiative
and non-radiative processes, respectively.
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Fig. 2b. Calculated influence of S on the lineshape of a luminescence transition at T=0 K. In-
tensity (vertical lines capped with “+”) as a function of energy relative to the zero phonon
energy is shown. P represents energy in multiples of the coupling phonon energy fic shown
in Fig. 2a. P=0 corresponds to the zero phonon energy. In the weak coupling limit (small S),
most luminescence intensity occurs in the zero phonon line and sharp luminescence spectra
result. Upon increasing coupling strength of the luminescence center to the lattice, S increases
and luminescence intensity is progressively distributed into the (Stokes) sideband to produce
a broad luminescence band

states with pressure. Depending on the nature of the electronic states, shifts of
absorption and luminescence transitions to higher (blue shifts) or lower (red
shifts) energy can occur with pressure. Changes in S reflect changes in the
strength of lattice coupling of the luminescent center in the excited state relative
to the ground state with pressure. Experimentally, changes in S are observed as
changes in linewidth with pressure. The linewidth is also influenced by changes
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in phonon frequency with pressure. The variation of phonon frequency with
pressure is normally quantified by the mode Griineisen parameter y:

V[ ow

2(3)
@ \dV);

Phonon frequencies normally increase slightly with pressure so that small posi-

tive values for y are normally observed.

Unambiguous quantification of the pressure variation of single configuration
coordinate model parameters is complicated by the fact that all of the param-
eters can vary simultaneously. Changes in luminescence energy can be accura-
tely measured with pressure and, in the case of narrow transition metal or lan-
thanide transitions, the zero phonon energy E, can be readily determined as a
function of pressure. The pressure variation of the peak maximum of broad lu-
minescence bands can also normally be accurately measured, but determination
of the zero phonon energy of broad bands requires information about the va-
riations of S and %w. The pressure variation of phonon energies can be mea-
sured directly in Raman or IR experiments. Relating phonon energies to the
configuration coordinate model, however, is difficult because the model is based
on coupling of the luminescent center to the lattice through an idealized totally
symmetric mode that represents an undetermined average of all modes that
couple to the center. The case of low concentration transition metal and lan-
thanide dopants presents the additional difficulty of needing local, rather than
lattice, mode information. Mode coupling information can be obtained from the
well-resolved phonon sidebands of narrowline spectra, but is frequently obscur-
ed in broadband spectra.

Once a plausible identification of an average coupling mode energy is made,
further determination of S still requires experimental linewidth data. Spectral
linewidths can be accurately determined as a function of pressure, but are sub-
ject to some difficulties in interpretation because inhomogeneous broadening
effects contribute to the experimental linewidth. Multisite behavior is one
source of inhomogeneous broadening. Multiple bonding environments are
easily distinguished for systems with narrow line spectra, but are difficult to de-
tect in broadband spectra. Strain broadening and pressure inhomogeneities are
additional sources of inhomogeneous broadening in high pressure experiments.
Pressure inhomogeneities are spatial variations in pressure that can occur in a
sample chamber. When present, pressure inhomogeneities lead to slightly differ-
ent emission energies from sample pieces located at different positions in the
sample chamber. Since the measured spectrum normally represents a super-
position of all sample pieces, an inhomogeneously broadened linewidth results.
The pressure gradients associated with inhomogeneities also introduce uniaxial
and higher order strain effects that can influence spectral lineshapes indepen-
dently of any hydrostatic pressure effects. The existence of pressure-related in-
homogeneous broadening effects has been recognized previously, but is only
now beginning to be appreciated seriously [55, 123, 133, 136]. Inhomogeneous
broadening also complicates using the temperature dependence of linewidth as
additional data for determining S and %w. The uncertainties in establishing the
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pressure dependence of S and A has limited application of the configuration
coordinate model to approximate forms.

3.2
Energies of Electronic States

The ability of pressure to systematically vary the energies of electronic states is
one of the unique attributes of using pressure to probe the luminescence pro-
perties of transition metal and lanthanide systems. Variations in bond lengths
and bond angles with pressure influence electronic energies. The magnitude of
pressure-induced effects is directly related to the stiffness of a material and the
nature of the electronic state. Materials with high bulk moduli (Eq. 2) are diffi-
cult to compress, exhibit small volume changes per unit applied pressure, and
generally show small pressure shifts of electronic energy states in comparison to
systems with low bulk moduli.

The nature of an electronic state is important because it determines the
interaction of the state with the surrounding lattice. States that interact strongly
with the lattice are affected more significantly by pressure than states that in-
teract weakly. Valence d orbital states of transition metals, for example, are
more spatially extended than f orbital states of lanthanides and are consequently
influenced to a greater degree by pressure. When considering the effect of
pressure on luminescence transitions, we need to consider the extent to which
the strength of lattice interaction changes as we go from the excited state to the
ground state. Significant pressure effects are anticipated when the strength of
interaction of the excited state with the lattice differs appreciably from that of
the ground state. In transition metal systems, we expect large pressure shifts for
d — d transitions in which the d orbital occupancy changes. Spin flip d — d
transitions, on the contrary, involve ground and excited states with the same d
orbital occupancy and a similar strength of interaction with the lattice. Conse-
quently, spin flip transitions are expected to show small shifts with pressure. The
shielded nature of f orbitals leads to weak interactions of f electronic states with
the lattice and to small anticipated effects of pressure on f — f transitions of
lanthanide ions regardless of f orbital occupancy. In contrast, f — d transitions
include one configuration that interacts strongly with the lattice and one that in-
teracts weakly. Large pressure shifts are expected as a result. Charge transfer
transitions of transition metal or lanthanide ions in solids or complexes can in-
volve a significant redistribution of electron density and are also expected to ex-
hibit significant pressure shifts.

Theoretical models of the effects of pressure on electronic energy states need
to consider pressure-induced changes in nearest neighbor coordination en-
vironment, covalency, orbital overlap, secondary interactions with more distant
neighbors in the lattice, and overall lattice structure. Inorganic systems contain-
ing stoichiometric amounts of transition metal and lanthanide ions are amen-
able to modern synchrotron X-ray high pressure structure methods. These me-
thods can provide valuable structural data for modeling electronic properties.

Many of the systems of interest to the optical materials community, however,
are based on host lattices that contain non-stoichiometric, doping (~ 1% or less)
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concentrations of transition metal or lanthanide ions. The low concentrations
preclude the use of X-ray methods to obtain local structural information as a
function of pressure. When dopants enter into a lattice, they introduce a local
perturbation to the lattice structure and occupy sites that are structurally dis-
torted relative to the lattice. Since these perturbations can have a significant ef-
fect on optical properties, it is important to understand them and their variation
with pressure. In large samples, local structural information can in principle be
obtained through EXAFS (Extended X-ray Absorption Fine Structure). EXAFS
experiments on the small samples required for high pressure are much more dif-
ficult and are only now becoming feasible for ideal systems [57, 59]. Using
EXAFS to distinguish local features of dopants, relative to lattice features, is not
currently possible. Structure measurements of organometallic complexes pro-
vide the additional complication of needing to distinguish light elements such
as C and N in the sample from the diamond.

As a result of the difficulties in obtaining local structural information, theo-
retical models are generally based on approximations and tested indirectly
through optical or vibrational spectroscopy. The simplest theoretical treatments
are based on isotropic compression. Isotropic compression models are scaling
models that assume no changes in bond angles and preservation of local sym-
metry. Dopant ions are presumed to behave identically with the lattice ion for
which they substitute. Pressure effects are attributed solely to symmetric bond
compression and are scaled to changes in pressure or volume as dictated by the
bulk modulus or equation of state of the host lattice. Metal ions in complexes can
be treated in a similar fashion. When equations of state are unavailable, a physi-
cally plausible form is normally assumed and used to model spectroscopic data.
A higher level of consideration is to assume symmetric compression using a
local dopant compressibility that differs from that of the host lattice. These mo-
dels attempt to account for the fact that the interaction of a dopant with a host
lattice differs from that of the ion for which the dopant substitutes. Similarly, in
complexes, a local central metal ion compressibility that differs from the crystal
lattice compressibility can be used. The highest level of consideration includes
local structural distortions of the dopant relative to the symmetry of the host
lattice and directional asymmetries in compressibility. No studies currently
available provide sufficient data to justify treatment at this level.

In the following sections, we consider theoretical and experimental aspects of
the influence of pressure on electronic energies. We emphasize the two major ef-
fects, covalency and crystal field strength, that are responsible for determining
electronic energies in transition metal and lanthanide systems. For convenience
of discussion, we choose to treat covalency and crystal field effects separately
and to describe each effect with an independent set of theoretical parameters.
We note, however, that the separation of covalency and crystal field effects is
only approximate and that each effect influences the parameter values of the
other effect to some extent in most systems. Our discussion will focus on expe-
rimental variations of covalency (B, C and F) and crystal field strength (Dq, By)
parameters with pressure and the predictions of the theoretical models that
have been proposed to explain the variations.
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3.2.1
d — d Luminescence Transitions

3.2.1.1
Covalency Effects

3.2.1.1.1
Recent Experimental Results

Nearest neighbor covalency effects in transition metal systems are normally de-
scribed by the two Racah parameters B and C. Qualitatively, reductions in B and
C are predicted to occur with pressure due to enhancements in covalency ex-
pected from increased metal-ligand orbital overlap as the nearest neighbor
bond length decreases. In order to assess the effect of pressure on B and C, the
effect of pressure on Dq needs to be known or transitions whose energies are in-
dependent or approximately independent of Dq need to be considered. The ef-
fect of pressure on Dq will be considered below and can be determined experi-
mentally. If suitable spectroscopic data in absorption and/or emission is avail-
able, it is therefore possible to determine the effect of pressure on B and C.

Experimental consideration of the effect of pressure on B and C has focused
on the R line (°E — *A,) emission of Cr** in ruby because of the availability of
extensive ruby R line pressure calibration data (see Sect. 2.2.1). In regular octa-
hedral symmetry, over the range of values 1.5<Dq/B<3.5 and 3<C/B<5 nor-
mally encountered for Cr**, the energy of the 2E — A, transition is given ap-
proximately by [134]

2
E(CE)=3.05C+ 7.90B - 1.80 (B—> (5)
Dq
Although there is some variation in the literature [93, 144, 145], the ambient
pressure parameter values for ruby are generally taken to be B ~650 cm™!, C
~3200 cm™!, and Dq ~1810 cm™! [134, 146, 147]. From Eq. (5), we therefore see
that the Dq dependent contribution accounts for less than 3% of the ’E energy
at ambient pressure and that, to a reasonable approximation, the 2E energy is de-
termined by B and C at ambient pressure. Since Dq increases with pressure (see
below), the approximation remains valid at high pressure.

At room temperature, the ruby R line shift is linear up to ~200 kbar with a
slope of 0.365 A/kbar (-0.759 cm™/kbar) (Sect. 2.2.1). Data analysis is generally
based on the assumption of variable B and a constant B/C ratio with pressure.In
the case of ruby, analysis of the R line red shift and other spectral transitions as
a function of pressure has led to an estimated decrease in B in the range
~0.02-0.1 cm™/kbar depending on the pressure range considered, approxima-
tions employed, and the number of transitions included in the analysis [93,
145-147].R line emission from Cr3* has also been measured in alexandrite and
several garnets (Table 2). Although the variation of B with pressure for these
systems has not been directly reported, the observed ?E shift rates are similar
to ruby and suggest comparably small decreases in B. A similar decrease in B
(-0.068 cm~!/kbar) was reported for Cr®* in uvarovite garnet (Ca;Cr,Si;0,,) by
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Table 2. R, line shifts (nm or cm™) with pressure of Cr** in several host lattices and complexes

Host lattice or nm cm™!\ Pressure T (K) Ref.
complex Ri\ kbar Ri\kbar) range (kbar)
BeAlLO, 0.0292 0-500 273 [97]2
0.027 0-40 300 [98]
-0.062 0-70 300 [137]
~0.062 0-120 77,300  [138]
ALO,P 0.0365 ~0.754 0-195 298 (87]
0.0365 0-200 RT [92]
-0.759 0-100 299 [96]
La,Lu,Ga;0,, -0.8 ~100-152 RT [139]
Y,ALO,, -0.8 0-240 RT [113]
0.0377 0-120 RT [140]
Gd;Gas0,, -0.65 ~25-110 300 [141]
Gd;S¢,Ga;0,, ~0.65 ~60-120 300 [141]
Cs,NaYClg -3.77 ~85-115 86 [142]
[Cr(H,NC(0) -5.5 0-23 120 [143]
NH,)](ClO,)s

RT = Room Temperature.
2 [97] also reports a quadratic correction (1.3 X 10-> cm!/kbar?).
b See Sect. 2.2.1 for non-linear corrections above ~200 kbar.

Abu-Eid on the basis of *A, — T,, *T, absorption spectra as a function of pres-
sure [148].

Table 2 also contains data for one non-oxide host lattice and one Cr’* com-
plex. The much larger ?E shifts observed in these three systems is a consequence
of the highly compressible nature of halide lattices and molecular complexes
relative to oxide lattices. The bulk modulus of Cs,NaYCl, (~495 kbar [142]) is
about five times smaller than that of ruby (2530 kbar [149,150]) and is primarily
responsible for the difference in shift rate. A similar explanation holds for the
Cr’* complex. When normalized to compressibility, therefore, the variation in B
for all of the systems in Table 2 is comparable.

Other evidence of weak variations of B with pressure is found in absorption
and emission studies of d° (Mn?*, Fe**) and d? (Cr**, Mn®*) systems. In high spin
octahedral d° systems, the energy of two visible absorption transitions are inde-
pendent of Dq:

E(°A,, 44,5, *E(*G)) = 10B +5C ©)
E(6A1g - 4E1g(4D)) =17B+5C

Smith and Langer [151] found a - 1.8 cm~!/kbar shift up to 112 kbar for the 6Alg
—*A;,*E, (*G) transition of Mn** in Mn;AlSi;0;, and attributed it to a
0.06 cm™!/kbar decrease in B. High spin Mn?* has also been studied in the chal-
cogenide phosphor systems ZnS, ZnSe, and ZnTe [152-156]. Mayrhofer et al.
[152], for example, observed shifts of —10.5 cm™!/kbar and - 14.5 cm~!/kbar up to
100 kbar for the %A, g™ 1A, g,“Eg (*G),and 6Alg - 4Eg (“D) absorption bands, re-
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spectively, of Mn?*:ZnS and concluded that B decreased by ~0.34 cm!/kbar.
Similar behavior has been observed for Fe** in Ca,Fe,Si;0,, [148].

Tetrahedral d? ion systems have been recently studied by Shen et al. [157,158].
Depending on the crystal field strength,*T, — 3A, or 'E — *A, emission can oc-
cur in d? systems. The energy of the intraconfigurational spin flip 'E — A, tran-
sition is given approximately by [159]

2

6B
E('E—°A))=8B+2C-
10Dg

(7)

As in the case of the °E — *A, emission of Cr**, a weak dependence on Dq is ex-
pected. The spectroscopy of d? ions is complicated by distortions from regular
tetrahedral symmetry that influence electronic energies and alter the prediction
of Eq. (7). In Mn®*:Y,SiOs, Shen et al. reported that distortion effects were un-
important above ~100 kbar and that the 'E — 3A, luminescence energy was con-
stant within experimental uncertainty in the absence of site distortion effects
[158]. A similarly weak dependence of the 'E — *A, luminescence energy was
observed in Cr**: Y;Al;0,, at high pressure after an electronic crossover of the
3T, and 'E states was induced [157]. The weak shift observed for the !E emission
indicates only small changes in B with pressure in the d* systems.

3.2.1.1.2
Quantitative Considerations

Munro’s early semi-empirical treatment [146] of the R line shift in ruby with
pressure was an isotropic compression model based on a central field covalency
mechanism [160]. According to central field covalency, reduced nearest neigh-
bor bond lengths with pressure lead to greater penetration of ligand lone pair
electrons into the metal ion valence shell and increased screening of the valence
electrons from the nucleus. The net result is a reduction in the effective nuclear
charge and an expansion of the valence shell. In his model, Munro proposed
that the effect of pressure could be simulated by scaling the force laws that
govern interelectronic repulsion and electron-nucleus attraction. Munro scal-
ed the squared electronic charge (e?) and the nuclear charge number (Z) accord-
ing to

e? — A(P)é?

Q(P)
Z—>——=7
A(P)

(8)

where A(P)=1+06AP, Q(P)=1+56QP, and A and 6Q are adjustable param-
eters. These equations were used to scale Dg, B,and C to model the effect of pres-
sure on the energies of the R lines and other electronic transitions of ruby. The
predicted variation of B from Munro’s theory was given by B=B,A(P)Q(P)
where By=680 cm™ is the ambient pressure value. By fitting the pressure
shifts of several transitions, Munro predicted a linear variation of B
(-0.0204 cm~!/kbar) and constant B/C ratio as a function of pressure.



20 K.L. Bray

Eggert et al. [90] modified Munro’s approach by scaling through volume,
rather than pressure. They proposed A(P)=1+30AdV, Q(P)=1+ 6QdV, with

_V(P) -V,

dv = v 9)

and used the Birch-Murnaghan equation of state for ruby [150, 161] to relate
pressure to volume. With their approach, Eggert et al. were able to maintain a
two parameter model and extend its range of validity to 1560 kbar for the R line
shifts using the optimized values A =0.129 and 62=-0.051. Eggert et al. did
not directly report the variation of B with pressure, but their results can be used
to deduce a non-linear decrease in B with positive curvature and an initial slope
of -0.019 cm™'/kbar.

Maetal. [147,162,163] argued that pressure-induced covalency effects can be
understood in terms of the radial expansion of the valence electron wavefunc-
tions as the nearest neighbor bond length decreases with pressure. They consid-
ered an isotropic compression model based on the scaling of the Slater integrals
FX upon which B and C are defined (B =F?/49-5F%/441, C=35F*/441) in terms
of a function of the ratio of the nearest neighbor bond lengths at high pressure
(R;p) and ambient pressure (R,). The nearest neighbor bond length ratio was as-
sumed to be equal to the cube root of the unit cell volume ratio Vp/V, of ruby as
a function of pressure and was obtained from the equation of state of ruby [164].
By expressing the R line energy in terms of the scaled Slater integrals, Ma et al.
were able to reproduce the ruby R line red shift data up to 1700 kbar using a
model with only two parameters. The approach of Ma et al. predicted a non-
linear decrease in B and a constant B/C ratio with pressure. The decrease in B
was most pronounced at low pressure (initial slope ~-0.042 cm~!/kbar) and be-
came more gradual with increasing pressure. The model of Ma et al. also sug-
gested an underlying physical basis for the empirical equation proposed by Mao
and Bell (Eq. 3). Ma et al. also successfully applied their model to the R line tran-
sitions of Cr®*:MgO and obtained a nearly linear decrease in B up to 140 kbar
(~-0.032 cm!/kbar) [165].

Zhao et al. [144, 166] proposed an approach based on symmetry restricted co-
valency [167]. Symmetry restricted covalency attributes covalency effects to the
delocalization of d electron density onto ligand orbitals through o and 7 mole-
cular orbital formation between metal d orbitals and ligand s, p, and/or d orbi-
tals [168]. The formation of molecular orbitals occurs between metal d orbitals
and ligand orbitals of the same symmetry and varies with the coordination en-
vironment. The delocalization of d electron density that occurs upon molecular
orbital formation leads to a reduction in the Racah B and C parameter values
from the free ion values B; and C,. The reduction can be expressed by

B=N*B, (10)
C=N*C,
where the covalency reduction factor N is a measure of the extent of metal-

ligand orbital mixing (including o and mbonding contributions) and is obtain-
ed empirically. In their original paper [144], Zhao et al. do not directly report the
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variation of B with pressure for ruby. They do, however, report the variation of
the R-line splitting and observe excellent agreement with experiment.

Zheng [169, 170] used an approach based on Zhao’s model and scaled the co-
valency reduction factor through the equation of state of ruby. Zheng proposed

3 dinf\ (dLnR
pr=ns o +(20S) ) w

where f is the same as N* in Zhao’s model (Eq. 10), f,=0.8677 is the value of f at
ambient pressure, B is the free ion value, and R is the nearest neighbor bond
length. Zheng assumed that variations in R with pressure scaled with V!> where
the unit cell volume V is obtained from the equation of state of ruby. Zheng used
Eq. (11) to fit the ruby R-line pressure shift data and obtained a -0.062 cm~!/kbar
change in B with pressure. Zheng also applied his model to the R line shifts of
Cr’*:Y;AL0,, [140], Cr**:Gd;Gas0,, [141], and Cr**:Gd;Sc,Ga;0;, [141], and
found that B changed at a rate of -0.065 cm!/kbar, -0.068 cm~!/kbar, and
-0.068 cm™!/kbar in the three systems, respectively. Zheng et al. [171] similarly
considered the *A, — 3T, 3T, absorption transitions of NiO and reported essen-
tially no change in B with pressure (-0.0029 cm~!/kbar).

In a later paper [166], Zhao extended his model for ruby to include off-center
site displacements of Cr**. The model accounts for the fact that Cr** does not
substitute exactly into AI** sites, but rather is displaced along the trigonal axis.
Zhao quantitatively included the position of Cr’* relative to an AI’** lattice site as
a function of pressure in his model and re-evaluated the R-line shift data up to
1650 kbar. Zhao’s extended model predicted a -0.0489 cm~!/kbar change in B
with pressure up to 400 kbar and a constant value (B =784 cm™!) above 400 kbar.

3.2.1.2
Crystal Field Effects

3.2.1.21
Recent Experimental Results

The preceding section has shown that pressure leads to a small decrease in the
Racah parameter B of transition metal systems. The small change in B indicates
that pressure only weakly increases bonding covalency in transition metal sys-
tems. As a result, the energies of electronic transitions that depend primarily on
covalency effects are expected to exhibit weak shifts to lower energy with pres-
sure.

In this section we discuss electronic transitions with energies that depend
primarily on the crystal field strength parameter Dq. Consideration of a simple
point charge model of crystal field effects leads one to expect significant
changes in Dq with pressure. In the case of an octahedral distribution of point
ligands each with charge -Ze located at a distance R from a central transition
metal ion (Fig. 3), the crystal field strength parameter is given by [134, 172]

Dq= % (r)a (12)
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Fig. 3. Schematic depiction of the octahedral point charge crystal field model. In the free ion,
the set of five d orbitals is degenerate. When the ion is placed in a solid and bonds to six near-
est neighbor ligands arranged in an octahedral geometry, the d orbitals split into e, (d,:, d-_y)
and t,, (d,y, dyy, dy,) subsets separated by an energy 10Dq

Equation (12) predicts a strong sensitivity of Dq to nearest neighbor bond
length. Since pressure directly influences the nearest neighbor bond length, we
expect significant changes in crystal field strength with pressure.

Most recent experimental studies of the effect of pressure on crystal field
strength have considered the *T, — %A, luminescence transition of Cr** because
the zero phonon energy difference between the T, and *A, states is simply
10 Dq. Table 3 summarizes recent high pressure studies of crystal field strength
in Cr’* systems. The table reports the variation of the energy of the *T, level
relative to the *A, level as determined from absorption, luminescence, or lumi-
nescence excitation spectroscopy as a function of pressure. The reported shift
rates for the *T, <> A, transition correspond to peak maxima, rather than zero
phonon energies, and range from 8.4 to 35 cm~!/kbar. Similar to the 2E — 4A,
transition, we observe larger shifts for the more compressible (lower bulk mo-
duli) halides and complexes than for the stiffer oxide materials. A comparison of
Tables 2 and 3 reveals that the shift of the *T, state is an order of magnitude grea-
ter than the shift of the %E state with pressure for chemically similar systems.

The most comprehensive experimental study of the effect of pressure on
crystal field effects in a Cr** system was reported by Duclos et al. [145] who com-
pleted a luminescence excitation study of ruby up to 350 kbar. They recorded the
‘A, — *T, and *A, — *T, transitions in excitation while monitoring the 2E — 4A,
emission. A noteworthy feature of the study was the inclusion of vibronic coup-
ling effects in the crystal field analysis. The vast majority of previous high pres-
sure studies assumed the validity of the Tanabe-Sugano (pure electronic) model
[179] without modification. Duclos et al. considered the effect of pressure on
bandshapes and determined variations in zero phonon energies of the *T, and
4T, levels with pressure using the configuration coordinate model of Struck and
Fonger [135]. Using the zero phonon ZE, *T,, and *T; energies obtained from
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Table 3. Pressure shift (cm™/kbar) of the *T, <> *A, transition of Cr** in several host lattices
and complexes

Host lattice or cm™! Experiment® Pressure T (K) Ref.
complex AE (kb ar) range (kbar)
La,Lu,Ga,0;, 10 L 0-~110 RT [139]
Y,ALO,, 9 L 0-40 RT [140]
Gd;Sc,Ga;0,, ~10 L 0-~40 300 [141]
Gd,Ga,0,, ~10 L 0-~20 300 [141]
ALO, 8.4 LE 0-350 RT [145]
KZnF, 17.9 L 0-80 300 [173]
16.7 L 0-50 90 [173]
Na,In,Li,F,, 14.8 L 0-90 300 [174]
K,NaGaF, 18.0 L 0-61 RT [175]
K,NaScFq 17.6 L 0-70 RT [176]
Cs,NaYCl, 25.7 L 0-~70 RT [142]
(NH,);CrF, ~9 L 0-71 22 [177]
[LCr(OH),CrL] 35 A 0-48 RT [178]
(ClOy),*
[(NH,),Cr(OH)Cr 21 A 0-50 RT [178]

(NHa)s]Cls : Hzo

RT = Room Temperature.
2 L = Luminescence; A = Absorption; LE = Luminescence excitation of °E — *A, emission.
b L =1,4,7-trimethyl-1,4,7-triazacyclononane.

their lineshape analysis, Duclos et al. determined the variations of Dq (1673 cm™
+ 0.84P(kbar)), B (468 cm™'-0.11P(kbar)), and C (3402 cm™'+0.08 P(kbar))
with pressure. Their ability to obtain data for the *T, level permitted independ-
ent determination of C and allowed them to show that the B/C ratio decreases
with pressure. This finding indicates for the first time that the assumption of a
constant B/C ratio commonly used in high pressure studies may not be valid.

The effect of pressure on crystal field strength in several Mn** systems has
also been reported. The electronic structure of Mn?* is convenient for the deter-
mination of crystal field strength because Dq and B can be determined inde-
pendently (see Sect. 3.2.1.1 for a discussion of B). Once the variation of B is
known, the energies of transitions from the °A; ground state to any of the
T, (*G), *T,(*G), or *T,(*D) excited states can be used to determine the effect of
pressure on Dq. Increases in Dq with pressure of 0.89 cm~!/kbar and
1.45 cm™!/kbar have been reported for Mn?* in ZnS [152] and ZnTe [180], re-
spectively.

3.2.1.2.2
Quantitative Considerations

Quantitative treatments of the effect of pressure on crystal field strength can be
approached through Eq. (13):

dpy _(dpg (dR
W_<dR )(dP) (13)
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Equation (13) indicates that an understanding of the variation of crystal field
strength with pressure requires knowledge of the variation of Dq with the near-
est neighbor bond length R and the variation of R with P. Much of the theoreti-
cal work has been directed at these two quantities.

The simplest description of the effect of pressure on crystal field strength as-
sumes that the variation of Dq with R is given by the point charge model (Eq. 12)
and that the variation of R with P can be directly obtained from the volume of
the host lattice through its equation of state. According to this approach, the pre-
dicted effect of pressure on crystal field strength is given by

D‘J(P)z( R, >5=< Vo )% (14)
Dq, R(P) V(P)

where the subscript “0” denotes a quantity at ambient pressure and V(P) is ob-
tained from the equation of state. Equation (14) can also be inverted to obtain a
prediction of the effect of pressure on the volume of the host lattice from spec-
troscopic data when the equation of state is unknown. This approach has been
widely used in geophysics and has been discussed in detail by Burns [172, 181].

Several studies have focused on whether the R distance dependence assum-
ed in the point charge model is accurate and on the validity of the assumption
that the local structural changes in the vicinity of a dopant ion can be described
by the equation of state for the host lattice. Since the two effects are difficult to se-
parate experimentally, most studies have probed one assumption and assumed
that the other is valid. Often the conclusions that are drawn are ambiguous. Duc-
los et al. [145], for example, found that an R~> dependence overestimated the mea-
sured increase in Dq with pressure in their study of ruby when they assumed the
validity of the ruby equation of state. An R™*> dependence was found to represent
the data better. They found equally good agreement, however, when they retained
the R™° dependence and assumed that the local bulk modulus (Eq. 2) in the vicin-
ity of Cr** was 26 % higher than that of the Al,0; lattice. They argued that a higher
local bulk modulus was physically reasonable since the radius of Cr** (0.615 A) is
larger than that of the AI** (0.53 A) ion for which it substitutes.

The studies of ruby by Zhao [166], Zhao et al. [144], Munro [146], Ma et al.
[147, 162, 163], and Eggert et al. [90] assumed the validity of the bulk crystal
equation of state and obtained good agreement with the R-line shift data in their
models. Zheng [169, 170], on the contrary, assumed the validity of the R de-
pendence of Dq and obtained good agreement with experimental R line shift
data when using local bulk moduli of Cr** in Y;Al;0,,, Gd;Ga;0;,, and
Gd;Sc,Ga;0;, that were higher by a factor of ~ 1.7 than expected from the host
lattice equation of state.

At ambient pressure, Marco de Lucas et al. [182] and Rodriquez and Moreno
[183] have considered the effect of nearest neighbor bond length on Dq in a se-
ries of octahedral Mn?* fluoride systems (Mn**:RbCdF;, Mn?*:RbCaF;, Mn?*:
CsCaF;, RbMnF;, Mn?*:KMgF;, Mn?**:KZnF; and Mn?*:KMnF;). The systems
were selected because they are among the few for which accurate nearest neigh-
bor distances are available. The Mn-F distances in these systems range from
2.070 A to 2.155 A. Since the local Mn-F distance is known directly over a series
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of systems with the same structure type and local coordination geometry, the
distance dependence of Dq can be obtained without consideration of the local
bulk modulus. Using the zero phonon line of the *T;, <> *A;, transition to deter-
mine Dq, an R-*7 dependence was found.

Marco de Lucas et al. [182] and Moreno et al. [184] further considered the dis-
tance dependence of the Huang-Rhys factor S and Stokes shift in general terms
and derived a relationship that could be used to predict the variation of either
quantity with nearest neighbor distance. Their model predicts that the magni-
tude of the Griineisen parameter (Eq. 4) and the power dependence of the va-
riation of Dq with R ultimately determines whether S and the Stokes shift in-
crease or decrease with nearest neighbor distance in a given chromophore. Al-
though these predictions have not yet been directly tested with pressure, they
have important implications for high pressure studies.

Dolan etal.[176] and Rinzler et al. [142] presented a semi-empirical approach
based on a single configuration coordinate model (see Sect. 3.1) for separating
the effects of local compressibility and crystal field strength on pressure-induc-
ed changes in the *T, energy of Cr** in several fluoride elpasolite systems. Their
approach is based on an empirical form, motivated by the Born-Mayer potential,
for the local compressibility x (P):

1(dv\ 3 [dR.)
K(P) :_V(d_P)T:_E (d—P>T— Ko exp(— LXP) (15)

where R, is the Cr**-ligand distance in the relaxed excited state and x, and a are
adjustable parameters. They continued by assuming a general power law depen-
dence form for the crystal field strength:

E(*T,; - *Ap) = 10Dg a(R)™ (16)

where Dq, refers to the excited state crystal field strength of Cr** and is obtained
from the peak maximum of the 4T2g - 4Ag emission band. In this model, the
pressure-induced shift of the *T,, — *A, emission band is governed by n, x, and
o through

dE(*T,, — *A,) n  dR,

dpP %Rt gp
1 dE(*T,; — *A,) _ dIn (E(*T,; —*A,)) _n «(P)
E(*Tyy —*A,) dp dP 3
=§ K, exp (- aP)
Integration gives
4 4
E(*T, — *Ap)o 3a

where E (*T,, — *Ag), is the emission maximum at ambient pressure.
Dolan et al. [176] and Rinzler et al. [142] used Eq. (17) to fit the *T,, — *A,
emission energy as a function of pressure to obtain values for nx, &, and E, for
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Table 4. Parameter values obtained from fits of Eq. (17) to experimental peak energies of the
4T, — *A, luminescence transition of Cr** as a function of pressure in three host lattices

Host lattice nK, o E, n

K,NaGaFq 0.00633 0.01184 13155 4.53
K,NaScFg 0.00443 0.00263 12830 4.66
Cs,NaYClg 0.01235 0.01281 10076 6.13

the three elpasolite systems listed in Table 4. The coupling of n and k; in this ap-
proach captures the essence of the difficulty in separating the effects of local
compressibility and the distance dependence of Dq. Dolan et al. [176] proposed
that the value of n could be obtained independently from a single configuration
coordinate model. Under the assumption of linear coupling to a totally sym-
metric vibrational mode, the Cr**-ligand distance R; is simply Q/\/6 where Qis
the configuration coordinate and i=g or e denotes the ground or excited state,
respectively. The crystal field strength Dg; is therefore proportional to Q™
As a result, the energy of the *T, state and its variation with Q; can be written

E(*Ty) =10 Dg; 10 Q"

dE(*T,,) a—lgEQ;“
dq; i
L (18)
Q;
10n

V6R,

where 10 Dq, and 10 Dq, represent the *T, peak maximum energy in absorption
and emission, respectively.

We see from this model that the crystal field strength determines the hori-
zontal displacement A = Q. - Qg of the 4T, excited state minimum and the Stokes
shift 2S %icw between the T, absorption and emission maxima. Dolan et al. [176]
recognized that the Stokes shift was related to the variation of E(*T,) with Q at
Qg through [135]

dE (*T,)
dQ lo=q,
where M is the mass of a single halide ligand ion and R, is assumed to equal the
sum of the ionic radii of Cr** and the halide ligand. Eqations (18) and (19) may
be combined to obtain an expression for n:
[6 MR2hoo? s} 7
n=|—>=——
50Dq2

Dolan et al. [176] and Rinzler et al. [142] used ambient pressure Stokes shift and

vibrational frequency data and Eq. (20) to evaluate n for the three elpasolites lis-
ted in Table 4. The values of n are seen to deviate appreciably from 5. Other fea-

Dg;

(19)

1
= - Me?A = - M® <ﬁ>_2
Mo

(20)
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tures of the method developed by Dolan et al. [176] and Rinzler et al. [142] in-
clude analysis of vibrational mode frequencies and thermal quenching effects as
a function of pressure.

3.2.2
f — f Luminescence Transitions

The underlying phenomena associated with the energies of f — f transitions in
lanthanides are similar to those described above for d — d transitions in transi-
tion metal systems. The principal difference between f orbitals and d orbitals is
the restricted spatial extent of the former. The 4f orbitals of lanthanides are
shielded by 4d orbitals and interact only weakly with surrounding ligands. As a
result, f — f transitions are less sensitive to pressure than d — d transitions.

Covalency and crystal field effects in lanthanide systems are normally
described by the Slater parameters F, (k=2, 4, 6) and the crystal field param-
eters By, (k, q depend on the symmetry of the lanthanide bonding environ-
ment). In contrast to transition metal systems, covalency and crystal field effects
are coupled in lanthanide systems and cannot be considered separately through
judicious selection of optical transitions. As a result, the covalency and crystal
field parameters are obtained simultaneously during an analysis of crystal field
transitions as a function of pressure. Analysis of crystal field energies involves a
determination of 2**'L; multiplet barycenter (free ion) energies in an inter-
mediate coupling scheme followed by perturbations of these energies by a
crystal field. The barycenter energies are quantified through the F, covalency
parameters and the spin-orbit coupling constant . F, and { experience a
decrease from their free ion values through the nephelauxetic effect when a lan-
thanide ion is placed in a chemical environment. The crystal field perturbations
are quantified by the B,, parameters. Several discussions and examples of the
methods used to analyze crystal field energies of lanthanide systems at ambient
pressure are available [134, 185, 186]. In the following discussion, we consider
recent work on the effect of pressure on covalency and crystal field effects in
lanthanide systems. Bond length reductions induced by pressure can be expec-
ted to enhance both nephelauxetic and crystal field effects.

3.2.2.1
Covalency Effects

Several studies of the variation of the Slater covalency parameters and spin-orbit
coupling constant with pressure have appeared in the last decade and are sum-
marized in Tables 5-7. The values in Tables 5 and 6 were obtained from an opti-
mization of multiplet barycenter energies during a complete analysis of crystal
field energies as a function of pressure for the listed systems. The reported values
indicate that the variations of F, and {,; with pressure are generally small. The
parameters are universally observed to decrease with pressure and are consistent
with increased nearest neighbor bonding covalency at high pressure.
Theoretical modeling of the effect of pressure on nearest neighbor covalency
in lanthanide systems has focused on the central field covalency and symmetry
restricted covalency models (see Sect. 3.2.1.1) [144, 167, 191, 192]. In the central
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Table 5. Ambient pressure values of the Slater covalency parameters F, and spin-orbit cou-
pling constant  for several lanthanides in various host lattices

Lanthanide Host lattice F,(cm™)  F,(cm™) Fg(cm™) (y(cm™)  Ref.
Pr3+ LaCl; 304.4 45.47 4.41 749.2 [187]
LaCl; 304.0 46.07 4.47 746.3 [188]
PrCl, 314.3 36.87 5.07 749.1 [188]
LaOCl 299.1 46.00 4.48 742.2 [189]
Nd3** LaCl, 319.7 47.9 4.83 876.2 [188]
NdCl, 319.2 48.0 4.82 872.3 [188]
Eu’* LaOBr 385.0 a a 1357.5  [190]
LaOBr 395.8 57.6 1373 [191]
LaOCl 384.3 2 2 1349.5 [190]
LaOCl 393 57.45 b 1364 [192]
GdocCl 351.3 ¢ ¢ 1336.3 [193]
La,0,S 395.6 54.6 6.0 1333.1 [194]
Gd,0,8 350.2 1331.0 [195]
Y,0,8 349.9 1329.8 [196]
Sm?* BaFCl 332.0 a a 1058 [190]
SrECl 330.7 a a 1057 [190]
CaFCl 328.8 2 2 1055 [190]

2 The hydrogenic ratios F,/F, = 0.138 and F¢/F, = 0.0151 were assumed.
b The hydrogenic ratio F,/Fs = 9.139 was assumed.
¢ The ratios F,/F, = 0.1484 and F¢/F, = 0.0161 were assumed.

field covalency model, covalency is attributed to spherically symmetric
penetration of ligand electron density into the 4f valence shell. The penetration
leads to additional screening of the 4f valence electrons from the nuclear charge
and enhanced covalency through the consequent radial expansion of the 4f
orbitals. Quantitatively, the expansion of 4f electron density is achieved by
scaling the effective nuclear charge Z ¢ through an expansion factor k<1 accord-
ing to Z.g= xZ% where Z; is the free ion value. Incorporation of Z. instead of
Z% in the 4f radial wavefunction leads to F,= xF{ and ;= ¥’¢{; where the su-
perscript denotes the free ion value. The predicted relative changes in F, and
according to this model are
Aly , Ax

AF A
2% ond 3 — (21)
Fy K Cur K

The central field covalency model predicts that the spin-orbit coupling constant
is three times more sensitive to increased covalency than the interelectronic re-
pulsion parameter F.

The symmetry restricted covalency model attributes covalency to bonding
interactions and molecular orbital formation between ligand orbitals and the 4f
valence orbitals. The participation of free ion 4f orbitals ¢, in molecular orbital
formation leads to 4f radial expansion and enhanced covalency. Molecular orbi-
tal formation is directional (non-spherical) and is determined by the symmetry
of the ligand distribution around the lanthanide. The lanthanide centered mole-
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Table 6. High pressure values of the Slater covalency parameters F, and spin-orbit coupling
constant ¢ for the systems listed in Table 5. The table entries correspond to values obtained at
the maximum pressure (P,,,) of each study. Linear variations between ambient pressure and
P« Were reported for all parameters

Lanthanide Host Lattice F, F, Fg Cus Pooax Ref.
(cm™)  (ecm™)  (ecm™)  (cm™)  (kbar)

Pr3+ LaCl, 300.8 45.20 4.38 746.7 80 [187]
LaCl, 300.7 45.71 4.43 742.9 80 [188]
PrCl, 308.0 36.78 4.87 745.1 80 [188]
LaOCl 294.6 45.54 4.46 734.8 160 [189]

Nd3* LaCl, 317.5 47.7 4.80 872.3 80 [188]
NdCl, 316.9 47.8 4.80 869.6 80 [188]

Eu’* LaOBr 382.6 2 2 1340 130 [190]
LaOBr 389.5 57.2 1354 130 [191]
LaOCl 382.2 a 1336 130 [190]
LaOCl 3883 5715 b 1351 100 [192]
Gdodl 349.9 ¢ ¢ 1330.3 100 [193]
La,0,S 394.1 54.39 5.98 1330.2 130 [194]
Gd,0,S 348.5 1328.5 150 [195]
Y,0,S 348.4 1327.4 130 [196]

Sm?* BaFCl 327.9 2 a 1053 80 [190]
SrFCl 326.8 2 2 1051.5 80 [190]
CaFCl 325.0 2 a 1052 80 [190]

@ The hydrogenic ratios F,/F, = 0.138 and F¢/F, = 0.0151 were assumed at all pressures.
b The hydrogenic ratio F,/F = 9.139 was assumed at all pressures.
¢ The ratios F,/F, = 0.1484 and F¢/F, = 0.0161 were assumed at all pressures.

cular orbitals formed by the symmetry adapted free ion 4f orbitals ¢ can be
written

¢or=Nrp (‘Pr - 21: Ar:X:) (22)

where I denotes an irreducible representation of the point group defined by the
local ligand symmetry, T indexes the ligand orbitals y, A, is a coefficient that de-
scribes the mixing of ¢ with y;,and N is a normalization constant. In the limit
of weak bonding, the 4f orbital will dominate the lanthanide centered molecular
orbital and we can write

@t =Nrgr= Nor (23)

where the normalization constants for the different 4f orbitals are assumed to be
approximately equal. Since N<1, we see that Eq. (23) is tantamount to an ex-
pansion of the symmetry adapted free ion 4f orbitals. When Eq. (23) is used to
determine Fy and (,, we find

F=N'F} and (u=N>C§ (24)
and

AF AN A AN
Af _ AN Db _, AN (25)
Fy N Cus
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Table 7. Relative changes in the Slater covalency parameter F, and spin-orbit coupling con-
stant { between ambient pressure and P, for the systems listed in Tables 5 and 6. The value
of P, is given in Table 6 for each system. (AF,)p . = F3(Pna) - Fo(Py) and (AQy)p,, =
Car (Pmax) — Car (Po) where Py refers to ambient pressure. The ratio of the relative changes of the
two parameters is defined as the ratio of column 3 to column 4 and is used to evaluate theo-
retical covalency models in the text

Lanthanide Host lattice 0 (AFy)p,.,, . (AL, Ratio Ref.
F,(P) Car (Py)

Pri+ LaCl, -1.18 -0.33 3.6 [187]
LaCl, ~1.09 ~0.46 2.4 [188]
PrCl, -2.00 -0.53 3.8 [188]
LaOCl -1.51 -1.00 1.51 [189]

Nd* LaCl, ~0.69 ~0.45 1.5 [188]
NdCl, -0.72 -0.31 2.3 [188]

Eu3* LaOBr -0.62 -1.29 0.48 [190]
LaOBr -1.59 -1.38 1.15 [191]
LaOCl -0.55 -1.00 0.55 [190]
LaOCl -1.20 -0.95 1.3 [192]
GdOCl -0.40 -0.45 0.88 [193]
La,0,S -0.38 -0.22 1.7 [194]
Gd,0,8 -0.49 -0.19 2.6 [195]
Y,0,8 ~0.43 ~0.18 2.4 [196]

Sm?* BaFCl -1.24 -0.47 2.6 [190]
SrFCl -1.18 -0.52 2.3 [190]
CaFCl ~1.16 ~0.28 4.1 [190]

The symmetry restricted covalency model therefore predicts that the interelec-
tronic repulsion parameters F, will be more sensitive to increased covalency
than the spin orbit coupling constant ;.

In order to evaluate the applicability of the two covalency models, we have in-
cluded relative changes in F,, {;;, and their ratio in Table 7. The values listed cor-
respond to the total observed change at the highest pressure for which data are
available for each system. The central field covalency and symmetry restricted
covalency models predict ratios of 0.33 and 2.0, respectively. From Table 7, we see
that Eu**:LaOBr and Eu**:LaOCl most closely agree with the prediction of the
central field covalency model. This is a reasonable result given the small size of
Eu?* relative to the La®* ion that it replaces in the lattice and the ionic nature of
oxide and halide ligands. Under these conditions, the 4f orbitals of Eu** would
be less extended spatially relative to the ligands and would experience weak di-
rectional interactions, consistent with the spherical nature of central field cova-
lency.In Eu**:Y,0,S, on the other hand, Eu* is large relative to its lattice site and
is in the presence of a covalent sulfide ligand. Under these conditions, we expect
stronger Eu**-ligand overlap and increased directional character in the local
bonding. This is consistent with the closer agreement of Eu**:Y,0,S to the sym-
metry restricted covalency model.
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The Sm?* systems listed in Table 7 are all in much better agreement with the
symmetry restricted covalency model than the central field covalency model.
The greater directionality in bonding suggested by the Sm?* results is consistent
with the greater expected spatial extent of 4f orbitals in Sm** relative to trivalent
lanthanides. The largest ratio occurs in Sm**: CaFCl, the system with the smal-
lest cation site for Sm?*. The data for Nd** and Pr** are also better described by
the symmetry restricted covalency model. This finding may be a consequence of
the greater spatial extent of 4f orbitals in the lighter lanthanides. The central
field covalency model may become increasingly valid as we move across the
lanthanide series due to the lanthanide contraction effect.

Shen and Holzapfel [190] and Wang and Bulou [191, 192] have considered a
covalency model that combines the central field and symmetry restricted cova-
lency models. The approach incorporates the effects of nuclear screening and
hybridization of ligand orbitals with 4f orbitals. When the radial 4f wavefunc-
tions of the central field covalency model (instead of the free ion 4f wavefunc-
tions) are used in the formation of lanthanide centered molecular orbitals, we
obtain

F=N'xkF and ,=N*C% (26)
which lead to
AF, A AN A A AN
Afi _ Ak AN nd Bl _gAK AN (27)
F. « N Cag K

The combined model allows for concerted effects of the two covalency models
and provides a simple way of rationalizing ratios between 0.33 and 2.0 in Table 7.

Shen and Holzapfel [190] also considered the effect of lanthanide-ligand dis-
tance on covalency across series of isostructural Eu** and Sm** host lattices at
ambient pressure. Shen and Holzapfel [190] reported the variation of F, and {,
with the average nearest neighbor distance for Eu** in LaOX (X = Cl, Br,I), LnOX
(Ln=Y, Gd; X=Cl, Br) and Ln,0,S (Ln=Y, La, Gd, Lu) as well as for Sm?* in
MECI (M = Ca, Sr, Ba). Their results are summarized in Figs. 4 and 5. Average dis-
tances were computed using crystallographic data for the host lattices without
considering local distortion effects. Linear decreases in F, and {,; with decreas-
ing distance were observed.

Shen and Holzapfel [190] further compared the distance dependence of
F, and {, across a series of host lattices with the distance dependence obtain-
ed from high pressure studies in the systems Sm?*:MFCl (M =Ca, Sr, Ba). The
Sm?* coordination polyhedron in MFCI consists of five Cl- and four F- ligands
(Fig. 6). Shen et al. [197] determined the variation of bond angles and bond
lengths of BaFCl as a function of pressure in a synchrotron X-ray study and ob-
tained the results shown in Fig. 7. Estimated results for SrFCl based on a simple
scaling through the ambient pressure lattice parameters are also shown as dash-
ed lines. The bond lengths shown in Fig. 7 were used to calculate the average
nearest neighbor bond length R for Sm?* in BaFCl and SrFCl as a function of
pressure in Fig. 4 and Fig. 5. Similar determinations were made for Sm?*: CaFCl
and Eu’*:LaOCl.
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Fig. 4. Variation of the Slater covalency parameter F, of Eu’* and Sm?* as a function of aver-
age nearest neighbor bond length R. The data points represent values in different host lattices.
Solid arrows show the variation of F, with pressure

A comparison of the distance dependence of F, and (; obtained from host
lattice and high pressure studies is included in Figs. 4 and 5. We see from the fi-
gures that the distance dependence obtained from the pressure study is more
pronounced. Shen and Holzapfel attributed the difference in distance depen-
dence to pressure-induced distortions in the local coordination environment of
Sm?*. We consider local distortions in more detail below in our discussion of
lanthanide crystal field parameters.

3.2.2.2
Crystal Field Effects

Crystal field interactions in lanthanide systems are treated in the weak field li-
mit and are normally expressed by the one-electron crystal field Hamiltonian
Hcp given by

Her = kzq Byq(r) Ciq (6; 9) (28)

where the permitted values of k and q are determined by the local symmetry of
the lanthanide bonding environment, qu(r) are radial crystal field parameters,
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and Cy(0, ¢) are angular factors [134, 179, 185]. In application, the C, (6, ¢) can
be evaluated exactly from knowledge of the ligand positions. Exact determina-
tion of the By, (r) parameters requires knowledge of the lanthanide 4f radial
wavefunctions in the crystal bonding environment. These wavefunctions are
generally unknown and simple predictions based on the free ion 4f wavefunc-
tions do not adequately reproduce experimental energy level data. As a result,
the By (r) are normally obtained empirically through fits to experimental data.

Several studies of the effect of pressure on the radial B, crystal field param-
eters have been reported. Lanthanide oxyhalides (REOX; RE=La, Gd, Y; X=Cl,
Br) doped with Eu®* have been extensively studied. The REOX lattices are iso-
structural and incorporate Eu’* in bonding sites with C,, symmetry. In the
oxybromides, Eu®* is coordinated to four oxygens and four bromides. The RE-O
bond lengths (~2.3-2.4 A) are significantly shorter than the RE-Br bond lengths
(~3.2-3.3 A). A fifth, more distant bromide (~3.5-3.9 A) is located on the C,
axis [191]. Eu®* in the oxychlorides is coordinated similarly (RE-O ~2.3-2.4 A,
RE-Cl ~3.0-3.2 A), but differs with respect to the position of the fifth chloride.
The smaller size of the chlorides allows the fifth, axial chloride to approach more
closely Eu* and enter the coordination sphere at a distance of ~3.0-3.2 A[192].

Table 8 summarizes the variation of the By, crystal field parameters with
pressure in several Eu**-doped REOX systems. The crystal field parameters were
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Sm>*:MFCl (M = Ba®, Sr**, Ca")
Cyy Site Symmetry

Host Lattice  Rg (A) BOq Ra (A) Rr (A) Or
BaFCl 3.286 71.0 3.196 2.494 124.
SrEC1 3.112 69.6 3.072 2.362 124.2
CaFCl 2.963 68.3 3.048 2.387 124.5

Fig. 6. Coordination polyhedron of the Sm?* site in MFCl host lattices. The listed bond lengths
and bond angles correspond to the M?* site in undoped MFCl crystals

obtained by measuring fluorescence energies of several °D,_, — ’F,_, transitions
of Eu’* as a function of pressure. The fluorescence energies were used to estab-
lish the energies of the °D; and 7F; crystal field states relative to the ’F, ground
state. These energies were fit to obtain the values of B .. The crystal field strength
parameter S is also listed. S is a parameter originally proposed to provide a mea-
sure of average crystal field strength and is given by [198]

1 1 i
| — - 2 2
s_[322k+1(3k0+2qz>:0|3kq|>:| (29)

k

Table 8. Effect of pressure on the crystal field parameters B, (cm™) for Eu’* in several lantha-
nide oxyhalide systems. S (cm™) is an average crystal field strength parameter (see text). P de-
notes pressure in kbar and P, represents the maximum pressure achieved in each study. The
linear shifts given in the table are good approximations of data given in graphical or tabular
form in the original references

Host B, By B, B, B, S P Ref.

LaOCl  -1347+ -476- 1051- 913+ 282+  486.4- 136 [199]
2.6P  0.99P  0.7IP  0.71P  029P  0.40P

GdOCl -946+ -685- 887- 1039+ 386+  413- 100 (193]
1.85P  0.73P  0.18P  1.85P  0.17P  0.10P

GdOBr -1091+ -984+ 860+ 890+  387-  445- 120 [200]
098P  1.73P  0.16P  1.99P  0.61P  0.18P

LaOBr 1517- 509+ 1100+ 1083-  127-  538- 120 [191]

3.48P 0.76P 0.28P 0.83P 0.08P 0.59P
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Since S is independent of symmetry, it provides a way to compare the crystal
field strength of a lanthanide ion in different host lattices.

In the oxyhalides, B,y, B4y, Bg, and Bg, account for the cubic crystal field
strength, and B,, accounts for the tetragonal field. The data in Table 8 indicate
that the magnitude of B,, decreases with pressure in the four listed oxyhalides.
This suggests that the distortion from cubic symmetry decreases with pressure.
A possible explanation is that local compression of the four oxygen and four
non-axial halide ligands closes the coordination shell of Eu** and partially
screens the influence of the fifth, axial halide so that the local coordination ap-
proaches regular cubic symmetry. The decrease in average crystal field strength
with pressure is consistent with this explanation. As in the case of transition me-
tal ions, decreases in nearest neighbor distances are expected to increase crystal
field strength. A decreased crystal field strength in the presence of reduced bond
lengths implies a decrease in the effective ligand charge or a reduction in co-
ordination number with pressure. Enhanced screening of a ninth coordinating
ligand would consequently contribute to a decrease in crystal field strength. The
ambient pressure crystal field strength data are also consistent with the expla-
nation. As we move across the series LaOBr-GdOBr-YOBr, we observe an in-
crease in the RE-Br (axial) bond length, decreases in the RE-O and other RE-Br
bond lengths, and a decrease in average crystal field strength [191].

Table 9 includes crystal field parameter data for the lanthanide oxysulfides
(RE,0,S; RE=Y,La, Gd). The Eu** site in the lanthanide oxysulfides has C;, sym-
metry with Eu®* coordinated to three sulfur and four oxygen ligands [194]. The
local environment can be viewed as hexagonal prismatic with three sulfur li-
gands located on the upper hexagonal face, three oxygen ligands located on the
lower hexagonal face and staggered relative to the sulfur ligands, and a fourth,
slightly more distant oxygen located below the lower hexagonal face and on the
C; symmetry axis. The lanthanide ion is located below center in the hexagonal
prism with all RE-O bonds being shorter than the RE-S bonds.

Table 9. Effect of pressure on the crystal field parameters By, (cm™) for Eu** in several lantha-
nide oxysulfide systems. S (cm™) is an average crystal field strength parameter (see text).P de-
notes pressure in kbar and P, represents the maximum pressure achieved in each study. The
linear shifts given in the table are good approximations of data given in graphical or tabular
form in the original references

Host By By ;3 Bg, B B S P Ref.

Y,0, 117- 692+ 1107+ 491+  -335- 461+ 461+ 100  [194]
0.74P  0.18P  1.I5P  0.35P  0.14P  0.49P  0.49P
125- 42 [201]
0.86P
18-  798- 1121+ 576+  -276+ 414+ 373+ 130  [196]
0.78P  0.63P  132P 038P  0.9P  1.02P  0.32P

La,0,S 58-  762- 922+ 452+  -182- 369+ 314+ 130  [194]
0.15P  027P 1.51P  0.80P  0.25P  0.48P  0.38P

Gd,0,S 166- 869+ 1048+ 368+  -376+ 448+ 364+ 148  [195]

0.83P 1.08P  0.45P 0.48P 0.10P 1.20P 0.27P
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In trigonal symmetry, B,, and B, reflect the deviation from cubic symmetry.
B,, decreased and B increased with pressure and consequently no clear trend
in the net trigonal field was observed in the oxysulfides. The overall coordina-
tion environment is likely preserved with pressure and the primary influence of
pressure is probably symmetric compression of all seven coordinating ligands.
Unlike the oxyhalides, all seven ligands are in close proximity to Eu®*. As a re-
sult,a change in coordination number is unlikely. The increase in average crystal
field strength with pressure is consistent with this viewpoint.

Crystal field parameter variations with pressure have also been reported for
Na;Eu(MO,), (M =Mo, W) [202], Tb3*":YAG [203], Pr3*:LaCl, [187, 188], PrCl,
[188],Nd**LaCl; [188],NdCl; [188], Pr**:LaOCl; [189],and Sm**: MFCl (M = Ca,
Sr,Ba) [103,204]. The effect of pressure on higher order two-electron correlation
crystal field effects has also been reported for Sm?*: MFCI [205] and Nd**:LaCl,
[206].

Attempts to model quantitatively the variation of crystal field parameters
with pressure have focused on a superposition model [207, 208] description of
the local coordination environment. The objective of the superposition model is
to relate the radial By crystal field parameters to nearest neighbor bond lengths.
In the superposition model, the crystal field experienced by a lanthanide ion is
given by a sum of contributions from ligands in the nearest-neighbor coordina-
tion shell. Each ligand is assumed to perturb the lanthanide f orbital energies in-
dependently of other ligands with the combined effect of all ligands constituting
the overall crystal field. Ligand-ligand interactions are neglected. In the super-
position model, the contributions from individual ligands are further resolved
into distinct physical and geometric factors and these are related to the crystal
field parameters through

By = 2By (Ry) Ky (L) (30)
L

where the sum is over all ligands L, R, is the bond length to ligand L, By (R,) is
the intrinsic crystal field parameter, and K,4(L) is a geometric coordination fac-
tor. The K4(L) factors depend only on the angular positions of the nearest
neighbor ligands and can be determined exactly from crystallographic data. The
intrinsic parameters depend only on the chemical identity of the ligand and R;.
The intrinsic parameters account for electrostatic (point charge, charge pene-
tration) and contact (exchange, ligand overlap, covalency) interactions between
individual ligands and the central lanthanide ion.

In the point charge model, the distance dependence of the intrinsic param-
eters is given by the proportionality

Bi(R) e (31)

Rk+1

In practice, the point charge model is not strictly adhered to and a power law
form

E®=E%w%y (32)
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is adopted where R, is the ambient pressure nearest neighbor bond length and
ty is an adjustable power law exponent.

Application of the superposition model to high pressure crystal field data is
best suited to stoichiometric lanthanide systems or systems in which the ionic
radius of the lanthanide dopant closely matches that of the lattice cation it re-
places. Such systems simplify the determination of the pressure dependence of
R and permit us to use host lattice bond lengths as a function of pressure. Tr6-
ster et al. [188] measured the crystal structure and crystal field energies of PrCl,
as a function of pressure and analyzed the results using the superposition mo-
del. They obtained B4(R) = 282 cm™" and t¢= 5. Concentration quenching lim-
ited the number of observable crystal field transitions and precluded unambi-
guous experimental determination of the B, parameters. Troster et al. [188] also
considered NdCl;, a system isostructural to PrCl; in which a large number of
crystal field levels is observable. By assuming that the pressure dependence of
the crystal structure of NdCl, scaled with that of PrCls, they obtained B,(R)
=242 cm™, B4(R) =288 cm™!, t,=6, and t;= 5. The results for both systems indi-
cate deviations from the point charge model.

Shen and Holzapfel [103] applied the superposition model to Sm**:SrFCl.
Since the ionic radii of Sm?* (1.32 A) and Sr?* (1.31 A) are nearly identical
[209], Sm?* is expected to enter the lattice with no local structural perturba-
tion. Shen and Holzapfel assumed that the pressure dependence of the struc-
ture of SrFCl scaled directly from the measured dependence of isostructural
BaFCl and used the experimental °D; and “F; crystal field energies of Sm**:
SrFCl to obtain B4(R) and B¢ (R) for both the Cl~ and F~ ligands as a function
of nearest neighbor distance by systematically increasing pressure. The re-
sults are shown as open symbols in Figs. 8 and 9. A numerical fit using the
power law form in Eq. (32) (not shown) [103] revealed a stronger distance
dependence for the Cl- ligand (t,=14, t;=10) than for the F- ligand (t,=5.8,
t,=4.6).

Figures 8 and 9 also show an attempt to model the distance dependence of the
intrinsic crystal field parameters B,and Bg using an ab initio approach. The ap-
proach is based on relating the intrinsic parameters to the one-electron 4f orbi-
tal energies through [207]

— 2k+1 ! 1 1k
N CL a0 N S 5 (33)
I 1 1\|[m=21 -mmO0
2l1+1)
000

where =3 and m=-3,-2,... 2, 3 are the 4f orbital angular momentum quan-
tum numbers and £, are the one-electron 4f energies upon combination of the
free ion 4f wavefunctions with ligand s and p orbital wavefunctions to form
molecular orbitals. The energies £, include electrostatic (point-charge, charge
penetration) and contact (exchange, ligand overlap, and covalency) contribu-
tions. The details of the calculation are discussed by Shen and Bray [210]. We see
that the ab initio model underestimates the data for the chloride ligand and
overestimates the data for the fluoride ligand. Shen and Bray [210] have pro-
posed that interactions between chloride and fluoride ligands, an effect not in-
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Fig. 8. Experimental (open symbols) and calculated (closed symbols) values of the intrinsic
crystal field parameters B, and B, of the Sm?*-Cl- pair in Sm?*:SrFCl as a function of Sm?*-
Cl- bond length. The experimental bond length was varied with pressure and determined
from high pressure X-ray diffraction data. The calculated curve was obtained from an ab ini-
tio calculation based on Eq. (33) [210]

cluded in the superposition model, are responsible for the difference between
the calculation and experimental data.

Application of the superposition model to high pressure crystal field effects
in arbitrary lanthanide doped systems is complicated by the local structural dis-
tortions that arise from the size mismatch between lanthanide dopants and lat-
tice cations. When a lanthanide dopant differs in size from the lattice cation for
which it substitutes, the lattice responds locally through distortions of nearest
neighbor bond angles and bond lengths. These distortions are difficult to detect
and quantify using experimental structural probes, but are readily apparent in
optical spectra because of the accompanying reduction in symmetry. The inabil-
ity to know precisely the extent of local distortions, however, makes it difficult to
predict the values of crystal field parameters at ambient and high pressure using
geometric models.
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Fig. 9. Experimental (open symbols) and calculated (closed symbols) values of the intrinsic
crystal field parameters B, and B of the Sm**-Cl- pair in Sm?*:SrFCl as a function of Sm?*-
Cl bond length. The experimental bond length was varied with pressure and determined
from high pressure X-ray diffraction data. The calculated curve was obtained from an ab ini-
tio calculation based on Eq. (33) [210]

Gregorian et al. [187] have reported the only model to date that attempts to
account for the effect of local distortions on the high pressure behavior of lan-
thanide crystal field parameters. Their model was developed in a study of Pr**
emission in RECl; (RE=La%", Pr’**, Nd**, Gd**) lattices. The RE** bonding en-
vironment in these systems is a nine coordinate tricapped trigonal prism with
six equivalent axial and three equivalent equatorial nearest neighbor ligands.
The Pr** emission spectrum was measured in each system at ambient pressure.
In addition, high pressure emission spectra and X-ray diffraction measurements
of Pr**:LaCl; were reported. The X-ray measurements provided axial and equa-
torial La-Cl bond length variations as a function of pressure.

The premise of the distortion model of Gregorian et al. [187] is that there is a
one-to-one relation between the PrCl, coordination polyhedron and the 4f elec-
tronic barycenter energies of Pr**. As a result, equivalence of barycenter energies
of Pr** in various isostructural host lattices at different pressures indicates equi-
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valence of coordination environment. By using PrCl; as an undistorted reference
system for Pr’*:LaCl,, Gregorian et al. found that the multiplet barycenter ener-
gies of Pr¥*:LaCl; at 10 kbar were very similar to those of PrCl; at ambient pres-
sure and concluded that the coordination environment of Pr’* in LaCl; at
10 kbar was equivalent to that of Pr** in PrCl, at ambient pressure. Since the axial
and equatorial bond lengths of PrCl; at ambient pressure and LaCl; at 10 kbar
were known, Gregorian et al. were able to estimate the local distortion of the Pr**
site relative to the La** site in LaCl; at 10 kbar. They found essentially no distor-
tion in the equatorial ligand distance and a ~ 1.3 % expansion of the axial ligand
distance of the Pr3* site in LaCl; at 10 kbar relative to the Pr** site in PrCl, at am-
bient pressure. They continued by assuming a constant distortion of the Pr** site
with pressure, correcting the experimental axial and equatorial La-Cl bond
lengths for the distortion and computing the intrinsic crystal field parameters
B4(R) and Bg(R). In addition to predicting the pressure dependence of the
crystal field parameters, the model of Gregorian et al. [187], in conjunction with
high pressure luminescence data, more generally provides a method for estimat-
ing local distortions associated with lanthanide dopants in host lattices. Since its
introduction, the model has subsequently been used to analyze the distance de-
pendence of the crystal field parameters of Nd**:LaCl; [188], Sm?*: CaFCl [204],
and Sm?*:BaFCl [103] as a function of pressure.

3.2.3
d — f Luminescence Transitions

d — f emission (formally 4f2-15d — 4f™ emission) occurs in many Ce** (4f!)
systems because of the absence of high energy 4f states and in divalent lantha-
nide systems (Sm?*, Eu?*) when the 4f"-15d excited configuration is comparable
in energy to the first excited state of the 4f" ground configuration. d — f transi-
tions are parity allowed and produce intense, broad luminescence bands at
energies ranging from the UV to the IR, depending on the system. The difference
in spatial extent of the 5d and 4f orbitals is responsible for the broad lumines-
cence bands and further suggests that large pressure effects should be observed
for d — f transitions. Specifically, the energy of the emitting 5d state is expected
to be highly sensitive to pressure while the energy of the terminal 4f state is ex-
pected to be only weakly dependent on pressure.

The emitting 5d state is the lowest energy state of the crystal field split 5d ma-
nifold. Its shift direction and magnitude with pressure will depend on the varia-
tion of both the crystal field strength and the 5d barycenter energy. As in the 3d
systems described previously (see Sect. 3.2.1.2), an increase in crystal field
strength can be expected with pressure. As a result, the total splitting of the 5d
manifold is expected to increase with pressure. The 5d barycenter energy is con-
trolled by covalency through the nephelauxetic effect, an effect that is enhanced
by the bond compression associated with pressure. The higher covalency pro-
duced by pressure is expected to lead to a reduction in the 5d barycenter energy.
We therefore find that both the increase in crystal field strength and enhance-
ment of covalency with pressure contribute to a red shift for the emitting 5d state
in a 5d — 4f transition.
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Only a few high pressure studies of d — f emission in divalent lanthanide sys-
tems have been reported. The early study by Tyner and Drickamer [211] remains
one of the most comprehensive. They considered the 4f5d — 4f7 emission of
Eu?* in CaAl,0,, SrAl,O,, CaBPOs, SrBPO;, Ca,P,0,,and Ba,Si0, at pressures up
to ~100 kbar and observed red shifts ranging from ~7 cm-!/kbar to ~37 cm™/
kbar for the peak of the d — f emission band. They also considered the effect of
pressure on thermal quenching and emission lineshape. Yoo et al. [212] stabiliz-
ed d — f emission above 45 kbar at 30 K (see Sect. 3.4.2 for a discussion of
4fn-15d-4f" electronic crossovers) in Sm**: SrF, and reported a red shift rate for
the emission of 14.9 cm~!/kbar. Similarly, we recently stabilized d — f emission
in Sm?*:SrFCl above ~ 160 kbar at room temperature and observed a red shift of
~10 cm~!/kbar.

Chen et al. [213] have reported a blue shift for the 4f°5d state of Sm?* in Cs-
Sml;. The system is known to exhibit 4f°5d — 4f® emission at ambient pressure.
At 164 kbar, they observed new emission features at 14,583 cm™ and 13,795 cm™!
and assigned them to °Dy, — ’F; and °D, — ’F, emission. They argued that the
appearance of the new features was a consequence of a blue shift of the 4f°5d
state and stabilization of the *D,(4f°) state as the first excited state in an electro-
nic crossover process.

In our opinion, several aspects of the report by Chen et al. need to be con-
sidered before accepting their conclusion that the 4f>5d state shifts blue with
pressure. First, the new features reported by Chen et al. are strongly overlapped
by intense fluorescence from the ruby calibrant in their experiment and cor-
respond closely to previously reported satellite peaks of ruby. Second, the new
features are considerably broader than typical 4f — 4f transitions of lanthanides.
Third, Chen et al. did not systematically measure the pressure shift of the 4f°5d
state, but rather measured spectra at ambient pressure (probably in the absence
of ruby) and 164 kbar and based their conclusion on only two spectra. Fourth, the
authors observed hysteresis in the emission band upon release of pressure and
suggested that a phase change may have occurred in the sample. Finally, Chen et
al. used a constant excitation wavelength (488 nm) in their experiments. The large
shift rate observed for 4f°5d emission in other systems suggests that a consider-
able shift in the absorption band used to excite the emission will occur between
ambient pressure and 164 kbar. Consequently, it is conceivable that the absorp-
tion band can no longer be excited by 488 nm light at 164 kbar.

We are not aware of any published high pressure studies of the 5d — 4f lumi-
nescence of Ce**. Our group, however, has recently begun to undertake such stu-
dies. We are interested in the general problem of luminescence quenching of
Ce** phosphors and its relationship to the energy of the 5d emitting state of Ce>*
relative to the conduction bandedge of the host lattice [214]. We are currently
considering Ce*" in Lu,S; and Y;Al;0,,. Lu,S; is representative of covalent host
lattices. The energy of the emitting 5d state of Ce** in sulfides is determined pri-
marily through the influence of the nephelauxetic effect on the 5d barycenter
energy. Y;Al;0,,, in contrast, is representative of ionic host lattices and controls
the energy of the emitting 5d state of Ce®* through crystal field effects.

Initial results of a room temperature study of Ce**:Lu,S; are shown in Fig. 10.
The two emission features are due to transitions from the lowest energy 5d! ex-
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Fig. 10. Luminescence spectrum of Ce**:Lu,S; as a function of pressure at room temperature.
Excitation wavelength: 466 nm

cited state to the two crystal field components (°Fs;, and *F,,) of the 4f! ground
state of Ce*. Shift rates of ~30 cm~!/kbar were observed for the two components
with pressure up to ~90 kbar. Above ~90 kbar, pronounced quenching of the
Ce’* emission was observed at room temperature. Future work will consider the
origin of the emission quenching, its temperature dependence, and its rela-
tionship to the band structure of Lu,S;. We have also initiated a study of Ce**:
Y;AlL;0,, and have observed much smaller red shifts (~ 10 cm~!/kbar) for the two
5d — 4f luminescence components up to ~200 kbar with no quenching at room
temperature.

3.24
Charge Transfer Emission in Transition Metal Complexes, Chains, and Layers

In addition to intracenter d — d emission, transition metal systems frequently
exhibit charge transfer emission between metal centered and ligand centered or-
bitals. The molecular nature of isolated complexes leads to high compressibility
and large pressure-induced changes in interatomic separations both within a
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complex and between complexes. Distances between chains and layers are also
expected to be highly compressible in extended transition metal systems. As a
result, large shifts in emission energy with pressure are expected for transition
metal complexes, chains, and layers. In this section, we discuss representative
studies of the effect of pressure on the energy of charge transfer emission bands.
Since many of the basic ideas have been reported in the context of studies of a
series of related systems, we organize this section accordingly.

3.2.4.1
Tetracyanoplatinate Chain Complexes — Pt(CN)2Z-

The tetracyanoplatinates are well known columnar systems with interesting
emission properties [215,216]. The Pt(CN)3™ unit is square planar (D4, symme-
try) and forms quasi one-dimensional chain-like structures in the solid state
[217, 218]. The chains consist of stacked planar Pt(CN)?- units with short in-
trachain Pt-Pt bonds and long interchain Pt-Pt distances. Charge balancing
mono-, di-, or trivalent cations and waters of hydration reside between chains.
The interchain species control the intrachain Pt-Pt bond length and determine
whether the Pt chain backbone is linear, zigzag, or helical [216, 218]. Neigh-
boring Pt(CN)3~ planar units within a chain are nearly parallel and oriented
relative to each other with a torsion angle that varies with the cation. Torsion
angles ranging from 0° (aligned) to 45° (staggered) have been reported. Depend-
ing on the cation, the molecular planes of the Pt(CN)3~ units may also be tilted
relative to the chain axis.

Pt(CN)? chains exhibit intense, broad emission bands at ambient pressure.
The emission has been attributed to a LUMO-HOMO charge transfer transition.
The LUMO is comprised primarily of 6p (Pt) and m* (CN) orbitals and the
HOMO consists primarily of 5d (Pt) and 6s (Pt) orbitals. The intrachain Pt-Pt
bond distances are sufficiently short to permit overlap of Pt orbitals. As a result,
the LUMO orbitals combine to form a conduction band, the HOMO orbitals
combine to form a valence band, and the emission can be viewed as an excitonic
recombination. Distinct emission bands have been reported for delocalized
(free) and localized (self-trapped) excitons [215, 216, 219] The free exciton
emission is polarlzed parallel to the Pt(CN)2- chains (E||¢) ).and the self-trapped
exciton emission is polarized perpendicular to the chains (EL 7). Ambient pres-
sure emission studies have shown that the energy of emission decreases with
decreasing intrachain Pt-Pt distance [215, 216, 220].

Yersin and colleagues have investigated the effect of pressure on the polarized
emission properties of a number of Pt(CN)j™ chain systems over the past several
years [215,216,219-223]. The objective of their studies is to use pressure to ex-
amine the effect of intrachain Pt-Pt distance on the energy and intensity of ex-
citon emission. In contrast to the effect of variations in the chemical identity of
charge balancing cations, high pressure provides a method to continuously de-
crease the intrachain Pt-Pt distance.

Stock and Yersin [221] reported polarized emission spectra up to 23 kbar for
single crystals of Ba[Pt(CN)4] 4H,0. At ambient pressure, the intrachain Pt-Pt
separation is 3.32 A and the peaks of the free exciton and self-trapped emission
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bands occur at ~21,000 cm™ and ~19,500 cm™!, respectively. Both emission
bands showed large red shifts with pressure up to 6 kbar and above 12.7 kbar, but
no shift between 6 kbar and 12.7 kbar. Stock and Yersin argued that a change in
crystal structure occurred between 6 kbar and 12.7 kbar and proposed that pres-
sure induced a decrease in the tilt angle of the molecular Pt(CN)3- planes with
the chain axis. A change in tilt angle would not influence the intrachain Pt-Pt se-
paration and would be consistent with the lack of shift. Stock and Yersin attri-
buted the large red shifts to increased splittings of the valence (HOMO) and con-
duction (LUMO) bands with decreasing Pt-Pt separation at high pressure. Since
the free exciton emission exhibited a larger red shift than the self-trapped emis-
sion (-280 cm~Y/kbar vs 195 cm~!/kbar), the two emission peaks approached
each other at high pressure. Extrapolation of the emission peak data indicates
degeneracy of the two emission peaks at ~27.5 kbar.

Stock and Yersin also considered Mg[Pt(CN),] - 7H,0, a system with a much
shorter Pt-Pt separation (3.15 A) and much lower free exciton (~17,500 cm™)
and self-trapped exciton (~ 16,800 cm™) emission energies at ambient pressure.
Upon increasing pressure, the free exciton and self-trapped exciton emission
bands shifted red at rates of -330 cm~'/kbar and -260 cm~'/kbar, respectively.
No evidence of a structural phase change was observed. Using the ambient pres-
sure bulk compressibility value reported by Hara et al. (0.0043 kbar™!) [224],
Stock and Yersin showed that the experimental pressure shifts could be expres-
sed as linear functions of volume. A similar volume dependence has been re-
ported at ambient pressure for systems with different cations [215, 216,220, 222]
and is consistent with an excitonic emission process [225]. As the two emission
bands approached each other in energy at high pressure, the intensity of the self-
trapped exciton band decreased. The intensity became essentially zero at the
point of degeneracy (~ 14 kbar). In a follow-up paper, Rossler and Yersin [223]
showed that the intensity decrease was due to a destabilization of the self-trap-
ped exciton state relative to the free exciton state resulting from changes in ex-
citon mass, deformation potential, and elastic constants at high pressure. Yersin
et al. have also considered the effect of pressure on exciton emission in
Na,[Pt(CN),] - 3H,0 [222], Ca[Pt(CN),] - 5H,0 [222], Y,[Pt(CN),];- 21H,0
[226], Eu, [Pt(CN),], - 18H,0 [227, 228], Tb,[Pt(CN),]; - 21H,0 [228], and Sm,
[Pt(CN),], - 18H,0 [228].

3.2.4.2
Dicyanoaurate(I) Layers — Au(CN);

The dicyanoaurates are sheet-like compounds comprised of two-dimensional
layers of linear Au(CN); ions alternating with layers of charge balancing cations
[229,230]. The intralayer Au-Au distances are short (~3.1-3.7 A) and vary with
the charge balancing cation. For a given cation, one often observes two or more
crystallographically distinct Au(CN); ions and multiple Au-Au distances within
a layer. The distance between Au(CN); layers is large (~8 A). Au(CN); ions have
LUMO states comprised of 6p(Aut) and m* (CN-) orbitals and HOMO states
comprised of 5d,:(Au*) and 6s(Au*) orbitals [231-234]. In solution, the
Au(CN)j; ions are isolated and the HOMO-LUMO gap is ~40,000 cm™". In solids,
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orbital overlap between neighboring Au* ions occurs and bands form from the
HOMO and LUMO orbitals. Splittings within the bands lead to a reduction in the
bandgap and a red shift of the HOMO — LUMO absorption relative to the solu-
tion phase [232, 235]. The extent of orbital overlap depends on the intralayer
Au*-Au* separation and varies with the cations in the lattice.

At ambient pressure and room temperature, the dicyanoaurates exhibit broad
emission bands in the UV-visible region of the spectrum. At low temperature,
the emission bands possess shoulders and it has been proposed that each
distinct emission band is due to a different Au* structural environment [230,
235]. Yersin and Riedl [219] have proposed that localized, spatially isolated
[Au(CN),]2 clusters are present in the Au(CN); layers. They argued that Au*-
Au™ distances in the clusters would differ from the distances observed in the
homogeneous, unclustered portions of the layer. As a result, multiple emission
bands are expected. According to the model of Yersin and Riedl, emission bands
from the clusters correspond to excited states that are delocalized over the re-
gion of the cluster and to self-trapped states of these clusters. These self-trapped
excitons are similar to those that are observed in [Pt(CN),]?" chains.

Yersin and Riedl [219] also considered the effect of pressure on the room
temperature emission properties of K[Au(CN),], Cs[Au(CN),], and Cs,Na
[Au(CN),];. Representative results are included in Fig. 11. The wide variation
in emission energy at ambient pressure for the three compounds and the
large pressure shifts indicate the strong sensitivity of the emission energy to
the intralayer Au*-Au* separation. The observed red shifts with pressure
are —120 cm~'/kbar (Cs,Na[Au(CN),];), —150 cm~/kbar (Cs[Au(CN),]), and
-200 cm!/kbar (K[Au(CN),]). These large shifts reflect the compressible nature
of the Au(CN),™ layers and the high sensitivity of the HOMO and LUMO gap to
changes in Au*-Au* separation.

Strasser et al. [236] reported a similar red shift (~-160 cm'/kbar) for
T1[Au(CN),] up to 20 kbar. This system differs from those studied by Yersin and
Riedl [219] because T1* has 6p orbitals available that are capable of covalently in-
teracting with the 5d orbitals of Au* [232, 237]. The similar pressure shifts re-
ported for Au(CN); emission in compounds with TI*, Cs*,K*,and Na* indicates
that the effect of pressure is limited primarily to compression within the
Au(CN); layers and that interlayer compression effects are negligible up to
20 kbar.

3.24.3
Molecular Monomeric and Dimeric Complexes

Transition metal ions form monometallic and bimetallic complexes with a
variety of organic ligands and frequently exhibit intense charge transfer emis-
sion. The emission properties are useful indicators of the extent of ligand-metal
interactions in the complexes. High pressure studies provide an opportunity to
systematically vary ligand-metal interactions and lead to a new understand-
ing of the properties of metal complexes. The compressible nature of metal
complexes lead to significant variations in structure and bonding with pres-
sure.
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Fig. 11. Emission spectra of three [Au(CN),] systems as a function of pressure at room tem-
perature. Excitation wavelength: 325 nm

Yersin and Gallhuber [238] reported one of the first high pressure studies of
charge transfer emission from a crystalline molecular organometallic complex.
They reported the effect of pressure on the energy, linewidth, and intensity of
charge transfer emission in [Ru(bpy);](PFs), (bpy =2,2’-bipyridine). The emis-
sion occurs from 7* orbitals of bpy to 4d orbitals of Ru?*. Yersin and Gallhuber
observed a small red shift (~2-6 cm™!/kbar), a decrease in linewidth and a
decrease in emission intensity with pressure. The observed red shift was consid-
erably smaller than that typically observed for intraligand m — n* transitions
(~20 cm™!/kbar) and was attributed to enhanced 4d-* backbonding with pres-
sure.

Lang et al. [239] considered the effect of pressure on the charge transfer emis-
sion of two Ru?* complexes: Ru(bpy)3+ and Ru(bpy),(py)* (py =pyridine). In
both complexes, the charge transfer emission is due to a transition from 7* or-
bitals of bpy to 4d orbitals of Ru?*. In contrast to Yersin and Gallhuber, Lang et
al. reported emission red shifts of ~20 cm~!/kbar for both complexes as crystal-
line solids. The emission intensity of Ru(bpy)3* decreased continuously with
pressure while the emission intensity of Ru (bpy),(py)* increased up to ~20 kbar
and then decreased with pressure. By dissolving the complexes in various solid
state media and examining the effect of chemical environment on emission pro-
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perties, Lang et al. were able to show that intermolecular interactions determi-
ned the luminescence efficiency of Ru(bpy)%+ while intramolecular interactions
were more important in Ru(bpy),(py)*. Based on this finding, Lang et al. devel-
oped a structural model to explain the effect of pressure on emission intensity
in Ru(bpy),(py)*. According to the model, the increase in intensity observed at
low pressure was proposed to be due to inhibition of the motion of the py ligand
upon compression. At ~20 kbar, the inhibition was saturated and the ensuing in-
tensity decrease was proposed to result from enhancement of non-radiative de-
cay through the exponential energy gap law as the charge transfer emission
shifted red. Similar arguments were used to explain the intensity decreases ob-
served in Ru(bpy)?* and [LRe(CO);(phen)]* (L =2,2"-phenanthroline) [240]
with pressure.

Hiraga et al. [241] considered the effect of pressure on the fluorescence and
phosphorescence transitions of dimeric K,[Pt,(H,P,05),] - 2H,0. At ambient
pressure, the fluorescence transition peaks at 23,600 cm™! and the phosphores-
cence transition peaks at 19,400 cm™'. The two transitions exhibit red shifts of
-17 cmY/kbar and -19 cm~Y/kbar, respectively, with pressure up to ~25 kbar.
The shifts were attributed to a closure of the HOMO-LUMO gap of the complex
with pressure due to a decreased intramolecular Pt-Pt distance. Above ~ 10 kbar,
anew emission peak appeared as a low energy shoulder of the fluorescence tran-
sition. The new feature exhibited a large red shift (~-100 cm~!/kbar) upon con-
tinued compression. Since the shift rate of the new feature is similar to that ob-
served for excitonic transitions in extended linear and planar arrangements of
metal complexes (see Sects. 3.2.4.1 and 3.2.4.2), Hiraga et al. proposed that the
feature was excitonic in nature and resulted from a significant enhancement of
interactions between neighboring dimeric complexes. According to their model,
the intermolecular separation between complexes was reduced sufficiently to
permit Pt-Pt interactions between complexes. As a result, a transition from the
original dimeric molecular orbital structure to an extended band structure
occurred and was accompanied by new excitonic emission.

3.3
Lifetimes of Excited Electronic States

In addition to altering the energies of electronic states, pressure also influences
the lifetimes of excited states. Decay processes are affected when the coordi-
nation environment, energy level structure, or vibrational coupling of a lumi-
nescent center is altered by pressure. Changes in coordination symmetry can
influence radiative decay rates by altering compliance with selection rules.
Changes in energy level structure influence radiative decay rates by chang-
ing the activation barrier and Boltzmann population of thermally accessible
competing emitting states. Changes in vibrational coupling influence radiative
processes activated by vibronic intensity mechanisms.

Radiative decay rates are also affected when an emitting state is comprised of
a quantum mechanical mixture of two or more pure electronic states that have
different radiative decay rates and different shift behavior with pressure. Many
emitting states, for example, consist of two or more electronic states coupled
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through spin-orbit or crystal field interactions. Since pressure typically alters
the energy of each state contributing to a coupled excited state differently, the
energy difference between the contributing states and therefore the strength of
coupling will change with pressure. This effect alters radiative decay rates by
changing the composition of the wavefunction of the emitting state and in-
fluencing the spin or orbital character of the resulting luminescence transition.
This effect does not require the presence of a thermal Boltzmann population of
the higher energy contributing electronic state(s).

Pressure influences non-radiative decay rates by altering activation barriers
associated with thermally activated quenching processes. Pressure also in-
fluences vibrational energies and affects multiphonon non-radiative decay pro-
cesses. This effect has not been studied in detail, but is generally viewed as
negligible since the variation of phonon energies with pressure is not suffi-
ciently large to have an important effect on multiphonon quenching.

In this section we review recent high pressure studies of luminescence life-
times in transition metal and lanthanide systems. We focus on individual elec-
tronic transitions from isolated luminescent centers. Other phenomena, such as
changes in energy transfer processes or electronic crossovers induced by pres-
sure, can also influence emission lifetimes and will be discussed in later sections.

3.3.1
Transition Metal Systems

Relatively few studies of the effect of pressure on luminescence lifetimes have
been reported. Most studies have considered the lifetime of the R-lines (’E —
4A,) of ruby as a function of pressure with the objective of extending its utility
as a pressure calibrant [111,242-247]. Since concentration quenching occurs in
ruby, the ambient and high pressure R-line lifetimes depend on the Cr** con-
centration. Dilute ruby (< ~0.4 wt% Cr** [248]) has a reported R-line lifetime of
3.0-3.1 ms at ambient conditions [243,246 -248]. UroSevic et al. [246] measured
the effect of pressure on the R-line lifetime of ruby at room temperature and re-
ported alinear dependence, 7(ms) =3.04 + 0.0312 P (kbar), up to 118 kbar. Based
on the large increase in lifetime with pressure, Uro$evic et al. proposed that the
ruby lifetime would be a more sensitive method than wavelength shift for cali-
brating pressure.

Urosevic et al. [246] also observed that the increase in ruby lifetime correlat-
ed with the increasing crystal field strength induced by pressure and noticed
that a similar trend in Cr** R-line lifetime occurred at ambient pressure as the
crystal field strength of the host lattice was increased. These observations
prompted follow-up papers by Jovanic et al. [244, 245] that considered the theo-
retical dependence of the lifetime increase with pressure. Jovanic et al. incorpo-
rated predictions of the variation of the oscillator strength and lifetime of the
ruby R-lines with pressure into the radial expansion model originally used by
Ma et al. [147, 162, 163] to predict the variations of B, Dq, and electronic ener-
gies of ruby with pressure (see Sects. 3.2.1.1 and 3.2.1.2). They found excellent
agreement with the experimental data of Uro$evic et al. [246] up to 120 kbar
as well as with the data of Eggert et al. [111] up to 1200 kbar.
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Sato-Sorensen [242, 243] considered the effect of pressure on the lifetime of
ruby with a high Cr** concentration (~1 wt%) and also observed a linear varia-
tion with pressure, 7 (ms) =2.6+0.022P (kbar), up to 427 kbar. The low ambient
pressure lifetime was attributed to concentration quenching in the sample. Al-
though not directly discussed by Sato-Sorensen, the smaller increase in lifetime
with pressure relative to that reported by UroSevic et al. [246] is also presumably
due to concentration quenching effects. A reduction of the Cr** interionic sepa-
ration in concentrated ruby would increase the rate of energy transfer between
Cr’* ions and enhance concentration quenching.

Eggert et al. [111] have presented ruby lifetime results over the widest report-
ed range of pressure, 0—1300 kbar. Their data indicate a linear increase of
~0.023 ms/kbar in room temperature lifetime up to ~700 kbar, followed by a le-
veling off at ~20 ms at higher pressure. The scatter in the lifetime data increases
with increasing pressure and was attributed to local trigonal field distortions re-
sulting from non-hydrostatic conditions. Eggert et al. also considered a pertur-
bation model for describing the lifetime variation with pressure. Strictly speak-
ing, the R-line transition of Cr®* is both spin and parity forbidden. In the model
of Eggert et al., the spin selection rule was relaxed through spin-orbit coupling
between the 2E and T, excited states and the parity selection rule was relaxed by
the local trigonal distortion which acts to mix an unspecified, high lying odd
parity state into the even parity *T, state. Their resulting perturbation expres-
sion for the transition matrix element governing R-line emission is

_ <2E|Hso|4T2> <2E|Vtr|Y—>
VEIDIt4s)= [AE(‘*TZ -2E)| | AE(y.- 'Ty)

] (yID|*4,) (34)

where D is the electric dipole operator, H, is the spin-orbit Hamiltonian, V, is
the trigonal crystal field Hamiltonian, y_ denotes the unspecified, high lying odd
parity state, AE (“T,-2E) is the zero phonon energy difference between the *T,
and 2E states, and AE (y_-*T,) is the zero phonon energy difference between the
_ and *T), states. Eggert et al. simplified the above expression by assuming that
2E|H,,|*T,) and AE(y_-*T,) were both proportional to Dq and that (y_|D|44,) is
independent of pressure. With these assumptions, the predicted R-line lifetime

of ruby becomes

4 2 2
I=A M (35)
<4T| Vtrl Y—>2

where A is a constant. Eggert et al. argued that the value of (T| V,,| y.) was pro-
portional to their measured trigonal field splitting of the °T| state as a function
of pressure and obtained AE (*T,-2E) from their measured R-line shifts and a *T,
lineshape fitted from three point luminescence excitation spectra obtained as a
function of pressure. The value of A was adjusted to match the measured am-
bient pressure lifetime and Eq. (35) was used to calculate the variation of the
R-line lifetime with pressure. Eggert et al. obtained good agreement between
their calculated and measured lifetimes. They also considered the effect of non-
hydrostatic stresses on the trigonal field splitting and demonstrated the in-
fluence of these stresses on the measured lifetime. The work of Eggert et al.
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clearly illustrates the necessity of understanding the stress conditions of a high
pressure experiment when interpreting the results.

The lifetime variation of Cr** with pressure has also been considered in alex-
andrite (BeAl,O4) [114, 249] and several garnets [113, 139-141]. Jia et al. [114]
observed a non-linear increase in the R-line lifetime of Cr3* in the mirror sites
of alexandrite from 0.5 ms (R, R,) at ambient pressure to 3.5 ms (R,) and 3.0 ms
(R,) at 68 kbar. They attributed the lifetime increase to a decreasing thermal po-
pulation of the *T, state resulting from an increase in the energy of the *T, state
with pressure. Jovanic [249] reported a similar increase in the R-line lifetime in
alexandrite and interpreted the increase in the context of the radial expansion
model described in their analysis of ruby [244, 245].

Our group has recently completed studies of the pressure dependence of the
lifetime of the R-lines of Cr** in the garnets YAG (Y;Al;0,,), GGG (Gd;Ga;0,,),
and GSGG (Gd,Sc,Ga;0,,), and has considered the influence of the *T, state on
emission from the 2E state in more detail [113, 140, 141, 250]. The three garnets
are isostructural and differ in crystal field strength at ambient pressure.

RT
110 kbar

RT

Wavelength (nm)

Fig. 12. Luminescence spectrum of Cr’*:Y;Al;0,, at selected temperatures and pressures.
RT = Room Temperature. Excitation wavelength: 560 nm
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Fig. 13. Schematic illustration of the effect of pressure on the energy difference A between the
T, and 2E states of Cr3*:Y;A1;0,,. Ay ~ 800 cm™! denotes the ambient pressure value and A(P)
(cm™) ~ Ay (cm™) + 9.8 (cm~!/kbar)P represents the increase in A with pressure

Cr’*:YAG has the highest crystal field strength and the highest energy difference
between the “T, and 2E excited states. At ambient conditions, the T, state of
Cr**:YAG is ~ 800 cm™! higher in energy than the 2E state and the luminescence
spectrum (Fig. 12) consists of sharp, structured 2E — *A, emission superim-
posed on a broad, underlying spectrum (dotted curve) originating from the
thermally populated T, state. The 2E — *A, emission consists of R, and R, zero
phonon lines and accompanying Stokes and anti-Stokes vibrational sidebands.
A decrease in temperature or an increase in pressure leads to the elimination of
the underlying *T, — *A, emission (Fig. 12). The intensity loss is a consequence
of a depopulation of the T, state with decreasing temperature or increasing
pressure. In the case of temperature, the effect is due to a simple Boltzmann de-
population upon cooling. An increase in pressure leads to an increase in the
energy of the *T, state relative to the %E state and to depopulation of the *T, state
by increasing the Boltzmann activation barrier A=E(*T,)-E (*E) between the
two states (Fig. 13).

Depopulation of the *T, state leads to a significant increase in R-line lifetime
with increasing pressure. At room temperature, the lifetime increases from
1.8 ms at ambient pressure to ~40 ms at 200 kbar (Fig. 14). Our initial attempt to
model the lifetime variation with pressure was based on a pure electronic model
in which vibrational states, vibronic coupling, and spin-orbit coupling effects
were neglected. The pure electronic model is analogous to the approach used in
deriving Tanabe-Sugano diagrams [134, 179, 251] and requires that we consider
only the zero phonon %E and *T, states when predicting the ?E lifetime. The *T,
state is permitted to interact with the 2E state only through thermal population
effects. According to the model, the 2E lifetime is given by [252]
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Fig. 14. Variation of the lifetime of the 2E — *A, transition of Cr**:Y;Al;0,, with pressure at
room temperature. Excitation wavelength: 580-600 nm. The dotted curve shows a prediction
based on the pure electronic model (Egs. 43 and 36) using A(P) (cm™) = 828 cm’!
+ 9.8 (cm™!/kbar) P, f; = 114 57}, and f; = 6135 s7L. The dot-dash curve shows a prediction based
on a simple spin-orbit coupling model that considers only the zero phonon 2E and *T, states.
The model assumes A (P) (cm™)=828 cm™+9.8(cm!/kbar)P, f;=114 s7}, f;=6135 s7! and
Vs0=202 cm™.. The solid curve is based on a single configuration coordinate model that in-
cludes spin-orbit coupling between vibrational states of the 2E and *T, states (Eq. 50). The pre-
diction of this model is based on an optimization to the data. The optimization assumes the
constant values S = 2.5, =400 cm™!,and V3o =202 cm ™. A (cm™!) = A;+ 9.8 (cm~!/kbar)P was
also used. A;=828 cm™! and ;=163 ps were obtained as best fit values to the lifetime data

8 _ 4
1_fE+ngE exp[ kT}

T (36)

T A

1+ S exp [— —}
£ kT

where f; and f; are the total decay rates and gg=4 and g;=12 are the degenera-
cies of the 2E and *T, states, respectively. Since the *T, — *A, transition is spin al-
lowed and the 2E — *A, transition is spin forbidden, f; > f.

In the pure electronic model, the energy difference A is the only pressure de-
pendent term in Eq. (36). The ambient pressure value A (P =0) is ~828 cm™'. The
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variation in A with pressure can be determined by measuring the pressure shifts
of the *T, — “A, and 2E — A, emission bands. The former shift rate can be de-
termined by deconvoluting the emission spectrum as in Fig. 12 and monitoring
the shift of the broad underlying band and the latter shift rate can be directly
measured. We found shifts of 9 cm~!/kbar and -0.8 cm~'/kbar for the two tran-
sitions, respectively, and determined that A increases at a rate of 9.8 cm~!/kbar
(Fig. 13). Since emission from the *T, state is suppressed at low temperature, the
reciprocal of the limiting low temperature lifetime, 8.8 ms [253], provides an
estimated value of fy=114 s for Cr>*: YAG. There is no way to stabilize emission
from the T, state independent of emission from the 2E state, so direct measure-
ment of f; in Cr**: YAG is not possible. If we treat f; as an adjustable parameter
and attempt to fit the room temperature lifetime data using Eq. (36), we found
that we were unable to reproduce the data acceptably. The dotted curve in Fig. 14
shows a lifetime prediction using Eq. (36) and a representative *T, — ‘A, emis-
sion lifetime of 163 ps (fy=6135 s7!) [139, 251]. We see from the prediction that
consideration of the reduction of the thermal population of the *T, state with
pressure provides a reasonable fit to the lifetime data below ~60 kbar, but that
the agreement becomes progressively worse at higher pressure. The pressure of
~60 kbar corresponds to the pressure above which we no longer observe *T, —
*A, emission intensity. We therefore see that the pure electronic model is unable
to account for changes in lifetime that occur once the *T, thermal population is
essentially zero.

We continued by considering an improved electronic model [251, 252, 254]
that includes spin-orbit coupling of the zero phonon ?E and *T, excited states.
The presence of spin-orbit coupling provides a mechanism for incorporating
spin-allowed character into the 2E — *A, transition and contributes to an in-
crease in f;. The extent of spin-orbit coupling depends on the spin-orbit cou-
pling constant V

Vso = <4T2|H50|2E> (37)

and the energy difference A. The dependence of f; on A can most simply be ob-
tained from a perturbation theory model that considers spin-orbit coupling of
only the zero phonon 2E and *T, states [251]. In such a model, the ?E and *T,
states are mixed by the spin-orbit interactions according to the secular matrix

[E<|2E, 0) Vi ]
VSO E(|4T2’ 0>)
where |2E,0)and |*T,,0) designate the zero vibrational wavefunctions of the pure

(unmixed) 2E and *T, states, respectively. The energies and wavefunctions result-
ing from the spin-orbit perturbation are

(38)

1 \
Bya= |E(B,0) + E('T5,0) £ VA2 + 473, | (39)
and
¥, =c|?E, 0)- d|*T,,0) (40)
¥, = c|%E, 0)+ d|*T,,0)
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where the mixing coefficients c and d are given by

1
Hlim!
c= = |1+ —

2 A?+4V3,

(41)

d= \/i [1 - #P

2 VA2 + 4V,
In the above equations, the subscripts “1” and “2” designate the mixed states
that result from spin-orbit coupling of the pure %E and *T, states.

The value of A controls which of the two states is lower in energy. In high field
systems such as Cr’*:YAG, A is positive and ¥; corresponds to a lower energy
mixed excited state that has predominantly ?E character. In low field systems
such as Cr**:LusLa,Ga;0,,, A is negative and W, corresponds to a lower energy
mixed excited state that has predominantly *T, character. The transition from
low field to high field behavior is illustrated in Fig. 15 which shows the variation
of the squared mixing coefficients c* and d? (Eq. 41) as a function of A [250].
A =0represents the case where the unmixed “E and *T, states are degenerate and
corresponds to maximum spin-orbit coupling (50 % mixing). At large negative
or large positive values of A, the 2E and *T, states are too far apart in energy to
mix appreciably and we approach a pure electronic limit of unmixed states in

1.0
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Mixing coefficients
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Fig. 15. Variation of the squared mixing coefficients c? and d? (Eq. 41) for the emitting state of
Cr** with the energy difference A between the T, and 2E states. The values c?=1 and d®=1
correspond to pure, unmixed ?E and *T, states, respectively. A <0 corresponds to low field be-
havior and A >0 corresponds to high field behavior
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which the squared mixing coefficients tend toward 0 or 1. A values in the vicinity
of zero correspond to appreciable spin-orbit coupling.

The increase in A with pressure leads to a decrease in the contribution of the
*T, state to the wavefunction of the 2E emitting state in high field Cr** systems.
As a result, the extent to which the emission is spin-allowed is reduced. This
effect is independent of any thermal population effects and leads to a decrease
in f; with increasing pressure in high field Cr** systems. Thus both a reduction
in the thermal population of the *T, state and a reduction in *T,-2E spin-orbit
mixing contribute to an increase in lifetime with pressure. The lifetime increase
associated with spin-orbit coupling can be modeled by incorporating a pressure
dependent contribution in f;. f; is proportional to the square of the transition
matrix element associated with the luminescence transition. Using the spin-or-
bit mixed wavefunction ¥; (Eq. 40) gives

fi o< (*A;,0|D| ¥, = [c(*A,, 0| D|?E, 0) - d(*A,, 0| D| *T,, 0)]? (42)
=d* <4A2>0|D|2T2’0>2

where D is the electric dipole operator, the mixing coefficient d is given in
Eq. (41), and the spin selection rule formally requires that the matrix element
(*A,| D|%E) be zero. Since the matrix element (*A,| D|*T,) is independent of the
energy of the *T, state, pressure influences the R-line lifetime through the mix-
ing coefficient d (Eq. 41). The dependence can be most conveniently expressed
by using Eq. (42) in the form

(d(P))?
(d(0))?

Equation (43) can be substituted into Eq. (36) to give a prediction of the pressure
dependence of the lifetime of Cr**:YAG based on a model that considers spin-or-
bit coupling of the zero phonon %E and *T, states. Figure 14 includes a represen-
tative lifetime prediction based on this simple spin-orbit coupling model (dot-
dash line). As in the pure electronic model, the prediction assumes that
fr(P=0)=114 s' and A (cm™!)=828 cm™'+9.8P (kbar). Since f;>f;, we further
assume that pressure induced changes in spin-orbit coupling do not signifi-
cantly affect fr and use f;= 6135 s™1. The final model parameter Vg, was set equal
to a typical ambient pressure value, 202 cm™' [254], and was assumed to be con-
stant with pressure.

The prediction of the zero phonon spin-orbit coupling model clearly im-
proves upon the prediction of the pure electronic model. Both models work well
in the low pressure region (below ~ 60 kbar) where the thermal population of the
4T, state controls the lifetime. At higher pressure, the zero phonon spin-orbit
coupling model qualitatively accounts for the continuing increase in lifetime
and leads to the conclusion that the lifetime increase is due to a decreasing ad-
mixture of *T, character in the emitting state. Quantitatively, however, the model
overestimates the lifetime at high pressure. Refinements in the parameter values
used in the model do not eliminate this deficiency.

Figure 14 also includes a more complete lifetime prediction (solid line) based
on a single configurational coordinate model (Sect. 3.1) [113, 141]. The single

fe(P) = f(P=0) (43)
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configurational coordinate model is a generalization of the zero phonon spin-
orbit coupling model (Eqs. 36 and 43) that incorporates the vibrational levels of
the 2E, *T,, and *A, electronic states. The main elements of the model are depic-
ted in Fig. 16 where a, 3, and y denote the vibrational quantum numbers of the
2E,*T,,and *A, states, respectively,and S is the Huang-Rhys factor of the *T, state.
The model assumes a single coupling phonon energy % for all electronic states.

In the absence of spin-orbit coupling, the excited state energies and wave-
functions are given by

E,=E,+ hw (44)
Ty =T, + phicw = E; + A + pheo
PE o) = PE) |a) (45)

|2T2: ﬁ> = |2T2> |ﬁ>

where E, and Tj refer to the energies of vibrational states & and 3 of the °E and
*T, electronic states, respectively; the wavefunctions are conventional Born-Op-

I*T,.B)
’E, o)
A+ (S-0.5)ho
AL y)
- Q

Qo
Fig. 16. Energy levels of Cr** in the context of the single configuration coordinate model. a, f3,

and y label the vibrational levels of the 2E, “T,, and A, states, respectively. A is the zero pho-
non energy difference between the *T, and 2E states and S is the Huang-Rhys factor
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penheimer products of electronic and vibrational wavefunctions, and the vibra-
tional wavefunctions correspond to harmonic oscillator wavefunctions.

In the presence of spin-orbit coupling, each vibrational state of the 2E state
can potentially mix with each vibrational state of the *T, state. The resulting en-
ergies and wavefunctions of the mixed states can be obtained by finding the
eigenvalues and eigenvectors of a secular matrix with elements given by

(’E, a|H|’E, ') = (E, + ai@) 6, o
(4T, BIH|T,, B') = (Eo + A + Pheo) 8 (46)
CE a|H|'Ty, B)= Vola| B = Vo p

where H = Hy+ Hgo, H, represents the system in the absence of spin-orbit coup-
ling, and the vibrational overlap factors (a|B) can be computed from the
Manneback recursion relations [135]. The effect of spin-orbit coupling is to
modify the energies and wavefunctions given in Egs. (44) and (45) by introduc-
ing non-zero off-diagonal elements into the secular matrix. The resulting wave-
functions ¥ are linear combinations of the wavefunctions given in Eq. (45) and
are illustrated below for the zero phonon level of the mixed 2E excited state:

¥(?E,0) = 3¢ . (A)|’E, a) + %c%,ﬁ(A)I4Tz, B) (47)

The mixing coefficients depend on A and are obtained from the eigenvectors of
the secular matrix. Similar equations can be written for all of the mixed vibra-
tional states.

In the single configurational coordinate model, the individual 2E vibrational
states mix differently with each of the vibrational *T, states. As a result, the ra-
diative decay rate f; , differs for each vibrational “E state. The radiative decay
rate for a given vibrational ’E state is the sum of transition rates to all vibratio-
nal states y of the ‘A, ground state. For the transition ¥ (?E,0) — |*4,,), for
example, we have

fr0(8) =kX| (¥ (E, 0)| D|*Ay, y)|? (48)
Y

= k%l (c%p(Q))*(*T,| D|*A, P

1
= = S (c%4(A))?
It B

where 7 is the lifetime of a pure (unmixed) *T, state. Similar expressions can be
written for all vibrational states of the mixed ?E and *T, and can be used to de-
velop the following prediction for the %E lifetime of Cr**: YAG:

Eoc_EO

Ty - E,
o sew BB s sep (B
—= (49)

T E.-E T,-E
! Zexp(— 0)+3-Zexp<— P 0)
o kT B kT
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1 1 A
—2Z|egp(A)|* +—3exp [— —}
1 Tr B T kT
—= (50)

Tiot A
1+3-exp _k_T

where f;, , and f;; refer to the decay rates from the a™ 2E and ™ *T, vibrational
levels, respectively. If we assume that f;; , and fr g are independent of a and j, we
can simplify Eq. (49) to obtain Eq. (50) where the mixing coefficients c; 5 (A) are
the same as those given in Eq. (47) [141].

When Eq. 50 is fitted to the Cr**:Y;Al;0,, lifetime data using 30 vibrational
levels for each of the ?E and *T, states, we find excellent agreement with the data
over a wide range of pressure (Fig. 14). In the fit, Vg, S, and i were set to rea-
sonable ambient pressure values and held constant. A(P=0) and 7, were treated
as adjustable and the experimentally observed increase in A (9.8 cm~!/kbar) was
used. Equation 50 was also used to model the lifetime increases in the related
Cr**:Gd;Sc,Ga;0,, (Fig. 17) and Cr**:Gd;Gas0,, (Fig. 18) systems [141].

The high pressure studies of the garnets demonstrate the important role of
spin-orbit coupling in establishing the lifetime of Cr** and clearly illustrate that
the *T, state continues to exert a strong influence on the radiative decay rate of
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Fig. 17. Variation of the lifetime of the 2E — *A, transition of Cr**: Gd;Sc,Ga;0,, with pressure

at room temperature. Two theoretical curves are shown. The parameter values correspond to
those used in the single configuration coordinate (SCC) model. Excitation wavelength: 580 nm
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Fig. 18. Variation of the lifetime of the 2E — “A, transition of Cr**: Gd;Ga;0,, with pressure at
room temperature. Two theoretical curves are shown. The parameter values correspond to
those used in the single configuration coordinate (SCC) model. Excitation wavelength: 580 nm

the 2E state even when its thermal population is negligible and no spectral evi-
dence of its participation in the luminescence is present. At 200 kbar in
Cr**:YAG, for example, we estimate that the *T, state is ~3000 cm™ higher in
energy than the E state and yet the increase in *E continues unabated with no
indication of leveling off. In follow-up work [113], we exploited the ability of
pressure to eliminate the thermal *T, contribution to the Cr**: YAG lifetime and
systematically considered the effect of temperature on the radiative decay rate of
the 2E state. By considering temperature effects above 100 kbar, we were able to
remove the overlapping thermal *T, contribution and to isolate the thermally ac-
tivated vibronic 2E contribution to the radiative decay. This work illustrates the
ability of pressure to resolve overlapping spectral processes and provides an ex-
ample of how high pressure can be used to gain insight not attainable through
variations of chemical composition at ambient pressure.

Galanciak et al. [139] also considered the effect of pressure on the lifetime of
Cr’* in a garnet system. They specifically examined Cr’* in the garnet
Lu;La,Ga;0,, and reported an increase in the lifetime of Cr** from 70 ps to
350 s over a pressure range of 150 kbar. They successfully modeled the lifetime
increase with an adiabatic electronic model. Their model is noteworthy because
it is numerically more convenient than the configuration coordinate model used
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by us and therefore can be more readily extended to include multiple excited
electronic states. As a result, Galanciak et al. were able to resolve specifically the
’E and *T, electronic states into their spin-orbit components when modeling the
lifetime of Cr**. The adiabatic electronic model also offers promise for analyzing
systems with symmetries lower than octahedral, a direction that we believe will
be emphasized in future high pressure work because of the promise of using
pressure to systematically influence low symmetry distortions and to extend our
understanding of the relationship of local coordination to electronic structure
[157,158].

3.3.2
Lanthanide Systems

The available data on the variation of 4f — 4f transition lifetimes with pressure
are limited. The shielded nature of 4f states leads one to expect that pressure will
have only a small effect on the lifetimes of 4f states. Unlike transition metal sys-
tems, the weak dependence of 4f energies on pressure suggests that variations in
spin-orbit coupling of lanthanide states with pressure will be negligible. The one
important difference between lanthanides and transition metals is that lantha-
nide ions typically emit from several excited states while transition metal ions
normally emit only from the first excited state. As a result, it is more common to
observe interactions between high energy emitting 4f states and charge transfer
or interconfigurational states. The available pressure studies on lanthanide life-
times have emphasized these interactions.

Webster and Drickamer [255] studied the °D; — ’F; emission of Eu** (4f°)
doped at several concentrations in La,0,S as a function of pressure. The energy
level diagram of Eu’* is shown in Fig. 19. Emission spectra were measured upon
excitation into the charge transfer state. At ambient pressure, emission occurs
from the °D, , , states to several of the ’F states. Upon increasing pressure up to
110 kbar, the emission intensity from the °D, , states was observed to decrease
steadily. On the contrary, emission intensity from the °D, state increased be-
tween 0 kbar and 20 kbar, remained approximately constant between 20 kbar
and 80 kbar, and decreased above 80 kbar. The decrease in °D, intensity coin-
cided with the onset of new emission from the °D; state. In addition to intensi-
ties, Webster and Drickamer also measured the emission lifetimes from the
°D, , 5 states. The values of the lifetimes depended on the Eu** concentration, but
the trends with pressure were uniform. The °D, emission lifetime remained
nearly constant with pressure while the °D, emission lifetime increased between
0 kbar and 20 kbar and remained constant above 20 kbar. The °D; lifetime could
be measured above 70 kbar and was observed to increase up to 110 kbar.

The decreased °D, emission intensity and constant °D, lifetime with pressure
indicate that pressure is influencing the population of the °D, state rather than
its non-radiative decay rate. Webster and Drickamer developed a °Dj excitation
model based on feeding rates from the charge transfer state involved in the ex-
citation process. According to the model [256, 257], the °D; states are populated
through transfer of excitation energy from the charge transfer state and depo-
pulated by back transfer. Upon excitation, transfer occurs sequentially to the
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Fig. 19. Energy level structure of Eu** in La,0,S. The 7F;_¢ and °D,_, states are derived from
the ground 4f® configuration of Eu**. The charge transfer state represents a metal-ligand
charge transfer process

°Ds , 1o states. The rate of back transfer from a given °D; state depends on the ac-
tivation barrier separating the state and the charge transfer state. At ambient
pressure, the activation energies from the °D, , , ; states to the charge transfer
state are 6300 cm™!, 5100 cm™!, 3000 cm™!, and 1000 cm™!, respectively. The low
activation barrier associated with the °Dj state is responsible for its efficient de-
population and lack of emission intensity at room temperature.

Webster and Drickamer measured the variation of the energy of the charge
transfer state with pressure and showed that it increased by ~2000 cm™ between
0 kbar and 110 kbar. The increased charge transfer energy leads to increased ac-
tivation barriers with the °D; states. Since the activation barrier associated with
the °D; state is the smallest at ambient pressure, back transfer from the 5D, state
will be most strongly inhibited with pressure. As a result, the population of the
°D; state progressively increases with pressure. Above ~70 kbar, the back trans-
fer rate becomes sufficiently small that emission from the °D; state is observed.
The initial increase in the lifetime and intensity of the °D, emission with pres-
sure indicates that the °D, state is also thermally depopulated at room tempera-
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ture by back transfer to the charge transfer state at ambient pressure. Above
~20 kbar, the D, activation energy is high enough in energy to prevent signifi-
cant back transfer. The activation energies of the °D , states are sufficiently large
atambient pressure to prevent thermal depopulation. The observed emission in-
tensity decreases with pressure for the °D,; states are a consequence of a reduc-
tion in population as the °D, ; populations increase. Webster and Drickamer re-
ported similar behavior for Eu**:Y,0,S.

Gleason et al. [258] also considered the effect of pressure on the lifetime of
Eu®* in La,0,S and agreed with the conclusions of Webster and Drickamer. Glea-
son et al. further investigated Tb**(4f%) emission in Gd,0,S and observed a
quenching rather than an enhancement, of emission intensity from higher excit-
ed states of Tb**. The 4f energy level structure of Tb** is related to that of Eu*
through the hole formalism and consists of a first excited °D,_, manifold and a
"Fe_o ground manifold. In both manifolds, energy increases with decreasing J.
Unlike Eu®*, Tb** does not have a charge transfer state in close proximity to the
emitting °Dj states. Instead, Tb*>* has an interconfigurational 4f’5d state located
~2000 cm™' above the °D; state. At ambient pressure and room temperature,
emission was observed from the °D; , states to several ’F; states. As the pressure
was increased between 0 kbar and 15 kbar, a progressive quenching and elimi-
nation of emission intensity from the °Dj; state was observed. The quenching was
accompanied by a pronounced decrease in emission lifetime. The lifetime of the
emission from the lower energy °D, state, however, was unaffected by pressure.
Gleason et al. attributed the behavior to a decrease in energy of the 4f75d state
relative to the °D; states of the ground 4f® configuration. They measured the shift
in excitation of the 4f75d state and observed a decrease in energy of ~2500 cm™
between 0 kbar and 50 kbar. They argued that the decreased energy of the 4f75d
state reduced the activation barrier for thermal depopulation of the >D; state.
They also determined the °Dj lifetime variation with pressure using a model
analogous to Eq. (36) and found good agreement with the experimental values.

Gleason et al. also commented on the opposite shift directions for the charge
transfer state of Eu** and the interconfigurational state of Tb**. They argued that
the energies of interconfigurational transitions are controlled by the nephelau-
xetic effect and decrease as a result of increased covalency at high pressure. Con-
versely, they argued that the energies of charge transfer states are influenced pri-
marily by the electronegativity of the ligand anion. Since ligand electronegativ-
ity varies inversely with covalency in the nephelaxetic series, it is reasonable to
expect opposite shift directions for charge transfer and interconfigurational
states with pressure.

We recently completed a high pressure luminescence study of Sm?* (4f°) in a
series of MFCl (M = Ba?*, Sr?*, Ca?*) hosts and considered the influence of the
4£°5d excited configuration on f — f emission properties [116]. Sm?" is isoelec-
tronic with Eu** and exhibits an emission spectrum dominated by the D; — 7F;
transitions of the 4f° ground configuration. The main difference between Sm?*
and Eu’* is that the lower charge of Sm?* makes it more covalent than Eu** and
leads to a lower energy for the excited 4f°5d configuration. Our studies of Sm?*
have considered the depopulation of the °D; states through thermal crossover to
the 4f°5d configuration as well as electronic mixing of opposite parity 5d cha-
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racter into the °D; emitting states. The former effect influences the non-radiative
decay rate of Sm** while the latter effect influences the radiative decay rate. The
objective of our study was to use pressure to influence the energy of the 4f35d
configuration relative to the °D; states and to investigate systematically its effect
on thermally activated crossover and 4f-5d electronic mixing processes.

A schematic energy level diagram of Sm?*:SrFCl is shown in Fig. 20. At am-
bient pressure, emission is observed from the °D, ; , states of Sm** to several of
the 7F; states (Fig. 21). Since the 4f°5d configuration is only slightly higher in
energy than the °D; states, the emission spectrum exhibits a strong temperature
dependence. Figure 22 illustrates the effect of temperature at ambient pressure
on the °D, | , — ’F, transitions. At 12 K, emission occurs primarily from the 5D,
state. Upon increasing temperature, thermal depopulation of the °D, state to the
4£>5d configuration occurs followed by population of the °D, state at interme-
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Fig. 20. Energy level structure of Sm?* in SrFCL States from the 4f® and 4f°5d configurations
overlap above ~19,000 cm™. The spectral inlay illustrates 45 — 4f°5d absorption at ambient
pressure and room temperature
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Fig. 21. Luminescence spectrum of Sm?*:SrFCl at ambient pressure and temperature. Several
transitions within the 4f° ground configuration are labeled

diate temperatures and the °Dj, state at high temperatures. The temperature de-
pendent spectra reflect changes in the relative populations of the °D , , states. At
room temperature, thermal depopulation of the °D; state is efficient and the
spectrum is dominated by emission from the °D, state. We have presented a
quantitative configuration coordinate model of the effect of temperature on the
populations of the °Dy , , states [116]. The model includes radiative decay and
non-radiative thermal crossover processes and adequately describes the effect
of temperature on spectral intensities and lifetimes.

Population redistribution among the °D,, , states was also observed upon
increasing pressure at constant temperature and were attributed to decreasing
thermal crossover activation barriers resulting from a red shift of the lowest
energy 4f°5d state with pressure [116,259]. The population redistribution effects
observed with pressure were also reflected in lifetime measurements. Figure 23
shows the variation of the lifetimes of the °D, , states of Sm**:SrFCl with
pressure. The D, lifetime was observed to decrease with pressure at room tem-
perature and at 20 K. The shorter lifetime observed at room temperature is a
consequence of thermal depopulation. At 20 K and low pressure we expect ther-
mal depopulation of the D state to be negligible and yet we still observed a
decrease in lifetime with pressure. We also expect negligible thermal depopu-
lation of the °D, state at room temperature and 20 K and observed a decrease
in the Dy lifetime with pressure. The variation of °Dj lifetime with pressure at
20 K (not shown) is superimposable on the room temperature curve shown in
Fig.23.
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Fig. 22. Effect of temperature on the °D,_, — "F; emission of Sm?*: SrFCl at ambient pressure.
Excitation wavelength: 488 nm

The pressure dependent lifetime results indicate that as the energy of the
4£35d configuration decreases with pressure, an effect in addition to thermal de-
population is contributing to the lifetime decreases of the °D, , states. Since the
effect is important at low temperature, we have proposed and developed a mo-
del that considers the effect of pressure on the radiative decay rate of the D,
state. The model considers both electric and magnetic dipolar contributions to
the transition strength of the °D; state and includes 4f-5d mixing though crystal
field and spin-orbit interactions in second- [260] and third order [261]. The
model shows that, as the 4f°5d configuration shifts red with pressure, the wave-
function of the °D, state includes more opposite parity (5d) and heptet spin
character. As a result, emission from the °D, state to the ’F; levels becomes
more allowed with increasing pressure and the radiative decay rate increases.
Quantitative application of the model to the D, lifetime data of Sm?*:SrFCl led
to excellent agreement and a predicted red shift of ~23 cm~!/kbar for the lowest
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Fig. 23. Variation of the D, and °D, lifetimes of Sm?* in SrFCl and CaFCl with pressure. Exci-
tation wavelength: 532 nm

energy state of the 4£55d configuration. The model was also successful at pre-
dicting the pressure dependence of the lifetime of Sm?*: CaFCL

3.4
Excited State Electronic Crossovers

In the preceding sections, we have seen that the direction and magnitude of the
variation of electronic energies with pressure depends on the nature of a given
electronic state and its dependence on underlying crystal field and covalency
effects. The differential response of electronic states to pressure provides an op-
portunity to use pressure to alter the ordering of electronic states and to stabi-
lize new luminescence processes as a result. We refer to a re-ordering of electro-
nic states as an electronic crossover and in this section we present examples of
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electronic crossovers from the recent luminescence literature of transition me-
tal and lanthanide systems. Our focus will be on excited state electronic cross-
overs and their effect on luminescence properties.

3.4.1
Transition Metal Systems

In order to observe an electronic crossover of two excited states, a blue shift of
the lower participating excited state normally must occur simultaneously with a
red shift of the higher participating excited state. It is in principle possible to ob-
serve crossovers between states that shift in the same direction with appreciably
different magnitudes, but no examples of this type have been reported. Electro-
nic crossovers are likely in transition metal systems because of the wide varia-
tion in pressure shifts observed for electronic transitions in transition metal sys-
tems (see Sect. 3.2.1).

The first pressure-induced excited state electronic crossover in a luminescent
transition metal system was reported by Dolan et al. [175] in a study of
Cr**:K,NaGaF,. Cr’* is an excellent candidate for observing an electronic cros-
sover with pressure because, depending on its crystal field strength, it can exhi-
bit either spin allowed *T, — *A, emission (low field Cr**) or spin forbidden 2E
— *A, emission (high field Cr**). The strong dependence of the energy of the *T,
state on crystal field strength leads to a strong increase in the energy of the ‘T,
— A, transition with pressure (see Sect.3.2.1.2) and the primary dependence of
the 2E energy on covalency effects leads to a weak decrease in the energy of the
E — *A, transition with pressure (see Sect. 3.2.1.1). As a result, it becomes pos-
sible to induce a *T,-2E electronic crossover in low field Cr?* systems.

The Cr**:K,NaGaF, system studied by Dolan et al. is a low field system and
exhibits smooth broadband *T, — *A, emission peaking at ~13,700 cm™ at am-
bient pressure and room temperature. Upon increasing pressure, the emission
exhibited a blue shift of ~18 cm™'/kbar. Between ~25 kbar and ~61 kbar the
broad emission band lost intensity and was replaced by a sharp, structured
emission spectrum. Dolan et al. attributed the spectral transformation to a pres-
sure induced 2E-*T, electronic crossover and assigned the structured emission
spectrum to the zero phonon line and vibronic sidebands of the 2E — A, tran-
sition. Later papers by the same group demonstrated analogous pressure induc-
ed 2E-*T, crossovers in isostructural Cr®*:K,NaScF, [176] and Cr*':Cs,NaYCl;
[142] beginning at ~ 50 kbar and ~ 80 kbar, respectively.

Similar crossovers have also been reported in Cr**:KZnF; [173], Cr’*:
Na,In,Li,F;, [174], Cr**:La;Lu,Ga;0,, [139], and [Cr(urea)¢](ClO,); [143]. The
study of Cr**:Na;In,Li;F,, included a lifetime analysis and showed that a lifetime
increase from ~310 ps to ~580 ps occurred during the crossover. The study of
Cr**:La;Lu,Ga;0,, considered pressures extending ~50 kbar above the cross-
over and showed that the 2E — *A, transition shifted red at a rate of
~0.8 cm~!/kbar. The lifetime increase and spectral shift at high pressure are con-
sistent with the assignment of the emission to 2E — *A,.

We have recently observed a similar *E-*T, electronic crossover in
Cr**:Gd;Sc,Ga;0,, and have considered the interaction of the two states during
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the crossover in more detail [141]. Figure 24 shows the spectral transformation
accompanying the electronic crossover. At ambient pressure, the 2E and *T,
states of Cr**:Gd;Sc,Ga;0,, are nearly degenerate and the spectrum is domina-
ted by the broad *T, — *A, emission band because of the much faster radiative
decay rate from the *T, state. As the pressure was increased, the energy of the *T,
state increased relative to the 2E state. As a result, the contribution of the T,
state to the spectrum progressively decreased with increasing pressure and the
spectrum transformed to the sharp, structured emission associated with the
2E — *A, transition. The lifetime increased from ~100 ps at ambient pressure
to ~4.4 ms at 120 kbar (Fig. 17).

The stabilized 2E — *A, emission at high pressure consists of intense zero
phonon lines and vibronic sidebands. A high resolution measurement of the
zero phonon portion of the spectrum at 70 K is shown in Fig. 25. The zero pho-
non lines exhibited a blue shift at low pressure followed by a shift reversal at high
pressure. The stabilization of sharp zero phonon lines between 5 kbar and 9 kbar
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Fig. 24. Room temperature emission spectrum of Cr**:Gd,Sc,Ga;0,, at several pressures. Ex-
citation wavelength: 514 nm
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Fig. 25. High resolution R-line (’E — *A,) spectrum of Cr**:Gd;Sc,Ga;0,, at 70 K and several
pressures. Excitation wavelength: 514 nm

indicates that the 2E state is lower in energy than the *T, state at 9 kbar and that
the ensuing blue shift corresponds to 2E emission. The pressure shift of the more
intense, lower energy R, line is summarized in Fig. 26.

The initial blue shift of the R-lines cannot be explained on the basis of the dis-
cussion presented in Sect. 3.2.1.1 which argues that the ?E state of Cr** should
shift red with pressure due to enhanced covalency. The solid line shown in
Fig. 26 represents a theoretical fit of the shift reversal using the single configu-
ration coordinate model used previously to model the effect of pressure on spin-
orbit coupling and luminescence lifetime of Cr** (Egs. 46 and 47). The curve in
Fig. 26 depicts the energy of the zero phonon 2E state as a function of both pres-
sure and A=E(*T,,0) - E(%E,0). The zero phonon energy was obtained by diag-
onalizing the matrix defined by Eq. (46) and corresponds to the wavefunction
given in Eq. (47). As in the lifetime prediction (Fig. 17), ambient pressure values
of Vg5, S, and fiw were used and held constant during the theoretical fit. Only the
ambient pressure value of A was varied. Optimum agreement with the shift data
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Fig. 26. The R,-line energy Cr**:Gd;Sc,Ga;0,, at 70 K as a function of pressure and the 2E-T,
energy separation (A). The solid line shows the predicted energy from the single configuration
coordinate model using the parameters listed in the figure. The dashed line shows the predic-
tion of a pure electronic model that does not include spin-orbit coupling. The initial blue shift
is due to the effects of spin-orbit coupling

was obtained when Ay=-50 cm™'. The dashed line in Fig. 26 represents the pre-
dicted shift in the absence of spin-orbit coupling (Vso=0) and becomes increas-
ingly valid when spin-orbit coupling effects become less important as the value
of A increased at high pressure.

The single configuration coordinate model illustrates the important role
played by the T, state in controlling the E shift at low pressure. The initial blue
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shift of the 2E state is a consequence of the spin-orbit mixing with the *T, state.
Although the *T, state is higher in energy than the 2E state at low pressure, it is
sufficiently close in energy to contribute significantly to the *E wavefunction.
Since a pure *T, state exhibits a large blue shift with pressure while a pure 2E state
shows only a small red shift, it is easy to see how the *T, state can control the shift
behavior of the emitting state. As the pressure was increased and the T, state in-
creased in energy, its contribution to the wavefunction of the emitting state
decreased. As a result, the blue shift decreased and we ultimately observe the red
shift customarily reported for the 2E emission of Cr**.

3.4.2
Lanthanide Systems

The small pressure shifts of f — f transitions (see Sect. 3.2.2) imply only small
changes in the relative energies of 4f" states with pressure. As a result, electronic
crossovers involving 4f states of lanthanides are uncommon and limited to clo-
sely spaced crystal field components within a given **!L; term [193, 262]. Much
larger shifts, however, are observed for the 5d states of lanthanides (Sect. 3.2.3)
and it becomes possible to observe 5d-4f electronic crossovers in lanthanide sy-
stems.

The first report of a 5d-4f electronic crossover was by Yoo et al. in a study of
Sm**:SrF, [212]. At ambient pressure, only °D; — ’F; emission is observed in
Sm?*:SrF,. At ~15 kbar, Yoo et al. noticed the onset of a broad emission band.
Above ~15 kbar, the intensity of the broad emission band increased and the
sharp *D; — “F; emission intensity decreased. Above ~40 kbar, only the broad
emission was observed. Yoo et al. assigned the broad emission to a 4f°5d — 4f°
transition and reported a red shift of 14.9 cm!/kbar for it up to 120 kbar.

We have recently extended the pressure range of our study of Sm?*: SrFCl (see
Sect. 3.3.2) in an attempt to induce an excited state 4f35d - 4f® electronic cross-
over. We attributed the pressure-induced decrease in the °D; lifetimes of
Sm?*:SrFCl to enhanced 4f-5d crystal field and spin-orbit mixing resulting
from a red shift of the 4f°5d state. In Fig. 27 we show luminescence spectra at
selected pressures. At low pressure we observed sharp line spectra from the °D;
states. Beginning at ~150 kbar, we began to observe a broad emission band
superimposed on the *D; emission. As the pressure was increased to ~300 kbar,
the broad emission band continued to gain intensity and ultimately dominated
the spectrum. Although we have not fully analyzed the data, we believe that the
broad spectral band corresponds to emission from the 4f°5d state and that an
excited state 4f°5d - 4f° electronic crossover has occurred. An interesting aspect
of the data is the strong red shift (~ -5 cm™'/kbar) observed for the °Dj state. This
shift is much larger than the shift normally reported for 4f — 4f transitions and
is probably related to strong mixing of the °D, and 4f°5d states. Future work will
consider this effect in more detail.
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Fig. 27. Luminescence spectrum of Sm?*:SrFCl at room temperature and several pressures. At
low pressure, intraconfigurational °D, — F; emission was observed. At high pressure, a trans-
formation to a broadband spectrum was observed. The broadband spectrum has been tenta-
tively assigned to an interconfigurational 4f°>5d — 4fS transition

3.5
Energy Transfer Phenomena

Energy transfer among or between transition metal and lanthanide ions is a
common phenomenon and one that can be used to gain fundamental insight
into molecular processes. Energy transfer also provides flexibility in the design
of optical materials and represents a method for improving the efficiency of
many luminescent systems. In the conventional Forster-Dexter theory [263,
264], the rate of energy transfer depends on the spectral overlap of donor emis-
sion and acceptor absorption and on the interatomic distance between the do-
nor and acceptor ions. The distance dependence varies as R™" where R is the do-
nor-acceptor separation and n=6, 8, 10, respectively, for the dipole-dipole, di-
pole-quadrupole, and quadrupole-quadrupole mechanisms of energy transfer.
Pressure can influence energy transfer by altering the donor-acceptor separa-
tion or the donor-acceptor spectral overlap. The decrease in donor-acceptor se-
paration expected upon compression will contribute to an enhancement of
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energy transfer rate. The magnitude of the decrease in donor-acceptor separa-
tion will depend on the compressibility of the host lattice and can generally be
expected to be small in oxide lattices, intermediate in halide and sulfide lattices,
and large in organic lattices or metal complexes. The effect of pressure on spec-
tral overlap depends on the nature of the electronic states involved in energy
transfer and their shift behavior with pressure. In principle, pressure can be
used to create or destroy the donor emission-acceptor absorption resonance
condition required for energy transfer and can therefore enhance or diminish
spectral overlap. In this section, we discuss recent results that illustrate the po-
tential of high pressure to provide new insight into energy transfer processes.

3.5.1
Lanthanide and Transition Metal Doped Inorganic Lattices

One of the early studies of the effect of pressure on energy transfer was present-
ed by Merkle et al. [265] in a study of the stoichiometric laser material NdP;0,,.
The material is an interesting one because it is one of a small number of known
materials with a high lanthanide concentration that exhibits minimal concen-
tration quenching of emission. Merkle et al. considered the lifetime and emis-
sion properties of Nd** in NdP;0,, and Nd,;Y,4P;0,,. Their lifetime studies
showed a decrease by a factor of close to 2 in the lifetime of the *F5, state of Nd**
with pressure up to 70 kbar in NdP;0,, and essentially no lifetime change in the
lightly doped Nd, ;Y oP50,, system. Merkle et al. considered several possible ori-
gins for the lifetime decrease in the stoichiometric system and concluded that it
was due to changes in interionic Nd**-Nd>* interactions rather than to changes
in the radiative or non-radiative decay rates of individual Nd** ions. They con-
sidered concentration quenching due to enhanced cross-relaxation and enhanc-
ed energy migration to traps and showed that the latter was consistent with the
high pressure lifetime results. The study by Merkle et al. demonstrated the abil-
ity of pressure to increase the diffusion coefficient for energy migration by
decreasing interionic separations.

Blanzat et al. [266] also used high pressure to investigate the weak concentra-
tion quenching effects observed in the stoichiometric systems La,_,Tb,P;0,,
La,_.Eu,P;0,,,and Eu,_,Tb,P;0,,. They considered the lifetimes of the °D, level
of Tb** and the °D, level of Eu**. In La,_,Tb,P;0,, and La,_,Eu,P;0,,, they ob-
served lifetimes that were independent of composition and that decreased with
increasing pressure. They argued in agreement with Merkle et al. [265], that
pressure enhanced the rate of energy migration to quenching traps. In the mi-
xed system Eu, _, Tb,P;0,,, Blanzat et al. observed decreases in both the Eu** and
Tb** lifetimes with increasing pressure over a wide range of compositions. They
attributed the lifetime decreases to enhanced, reversible energy transfer be-
tween the °D, state of Tb** and the °D, state of Eu** due to improved spectral
overlap resulting from the pressure-induced shifts in the electronic states.

We have recently considered energy transfer in the Cr’*:Tm**: YAG system
[267,268]. At ambient pressure, energy transfer occurs from the thermally and
spin-orbit coupled 2E and *T), states of Cr** to the overlapping °F,, °F; states of
Tm3* (Figs. 28 and 29). Once excited, Tm** decays non-radiatively and subse-
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Fig. 28. Energy levels of Cr** and Tm?* in Y;Al;0,,. Energy transfer occurs from the ?E and *T,
levels of the donor, Cr**, to the *F, and °F; levels of the acceptor, Tm*". W%, and W1, represent
the rates of energy transfer from the *T, and 2E states of Cr**, respectively. W and Wy, are the
decay rates (radiative+non-radiative) of the *T, and ?E states of Cr**,respectively. W, is the de-
cay rate (radiative+non-radiative) of the *H, state of Tm3*. The left side of the figure shows the
4T,,%E — A, emission and *A, — *T,, *T, absorption bands of Cr**

quently emits from the *H, and °F, states to the *Hg ground state. At ambient
pressure and room temperature, A=E(*T,)-E(*E)=~800 cm™! and energy
transfer occurs from both the ?E and thermally populated T, states. Upon in-
creasing pressure at room temperature, A increased and the thermal population
of the *T, state decreased (see Sect. 3.3.1). As a result, with pressure we progres-
sively eliminated the contribution of the *T, state to the energy transfer process
and continually approached a state in which energy transfer occurred from a
pure 2E state. By characterizing the energy transfer process at high pressure and
back extrapolating, we have an opportunity to resolve the competing energy
transfer processes from the *E and T, states at ambient pressure.

Our experiments consisted of measuring the decay curves of Cr®* in 0.2%
Cr**:0.7%Tm>": YAG as a function of temperature and pressure. Representative
pressure dependent decay curves at room temperature are shown in Fig. 30. The
decay curves indicate a decrease in the decay rate of Cr’* with increasing pres-
sure. The rate of decrease, however, differs from that observed for Cr3* in
Cr**:YAG (Fig. 14) where no energy transfer occurs. In order to separate the
contributions of intracenter (E, *T, radiative and non-radiative decay to the
A, ground state) and intercenter (*E, *T, energy transfer to Tm?®") processes to
the decay, we analyzed the decay curves using a rate equation model. According
to the model, the time dependence of the excited state population of Cr?* is
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Fig. 29. Emission spectrum of Cr**:Tm**:Y;Al;0,, at ambient pressure and room temperature
upon excitation of Cr** at 488 nm. The spectrum consists of “T,, 2E — *A, emission from Cr**
between ~620 nm and ~775 nm and 3H, — 3H, emission of Tm3" between ~775 nm and
~850 nm. The Tm>* emission is a consequence of Cr** — Tm>* energy transfer. The depres-
sion in the Cr** emission spectrum represents wavelengths over which Cr** emission overlaps
Tm?3* absorption (inset)

given by
Np () = Np(0) exp (- Wp ) exp [~ Ppa(1)] (51)

where D and A denote the donor (Cr?**) and acceptor (Tm?*) species, respec-
tively, Wy, is the intracenter decay rate of Cr**, and Pp,(t) is an energy transfer
rate function. In the absence of migration among Cr** centers, Pp,(t) can be
written as a sum of transfer rates from Cr** to Tm3* ions in successive coordina-
tion shells s in the YAG lattice. If we let N, denote the number of Tm3* ions in co-
ordination shell s and R, denote the distance from Cr** to a Tm*' ion in coordi-
nation shell s, we can write

Pps(t) = ZNiIn {1 - C, + Cy exp [- Wp, (R t]} (52)

where C, is the Tm’* concentration (number density) and W, (R,) is the rate of

energy transfer from Cr** to a single Tm>* acceptor located at a distance R,. In

3011
DA

R®
portional to the donor emission-acceptor absorption overlap integral.
Equations (51) and (52) were used to fit the pressure dependent decay curves
at room temperature. In the fits we considered the first eight acceptor coordina-
tion shells, assumed a dipole-dipole energy transfer mechanism (m = 6) and al-

the Forster-Dexter model, Wy, (R,) = where m=6, 8, or 10 and a3, is pro-
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Fig. 30. Experimental decay curves of Cr** emission in Cr**:Tm3*:Y;Al;0,, at room tempera-
ture at three pressures. Excitation wavelength: 580 nm

lowed W and Wp,= X Wp, (R,) to vary. The solid curves in Fig. 30 depict repre-
N

sentative fits. The values of Wy, obtained agreed well with the pressure depen-
dent lifetime data of Cr’*: YAG (Fig. 14). The resulting values of Wy, are shown
in Fig.31. The results indicate a factor of ~4 decrease in the rate of energy trans-
fer as the thermal population of the *T, state is eliminated with increasing pres-
sure. The limiting high pressure transfer rate of ~100 ms™' corresponds to the
room temperature transfer rate from a pure 2E state. The constancy of the 2E
transfer rate at high pressure indicates that little change in E-°F,,’F; spectral
overlap occurs with pressure and that the observed decrease in transfer rate is
due only to the decrease in *T, thermal population. Back extrapolation of the 2E
energy transfer rate to ambient pressure indicates that the room temperature
transfer rate from the T, state is ~300 ms~! and that the *T, state accounts for
~75% of the energy transfer events at ambient conditions even though it is
~800 cm™! higher in energy than the 2E state. The leveling of the %E transfer rate
also shows that the 2E energy transfer rate is independent of the extent of 2E-T,
spin-orbit coupling. This result is in contrast to the 2E lifetime of Cr**:YAG
which continued to increase significantly with pressure even after the *T, ther-
mal population had been eliminated (see Sect. 3.3.1). The solid curve shown in
Fig. 31 represents a theoretical fit of the transfer rate based on a model that in-
cludes a temperature dependent *T, contribution, a temperature dependent
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Fig. 31. Variation of the Cr** — Tm>* energy transfer rate in Cr**: Tm**: Y;Al;0,, with pressure

anti-Stokes 2E contribution, and a temperature independent zero phonon 2E
contribution [268]. Through simultaneous variations of temperature and pres-
sure, we were able to resolve completely and quantify the three separate effects
that contribute to Cr’* — Tm?* energy transfer in YAG.

3.5.2
Lanthanide Containing Complexes

Yersin et al. [227,228,269-271] have considered the effect of pressure on energy
transfer from charge transfer states of Au(CN),” layers and Pt(CN)Z- chains
to excited 4f" states of lanthanide cations. In their initial studies of pressure
effects in Au(CN); and Pt(CN)2- complexes, Yersin et al. [219-222, 227, 228,
236] considered systems containing charge balancing alkali or alkaline earth
cations and focused on properties of the charge transfer transitions (Sect.3.2.4).
In the presence of charge balancing lanthanide cations, energy transfer from
the charge transfer states of Au(CN); and Pt(CN)Z- becomes possible [272,
273]. The energy transfer studies of Yersin et al. [227, 269, 270] were motivated
by the large pressure shifts observed for the charge transfer transitions of
Au(CN); and Pt(CN);~ and the small pressure shifts associated with f — f tran-
sitions (see Sect. 3.2.2). The large difference in shift rates indicates that pressure
will have a significant influence on energy transfer processes from Au(CN),"
layers and Pt(CN)2- chains to lanthanide cations through variations in spec-
tral overlap.
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Yersin et al. [269] recently reported on energy transfer in Eu[Au(CN),]; -
3H,0. At ambient pressure, excitation into the charge transfer absorption band
leads to emission only from the D and °D; states of Eu®*. The absence of charge
transfer emission has been attributed to efficient transfer of the excitation
energy from the donor Au(CN); ions to the acceptor Eu** ions. Upon application
of pressure, charge transfer emission gradually appeared and ultimately domi-
nated the spectrum (Fig. 32). Weak charge transfer emission was first observed
at 13 kbar and exhibited a red shift of 130 cm~!/kbar. Yersin et al. [269] attribut-
ed the appearance of the charge transfer emission to a progressive reduction of
the donor-acceptor spectral overlap with pressure due to the large shift of the
charge transfer emission band of the donor. Back extrapolation of the peak do-
nor emission energy leads to a predicted energy of 23,600 cm™! at ambient pres-
sure and suggests that energy transfer occurs through the *Ls and/or °D; states
of Eu** at ambient pressure.

The ~60 kbar pressure range covered by Yersin et al. [269] was large enough
to systematically shift the charge transfer emission into and out of resonance
with the °D; , | excited states of Eu’*. Even though the charge transfer state was
in direct resonance with the °D, state at ~ 16 kbar, charge transfer emission was
observed. This result indicates that energy transfer occurs more efficiently at
ambient pressure than ~ 16 kbar and suggests in particular that energy transfer
to the 5L state is efficient because of the high oscillator strength of the "F; — °Lg
transition. At ~ 16 kbar, resonance with the °L; state no longer exists and charge
transfer emission competes more favorably with energy transfer to the °Dj
states. Between 30 kbar and 60 kbar, the charge transfer emission shifts into and
then out of resonance with the °D, state of Eu**. Over this pressure range, Yersin
et al. showed, in accordance with Forster-Dexter theory, that the intensity of °D,
emission intensity varied linearly with the spectral overlap of the charge trans-
fer emission and ’F, — °D, absorption bands. They also showed that increased
overlap with the “Fy — °D, absorption band did not improve energy transfer
efficiency.

Yersin et al. also examined energy transfer to lanthanide ions in Pt(CN)3~
chains [227, 228, 271]. In Eu,[Pt(CN),]; - 18H,0, they found efficient energy
transfer from the self trapped exciton to the °D, state of Eu®* at ambient pres-
sure. An increase in pressure led to a red shift of the self trapped exciton emis-
sion and an elimination of spectral overlap between the self trapped exciton
emission and the °D; state. As a result, °D; emission was no longer observable
upon excitation of the self trapped exciton state. Since the shift of the self trap-
ped exciton emission with pressure led to spectral overlap with the °Dj state,
energy transfer and emission from the °D, state were observed after energy
transfer to the °D, state was no longer possible. In contrast to Eu[Au(CN),]5 -
3H,0, efficient energy transfer to the °D, state was observed in Eu,[Pt(CN),]; -
18H,0. Above ~ 20 kbar, the self trapped exciton emission band had shifted to
below the energy of the °D; state and energy transfer was no longer observed.
Similar energy transfer effects were observed in Sm,[Pt(CN),]; - 18H,0 with in-
creasing pressure [271].

One unexpected finding in the energy transfer study of Eu,[Pt(CN),];-
18H,0 was the inability of the free exciton emission band to produce energy
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transfer to the °Dj states of Eu’*. At ambient pressure, the free exciton emission
band is observed and overlaps the °D, state of Eu**. The absence of °D, emission
atambient pressure indicates that energy transfer from the free exciton emission
state is inefficient. With increasing pressure, the free exciton emission shifted
red and was brought successively into resonance with the °D; and °D, states. No
evidence for energy transfer from the free exciton state to either state was ob-
served. Once the self trapped exciton emission had shifted below the D state,
energy transfer was no longer observed even though strong overlap of the free
exciton emission band with the °D, state was present.

The energy transfer studies of Yersin et al. provide excellent examples of how
pressure can be used to tune and de-tune the energy resonance condition re-
quired for energy transfer. For a given degree of spectral overlap, their results
also indicate that donors can preferentially transfer energy to certain excited
states of acceptors and that some donor emission transitions are more effective
at energy transfer than others. Based on their findings, it appears that “selection
rules” for energy transfer may exist.

3.6
Site Selective Spectroscopy

A common complicating effect in the interpretation of the emission spectra of
transition metals and lanthanides in solids is the presence of multiple bonding
environments. Dopants are often incorporated into more than one crystallogra-
phic site in host lattices and exhibit emission spectra characteristic of several
bonding sites. Emission spectra of dopants in a given crystallographic site can
also differ due to local distortions, strain effects, defects or statistical differences
in the chemical identity of one or more nearest or more distant neighbors. These
effects lead to inhomogeneous broadening of spectral lines. Amorphous phases
represent extreme examples of inhomogeneous broadening. Transition metal
and lanthanide doped glasses exhibit broad emission spectra that consist of a
superposition of contributions from dopant ions in bonding sites that vary with
respect to local coordination geometry and coordination number. Dopant-do-
pant interactions also influence emission spectra in crystalline or amorphous
hosts and in metal complexes.

A current challenge in the area of luminescent materials is achieving an un-
derstanding of the range of bonding sites occupied by dopants and the resolving
the contribution of individual bonding sites to the observed emission pro-
perties. At ambient pressure, site selective spectroscopic information is typically
obtained through high resolution, wavelength selective excitation studies (fluor-
escence line narrowing) or time resolved methods [274-276]. In wavelength sel-
ective excitation studies, the objective is to use a narrow line laser to excite sel-
ectively dopants in different bonding sites. In the absence of energy transfer,
only the selectively excited dopants emit and we ideally obtain a spectrum that
is characteristic of one bonding site. By tuning the excitation laser, it is possible
to sample all dopant sites in a system and to resolve the contribution of distinct
sites to the inhomogeneous emission properties. Wavelength selective excitation
methods are effective when the absorption transitions of different sites are well
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resolved in wavelength. In practice, wavelength selective methods have proven
most useful for lanthanide dopants because of the sharp nature of f — f transi-
tions. The sharp *A, — 2E transition of Cr** has also been used to distinguish
multiple Cr’** bonding sites in high field crystals and glasses [277]. Time resolv-
ed methods seek to distinguish multiple sites on the basis of site-to-site differ-
ences in emission decay time and are effective when emission lifetime varies ap-
preciably with coordination environment.

The ability of pressure to alter the energy of electronic states provides an ad-
ditional degree of freedom for distinguishing and resolving multiple dopant
bonding environments in solids. Differences in local structure and bonding are
expected to lead to different pressure shifts for electronic transitions of dopants
in different sites. The application of pressure therefore provides an opportunity
for resolving multiple bonding sites on the basis of energy and can potentially
be used when dopant emission bands are broad or strongly overlapping. The
ability of pressure to alter luminescence lifetimes provides a similar opportunity
in time resolved studies.

The few high pressure site selective studies that have appeared illustrate the
potential that pressure offers for gaining new insight into systems with multiple
dopant bonding environments. We have recently completed a study of the low
field system Cr**:LiTaO; [278]. The system is currently of interest because of its
promising ferroelectric, photorefractive, and non-linear optical properties. Be-
cause of charge mismatch, the nature of incorporation of Cr** into the LiTaO,
lattice remains an open question. Cr** could potentially occupy Li* or Ta’" sites
with charge compensation occurring through vacancies or interstitials. At am-
bient pressure, Cr**:LiTaO; exhibits broad *T, — *A, emission. The broad ap-
pearance of the spectrum precludes the identification of different Cr** sites. The
objective of our study was to use pressure to induce a low field to high field tran-
sition in Cr’*:LiTaO;. The spectral narrowing associated with the transition (see
Sect. 3.4) should permit resolution of individual Cr3* sites.

Figure 33 shows the effect of pressure on the luminescence spectrum of
Cr**:LiTaOj; at 20 K. Between 16 kbar and 25 kbar, we observed a low field to high
field transition and stabilization of sharp 2E — *A, emission (see Sect.3.4.1). An
enlargement of the 2E — *A, emission at 20 K is shown in Fig. 34. Our tempera-
ture dependent studies at high pressure have indicated that the three features
shown in Fig. 34 correspond to R, lines of three distinct Cr** sites. The feature
labeled “A” corresponds to a low concentration high field site initially present
at ambient pressure (see inset of Fig. 33). Features “B” and “C” correspond to
distinct sites with low crystal field strength at ambient pressure. Our results
therefore indicate that the broad emission band observed at ambient pressure
consists of overlapping *T, — *A, emission from two different Cr** sites.

Olsen et al. [279] completed a site selective spectroscopic study of Eu**: CaF, as
a function of temperature and pressure. Eu** substitutes for Ca** in the CaF,
system without altering the overall cubic symmetry of the lattice. The excess
charge of Eu* is compensated by interstitial fluorides which can be located either
adjacent to or distant to Eu®*. As a result, several Eu** bonding sites are found in
CaF, with Eu®* ions occurring as either isolated or clustered species. The principle
isolated Eu’* sites include the A site (tetragonal Eu** with a fluoride in the nearest
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Fig. 33. Luminescence spectrum of Cr**:LiTaO; as a function of pressure at 20 K. The inset
shows an enlargement of weak E — *A, emission near 720 nm resulting from a low concen-
tration of high field Cr®* sites at ambient pressure. The spectral transformation from low field
to high field behavior with increasing pressure is evident. Excitation wavelength: 620 nm

neighbor interstitial position) and the O site (cubic Eu** with distant fluoride
charge compensation). Clustered sites include dimers (2Eu - 3F complex) and
trimers (3Eu - 4F complex). High resolution site selective spectroscopic methods
can be used to distinguish and quantify the different Eu** defect complexes.
Olsen et al. [279] considered the effect of pressure on the relative concentra-
tions of different Eu®* sites in CaF,. Their strategy was to use pressure as a ther-
modynamic variable to alter the equilibrium between the different Eu®* defect
complexes. In their experiments, they first fixed the pressure on Eu**:CaF, to a
value between 0 kbar and 20 kbar and then varied temperature (up to 420°C) in
order to dissociate existing defect complexes, induce fluoride mobility, and form
a new, pressure dependent equilibrium distribution of defects. In samples treat-
ed at 420°C and 11 kbar, they observed an increase in A site concentration, a
comparable decrease in O site concentration, and decreases in concentration of
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Fig. 34. High resolution scans of the 2E — %A, emission observed in Cr**:LiTaO; above
~20 kbar. The features labeled A, B, and C correspond to R, lines of Cr** ions in three distinct
structural bonding environments. Excitation wavelength: 620 nm

several low concentration, unidentified minority sites. The intensity changes
were reversible upon release of pressure and annealing at high temperature.
Above 20 kbar, no changes in the relative spectral intensities of the different Eu®*
sites were observed upon heating to 400°C. Olsen et al. argued that fluoride in-
terstitials were immobile above 20 kbar due to a pressure-induced increase in as-
sociation energy of each defect complex initially present at room temperature.
Olsen et al. [279] developed a defect equilibrium model to describe the effect of
pressure on fluoride diffusion and the relative concentrations of A and O sites.
The ability of pressure to alter defect equilibria in Eu**:CaF, permitted Olsen et
al. to demonstrate the importance of strained lattice regions in determining the
state of aggregation of Eu’* ions, the influence of competing processes between
Eu’* sites on defect distribution, and the inadequacy of simple mass action con-
sideration in establishing the defect chemistry.
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In addition to distinguishing bonding sites, site selective emission studies can
be used to probe the effect of pressure on local coordination environment in sys-
tems with multiple dopant bonding environments. Site selective optical me-
thods are commonly used as structural probes in amorphous phase systems
because of the limited local structural information available from X-ray mea-
surements. We recently completed a high pressure fluorescence line narrowing
study of Eu**-doped Na,0-2Si0, glass [280]. Amorphous silicates are important
constituents of the Earth’s interior and occur naturally at high pressure condi-
tions. The objective of our study was to develop an optical method for exami-
ning the effect of pressure on coordination environment in an amorphous sys-
tem at high pressure. We used Eu®* as an optical probe because its ’F, — *D, ab-
sorption transition involves two non-degenerate states and cannot be split by a
crystal field. As a result, the linewidth of the >D, — F; emission is a reflection of
the number of distinct Eu** bonding environments in a glass.

Our experiments consisted of using a narrow line tunable dye laser to selec-
tively excite the “F; — D, transition of Eu**. In principle, each distinct Eu®*
bonding environment possesses a unique “F, — D, absorption energy. By syste-
matically tuning the excitation laser through the inhomogeneously broadened
"F, — °D, absorption band, we can obtain a series of emission spectra corre-
sponding to the range of Eu** bonding environments present in a glass.

Our study included fluorescence line narrowing measurements of Eu®*:
Na,0-28i0, glass as a function of pressure up to 210 kbar [280]. A represen-
tative series of selectively excited emission spectra is depicted in Fig. 35
which shows results for four different excitation wavelengths at 66 kbar. The
variation of the *°D, — ’F, , spectral features with excitation wavelength indi-
cates that different Eu** bonding sites are excited. The D, — 7F, emission was
not measured directly in order to prevent saturation of the detector, but was in-
stead measured in excitation by measuring the Dy, — ’F, emission intensity
while scanning the excitation wavelength. The results are summarized in Fig. 36.
Each filled square represents the peak energy of D, — ’F, emission and the
ends of each length bar represent the wavelengths corresponding to half of the
peak intensity. The °D, — ’F, transition exhibited a red shift up to ~40 kbar with
no significant change in linewidth. Between ~40 kbar and ~150 kbar the peak
energy changed only slightly, but a significant increase in linewidth was ob-
served. Above ~150 kbar the linewidth increase ceased and a red shift was ob-
served.

An increased splitting of the three Dy — ’F, features with decreasing excita-
tion wavelength was observed at all pressures (Fig. 35). The increased splitting
indicates that the crystal field strength of the Eu** bonding sites increased with
decreasing excitation wavelength. By resolving the spectra into components and
analyzing in the context of crystal field theory [281, 282], we obtained the pres-
sure dependence of the By crystal field parameters and determined the varia-
tion in average crystal field strength as a function of pressure. We found that the
average crystal field strength decreased between 0 kbar and 40 kbar and increas-
ed above 40 kbar. Lifetime measurements of the >D, state upon excitation at the
peak of the “Fy — °D, excitation band indicated a lifetime increase between
0 kbar and 40 kbar and a decrease above 40 kbar.
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Fig. 35. High pressure fluorescence line narrowing spectra of Eu** in Na,0-2Si0, glass at 77 K
and 66 kbar. The excitation wavelength of each spectrum is indicated by the downward arrow
and is listed to the right of each spectrum. Spectra are normalized to the °D, — ’F, peak in-
tensity

The spectral, crystal field strength and lifetime data indicate that different
processes occur below and above 40 kbar. Below 40 kbar, the data indicate minor
structural perturbation of the set of Eu®* sites present at ambient pressure. The
decrease in crystal field strength below 40 kbar suggests that direct Eu-O bond
compression is not important at low pressure and that pressure primarily in-
fluences the angular positions of the nearest neighbor ligands. The increased li-
newidth observed above ~40 kbar indicates that new Eu** bonding sites are
created at high pressure. The crystal field strength data indicate that the new
sites are high crystal field sites. We have proposed a model of the behavior ob-
served above ~40 kbar that attributes the formation of new high field Eu®* sites
to a pressure-induced decrease in non-bridging oxygen concentration in the
glass. We believe that the decrease in non-bridging oxygen concentration is due
to an increase in the oxygen coordination number of Si from 4 to 5 and eventu-
ally 6 with pressure. As the Si atoms of the glass matrix compete more effectively
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Fig. 36. Peak maximum (M) and full width at half maximum (length bar) of the ’F; — D, ex-
citation spectrum of Eu** in Na,0-2Si0, glass as a function of pressure at 77 K. The ends of
the length bar denote the wavelengths corresponding to half of the peak intensity on the low
and high energy sides of the excitation band. The excitation spectra were measured by
scanning a dye laser across the “F, — °D, absorption band while monitoring the D, — ’F,
emission at 612 nm

for oxygen coordination, fewer oxygens are available for coordination to Eu**. As
a result, the average coordination number of Eu** decreases and the oxygens
that remain coordinated to Eu** bond more strongly. The strong bonding is con-
sistent with the observed increase in crystal field strength above ~40 kbar and
implies a stronger vibrational coupling of Eu®* to the glass matrix. Increased
vibrational coupling is consistent with the line broadening and lifetime decrease
observed above ~40 kbar.

Our study represents the first example of high pressure fluorescence line nar-
rowing spectroscopy and demonstrates the ability of site selective spectroscopy
to gain new insight into the effect of pressure on local structure in amorphous
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phases. The study suggests that high field Eu®* sites in silicate glasses consist of
Eu* ions bonded to a small number of oxygens with short bond lengths and
high bond strengths rather than to Eu** ions weakly bonded to a large number
of distant oxygens. The study also showed that high field Eu®* sites are charac-
terized by high energy “F, — °D, absorption, large site specific homogeneous
linewidths, and short D, fluorescence lifetimes.

4
Summary

In this review, we have summarized recent accomplishment in the area of high
pressure luminescence spectroscopy. We have attempted to demonstrate the uni-
que understanding and insight possible from high pressure studies of lumines-
cent materials. Our focus has been on the luminescence properties of transition
metal and lanthanide ions in solids and complexes. We have considered the ef-
fects of pressure on the basic properties of d — d,f — f,d — f,and charge trans-
fer transition and have presented several recent examples from the literature
that illustrate the ability of pressure to influence the energy, lifetime, intensity,
and lineshape of luminescence transitions. We have also shown that pressure is
a useful method for resolving overlapping spectra and competing energy trans-
fer processes. Finally, we discussed the use of luminescence spectroscopy as a
probe of high pressure structural phenomena in amorphous phases and in
crystals with multiple transition metal bonding sites.

A central theme of the review has been the demonstration of the ability of
pressure to systematically influence the static and dynamic luminescence
properties of excited electronic states through continuous decreases in bond
lengths and interatomic distances. This continuous tuning capability comple-
ments the discrete tuning capability traditionally obtained through chemical
means and leads to new opportunities for developing structure-bonding-
property correlations. High pressure also permits us to increase our under-
standing of luminescence phenomena by stabilizing structures, phases, and
electronic states that are not attainable through chemical modifications and by
resolving competing excited state processes.
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In this paper we review optically detected magnetic resonance (ODMR) investigations of a se-
ries of Rh*" (4d°) and Pd?* (4d®) complexes in the lowest excited electron spin triplet state.
Starting with a brief survey of the technique of optical detection of magnetic resonance, zero-
field and low-magnetic field ODMR results are reviewed for the tris-diimine chelates
[Rh(phen),(bpy);_,]**, where phen = 1,10-phenanthroline, bpy = 2,2’-bipyridine, and n=0, 2,
or 3, and for the mixed cyclometalated chelates [Rh(thpy), (phpy),_,(bpy)]*, with thpy =2,2’-
thienylpyridinate, phpy™ = 2-phenylpyridinate, and x=1, or 2. The ODMR data reveal fine
structure splittings in the phosphorescent excited state of the complexes comparable in mag-
nitude to those known for the nonchelated ligand molecules in the excited triplet state. An-
isotropy studies of the ODMR spectra for the single crystals in low magnetic fields show that
the lowest electronic excitation in the complexes is a triplet state indeed and that this state is
localized on a single ligand molecule per metal ion site. From microwave recovery experi-
ments, performed under conditions that the spin-lattice relaxation can be neglected (T<2 K),
detailed information concerning the triplet sublevel lifetimes is obtained. The lifetimes are on
the millisecond timescale, i.e., three orders of magnitude shorter than for the nonchelated li-
gand molecules. The lifetime shortening as well as the observed spin-selective radiative decay
of the triplet sublevels of the ligand molecule are discussed in detail on the basis of enhanced
spin-orbit couplings caused by the central (heavy) metal ion. Optically detected spin coher-
ence experiments (transient nutation and spin echo decay) are also discussed. The results
show that the homogeneous line broadening of the ODMR transitions of the metal complexes
in the emissive triplet state is approximately 100 kHz. The homogeneous broadening is attrib-
uted to the effects of flip-flop motions of ligand proton spins that randomly modulate the tri-
plet electron spin levels on account of dipolar electron spin - nuclear spin couplings. Finally,
recent ODMR and PMDR (phosphorescence microwave double resonance) experiments per-
formed for the Pd**-chelates, Pd(thpy), and Pd(qol), (with qol = 8-hydroxyquinolinate) in
Shpol’skii matrices are discussed. The lowest excited electronic state in these molecules is also
emissive and ODMR spectra at zero- and low magnetic fields have been observed. For
Pd(thpy), only one zero-field ODMR transition could be measured, but it is argued that this
transition originates in an excited triplet state. The results of the microwave recovery experi-
ments could be related to time-resolved emission experiments in high magnetic fields. Spin
selectivity in the vibronic line emission is demonstrated by means of PMDR.

Keywords. Rh(III)- and Pd(II) trischelates, Cyclometalated complexes, Excited triplet state, Op-
tically detected magnetic resonance, Triplet spin dynamics, Triplet spin coherence, Spin-selec-
tive decay, (De)localization of electronic excitation
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Introduction

The photophysics and photochemistry of luminescent transition metal ions co-
ordinated by organic ligands have received widespread interest for many years
[1].In part, the interest stems from the applicability of metal complexes as pho-
tocatalysts [2-4], as photosensitizer material in solar energy conversion [5, 6],
in molecular diodes [7, 8], chemical sensors [9, 10] or biosensors [11-13],and in
supramolecular clusters that mimic biological light harvesting systems [14, 15].
Numerous optical spectroscopic studies have contributed in obtaining the in-
formation necessary for a better understanding of the structure and chemical



Excited State Spectroscopy and Excited State Dynamics of Rh(lll) and Pd (ll) Chelates as Studied 97

bonding of the transition metal compounds. The results of such studies are well
documented and several reviews have appeared in recent years [1]. Of special in-
terest are the properties of the lowest excited states because these states most
critically determine the emissive, charge transfer, and charge redistribution pro-
cesses. The optical excitation of the transition metal complex is usually classified
as metal-localized (e.g., dd*-type), ligand-localized (e.g., mm*-type), or as me-
tal-to-ligand charge transfer (MLCT, dm* -type) [16]. A variety of spectroscopic
techniques including high-resolution absorption, emission, line-narrowing,
time-resolved, and coherent Raman techniques have been conducted to eluci-
date the spectral and dynamical properties of the lowest excited states of transi-
tion metal complexes [1¢,d, 17]. Typically, using narrow band lasers, the opti-
mized spectral resolution is of the order of 1 cm™.

In recent years, it has been shown for some luminescent d®-metal ion chelates
that the excited-state properties are amenable to investigation by means of ex-
cited-state magnetic resonance techniques [18-23]. Typically, in these com-
plexes with aromatic ligands the lowest excited state is a ligand-localized *mm*
state. For (uncoordinated) aromatic molecules it is well known that the photo-
excited 3mrm* state can be studied by means of magnetic resonance [24]. In this
paper a review is given of analogous magnetic resonance studies of the excited
state of dS- and d®-metal chelates.

Compared to the high-resolution optical experiments, the spectral resolution
attained in magnetic resonance is better by at least three orders of magnitude.
Generally, the three triplet-state sublevels are split in zero magnetic field and
thus give rise to a sublevel fine structure [25-27]. A major purpose of triplet-
state magnetic resonance spectroscopy is to determine the magnitude of the fine
structure splittings because such (zero-field) splittings fully characterize the
electronic spin density distribution of the metal-chelate excited triplet state. It
has long been known that triplet-state fine structure can be probed by means of
electron spin resonance (ESR) [28, 29]. For phosphorescent states, on the other
hand, the extremely useful method of optical detection of magnetic resonance
(ODMR) is often applicable [30]. ODMR offers a number of advantages when
compared with ESR. First, whereas in ESR excited-state studies may become dif-
ficult because, due to the limited lifetime of the paramagnetic system, the signal-
to-noise ratio may have decreased drastically, ODMR is well-suited for emissive
states with lifetimes as short as a few microseconds. Second, ODMR studies of
the excited triplet state are possible without the application of a magnetic field.
In ESR, the spectra for the triplet state are usually highly anisotropic, thus often
necessitating the use of single crystals. Anisotropy effects do not occur in zero-
field spectroscopy and very often information concerning electronic structure,
magnetic, radiative, and non-radiative decay of the excited state can be obtained
with unprecedented detail (see below). Third, in the ODMR experiment the sen-
sitivity of optical detection is retained, i.e., the detection enhancement factor
with respect to ESR detection roughly equals the ratio of the frequencies of the
optical photon and the microwave quantum. Fourth, ODMR pulse techniques,
not available in conventional ESR spectrometers, allow for a detailed study of the
triplet state sublevel dynamics. Thus valuable information about triplet substate
symmetries and intrinsic triplet spin relaxation processes can be obtained.
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Fig. 1. Schematic structures of the Rh®* chelates treated in this paper and the abbreviations of
the ligand molecules

In this paper we review ODMR investigations of a number of Rh** (4d°) and
Pd?* (4d8) cyclometalated complexes with ligand-localized excited triplet states.
The schematic structures of the treated dS-metal chelates are shown in Fig. 1.
Since in the complexes of interest here the triplet state is aromatic ligand-local-
ized, the triplet-state fine structure splittings are predominantly determined by
the dipolar interactions among the two unpaired electron spins [31]. Triplet sta-
tes arising from metal-centered dd* excitations, by contrast, are characterized
by fine structure splittings dominated by spin-orbit couplings of the central me-
tal ion [26, 31]. ODMR of such metal-centered excited states will not be discus-
sed here (for a review see [31]).

We begin with a brief survey of the fine structure characteristics of a ligand-
centered phosphorescent triplet state. This is followed by some considerations
concerning the ODMR experiment and finally we review results of recent ODMR
investigations with focus on the information regarding structure and dynamics
complementary to optical work.

2
Triplet State Fine Structure

For the organometal chelates considered here, photoexcitation produces a
phosphorescent ligand-localized *mm* excited state. A schematic picture show-
ing the relevant photophysical processes is given in Fig. 2. Usually the lowest
triplet state is formed by intersystem crossing (ISC) from the initially excited
singlet state. Fine structure splittings within the triplet state arise from electron
spin dipole-dipole interactions (in first order perturbation theory [25, 27 -29])
and spin-orbit couplings (in second order). In zero magnetic field, the threefold
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T
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nr
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Fig. 2. Level scheme and photocycle at photoexcitation. Triplet state fine structure is given on
enlarged scale. The various rate constants of photophysical processes are also indicated. k;"" is
the non-radiative feeding rate and ki is the radiative decay rate of sublevel i. k{¥ is the total
nonradiative decay rate constant for the triplet state

spin degeneracy of the triplet state is lifted by introducing a spin Hamiltonian of
the form

> 3 >

Hg=SDS (1)

where § is the total triplet spin operator and D is the second-order quadrupole
tensor with components representative of spatial integrals (see below). By defi-
nition, in the main axes frame of the spin system, the spin Hamiltonian reduces
to

Hg= - XS2 - YS2 - ZS? 2)

where X, Y, and Z are the principal values of the D-tensor that determine the
splittings of the three triplet spin sublevels in zero magnetic field. Since the D-
tensor is traceless (X + Y + Z = 0), the spin Hamiltonian may be rewritten as

1
HS=D(83—352>+E(S§—S§) (3)
in which

D=-2z 4
=-> (4)
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and

_-—(X Y) ()

Spin-orbit coupling (SOC) shifts the triplet spin level energies in second order
by
(T; | Hsoc|¢; >< ¢;|Hsoc|T>

AE, =
2 Er-E,

j

(6)

where T is representative of a triplet spin sublevel, Hyq is representative of the
spin-orbit coupling, and Er, and E,, are the energies of levels T; and ¢; respec-
tively [32]. The first order contributions of the dipolar spin-spin interactions to
the zero-field splitting parameters D and E are determined by [25-27]

‘I’> )

E= % (gms)? <lIf &V> (8)

In Egs. (7) and (8), r is the vector linking the two spins, g is the Landé factor,and
g is the Bohr magneton. It follows that D is representative of the degree of delo-
calization of the electronic distribution, whereas E expresses its deviation from
axial symmetry. The spin eigenfunctions of Eq. (2) may be given as linear com-
binations of the three eigenfunctions of the S, spin operator, T, or Tj:

r’-3z

I.5

2

3
D= 1 (gps)? <W

and
2 a2

Y

rS

1
|Tx> zﬁ |T-1 - T+1>
i
ITy>=ﬁ | T. + Ty )
| Tz> = | T0>
Note that

SeTy=0 foru=x,yz
S, Ty = -8, Ty =T,

(10)

etc., by cyclic permutation. From Eq. (10) it follows that the triplet spin angular
momentum in each of the three zero-field triplet sublevel eigenstates is quench-
ed (i.e.,(S,)= 0), or equivalently, the vector representing the spin lies in the plane
perpendicular to the molecular u axis.

3
Triplet Spin Resonance and ODMR

For the metal-ion chelates of interest here, the triplet state excitation is mainly
localized on aromatic ligand molecules. For aromatic molecules in the triplet
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state, fine structure splittings are typically in the range 0.1-10 GHz, i.e., the
magnetic transitions of the triplet state are in the microwave regime. The
T,— T, spin transition is induced when a resonant microwave field linearly po-
larized perpendicular to the uv-plane is applied.

At first sight, since for an electronic dipole transition the electron spin angu-
lar momentum is conserved, radiative decay of the excited triplet state to the
singlet ground state is not expected to occur. However, due to the (small) effects
of spin-orbit coupling, triplet and singlet configurations become contaminated
and the triplet-to-singlet dipole transition becomes partially allowed. The per-
turbed triplet state sublevels may be written as

("R Hsoc¥?) |

p 11
Ab ! an

W= S
k

where 3¥? denotes the unperturbed triplet substate, ! ¥'{ is the admixed singlet
state,and AE,; is the energy difference between the triplet and singlet states. For
organic molecules, the phosphorescence rate constants are usually less than
100 s7L. The phosphorescence rates for metal complexes, on the other hand, are
10*- 108 s7! or higher. The difference is mainly caused by the stronger spin-orbit
coupling induced by the heavy atoms. The effect is reminiscent of the heavy atom
effect in halonaphthalenes [33-35] and is discussed further in Sects.6.2 and 7.3.

The spin-orbit coupling operator, Hy, transforms according to the totally
symmetric representation of the point group symmetry of the molecule and
mixes states of the same total symmetry only. The triplet-state spin functions
transform as the u components of an axial vector. For nonaxially symmetric
molecules this implies that the spin sublevels have different symmetry and
hence also different total (orbital ® spin) symmetry. Thus, SOC may cause a spin-
selective mixing of the triplet substates with singlet states of different symme-
try. This results generally in very different radiative and nonradiative decay rates
for the three spin components of the triplet state. Also, the intersystem crossing
rate is determined by SOC. Hence, the populating rates of the triplet spin states
may also differ greatly. In all, SOC is pertinent to spin selectivity in the populat-
ing and depopulating kinetics of the triplet sublevels.

One can take advantage of the distinct rate constants for populating and de-
populating of the spin levels (cf. scheme of Fig.2) in an ODMR experiment. Gen-
erally, following optical excitation, the populations of the triplet state sublevels
differ appreciably. On the one hand this is so because of the aforementioned spin
selectivity in the optical pumping and decay cycle and on the other hand be-
cause the experiment is performed under ‘low-temperature conditions’, i.e.,
spin-lattice relaxation is slow enough so that thermal equilibrium among the
triplet sublevels is not established. When a microwave field is applied, a triplet
spin transition is induced if the microwave frequency is on-resonance with the
energy difference of a pair of triplet sublevels. Microwave resonance effects a
change of the spin sublevel populations. This population change gives rise to a
change in the total phosphorescence intensity due to the differences in the ra-
diative character of the triplet substates. Conversely, one can distinctively mea-
sure the emission spectrum belonging to the triplet state responsible for the
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ODMR signal. Here we refer to the Phosphorescence Microwave Double Reso-
nance (PMDR) spectrum that is obtained by an optical scan through the emis-
sion spectrum while maintaining the microwave frequency on-resonance. By
applying amplitude modulation of the microwaves and phase-sensitive optical
detection, one selects out the optical emission spectrum characteristic of the
species with the triplet-state spin resonance. The PMDR technique is partic-
ularly useful when the emission consists of overlapping spectra due to different
molecular species. When the emission is from excited triplet states with different
zero-field splittings one can easily separate the PMDR spectra from the different
species. Also, the PMDR technique is helpful for assigning the origin of vibronic
bands in high-resolution emission spectra [36]. The same idea applies for the
optical absorption spectrum or fluorescence spectrum, thus giving the techni-
ques of Absorption Microwave Double Resonance (ADMR) [37] and Fluores-
cence Microwave Double Resonance (FMDR) [38].

4
Optically Detected Spin Dynamics

4.1
Introduction

Studies of dynamical processes in photoexcited transition metal complexes are
important for a better understanding of processes like intramolecular popula-
tion relaxation, interligand excitation transfer, charge transfer, localized and
delocalized energy migration, etc. Since dynamical interactions give rise to spec-
tral broadening, it may seem at first sight that line shape studies might be help-
ful in obtaining experimental information. In practice, however, spectral broad-
ening due to the aforementioned dynamic processes is overruled by the effects
of inhomogeneous broadening (IB). IB arises from static interactions like strain,
lattice imperfections, density fluctuations, chemical impurities, etc. Thus, homo-
geneous broadening (HB), arising from the dynamical interactions in the sys-
tem, cannot be directly determined from the spectra. Several powerful techni-
ques have been developed to overcome the problems posed by IB. We mention
fluorescence line narrowing [39], hole burning [40], coherent transients [41,42],
and single molecule spectroscopy [43]. In this review we include ultra-high re-
solution optical-microwave pulse experiments [44], as applied to transition me-
tal complexes. As in advanced magnetic resonance pulse methods [45], in these
experiments information about the dynamics is obtained directly in the time
domain rather than the frequency domain. The spectral resolution achieved by
means of the double resonance pulse techniques is better than 100 kHz.

It is experimentally possible to distinguish between ‘population relaxation’
and ‘pure dephasing’ dynamics. In the population relaxation experiment, a satu-
rating resonant microwave pulse causes an abrupt change of the populations of
the triplet-state sublevels. Population relaxation ensues due to radiative and
non-radiative decay out of the triplet state sublevels and due to spin-lattice rela-
xation. Experimentally, the temporal behavior of this population relaxation is
probed. Further details are given in Sect. 4.2.
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In the ‘pure dephasing’ measurement, a very short and intense microwave
pulse (with a duration of a few tens of nanoseconds), resonant with one of the
triplet spin transitions, prepares the system in a ‘coherent superposition state’.
The state is said to be coherent because two conditions are met. First, the micro-
wave pulse is short and intense enough to prepare the molecule in a superposi-
tion of the zero-field spin eigenstates of Eq. (9). This superposition state is typi-
fied in that the molecule now has an oscillatory magnetic moment, at the reso-
nance frequency, instead of a quenched magnetic moment (as followed in Sect.2
from Eq. 10). Second, the magnetic moments of all molecules oscillate in-phase.
Consequently, the phase coherence is manifested as a macroscopic oscillating
magnetic moment. This moment has a limited lifetime, however. Due to ran-
domly fluctuating perturbations the oscillation frequency of the magnetic mo-
ment of each molecule in the superposition state becomes randomly modulated.
As a result, these dynamic (secular) interactions give rise to ‘irreversible’ de-
struction of the phase coherence in the ensemble of molecules. Such dynamic
interactions are responsible for the homogeneous line broadening or (pure) ir-
reversible spin dephasing. From the monitoring of the ‘pure dephasing’, infor-
mation concerning the intrinsic molecular dynamics is obtained. A variety of
experimental methods have been developed for the measurement of the pure
dephasing dynamics. One of these is the ‘spin echo’ experiment [44, 45]; further
discussion is given in Sect. 4.3.

Quite often, spin dephasing times are orders of magnitude shorter than the
decay times measured in the (incoherent) population relaxation experiments.
For a few transition metal chelates in the excited triplet state we will argue later
that the homogeneous spin dephasing is determined by hyperfine interactions
of the triplet electron spin with randomly flipping ligand nuclear spins.

4.2
Optically Detected Population Decay

Usually, for triplet states with zero-field splitting parameters of the order of
0.1 cm™!, the sublevel decay rates are measured at low temperatures (T < 2 K).
Under these conditions there is almost no spin-lattice relaxation (SLR), i.e., its
rate is negligible compared to the (de)populating rate constants. One has then
that steady-state pumping of sublevel T, leads to

ny =K (12)

where n,, is the steady state population of T,, and K, and k, are the feeding and
depletion rate constant, respectively. Since the three sublevels, in general, have
different populating and depopulating rates, appreciable spin alignment (i.e.,
population differences between the triplet sublevels) in the excited triplet state
results. A large spin alignment is favorable for measuring ODMR.

Spin selectivity in the sublevel decay is of course manifested in the sublevel
lifetime, k ;'. Lifetimes of the individual triplet sublevels are measured by means
of optically detected microwave recovery [46] or adiabatic rapid passage experi-
ments [47]. In the microwave recovery experiment, a microwave pulse at reso-
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nance with one of the spin transitions changes the population of level, i, from its
steady-state value 7, to n;. In the limit of negligible SLR, the level population re-
covers according to

n; () = [n;(0) - nlexp (- k;t) + nt (13)

where 7;(0) is the population of level T; at the moment the microwave power is
switched off (t=0). Since the total phosphorescence intensity is given as

It)=cn,(t) kL + cn, () kE (14)

with ¢ being a proportionality factor, the time dependence of the microwave re-
covery signal is given as

I(t) -I°=c[n,(0) - n] kX exp (- k,t) + c [n,(0) - n%] kX exp (- k,t) (15)
where
I'=cndk:+cndk: (16)

The microwave-induced population transfer is from level T, to level T, (or vice
versa), hence 1,(0) - nd and n,(0) - n9 are equal but of opposite sign. By fitting
the phosphorescence transient following the microwave pulse to Eq. (15), the de-
cay rates of levels T, and T, are determined. Alternatively, in the adiabatic rapid
passage experiment, the microwave frequency is swept rapidly through reson-
ance. Assuming that during the sweep population relaxation can be ignored, the
result of the rapid sweep is population inversion between the resonantly cou-
pled levels. Thus in Eq. (15) one has that n,(0) =n9 and n,(0) = nd. The subse-
quent temporal evolution of the phosphorescence is still given by Eq. (15). It fol-
lows that, at temperatures low enough so that SLR is frozen out, the microwave
recovery and the adiabatic passage experiments both yield the lifetimes of the
resonantly coupled spin levels.

Complementary to the method of microwave-recovery, the method of micro-
wave-induced delayed phosphorescence (MIDP) is sometimes used for studying
population kinetics. MIDP is particularly suited for two-level systems in which
only one of the levels is radiative, whereas the other, dark level, is long-living.
The microwave recovery is mostly applied when both levels are radiative. In the
MIDP experiment the exciting light is chopped (or pulsed). In the dark time,
after optical excitation, a resonant microwave pulse is applied at the delay time
t4. At t4, the population still present in the non-radiative level is in part transfer-
red to the radiative level. Thus a phosphorescence intensity change is induced,
the amplitude of which is proportional to the population present in the non-
radiative level, at time 4. Measurement of the amplitude decay with ¢4 gives the
decay transient for the non-radiative level. The (fast) decay of the delayed phos-
phorescence transient at times ¢ > 4 is typical of the decay of the radiative level.

43
Optically Detected Spin Coherence

As mentioned in Sect. 4.1, spin coherence is generated by an intense microwave
pulse resonant with one of the spin transitions within the excited triplet state.
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For a short and intense enough microwave pulse resonant, for example, with the
T, <> T, transition, a superposition state of the form

W(t) = a, ()| Ty) + a,(1)| T,) (17)

is produced [44]. The ratio a,/a, is determined not only by the microwave power
but also by the pulse duration. It is anticipated therefore that by variation of the
microwave pulse duration one can change the composition of the superposition
state ¥, say from pure T, to a mixture of T, and T,, pure T,, and so on. Assuming
that the radiative properties of T, and T, are quite different, the radiative char-
acter of the state ¥ will change as the ratio a,/a, is varied. Experimentally one
can verify this by monitoring the change of the phosphorescence intensity as a
function of the pulse duration. Figure 3a illustrates such a ‘transient nutation’ as
probed for [Rh(bpy);](ClO,); in the phosphorescent triplet state [19,48]. The fi-
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Fig. 3a,b. a “Transient nutation’ signal as probed for the T,<>T, zero-field transition at
2320 MHz of [Rh(bpy);](ClO,)s, in the phosphorescent triplet state, upon switching on the
microwave power. The oscillations occur as the microwave pulse duration is increased. Photo-
excitation is near 320 nm, detection is at 456 nm; temperature is 1.4 K. b Optically detected
echo amplitude decay for the 2320 MHz zero-field transition of [Rh(bpy);](ClO,); as obtained
by applying a n1/2-1-7-1-71/2 pulse sequence when increasing 27
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gure illustrates that the superposition state and thus its radiative character can
be controlled by variation of the microwave pulse duration. The modulation pat-
tern in Fig. 3a is direct evidence of induced coherence in the triplet spin system,
i.e.,not only the individual molecules are in a superposition state characterized
by a,a, #0, but one also has that the ensemble average of a,a, (i.e., the off-
diagonal density matrix element ¢, ='a,a, ) is non-zero. The damping of the so-
called Rabi oscillations in Fig. 3a shows that the phase coherence has a limited
lifetime. It is important to note, however, that in this case the damping time is not
characteristic of the pure dephasing dynamics. As noted in Sect. 4.1, IB is very
prominent and in fact it is the inhomogeneous spread of the spin resonance fre-
quencies that causes the transient nutation signal to die out rapidly.

From magnetic resonance spectroscopy [49] it is well-known that IB effects
are adequately circumvented by the tricks of a spin echo experiment. For in-
stance, in a two-pulse echo experiment, IB effects are averaged out and one
probes spin dephasing determined by time-dependent fluctuations character-
istic of HB only (and not IB). More specifically, a 71/2-7-m microwave pulse
sequence is applied, where the first 71/2 pulse creates a coherent superposition
state for which a,/a, = 1 and the 7 pulse, applied at time 7 after the first pulse,
generates a spin coherence (the echo) at time 27 after the initial pulse. The echo
amplitude is traced with 7. The echo amplitude decay time is characteristic of the
pure dephasing dynamics. For phosphorescent triplet states it is possible to
make the echo optically detectable by means of a final 71/2 “probe” pulse applied
at time 7° after the second pulse [44]. In Fig. 3b, the optically detected echo
amplitude decay for the T, <> T, zero-field transition at 2320 MHz of
[Rh(bpy);](ClOy); in the triplet state, as obtained by applying a n/2-1-m-1-11/
2 pulse sequence when increasing 21, is shown [48]. The echo amplitude decay
time, typical of the pure dephasing dynamics, in this particular experiment is
found to be 3.1 £0.6 ps [48].

An advantage of the probe-pulse method is the fact that the excitation and de-
tection are completely decoupled. Therefore, there is no instrumental dead-
time. Furthermore, sensitive optical detection is used and in a few favorable ca-
ses the spin coherence of only ~10* excited molecules could still be detected.

5
Experimental

A block diagram of the ODMR set-up used by us [50] is given in Fig. 4. The sam-
ple is mounted inside a slow-wave helix immersed in a liquid helium bath. Opti-
cal excitation is by means of continuous wave or pulsed laser beams; in some
cases a conventional high-pressure mercury or xenon lamp is used. The excita-
tion beam is directed through the quartz windows of the helium cryostat per-
pendicular to the detection pathway. Microwaves generated in a sweep oscillator
are coupled by coaxial lines to a semi-rigid cable in the cryostat. A helix is attach-
ed to the end of the semi-rigid cable. The microwaves transmitted by the helix
are almost linearly polarized along the helix axis. Microwave amplification is
achieved by means of traveling-wave-tube (TWT) amplifiers up to 20 W. Maxi-
mum power input is obtained by matching the coupling to the helix by means of
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Fig. 4. Scheme of ODMR set-up

an EH-tuner inserted on top of the semi-rigid cable. The frequency range co-
vered by our zero-field ODMR spectrometer is from 0.1 GHz up to 12 GHz.

A programmable pulse generator produces the pulse sequences that drive the
p-i-n diode switches in the microwave circuit. To resolve the microwave-induced
changes in the phosphorescence intensity from the steady-state emission
(usually a few percent or less) phase sensitive detection of the photomultiplier
output at the microwave sequence repetition frequency (F, is typically 150-
350 Hz) is applied using a lock-in amplifier.

6
Rh3+-Trisdiimine Chelates

6.1
ODMR

It has long been recognized that the emissive state of Rh(III)-(aza)-aromatic
compounds is primarily of ligand-localized *mrm* nature [51-54]. This assign-
ment for the Rh3* (4d®) chelate emission is mainly based on the resemblance of
the emission spectra of the free and coordinated ligand molecules. Komada et al.
[18] were the first to demonstrate the feasibility of optically detected magnetic
resonance for the luminescent state of Rh(III) complexes. The experiments re-
vealed that the fine structure splittings of the complexes in the triplet state are
of the order of those for the free ligand molecules in the excited triplet state. We
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have performed similar zero-field and low-field ODMR studies for compounds
of the form [Rh(phen),(bpy);_,](ClO,);, where n=0, 2, or 3, and phen=1,
10-phenanthroline, bpy =2, 2’-bipyridine [19, 48, 55, 56]. Moreover, for single
crystals the anisotropy of the ODMR spectra could be studied in the presence of
small magnetic fields. The results of these experiments unambiguously prove
the triplet spin nature of the emissive state. Figure 5 shows the low-temperature
emission spectra for these compounds. Compared with the free ligand emission,
the 0-0 emission is red shifted by about 1300 cm™' [55]. The zero-field ODMR
spectra measured for the [Rh(phen),(bpy);_,1(ClO,); compounds [50] are
shown in Fig. 6. Here again the line widths (~100 MHz) are broader compared
with the widths of the ODMR signals of the pure ligand molecules (10 MHz).
Table 1 lists the zero-field ODMR frequencies for the chelates and the free ligand
molecules. The resonance frequencies characteristic of the zero-field ODMR
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Fig. 5A-C. Phosphorescence spectra of single crystals of: A [Rh(bpy);](ClO,);; B [Rh(phen);]
(ClO,)3; C a powder sample of [Rh(phen),(bpy)](ClO,);. Photoexcitation at 320 nm; T=1.4 K
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Fig. 6a—c. Zero-field ODMR spectra as observed for single crystals of: a [Rh(bpy);](ClO,);;
b [Rh(phen);](ClO,)s; ¢ a powder sample of [Rh(phen),(bpy)](ClO,);. Photoexcitation at
320 nm; T = 1.4 K. The apparent structures in the microwave resonances are due to a variation
of the microwave power with the microwave frequency

Table 1. ODMR frequencies (GHz) as determined for [Rh (phen),(bpy);_,](ClO,); for n=0, 2,
and 3 and the free ligand molecules phen and bpy at 1.4 K. For n =2 the ODMR frequencies in
the left column are for the excitation localized at bpy and those in the right column are for the
excitation localized at the phen ligand. Asterisk indicates that the transition has not been ob-
served. The data for bpy and phen were taken from [18]

[Rh(phen),(bpy);_,](ClO,);

Transition bpy n=0 n=2 n=3 phen
2|E| 0.76 1.18 * 2.05 2.08 1.66
|D|-|E]| 2.99 2.32 2.28 * * 291
|D|+|E]| 3.75 3.49 3.44 5.03 5.00 4.57

transitions of the complexes show a striking resemblance with those of the cor-
responding pure ligands, thus providing further support that the luminescence
is from an excited *nir* state. The mixed complex (n =2) shows a rather different
behavior. For this compound an emission from both ligands had been reported
[57]. The emission shows that both ligands, bpy and phen, can serve as traps for
the optical excitation. In zero-field ODMR, as many as four transitions are ob-
served that coincide with the ODMR frequencies of the pure Rh(bpy)3* and
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Rh(phen)$* compounds (cf. Table 1). This is indicative that the excitation in the
mixed ligand compound is ligand localized, be it bpy or phen. This is further
supported by means of PMDR measurements. For instance, Fig. 7 shows the
PMDR spectra obtained for the 5.0 GHz transition of [Rh(phen);](ClO,); and
[Rh(phen),(bpy)](ClO,);, respectively.

From the similarity of the PMDR spectra in Fig. 7 it follows that both com-
pounds have similar emissive states. Since both compounds have the phen
ligand in common, microwave excitation localized within this ligand is involved
in the ODMR transition at 5.0 GHz. Similarly, when the PMDR experiment was
repeated for the 2.3 GHz ODMR transition of [Rh(phen),(bpy)](ClO,);, the
PMDR result is the same as for Rh(bpy)3*. Thus from PMDR measurements it is
established that in the mixed compound both ligands may serve as the trap for
the triplet state excitation. Depending on the details of the environment of the
excited complex in the solid either the phen or the bpy ligand excitation may be
lowest in energy. Thus for the mixed complexes the emission of both ligands is
due to the inhomogeneity in the surroundings. That the excitation is also ligand
localized in the pure Rh(bpy)3* and Rh(phen)3* cations is not obvious a priori,
although the comparable results for the fine structure splittings of the free
ligand molecules and for the mixed compound already suggest that this should
be so. Localization of the triplet excitation is expected to be reflected in the
orientation of the fine structure main axes in the molecule. For instance, if tri-
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Fig. 7. Phosphorescence microwave double resonance (PMDR) spectrum as observed for the
5.0 GHz transition in the excited triplet state of (a) [Rh(phen);](ClO,); and (b) [Rh(phen),
(bpy)1(ClO,);. Photoexcitation at 320 nm; T =1.4 K
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gonal symmetry is preserved for Rh(bpy)3* in the crystal, the 3mn* excitation
would be delocalized and its spin distribution would exhibit axial symmetry,i.e.,
the zero-field splitting parameter E would be zero (cf. Eq. 8). This is certainly not
the case for the Rh(bpy)3* and Rh(phen)3* cations since from the ODMR data
for both species we know that E # 0. From ODMR anisotropy measurements in
the presence of a magnetic field, the orientation of the magnetic main axes in the
molecule could be determined [55]. In these experiments relatively small ma-
gnetic fields were used (near 500 G) because at higher magnetic field strengths,
due to the strong mixing of the triplet spin functions, the sublevels have similar
radiative properties and ODMR is no longer observable. Under the influence of
a magnetic field, shifts and splittings of the ODMR lines are induced. The details
of the angular dependences of the ODMR transitions upon rotation of the
crystal in the magnetic field are given elsewhere [55]. The results for the
[Rh(bpy);](ClO,); single crystal are consistent with the presence of six magnet-
ically distinguishable sites in the unit cell (the [Rh(bpy);](ClO,); crystal has R3c
space group symmetry [58]). From the simulations of the ODMR anisotropy
patterns for the six inequivalent triplet sites, the orientation of the correspond-
ing fine structure main axes in the unit cell could be determined. It appeared
that these main axes coincide with those of six bpy ligand molecules for which
the position in the unit cell could be specified. If we allow for the possibility that
the *mr* could also be on the other ligand molecules in the unit cell (in all there
are 12 more ligand sites), the ODMR spectrum would consist of many more
ODMR lines than actually observed. Summing up the conclusions from the low-
field ODMR measurements, we have (i) the Zeeman splittings and the aniso-
tropy of the ODMR transitions provide unambiguous evidence that the emissive
state of [Rh(bpy);](ClO,); is a triplet state, and (ii) for each Rh(bpy)3* cation in
the unit cell, the triplet state excitation is localized on one specific bpy ligand
only. Apparently, due to the influence of the crystalline environment, the equiva-
lence between the three ligand molecules that exists in an isolated cation is lift-
ed. Conclusions from high-resolution optical experiments by Humbs and Yersin
support this view [59].

6.2
Triplet Sublevel Kinetics

The lifetimes of the sublevels of the excited triplet state of the Rh-trisdiimine
complexes have been determined using the microwave recovery and adiabatic
rapid passage techniques mentioned in Sect. 4.2. At (pumped) liquid helium
temperatures it turned out that the triplet state sublevels have distinct lifetimes.
As an example, we show in Fig. 8 the optically detected adiabatic transient signal
as monitored for the zero-field | D| - | E| resonance, at 2320 MHz, of the photo-
excited [Rh(bpy);] (ClO,); single crystal, at 1.4 K. The microwave frequency scan
was at a rate of 2x 10° Hz/s. Similar transients were obtained by rapid scans
through the zero-field microwave transitions for the other compounds of the
[Rh(phen), (bpy);_,](ClO,); series. The transients fitted a biexponential func-
tion of the form

f(t) = A exp (-k,t) - Bexp (- ky1) (18)
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Fig. 8. Adiabatic rapid passage signal observed by monitoring the phosphorescence intensity
at 456 nm of [Rh (bpy);](ClO,); after a rapid microwave sweep through the zero-field |D|-|E|
resonance, at 1.4 K

From the best fits, the kinetic rate constants, k, and ky,, and the ratio of the ra-
diative rate constants, A/B, of the resonantly coupled spin levels could be obtain-
ed. The lifetimes of the triplet sublevels in the various chelates [56] are collected
in Table 2. Evidently, the sublevel lifetimes are on the millisecond time scale,and
about three orders of magnitude shorter than the phosphorescence lifetimes
of the free ligand molecules (bpy: 7,=0.8 s; phen: 7,=1.4 s [60, 61]). For
[Rh (bpy);](ClO,); the radiative rate constants are in the ratio T,: T,: T,=10:1:2,
showing that the T, sublevel is the most active in the radiative as well as non-
radiative processes [62]. The shortening of the triplet state sublevel lifetimes for
the Rh(IIT)-chelates as compared to the triplet sublevel lifetimes of the free
ligand molecules is reminiscent of the heavy atom effect as, for example, observ-
ed for halonaphthalenes [33-35]. In the latter, the mixing of !7rn* states with
'nm* and 'om* excitations is enhanced by SOC within the heavy atom. In

Table 2. Lifetimes (ms) of the triplet sublevels of [Rh(phen),(bpy);_,](ClO,); for n=0, 2, and
3,at 1.4 K. For n =2 the data in the left column are for the excitation at the bpy ligand, the data
in the right column refer to the phen ligand molecule

[Rh(phen),(bpy);_,](CIO,);

Sublevel n=0 n=2 n=3
T, 6.7 5.0 11.5 9.2
T, 4.5 4.4 3.0 2.2
T, 0.6 0.5 3.5 3.4
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Fig. 9. Orientation of the molecular axes x, y, z of a Rh(bpy) fragment (C,, symmetry). The
primed axes x’, y’, 2’ correspond to the main axes system of the Rh(bpy)3* chelate

Rh(III)-chelates, however, the radiative decay of the *mm* is enhanced by SOC-
induced mixing with 'dm* and/or 'dd* excitations. This is nicely illustrated in
the case of [Rh(bpy);](ClO,);. As followed from the ODMR results, the excitation
is localized on one of the bpy ligand molecules, so we consider an excitation of
the Rh(bpy) fragment as in Fig. 9. Referring to the axis frame given in Fig. 9, the
most active radiative level is the out-of-plane component T, (Ty: T,: T,=10:1:2,
see above). Normally, for aza-aromatic molecules, the out-of-plane component
carries very little radiative character [25], so here the opposite is the case. To
understand this we consider the optical transition moment

Sol P|Sj> <Sj|HSOC| TY)
Ep - Esj

Ms¢<—T§:Z<
J

(19)

where S; and T, refer to the molecular singlet and the lowest excited triplet state,
respectively, E; refers to the energy of state |j) and Hgoc and p denote the SOC
Hamiltonian and electric dipole operator, respectively. We adopt the usual one-

center approximation, i.e.,
Hsoc = 2 & (1) ;i (20)
1

The lowest *r* excitation in bpy is *B, (1,,, m,;*) [18]. Table 3 lists the Rh**
d-orbitals given the bpy axis system of Fig. 9 and their representations in Oy
symmetry. Out of the set of t,, orbitals only the d,, and the d,, orbitals have the
proper symmetry to form 7-type molecular orbitals with the m-orbitals of the
bpy fragment. In particular, the d, orbital combines with a m-orbital of a, sym-

Table 3. Symmetries of Rh3* d-orbitals in the bpy x, y, z reference frame (C,,) expressed in the
basis set d-orbitals in the x’, y, z’-frame (Fig. 9)

dy:_ (dyy) :2,(Cyy) t2g(Op)
dyx (dz’x’ + dz'y’) : aZ(CZV) tZg(oh)
dzx (dz’x’ - dz'y’) : bl (CZV) tZg(Oh)
dy: (d,) :2,(Cy) eg(Op)

dzy (d & -y'z) : bZ (CZV) eg (Oh)
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metry and, similarly, d,, forms a molecular orbital with a m-orbital of b, sym-
metry. The *B, state thus becomes of the form ¢; *(71,,,7,,*) + ¢, *(dy, 7, *) +
¢; *(1,, d,y). The dy,_,, orbital, on the other hand, may participate in o-type
bonding. As remarked before, SOC mixes the triplet configuration with singlet
configurations of the same total symmetry (orbital ® spin). SOC-induced mix-
ing of the *(m,,,m,*) configuration with 'nrm* configurations is relatively weak
because only three-center integrals can contribute in this case and these are very
small [25,31].SOC is strongest for electrons near the Rh**-ion; hence the major
contribution to the matrix element (Hgoc) in Eq. (20) is expected to involve 'dr* -
configurations. In C,, symmetry, which is the symmetry of the bpy ligand, the
T, Ty,and T, spin sublevels belong to the B,, B;,and A, representations,and thus
the total symmetries for the spin-orbital functions of the 3B, state are A, A,,and
By, respectively. One has then that *(T,,d,,,m,,*) mixes with '(d,,m,*),and also
that 3(Ty, dyy, 1,1 %) mixes with l(dzy,ﬂ.’bl*), and finally, *(T,, dyy, 1, %) mixes with
'(dy,-,,7,;*). However, since the T, sublevel is of A, total symmetry, and the
transition dipole moment for this symmetry is forbidden in C,,, there is no
emission from the T, sublevel. Moreover, the mixing of the T, level is expected to
be small because it involves mixing with an energetically high-lying
"(0+8dy,_,5,m,*) excitation. The result is that in this scheme the radiation is
dominantly due to the T,-level, whereas the T,-level is weakly radiative. This is
precisely what has been found experimentally [48, 56]. The triplet state lifetimes
for [Rh(phen);](ClO4); and [Rh(phen),(bpy)](ClO,); can be discussed in a
similar way. Here too enhanced decay as compared with the lifetimes of the
lowest triplet state of free o-phenanthroline is due to SOC-effects of the central
Rh3*-jon which causes enhanced mixing triplet and singlet configurations [31,
48,56]. More generally we conclude that, due to the bonding of the ligand molec-
ules with the central metal ion, SOC near the central metal ion is transferred to
the m-electron system of the organic chelate system, thus resulting in an enhanc-
ed mixing between the singlet and triplet configurations.

6.3
Triplet Sublevel Coherence

As shown in Fig. 3a, spin coherence is manifested in the optically detected tran-
sient nutation signal for [Rh(bpy);] (ClO,); in the phosphorescent triplet state.
In this experiment, one observes that the phosphorescence intensity becomes
modulated as the pulse length of microwave pulses, resonant with the |D|-|E|
transition, is gradually increased. The modulation is evidence that the micro-
wave excitation induces a spin coherence in the ensemble of molecules in the
photoexcited triplet state [44]. Moreover, from the transient nutation experi-
ment one obtains the information about the duration of the pulses needed in a
spin echo experiment. In the case of the example, the 7/2 pulse is 100 ns and the
7 pulse has a length of 200 ns. Similarly, transient nutation signals for the other
zero-field spin resonances could be obtained. The optically detected spin echo
decay as measured for the | D|-|E| zero-field transition for [Rh(bpy);](ClO,); at
1.2 K is shown in Fig. 3b. The signal fits a monoexponential decay function with
a characteristic phase memory time of Ty;=3.1+0.2 ps. Table 4 summarizes the
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Table 4. Phase memory time Ty, (j1s) and homogeneous line width I, in brackets (kHz) as de-
termined for the zero-field ODMR transitions of [Rh(thpy),(bpy)]*, [Rh(thpy)(phpy)(bpy)]*,
[Rh(phpy)(thpy)(bpy)]*, Rh(bpy)3*, and Rh(phen)3*. Asterisk means spin echo was not de-
tected

Transition Rh(TTB)* Rh(TPB)* Rh(PTB)* [Rh(bpy);](ClO,); [Rh(phen);](ClO,);

2|E| 3.42(93) * * 3.0 0.3 (106) 3.240.6 (99)
[D|-|E|  3.14(101) 432(74) 170 (187) 3.1+0.2(102) *
ID|-|E| * * * 3.3+ 0.3 (96) *

results for the zero-field transitions of [Rh(bpy);](ClO,); and [Rh(phen)]
(ClO,);. In the case of [Rh(phen);](ClO,); only for the 2 | E| transition could the
echo be detected, the S/N ratio for the other transitions being too low to allow
reliable values for Ty;. The results for the dephasing times imply that typically
the homogeneous line widths of the zero-field spin transitions are of the order
of 100 kHz. On the other hand, in the normal zero-field ODMR spectrum line
widths of 100 MHz or more are found. Obviously, inhomogeneous broadening
of the ODMR transitions of the dS-metal ion chelates exceeds homogeneous
broadening by at least three orders of magnitude. Note also that the sublevel life-
times are of the millisecond time scale; this is three orders of magnitude longer
than the dephasing times. The homogeneous line widths of the zero-field spin
transitions therefore are not due to population relaxation processes of the triplet
state, but are the result rather of pure dephasing process(es). The value of 3.1 s
for the spin dephasing times for [Rh(bpy);](ClO,); and [Rh(phen);](ClO,); in
the photoexcited triplet state is well within the usual range of 1-10 ps for spin
transitions of aromatic and azo-aromatic systems like naphthalene and quino-
line [63]. In these systems dephasing is usually due to dynamic dipolar interac-
tions between flipping proton spins of the aromatic molecule and the triplet spin
system. It is also very likely that for the Rh**-trisdiimine molecules, in the triplet
state, dipolar couplings between the fluctuating proton spins of the ligand frag-
ments and the triplet spin contribute to the electron spin dephasing. This is sup-
ported by the experimental result that the dephasing times for the Rh**-tris-
diimine complexes show no temperature dependence (at least up to 4.2 K) as
expected for pure spin-spin interactions. The similar dephasing times for the d°-
metal ion complexes and the free ligand molecules is another illustration that
the triplet state excitation in the complex is localized on a ligand molecule with
a spin distribution very similar to that for the free ligand molecule.

7
Rh3*-Mixed Cyclometalated Chelates

71
Introduction

In addition to the Rh**-trisdiimine chelates, Rh**-chelates with the general for-
mula [Rh(thpy),(phpy),_(bpy)]*, with thpy =2,2’-thienylpyridinate, phpy =
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2-phenylpyridinate, bpy = 2,2’-bipyridine, and x = 1,2 have been investigated by
means of optically detected magnetic resonance spectroscopy [64-67]. The op-
tical properties of the Rh*(4d®)- and Ir**(5d®)-mixed chelates of the form,
[M(thpy).(phpy),_.(bpy)]*, have been reviewed recently [68, 69]. The lumines-
cence observed for the Ir** (5d®) complexes has been assigned as due to a ’MLCT
transition [69]. The Rh** complexes, on the other hand, show exclusively °LC
luminescence [70, 71]. In fact, for the complexes containing the thpy™ as cyclo-
metalating ligand the excitation is trapped at this ligand. In case this ligand is
absent, the excitation is preferentially centered at the phpy ligand and not the
bpy ligand. The *nm* excitation of the phpy ligand lies about 3000 cm™! above
that for the thpy~ ligand, but about 1000 cm™! below that for bpy [68]. In analogy
to the Rh* tris-diimine complexes, one might consider the possibility that the
ligand-centered emission for the [Rh(thpy),(phpy),_(bpy)]* (x=1,2) comple-
xes originates in an excited triplet state. Of course, if feasible, the ODMR techni-
que would be the best way to verify directly the triplet state nature of the excited
state. Indeed, for the above-mentioned complexes substitutionally doped in a
single crystal of [Rh(phpy),(bpy)]PFs, ODMR spectra could be measured at
liquid helium temperatures.

7.2
ODMR of Mixed Rh3* Cyclometalated Chelates

7.21
[Rh (thpy),(bpy)I*

There is only one way for the [Rh(thpy),(bpy)]* cation to fit into the crystal lat-
tice, with the two thpy™ ligands replacing the host phpy ligands. In the
[Rh(thpy)(phpy)(bpy)]* cation, both cyclometalating ligands, thpy~ and phpy~,
can occupy either of the two available non-bpy sites per molecule, giving rise to
two inequivalent complex conformations in the crystal lattice. We adopt the
notation Rh(TPB)* and Rh(PTB)* for the two different conformations;
[Rh(thpy),(bpy)]* will be referred to as Rh(TTB)*. Figure 10 a shows the high-
energy part of the emission spectrum, at 1.4 K, for Rh(TTB)* doped in the
[Rh(PPB)]PF, single crystal [64]. The electronic origin is at 520.7 nm
(19,204 cm™). As discussed elsewhere [54], the vibrational structure is charac-
teristic of an emissive r7* state localized on a thpy~ ligand. Furthermore, it was
determined that, at 4.2 K, the emitting level lifetime is 204 ps [72]. This long life-
time is indicative of a spin-forbidden optical transition. ODMR experiments,
performed in zero magnetic field, resulted in three resonance signals (cf.
Fig. 11). The frequencies of the resonances were found to be 1730 MHz,
2580 MHz, and 4310 MHz. The line widths of the ODMR transitions vary from
13 MHz to 45 MHz. For the pure (i.e., undoped) [Rh(thpy),(bpy)]PF, single
crystal, two ODMR transitions, at 1720 MHz and 2640 MHz, respectively, were
observed [64]. The line widths of these signals have values between 100 MHz and
200 MHz. The PMDR spectra taken for the three zero-field transitions are shown
in Fig. 10b-d. These spectra have the characteristics of the normal emission
spectrum and thus confirm that the ODMR transitions belong to the emissive
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Fig. 10a-d. a High-energy part of the emission spectrum of 1% doped [Rh(thpy),(bpy)]* in
[Rh(phpy),(bpy)]PFs, at 1.4 K. Excitation is at 488 nm.b PMDR spectrum for the 2| E| transition
at 1730 MHz.c PMDR spectrum of the | D|- | E| transition at 2580 MHz.d PMDR spectrum of the
|D|+|E| transition at 4310 MHz. Frequencies of vibrational satellites are as indicated
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Fig. 11. Zero-field ODMR transitions of 1% doped [Rh(thpy),(bpy)]* in [Rh(phpy),(bpy)]PF
at 1.4 K. Excitation is at 488 nm, detection is at 0-0 transition at 19,204 cm

state of Rh(TTB)*. In a magnetic field, the ODMR transitions show Zeeman
shifts and splittings, as well as anisotropic behavior [64]. Detailed analysis of the
ODMR spectra in magnetic fields up to about 1200 G appeared possible [64,73].
It could be shown that the emissive state, for which the fine structure is mea-
sured in ODMR, is indeed an electron spin triplet state. Furthermore, from the
angular dependence of the ODMR spectra in a magnetic field, it was established
that out of the two thpy~ ligand molecules per Rh’*-complex the triplet state is
localized on one ligand molecule only. By comparing the orientation of the mag-
netic main axes of the triplet state to the crystallographic positions of the two
thpy~ ligand molecules per Rh**-complex it was determined which of the two
ligand molecules actually trapped the optical excitation and therefore has the
lower excitation energy. From the analysis of the anisotropy of the ODMR spec-
tra in the magnetic field it was concluded that there are four magnetically in-
equivalent positions for the ligand molecule, in the crystal unit cell, at which the
excitation can be localized [64] (cf. Fig. 12). The orientation of the principal axes
(x, y, z) of the fine structure tensor is as given in Fig. 13.

Note that the direction of the z axis is now perpendicular to the molecular
plane, in agreement with the notion that the symmetry of the thpy fragment is
C,. It should be added, however, that fits of similar good quality for the angular
dependencies of the ODMR lines in a magnetic field was obtained choosing the
direction of the principal axes as the x’, y’, z’ axis frame in Fig. 13. Previously,
from optical experiments [72], the orientation of the transition moment of the
lowest-energy excitation was found to lie approximately parallel to the x” axis
shown in Fig. 13. Anyhow, the ODMR results clearly show that the fine structure
z axis is perpendicular to the molecular thpy™ plane and that the x and y axes are
not lifted out of the thpy plane.

The experimentally determined values for the zero-field splitting parameters,
|D| = 3445 MHz and | E| = 865 MHz, are typical for the thpy-ligand localized tri-
plet state. Note that these values differ appreciably from those found above for
the bpy ligand. Thus the values of the fine structure parameters also reflect that
the triplet state is localized on the thpy~ ligand and not on the bpy ligand.
Assuming that dipolar spin-spin interactions predominantly contribute to the
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Fig. 12. Schematic of the unit cell of a single crystal of [Rh(phpy),(bpy)]PFs (orthorhombic
symmetry) with eight complex cations. The positions of the thpy™ ligands that trap the pho-
toexcitation in [Rh(thpy),(bpy)]* are marked with an asterisk

zero-field splitting parameters, and applying the classical expression for dipolar
couplings, we roughly estimate the average distance between the unpaired elec-
tron spins to be 2.5 A. Note that this estimated value is another indication that
the triplet state excitation is localized on just one of the two thpy ligand frag-
ments per cation complex site only.
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Fig. 13. Orientation of the x, y, z and x’, y’, 2’ molecular main axes for the thienylpyridine
ligand as defined in the text

7.2.2
[Rh(thpy)(phpy)(bpy)I*

The [Rh (thpy)(phpy)(bpy)]* complex cations can substitute the cations of the
[Rh(phpy),(bpy)]PFs host crystal in two different ways since the two phpy~ li-
gand molecular sites per Rh** cation occupy crystallographically different posi-
tions. Thus two complex conformations in the crystal exist, which we denote as
Rh(TPB)* and Rh(PTB)*. Previously, two zero-phonon line transitions in the
emission spectrum for the [Rh(thpy)(phpy)(bpy)]* complex have been report-
ed [74]. These lines, at 517.9 nm and 519.9 nm, were attributed to the emissions
of the Rh(PTB)* and Rh(TPB)* species, respectively. Upon photoexcitation
at 488 nm an ODMR spectrum characteristic of the emissive states of
[Rh(thpy)(phpy)(bpy)]* in the host crystal could be measured [65]. In fact, the
two conformations, Rh(TPB)* and Rh(PTB)*, could also be distinguished in
ODMR by selective detection at the respective zero-phonon transitions. The two
ODMR spectra, obtained for Rh(TPB)* and Rh(PTB)*, respectively, are given in
Fig. 14. The resonance frequencies of the observed zero-field ODMR transitions
are given in Table 5. PMDR spectra for all resonance frequencies were character-
istic of the emission of the thienylpyridine ligand, as in Rh(TTB)". It follows that
the excited state, for which the ODMR transitions are observed, is localized at
the thienylpyridine ligand in the Rh(TPB)* and Rh(PTB)* complexes. As before,
the triplet state nature of the ligand-localized excitations in Rh(TPB)* and
Rh(PTB)* is evidenced from the ODMR results in the presence of an externally
applied magnetic field [65]. Distinct anisotropies were measured for all ODMR
transitions belonging to either the Rh(TPB)* or the Rh(PTB)" species [65]. The
triplet state character of the emissive state is confirmed from the analysis of the
results in the magnetic field (analysis is not given here). Computer simulation of
the experimentally observed anisotropy confirms that the emissive state is local-
ized at the thpy™ ligand in the Rh(TPB)* and Rh(PTB)* complexes [65]. It was
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Fig. 14a,b. Zero-field ODMR spectrum for: a [Rh(thpy)(phpy) (bpy)]*; b [Rh(phpy)(thpy)
(bpy)]*, detected at 519.9 nm and 517.9 nm, respectively. T=1.4 K

Table 5. Zero-field ODMR frequencies (MHz) for [Rh (thpy),(bpy)]*, [Rh(thpy)(phpy)(bpy)]*,
[Rh (phpy)(thpy)(bpy)]*,doped in single crystal of [Rh (phpy),(bpy)]PF,in the excited triplet
state

Rh(TTB)* Rh(TPB)* Rh(PTB)* Rh(bpy)3*

2|E| T, T, 1730 1670 1180
|D|-|E| T, & Ty 2570 3970 1480 2320
|D|-|E| T, & T, 4310 5640 2870 3490

shown in Sect. 7.2.1 that in Rh(TTB)", in the same host crystal, the triplet state
excitation is trapped at one of the two thpy~ ligands per complex. It turns out
that the localization of the excitation in Rh(TPB)* involves (crystallographically
speaking) the same thpy" site, i.e., the orientation of the fine structure main axes
for the two species is alike. In Rh(PTB)*, on the other hand, the other thpy
ligand site traps the triplet state excitation and for the latter appreciably differ-
ent zero-field splitting parameters are found (cf. Table 5). Thus the different
crystal field environment for the thpy~ excitation is not only reflected in the
slightly different positions for their zero-phonon emissions (519.9 nm and
517.9 nm), but also in the different spin distributions in the triplet state as
manifested by the disparity of the zero-field splitting parameters.
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7.3
Triplet Sublevel Kinetics

The lifetimes of the triplet-state sublevels of the mixed tris-cyclometalated
Rh**-complexes, Rh(TTB)*, Rh(TPB)*, and Rh(PTB)*, were determined from
optically detected microwave recovery and adiabatic rapid passage experiments
performed at 1.4 K [66, 75]. Typically, transients as displayed in Fig. 15 were ob-
tained. The transients could be fitted in all cases to a bi-exponential of the form
of Eq.(18). The ratio A/B equals the ratio of the radiative rate constants of the re-
sonant sublevels. In Table 6 the resultant rate constants for the dopants
Rh(TTB)*, Rh(TPB)* and Rh(PTB)* are collected. It is now obvious why for
Rh(PTB)* the 2 |E| zero-field ODMR transition could not be observed: the T,
and T, sublevels have almost equal radiative probabilities. It is noted that the bi-

a b
2|E| 2|E]|
|D|-|E| |ID[-]E]|
|ID|+|E]| ID|+|E]|

o 1 2 3 4 5 0 1 2 3 4 5
— % t(ms) —— t(ms)

Fig. 15a,b. a Optically detected microwave recovery transients for the three zero-field ODMR
transitions of [Rh(thpy),(bpy)]* in the excited triplet state. Detection is at 520.7 nm. b Opti-
cally detected adiabatic rapid passage transients for the three zero-field ODMR transitions of
[Rh(thpy) (phpy)(bpy)]* in the excited triplet state. Detection is at 519.9 nm, T=1.4 K

Table 6. Total decay rate constant k{°(103s™!) and relative radiative decay rate ki for
[Rh(thpy),(bpy)]*, [Rh(thpy)(phpy)(bpy)]*, [Rh(phpy)(thpy)(bpy)]*, Rh(bpy)i*, in the ex-
cited triplet state

Rh(TTB)* Rh(TPB)* Rh(PTB)* Rh(bpy)3*

Kk Kk kK kK
T, 1.33 0.22 1.69 0.3 0.83 0.11 0.15 0.1
T, 0.83 0.07 0.67 0.06 1.45 0.14 1.67 1
T, 5.26 1 5.62 1 6.06 1 0.22 0.2
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exponential nature of the transients shows that the spin levels, at 1.4 K, are ther-
mally isolated, or equivalently, spin-lattice relaxation is negligible.

Radiative decay rates were calculated from the oscillator strengths that were
obtained from the absorption spectrum in which the triplet state was directly
excited [68]. It was concluded that the radiative decay of the *rm* state, localized
on the thienylpyridine ligand, is about two orders of magnitude faster for the
chelate as compared to that for the free ligand (35 ms for the free ligand as com-
pared to 0.5 ms for the chelated ligand [76, 77]). The enhancement of the radia-
tive decay rate constant for the phosphorescence of the metal chelate is, as dis-
cussed in Sect. 6.2, reminiscent of the heavy-atom effect in halogenated aromat-
ic molecules [33-35]. We will now discuss in further detail the mechanism for
radiative decay out of the lowest triplet state for the three complexes, Rh(TTB)*,
Rh(TPB)*, and Rh(PTB)*.

7.3.1
Rh(TTB)*

With reference to the molecular axis frame of Fig. 16, it is recalled from the
ODMR results that the ligand-localized triplet state excitation in Rh(TTB)" is on
the fragment (of C; symmetry) marked with the single asterisk. We consider
now, as in Sect. 6.2, that the transition moment for radiative decay of the triplet
state is determined by (Hgo) of Eq. (19), with a major contribution from the SOC

(> )

X

_

Fig. 16. Orientation of the fine structure tensor main axes for a thienyl ligand anion (C, sym-
metry). In the x’, y’, 2’ axis system of the metal complex cation, a single asterisk refers to the
thpy~ ligand at which the triplet state is localized in [Rh(thpy),(bpy)]* and [Rh(thpy)
(phpy)(bpy)]*, whereas the double asterisk labels the thpy~ ligand at which the triplet state is
localized in [Rh(phpy)(thpy)(bpy)]*
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of the Rh3* electrons. Thus singlet excitations mixed into the triplet states by
Hgoc are of the form '(mr + 6d,)m* or (o + &d,)m*. Let us first consider the ra-
diative character of a triplet state mixed with singlet configuration of the type
Y(m+ 6d,)m*, i.e., the admixed configuration achieves its metal d-character in a
molecular orbital involving n-bonding between the metal and the ligand that
traps the excitation. The relevant -bonding metal orbitals are formed by the set
of t,, d-orbitals, as in the case of Rh(bpy)3* (cf. Sect. 6.2) [48].

Note that the ligand (marked by the single asterisk in Fig. 16) has its main z
axis parallel to the z” axis of the octahedral complex reference frame, whereas its
main x and y axes are rotated about the z axis by 45° with respect to the main
axes x” and y” of the complex. Out of the set ,, orbitals (in O, symmetry) only
the metal d,, and d;, orbitals are suited for m-bonding with the ligand molec-
ular rr-orbitals (see also Table 7). Taking into account the symmetry of the Rh**
d-orbitals (see Table 7), the 'mm* configuration is mixed with 'dn* configura-
tions of the type, 'A’(dy, + d,,)71,-*. Hgoc being totally symmetric, the triplet
configuration *(m+ 6d,)m* must be of A’ total symmetry. The orbital part
(m+6d,)m* is of a” ® a” = a’ symmetry in C,. Then only the 3A’T, triplet sub-
level, which is the only one of the three triplet-state sublevels with a’ symmetry,
is expected to be mixed by Hgo with 'A’(dy, + d,,) m,-*. Consequently, when in
the SOC scheme one exclusively considers metal-ligand m-bonding, only the T,
triplet sublevel will be emissive. As is seen from Table 6, a quite different result
is obtained experimentally. Instead of the T, level, the T, level is the most radia-
tive sublevel, the T, level being even almost non-emissive. Furthermore, the T,
sublevel is also emissive in contrast with the 7-bonding model. We conclude that
the enhanced singlet-triplet mixing does not involve molecular orbitals that ori-
ginate from 7-bonding between the metal d-orbitals and the ligand m-orbitals.

As a next possibility we now consider SOC-induced mixing of the configura-
tion of the lowest triplet with configurations of the type (o + éd,)m*. In partic-
ular, d,is dy2 _y2 and/or d,2, derived from e, in O, symmetry. The symmetry of
the admixed 'd,m* singlet configuration is then obtained as a’® a” = a”. With-
in the one-center approximation for Hgg, the singlet configuration mixes with
configurations of the type °(d, , + d,,/)7*. Since the orbital part transforms as
a’, it follows that the triplet spin function is required to transform as a” symme-
try. Thus, when the triplet sublevels mix with singlet configurations involving
o-type molecular orbitals, the T, and T, substates become radiative. See also
Table 8a.

Table 7. d-Orbital representations in Oy, and C; point groups

d-Orbitals (o} C, ([Rh(thpy),(bpy)]*- C, ([Rh(phpy)(thpy)(bpy)]*-
fragment) fragment)

dyy thg a’ a”

dy, tye a” a’

dy, tye a:’ a:’

dy2_y2 €, a a

dy» € a’ a’
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Table 8. SOC schemes for (a) [Rh(thpy),(bpy)]* (for [Rh(thpy)(phpy)(bpy)]* the scheme is si-
milar), and (b) [Rh(phpy)(thpy)(bpy)]*, substitutionally doped into the [Rh(phpy),(bpy)]PFs
host crystal. Columns 4 and 5 show the d-orbitals generated upon operation of Hgoc on the or-
bitals given in the top row

a)

Cs ki On Hyoc|*(dy, + dyy) T*) Hgoc|*(dyryr = dyrpr) T¥)
T, 1 1 dy:_,2(0) dyyldy
E (Ty +Ty) ! (ngn—bonding/cr)
T, 022 1 (T, - T.) dyyld,» ' dyri_y2 (0)
N (non-bonding/o)
T, 007 T, dyy - dyy () dy, + dy, (1)
b) ‘
Cs ki On Hsoc|*(dy, + i) ) Hsoc|*(dyyr = dyryr) )
T, 1 1 dy:_ynyd,: (0) dyryld,
E (Ty +Ty) ! (ngn-bonding/ 0)
T, 011 1 (T, -T.) dyryldyn_ v d, dyr_ynsdyn (o)
2 Y (non-bonding/o)
T, 014 T, dy - dyy (1) dyy + dyy ()

Experimentally, the T, indeed has the highest radiative character and also the
T, substate is radiative, although less by a factor of five. It is concluded that the
enhanced radiative decay for the excited triplet state of Rh(TTB)* is due to
mixing of the triplet state with a singlet configuration of the type 'o’n*, where
o = 0+ 6d,.For completeness we note that so far triplet-singlet mixing of n’n*
configurations was considered. Similar arguments hold of course when decay
out of a *mm’™* configuration is considered. In this case, mixing with 'm0’ confi-
gurations is relevant for the radiative decay process, where now o’ is an anti-
bonding molecular orbital built from d} and ligand o orbitals. However, the
energy difference between the metal and ligand orbitals is expected to be larger,
due to the large ligand field splitting of the cyclometalating thpy™ ligand, shifting
the d* orbitals to higher energy. The result is reduced mixing of the d} and
ligand o orbitals.

7.3.2
Rh(TPB)*

For this complex cation the zero-phonon emission is peaked at 519.9 nm. The
ODMR data showed that the emission is due to an excited triplet state localized
on the thpy™ anion [65]. This anion is positioned at the same crystallographic
site as the energy trapping site of Rh(TTB)* [64, 65]. The lifetimes and emissive
properties of the triplet sublevels of the Rh(TPB)* species are very similar to
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that of Rh(TTB)* (see Table 6). It is inferred that the mechanisms for the radia-
tive decay of Rh(TPB)* and Rh(TTB)" are very much alike. Again SOC mixes tri-
plet and singlet configurations in which metal character is obtained through o-
bonding of the metal d-orbitals and ligand anion orbitals [66].

733
Rh(PTB)*

Using the molecular axis frame of Fig. 16, the position of the thpy™ ligand, at
which the photoexcitation becomes trapped in the Rh(PTB)* complex ion, is
marked by the double asterisk. The z axis of this ligand coincides with the y” axis
of the complex cation, whereas the x, y axes are rotated by 45° with respect to the
complex x’, z" axes. As a result, in this cation '-type molecular orbitals are con-
structed from metal d,, and d, orbitals and ligand m orbitals. The SOC me-
chanism then predicts for Rh(PTB)* that singlet configurations of the form
'(m+ 6d,,,m* become mixed only with the T, triplet state sublevel (see Table 8b,
last row). In contrast with Rh(TTB)* and Rh(TPB)", the experimental result for
this sublevel in Rh(PTB)* is that its radiative character is no longer negligible
and in fact appears to be very similar to that of the T, level. Thus the difference
of the inequivalent thpy~ sites within the Rh(TPB)* cations is not only mani-
fested by a difference in the zero-phonon positions in the respective emission
spectra and the values of the zero-field splitting parameters of the triplet states
of the two species, but also in the details of the radiative properties of the triplet-
state sublevels.

Considerations of spin-orbit induced mixing of (o + éd,)m* configurations
with the excited triplet state configuration yield the prediction that the triplet
state Ty level (in the case of a 3(d}/2r - dyy)m* excited configuration) or the T,
level (in the case of a *(d, + dy,)7* excited configuration) of the thpy~ ligand
should attain emissive character (see also Table 8b). Experimentally, the in-
plane T, level is the strongest radiative level in Rh(PTB)*, analogous to
Rh(TTB)* and Rh(TPB)*. From this we infer that (i) as for Rh(TTB)* and
Rh(TPB)*, o-overlap between the central metal d orbitals and the orbitals of the
thpy™ anion, at which the excitation is localized, is of great relevance in deter-
mining the SOC-induced radiative properties of the thpy  emission of Rh
(PTB)*, and (ii) the excited configuration responsible for the thpy localized
emission of Rh(PTB)* is most likely of the form *(m + 6(dy, + dyy))7*. As not-
ed before, for Rh(PTB)* the emissive decay from the T, sublevel cannot be ig-
nored. This probably shows that for this complex SOC with (7 + 8d,;) * is more
important than in the case of Rh(TTB)* and Rh(TPB)*.

7.3.4
Discussion

To account for the radiative properties of the triplet state sublevels of the
Rh(TTB)*, Rh(TPB)*, and Rh(PTB)* complexes we have discussed above that
SOC-induced mixing with 'o’m*-type configurations plays an important role,
whereas for the Rh’* tris-diimine triplet states mixing with !(m; + 8d,,)m* con-
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figurations is prevalent. The kinetic data of Table 6 illustrate the sensitivity of
emissive kinetics to the replacement of one or more of the chelating ligands. The
influence of ligand substitution in metal complexes has been discussed to some
extent in the literature [31,68,78,79]. The results of the ODMR experiments give
complementary information in the following way. First, we consider the charac-
teristics of the molecular orbital scheme of Fig. 174, applicable in the case of
pseudo-octahedral complexes like Rh(bpy)3* and Rh(phen);**. Levels 1 and 1’
represent the o-bonding and anti-bonding molecular orbitals derived from the
metal ion e,-type d orbitals and ligand o-type orbitals, 2 and 2’ denote the levels
resulting from the 71-type overlap between the ,,-type d-orbitals and the 7-or-
bitals of the ligand molecules, and finally 3 and 4 contain the blocks of ligand -
and m*-orbitals that are non-bonding. In this scheme, on*-type and nn*-type
excitations are energetically quite different and thus SOC-induced mixing of
lom*-type configurations with *nm*-type configurations will be negligible on
account of the large denominator in Eq. (11). On the other hand, mixing of 37rm* -
type configurations with close-lying excitations of the type !(m + éd,;) *, where
the ( + 8d,,) orbital belongs to block 2, are quite significant. This will result in
a radiative out-of-plane T, triplet sublevel, as is confirmed by the ODMR mea-
surements.

It is noted that the proposed SOC effects discussed here are different from the
mixing scheme discussed by Komada et al. [18]. The latter authors consider
mixing between *rr* and 'dn* involving two-center integrals on Rh. As indicat-
ed by Azumi and Miki [31], the magnitude of this mixing is smaller than the
mixing with ligand localized 'on* or 'nm* excitations that give rise to the long
lifetime of the triplet state in the free ligand. Furthermore, the mechanism pro-
posed by Komada et al. [18] requires two center integrals for the optical transi-
tion moment and these are expected to be much smaller than the ligand localiz-
ed one center integrals.

In Rh(TTB)*, Rh(TPB)*, and Rh(PTB)*, where, compared to the aforemen-
tioned tris-diimine complexes, two diimine ligand molecules have been replac-
ed by cyclometalating ligands, the substitutional ligands have a stronger cova-
lency of the metal-carbon o-bond than the metal-nitrogen o-bond. For the or-
dering of the levels in the scheme of Fig. 17 this implies that effectively the
energies of the metal d-orbitals and the ligand o-orbitals are much closer to each
other than in the case of the tri-diimine complexes. This is reflected in Fig. 17b.
Excitations like !(7r + 8d,,)* (derived from a 2 — 4 excitation) or !(o + éd,) r*
(derived from 1 — 4 excitation) are SOC-mixed with the >7rr* excitation repre-
sentative of the lowest triplet state. It is quite possible that the excitation energy
for the (o + 6d,)m* configuration is well below that for the (7t + 6d,;) m* exci-
tation and this offers the explanation for the radiative properties of the mixed
cyclometalated Rh-complexes.

In conclusion, the emissive properties of the lowest excited triplet state of the
Rh3* complexes are mainly determined by the heavy atom effect. The SOC me-
chanism mixes (7 + 8d,)m* (in the case of Rh(bpy)}* and Rh(phen),;**) and
o+ 6d,)m* (in the case of Rh(TTB)*, Rh(TPB)*, and Rh(PTB)*) configura-
tions. Of course, the admixed d-orbital character implies charge transfer (CT)
character of the ligand-localized *mm* excited state. Assuming comparable
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Fig. 17a,b. a General picture for orbital ordering in trisdiimine complexes (with each ligand
coordinated to central metal ion by a pair of N atoms. b Level scheme for cyclometalated com-
plexes (with coordination of metal ion to one C atom and one N atom per ligand)

denominators in Eq. (11), when comparing the cyclometalating complexes and
the trisdiimine complexes, a stronger d,-o overlap (in the cyclometalating com-
plexes) than d-m overlap (in the trisdiimine complexes) thus leads to stronger
CT character in the excited triplet state of the cyclometalating complexes.

7.4
Optically Detected Spin Coherence

Optically detected spin echo decay measurements have been performed for the
|D|-|E| transitions in the lowest triplet state of Rh(TTB)*, Rh(TPB)*, and
Rh(PTB)* as well as the 2| E| transition of Rh(TTB)* [67]. The transients obtain-
ed at 1.4 K are shown in Fig. 18. The measured transients are monoexponentially
decaying with characteristic decay times representative of the phase memory
time, T. The experimental results for Ty, together with the corresponding ho-
mogeneous line width of the zero-field ODMR transition, I}, = (Ty)™, are gi-
ven in Table 4. For comparison, the dephasing times for Rh(bpy);** and
Rh(phen),;** have been included. Compared to the inhomogeneous line widths
of 15-45 MHz of the zero-field ODMR transitions, the homogeneous line widths
(~100 kHz) are about two orders of magnitude less. The spin dephasing times,
on the other hand, are orders of magnitude shorter than the lifetimes of the tri-
plet sublevels, so homogeneous line broadening is due to pure dephasing pro-
cesses (see Sect. 4.1). Most likely, for the metal complexes this dephasing has its
origin in hyperfine couplings of the electron triplet spin moment to proton spins
in the ligand molecule. Random flipping of nuclear spins near the electron spin
will cause changes in the local field felt by the latter, thus resulting in a variation
of its precessional frequency and a loss of phase coherence in the ensemble. This
mechanism is supported by the behavior of the spin echo decay in a small mag-
netic field. Fields up to about 20 G could be applied; at higher field strengths the
S/N for the echo signal became too small for reliable results. In a magnetic field,
the spin dephasing is faster, i.e., homogeneous broadening is increased. Typi-
cally, the dephasing times decreased from about 3.2 ps at zero magnetic field to
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Fig. 18a-d. Optically detected spin echo decay curves in zero magnetic field for: a the 2 |E|
transition at 1725 MHz of [Rh(thpy),(bpy)]*; b the |D|-|E| transition at 2580 MHz of
[Rh(thpy),(bpy)]*; ¢ the |D|-|E]| transition at 3970 MHz of [Rh(thpy)(phpy)(bpy)]*; d the
|D|-|E| transition at 1485 MHz of [Rh(phpy)(thpy)(bpy)]

about 1.0 ps in a field of 20 G. The enhanced dephasing rate in a magnetic field
is typical of the proposed dephasing mechanism. Note that in zero magnetic
field the magnetic moment of the triplet spin is quenched (($)=0,i=x,y,or 2).
It follows that hyperfine interactions, ST, are quenched in first order as well and
can be effective only in second order. When a magnetic field is applied, however,
the triplet spin quenching is partially lifted and hyperfine interactions with flip-
ping nuclear spins now also contribute in first order to the dephasing process.
No anisotropy for the dephasing dynamics was measured in a magnetic field.
Probably isotropic hyperfine interactions are dominant for the dephasing inter-
actions. Isotropic hyperfine interactions arise from o-type molecular orbital
character mixed into the m-orbitals forming the 3mr* configuration [27]. As dis-
cussed before, in the case of Rh(TTB)*, Rh(TPB)*, and Rh(PTB)*, (o + 6d,) *
configurations are mixed into the *zr7* state, thus increasing the magnitude of
the isotropic hyperfine interactions. In the case of Rh(bpy);** and Rh(phen)3*,
the 37rm* state is primarily mixed with (7 + éd,,) m* -type configurations. We ex-
pect therefore much smaller isotropic interactions in the lowest triplet state of
the latter two compounds and this may be the reason why for Rh(bpy);+ and
Rh (phen)3* in the lowest triplet state the enhancement of the spin echo decay
rate in a magnetic field remained unobserved.
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8
Pd?*-Chelates

8.1
Introduction

In addition to the ODMR investigations of Rh**(4d®)-chelates, recently similar
studies have been performed for the Pd?*(4d®)-complexes, Pd(thpy), and
Pd(qol), (with gol~ = 8-hydroxyquinolinate) [80, 81]. Optical investigations of
Pd(thpy), (with (thpy)=:2,2’-thienylpyridinate, see Fig. 1) doped into an n-oc-
tane Shpol’skii matrix revealed highly resolved emission spectra and showed
that the phosphorescent triplet state decays with three lifetime components of
1= 1200 ps, ; = 235 ps, and 7y; = 130 ps characteristic of the triplet state sub-
levels [82-84]. The emission data of Pd(qol), in an n-octane Shpol’skii matrix
have been reported recently [81, 85]. Two distinct emissive sites in the matrix
were found, with electronic origins at 16,090 cm™! (77 %) and 16,167 cm™ (23 %),
respectively. From the Zeeman splittings of the optical line transitions in ma-
gnetic fields up to 12 T, the emission for the two sites was assigned as T; — S,,.

8.2
ODMR of Pd(thpy),

Although the fine structure splitting, being characteristic of the triplet state of
Pd(thpy),, remained unresolved in the high-resolution emission spectrum, an
upper limit of about 1 cm™' could be given. Furthermore, time-resolved phos-
phorescence spectra displayed different time dependences for the vibrational
satellites in the high-resolution emission spectra [83]. This result shows a dis-
parity in the emissive properties of the triplet state sublevels. It was suggested
that optical detection of magnetic resonance in the excited triplet state of the
Pd(thpy), complex might be successful. Indeed, the triplet spin nature of the
emissive excited state could be confirmed by means of zero-magnetic field
ODMR, optically detected EPR (electron paramagnetic resonance) in the pre-
sence of small magnetic fields, and pulsed microwave recovery experiments
[80].

Figure 19 shows the zero-field ODMR spectrum for Pd (thpy), detected at the
electronic origin of the emission spectrum at 18,418 cm™ (542.95 nm). The
microwave frequency corresponding to the peak of the signal is found at
2886 MHz; the signal line width is 20 MHz (FWHM). In the frequency range
from 300 MHz up to 8000 MHz no other zero-field ODMR signal could be ob-
served. The ODMR transition of Fig. 19a is likely to be characteristic of one of
the three possible microwave transitions of the excited triplet state. Assuming
two zero-field splitting parameters, D and E, several possibilities may be con-
sidered to account for the absence of the other transitions between the three
sublevels in the zero-field ODMR spectrum [86]: (i) the resonance frequencies
of the other transitions are outside the microwave range that was experimentally
accessible to us (up to 8000 MHz), (ii) the disparity in the radiative decay rates
of the resonantly coupled spin states is too small to make ODMR observable,and
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Fig. 19a,b. a Zero-field ODMR spectrum of Pd(thpy), in an n-octane Shpol’skii matrix. Exci-
tation at 330 nm, detection at 542.9 nm, T =1.4 K. b ODMR spectrum of the same system in a
magnetic field with H=110 G

(iii) the population differences among the triplet state sublevels are too small to
allow for ODMR detection. In addition to the normal zero-field ODMR experi-
ment, an optically detected EEDOR (electron-electron double resonance [86])
was also attempted. In this experiment, a second microwave source connected to
a second helix was used. The frequency of this second microwave source was
swept over the range from 300 MHz up to 8000 MHz, while the frequency of the
first microwave source was kept constant at the resonance frequency of
2886 MHz. In zero-field, no additional lines could be observed in the EEDOR ex-
periment for photo-excited Pd(thpy),. It is concluded that the other zero-field
ODMR transitions are well outside the microwave frequency range applied.

In the presence of small magnetic fields (<400 G) in the normal ODMR ex-
periment, the ODMR signal showed a Zeeman shift as illustrated in Fig. 19b. In
addition to the slight shift of the maximum of the ODMR signal by approximate-
ly 10 MHz, the ODMR transition is broadened and asymmetrically shaped.
When the magnetic field is higher than about 400 G, the ODMR signal becomes
too broad (FWHM > 600 MHz) and the signal intensity too weak to allow for
ODMR studies at these higher field strengths.

As discussed by McCauley et al. [87,88] for a triplet state with D> 3E > 0 in the
low-field limit, the ODMR transition in the triplet state measured for a sample
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of randomly oriented molecules would show a positive frequency shift (with re-
spect to the zero-field case) for the 2E and D + E transitions and a negative shift
for the D-E transition. Moreover, the 2E transition is expected to have its stee-
pest rise on the low-frequency side and a larger broadening on the high-fre-
quency wing which leads to an asymmetric transition. The experimental result
of Fig. 19b is thus suggestive of a 2E transition and a D being larger than 3E.
Numerical analysis of the Zeeman shifts [80] showed that best fits to the experi-
mental data were obtained for the spin Hamiltonian parameter values:
|D|>6600 MHz and |E | = 1443 MHz, and g = 2. These values for the fine struc-
ture parameters are significantly larger than the values of D=3440 MHz and
E=865 MHz given before for [Rh(thpy),(bpy)]* and D=4805 MHz and
E =835 MHz for [Rh(thpy)(phpy)(bpy)]*, respectively (Table 5). In the case of
the mixed-chelate Rh (IIT) complexes, it was discussed in Sect. 7.2 that the triplet
state is mainly of *r* character with the triplet state excitation localized on one
of the (thpy)~ ligands. However, in contrast to the results obtained for the mixed-
chelate rhodium (III) complexes, for the Pd(thpy), compound little further ex-
perimental detail can be given as regards the orientation of its magnetic main
axes because for this compound no single crystal experiments could be per-
formed and consequently every information of the orientation of the magnetic
axes in the molecule is lost. The larger fine structure parameter values reported
here for the excited triplet state of Pd(thpy), as compared to those for the
Rh(III)-chelates must be attributed to the influence of the transition metal ion.
In particular, in the case of the Pd(II)-complex, spin-orbit interactions are more
important in determining the magnitude of the fine structure splittings than in
the case of the Rh(III)-complex. A similar conclusion has also been drawn from
a comparison of highly resolved emission and excitation spectra of [Rh(bpy);]**
and Pd (thpy),. The importance of metal d-orbital character, which carries spin-
orbit coupling, is more expressed in Pd(thpy), (compare [82-84, 89,90]). Equi-
valent conclusions have also been drawn by Chen et al. [91] who studied the
phosphorescent state of palladium phthalocyanines (PdPcs) in Shpol’skii matri-
ces. The zero-field splitting for the PdPc molecules in the triplet state (which
could not be resolved in the optical experiments) was estimated to be as large as
D=2cm™ (60 GHz) and E = 0.

Applying a microwave pulse resonant with the zero-field transition at
2886 MHz while continuous wave optical excitation of the Pd(thpy), complex
yielded the microwave recovery signal shown in Fig. 20. The transient fits a bi-
exponential function; see Eq. (18), with , (= 1/k,) =134 £ 6 ps, 5, (= 1/ky) = 1200
* 50 ps, A =0.05,and B=-0.02. These values are in excellent agreement with the
previously reported lifetimes determined in the high-resolution optical experi-
ments [83]. The third lifetime-component of 235 ps found in the latter experi-
ments is thus not displayed in the microwave recovery signal. This tells us that
the 2886 MHz microwave is resonant with the triplet sublevels |I) (long living
state) and | ITI) (short living state) of the nomenclature of [83], while sublevel |IT)
is not involved in the microwave resonance experiment.

Interestingly, the time-resolved and highly resolved emission spectra [83]
show that, in particular, these triplet sublevels exhibit very different emission
spectra with respect to their vibrational satellite structures. The long living state
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Fig. 20. Optically detected microwave recovery of Pd(thpy), in an n-octane Shpol’skii matrix

at the zero field transition frequency 2886 MHz. Best fit is to f(f) = A exp (-t/1,) + B exp (-t/1),
A=0.05,B=-0.02, 7,= 134 ps, 7,= 1200 ps

|I) is mainly vibronically (Herzberg-Teller, HT) deactivated, while the emission
from state |I1I) is dominated by vibrational satellites due to Franck-Condon (FC)
activities, whereby both types of vibrational modes exhibit different frequen-
cies. This behavior makes it attractive to measure a phosphorescence microwave
double resonance (PMDR) spectrum. In this case the intensity change of the
emission induced by the microwave resonance at 2886 MHz, involving the two
triplet spin levels |I) and |III), is measured. The PMDR spectrum reveals inter-
esting intensity changes (Fig. 21). By means of signal averaging detection it
could be determined that, for example, the negative sign of the 229,261,528, and
710 cm™! vibrational satellites in the PMDR spectrum corresponds to an emis-
sion intensity decrease upon inducing the microwave transition, while the posi-
tive signs at the electronic origin and the 211, 376, 447, 650, and 716 cm™ satel-
lites are connected to intensity increases. Previous time-resolved optical mea-
surements of the emission spectrum of Pd(thpy), have shown that, for example,
the 528 cm™! satellite (which results from HT-activity) originates only from the
longest living triplet spin sublevel state |I) with the lifetime of 1200 ps) [83].
From the observation of this microwave-induced intensity decrease of the
528 cm™! satellite in the emission spectrum it follows therefore that, under con-
tinuous wave optical excitation, the steady-state population of the triplet sub-
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Fig. 21a,b. a Time-integrated emission spectrum of Pd (thpy), in an n-octane Shpol’skii ma-
trix at 1.4 K. b PMDR spectrum for zero-field ODMR transition at 2886 MHz. (+) is micro-
wave-induced intensity increase of the emission from the short-lived triplet sublevel III, (-) is
microwave-induced intensity decrease of the emission from the long-lived sublevel I

state with the lifetime of 1200 ps is larger than for the substate with a lifetime of
134 ps. Since the population of the level |III) with a lifetime of 134 ps is enhan-
ced in the microwave recovery experiment, we conclude that the modes at 376,
447,650, and 716 cm™! are more strongly coupled to the triplet sublevel [III).

8.3
ODMR of Pd(qol),

Pd(qol), is another Pd**(4d®)-complex in a Shpol’skii matrix for which the
lowest excited triplet state could be studied by ODMR [81]. Figure 22 shows the
zero-field ODMR spectra as detected at the two electronic origins for the two
sites of Pd(qol), in the n-octane matrix.

For each of the two sites, labeled “1” and “2” respectively, two zero-field
ODMR transitions could be observed. The resonance frequencies for these tran-
sitions are given in Table 9. Conversely, the emission spectrum belonging to each
of the ODMR transitions was also measured in a phosphorescence microwave
double resonance (PMDR) experiment. The PMDR spectra obtained for the two
resonances at 2356 MHz and 2329 MHz, as well as the normal emission spec-
trum, are presented in Fig. 23. As illustrated in the figure, in PMDR one can se-
parate the emission spectra for sites 1 and 2 in the matrix. Table 9 summarizes
the main optical, ODMR, and PMDR results.
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Fig. 22a,b. Zero-field ODMR spectrum of Pd(qol),, in an n-octane Shpol’skii matrix, in the
excited triplet state. Excitation at 457 nm, T=1.4 K, for: a site “1”, detection wavelength
621.5 nm (16090 cm™); b site “2”, detection wavelength 618.7 nm (16167 cm™!)

Table 9. Emission, ODMR line positions and triplet state sublevel lifetimes of Pd(qol), in Sh-
pol’skii matrix at 1.4 K. Ratio of zero-phonon line intensities for sites “1” and “2” is given in
brackets

Zero-phonon 2 E(MHz) D-E(MHz) Lifetimes triplet substates (ms)

emission (cm™)  (g-g&) (&-&y)
1 II III
Site “1” 16090 (77 %) 2356 5240 90 0.180 0.080
Site “2” 16167 (23 %) 2329 5220 80 0.180 0.100

We note that the transition frequencies of 2356 MHz and 2329 MHz of the
zero-field signals for Pd(qol), are comparable in magnitude to the 2886 MHz
transition in Pd(thpy),. This suggests therefore that the observed two transi-
tions at the lower microwave frequencies correspond to the 2E transition of si-
tes “1” and “2” of Pd(qol),, respectively. This is further substantiated by the be-
havior of these transitions in small magnetic fields (<400 G). As the magnetic
field strength is increased, the ODMR signals are shifted, broadened, and rapidly
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Fig. 23a, b. a Time-integrated emission spectrum of Pd(qol), in n-octane at T= 1.4 K. Excita-
tion is at 457 nm. b PMDR spectrum for zero-field microwave transition at 2356 MHz of site
“1”. ¢ PMDR spectrum for zero-field microwave transition at 2329 MHz of site “2”

decreased in intensity. At fields higher than about 400 G, the signals became too
weak to be observed. In Fig. 24a we show typical ODMR data for the low- and
high-frequency ODMR transitions of site “1” for a few magnetic field strengths.
The results in a magnetic field are compatible with the limiting case that
D>=3E>0. We thus assign the zero-field ODMR transitions at 2356 MHz and
5240 MHz to the 2E and D-E triplet spin transitions, respectively. We conclude
for site “1” that D=6418 MHz and E=1178 MHz. Since the ODMR spectra were
obtained for an ensemble of randomly oriented molecules in the triplet state,
further specification of the orientation of the magnetic axes within the Pd(qol),
molecule cannot be given.
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Fig. 24a,b. ODMR spectra of Pd(qol), under the influence of small applied magnetic fields.
Field strengths are as indicated; a spectrum of site “1”; b spectrum of site “2”

The ODMR results obtained for site “2” are similar. As illustrated in Fig. 24 b, the
low-frequency transition at 2329 MHz is shifted to higher frequencies as the mag-
netic field strength is increased. Furthermore, the resonance has its steepest rise
on the low-frequency side and a larger broadening at the high-frequency side as
expected for the magnetic field effect on a 2E transition [87, 88]. In a magnetic
field, the maximum of the high-frequency zero-field signal for site “2” at 5220 MHz
shows a positive shift, whereas the broadening is at the low-frequency wing in ac-
cordance with the behavior expected for the D-E transition in the low-field limit
in case D> 3E>0. We conclude for site “2” that D= 6385 MHz and E= 1165 MHz.

For both sites, “1” and “2”, one expects that the D+ E transition is at a fre-
quency near 7570 MHz. Experimentally, however,no ODMR signal near that fre-
quency could be measured. Alternatively, it was attempted to measure the D+ E
transition in an optically detected EEDOR experiment; still no additional signal
was observed.
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The zero-field splitting parameters for the phosphorescent triplet state of
site “1” of Pd(qol), are comparable to those for Pd(thpy),; the latter has
D >6600 MHz and E = 1443 MHz [80]. On the other hand, compared to the Rh3*-
chelates, with zero-field splittings of D=3000-4000 MHz and E=800-900 MHz,
the zero-field splitting parameter values for the Pd-complexes are significantly
higher. Recently, the emissive state of Pd(qol), has been discussed to be of intra-
ligand charge transfer character [92]. Although the dominant part of the HOMO
and LUMO orbitals in Pd(qol), is of m-type, a fractional part of this orbital may
be of central atom d-orbital character. Because of second order SOC, this will be
of influence on the magnitude of the zero-field splittings in the excited triplet
state. Spin-orbit coupling is stronger for Pd than for Rh, hence the Pd-complexes
will show larger zero-field splittings.

The lifetimes of the sublevels of Pd (qol), in the emissive triplet state were de-
termined by means of microwave recovery experiments. At 1.4 K, the triplet state
sublevels are thermally isolated from each other, and the individual lifetimes of
the microwave-pumped spin levels are reflected in the biexponential kinetics of
the recovery signal [81]. Figure 25 shows a typical transient, probed for the D-E
transitions for site “1”. Labeling the triplet substates as |I), |II), and |III), such
that g;>g>¢,>0 (i.e., 2E=gy- &, D-E=¢g-¢y), the sublevel lifetimes as
determined for site “1” from the fits are 7;=90 ms, ;=180 ps, and &;=80 ps.
These results are in very good agreement with the triplet sublevel lifetimes as
determined from phosphorescence decay measurements [85]. Likewise, for site

e Exp
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A
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[
N
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Fig. 25. Zero-field microwave recovery signal for the |D|-|E| transition at 5240 MHz for
Pd(qol), in a Shpol’skii matrix at 1.4 K. The drawn curve is a fit to f(t)=A exp(-t/1,)+B
exp (-t/13), A=6.3,B=-0.2, T, = 180 ps, 3=90 ms
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“2”, 7=80 ms, 1;;=180 ps, and ;=100 ps, has been obtained. Recall that the
D+E zero-field ODMR transition remained unobserved. Thus from the time-re-
solved experiments it follows that this transition is between the triplet state sub-
levels with the shortest lifetimes. In this respect the situation is similar to
Pd(thpy), in the phosphorescent triplet state. For Pd(thpy), the resonance be-
tween the sublevels with lifetimes of 134 ps and 235 ps remained unobserved in
zero-field ODMR [80]. Most likely, the two sublevels with the shortest lifetimes
show little population difference and therefore this will largely affect the detect-
ability of the ODMR transition between them.

9
Concluding Remarks

We have discussed that optical magnetic double resonance methods are very
powerful in unraveling the details of the energetic splittings, the kinetics, and
the radiative properties of the spin sublevels of the lowest excited triplet state in
a series of Rh3" and Pd?* chelates. The zero- and low-magnetic field ODMR re-
sults show that for the Rh*" and Pd** complex molecules, doped in a single
crystal or Shpol’skii matrix, the excited triplet state excitation is localized at a
single ligand site only, even in the cases of Rh(phen)** and Rh(bpy)**. For the
latter complexes the excitation localization is due to the influence of the crystal
environment. The problem of localization or delocalization of the excited state
excitation in metal complexes has been extensively discussed in the literature
[17a,89,93,94]. The ligand-localized excitations reported here are typical of me-
tal complexes with relatively small spin-orbit coupling effects.

Time-resolved ODMR experiments yield the information about the radiative
character of the triplet state sublevels. Whereas for the discussed Rh** and Pd?*
complexes there is little influence of the metal ions on the magnitude of the fine
structure splittings in the triplet states (the fine structure splittings in the com-
plexes and the free ligand molecules are found to be comparable), there is a sig-
nificant influence of the metal ions on the lifetimes of the triplet spin sublevels:
in the complexes these are three orders of magnitude shorter than for the free li-
gand molecules. The influence of spin-orbit couplings from the metal ion in the
complexes on the radiative properties of the triplet state sublevels has been con-
sidered in some detail. In a molecular-orbital approach for the Rh**-trisdiimine
complexes it appears that m-bonding between the metal d-orbitals and ligand
mi-orbitals is important in explaining the radiative properties, whereas for the
cyclometalated Rh**-complexes o-bonding between the metal d-orbitals and
ligand orbitals is important for understanding the radiative decay process. This
is a consequence of the stronger bonding in the cyclometalated complexes as
compared to the trisdiimine chelates. Another conclusion from the effect of the
mixing of the metal ion d-orbitals and the ligand 71- or o-orbitals is that these ef-
fects are a manifestation of MLCT and apparently only the radiative properties
of the Rh**-complexes reflect MLCT effects. Optically detected spin coherence
measurements for a few Rh3* complexes have also been reviewed. These experi-
ments allow the determination of the homogeneous line widths and spin de-
phasing kinetics of the spin transitions in the excited triplet state in zero field. It
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is found that the time scale of the spin dephasing dynamics in the metal chela-
tes and cyclometalating complexes is very similar to that for the free ligand
molecules in the phosphorescent triplet state. It is inferred that the homoge-
neous line width of the spin transitions in the metal complexes is determined by
hyperfine interactions of the electron triplet spin with the fluctuating proton
spins in the ligand molecule at which the electronic excitation is localized.

For the Pd?*-chelates larger fine structure splittings were observed than for
the Rh*" complexes, due to the stronger spin-orbit couplings. The feasibility of
measuring ODMR spectra for the Pd** complexes is found to be limited by the
frequency span possible with the ODMR spectrometer. Optical hole-burning
and line-narrowing techniques may sometimes be applied to resolve the zero-
field splittings in the excited state as was shown for Ir** complexes [95] and Pt**
complexes [96]. PMDR of the Pd(thpy), in the excited triplet state reveals a spin
selectivity in the vibrational satellite lines of the emission spectrum. Thus the
PMDR method provides distinct information as concerns the vibronic deactiva-
tion of the excited triplet state sublevels.
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The photoluminescence of metal complexes has attracted much recent interest since it can be
utilized for a variety of applications such as optical sensors and LEDs. Moreover, the emission
behavior provides a probe for the investigation of photoreactions including artificial photo-
synthesis. In this review, emitting compounds are classified according to the nature of their ex-
cited states: metal-centered, ligand-to-metal charge transfer, metal-to-ligand charge transfer,
ligand-to-ligand charge transfer, metal-to-metal charge transfer, ligand-centered (or intra-
ligand), and intraligand charge transfer excited states. Complexes of transition metals (d" with
n=0-10), main group metals (s?), lanthanides and actinides (f") are included in our discus-
sion. However, this review does not cover the photoluminescence of metal complexes com-
prehensively, but illustrates this subject by selected examples. The viewpoint is that of a co-
ordination chemist and not of a spectroscopist. Accordingly, molecular complexes which emit
under ambient conditions are preferably chosen.
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1

Introduction

The luminescence of metal complexes is a rapidly expanding research field. In
1970 Fleischauer and Fleischauer published the first review on this subject [1].
In the meantime the number of publications has increased considerably. While
prior to 1970 isolated observations had been reported, systematic studies have
now led to a fairly good understanding of the luminescence properties of metal
complexes. The interest in this area is based on various circumstances. Lumines-
cence spectroscopy is an important tool in photochemistry since it provides a
deeper insight in excited state processes in general. Of course, the emission be-
havior of metal complexes is also rather interesting in its own right. In partic-
ular, potential applications have attracted much attention. Luminescence spec-
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troscopy is a sensitive analytical method. Emissive metal complexes are now im-
portant optical sensors [2-4]. Other uses, e.g., in LED [5] or laser technology
have been developed or may be anticipated.

While spectroscopists have uncovered many details of the emissive com-
plexes by using sophisticated techniques and theories, coordination chemists
are now utilizing luminescence spectroscopy increasingly in order to character-
ize their compounds. In this context it seems timely to point out some important
features of this subject as viewed by the inorganic chemist. For this purpose qua-
litative descriptions and simplified models are quite useful to facilitate the com-
prehension of this matter by the non-spectroscopist.

Emissive metal complexes may be classified by various criteria such as the
position of the metal in the periodic table or the valence electron configuration
at the metal. While such criteria are quite useful other categories are even more
appealing. In the following presentation, metal complexes are arranged accord-
ing to the type of excited state. This seems to be a suitable unifying concept be-
cause irrespective of other properties of complexes excited states of the same
nature have much in common.

In a metal complex the metal-ligand bonds are generally polar. The molecular
orbitals are then not equally delocalized between metals and ligands but pre-
dominantly located at the metal or the ligands. The electronic transitions and
excited states are classified according to this localization [6-8]:

- Metal-centered, MC

- Ligand-to-Metal Charge Transfer, LMCT
- Metal-to-Ligand Charge Transfer, MLCT
- Ligand-to-Ligand Charge Transfer, LLCT
- Metal-to-Metal Charge Transfer, MMCT

- Ligand-Centered, LC (or Intraligand, IL)
- Intraligand Charge Transfer, ILCT

The following discussion does not cover the luminescence of metal complexes
comprehensively. The different types of excited states are illustrated by selected
examples. This choice was guided by the authors’ interests. Frequently, our own
observations are included to provide competent comments. Since our viewpoint
is that of a coordination chemist and not of a spectroscopist, we preferably se-
lected molecular complexes which emit in fluid solution at room temperature.
However, when these conditions are not met the emission of solid materials or
emission at low temperatures are included, too. The metal complexes are char-
acterized by the following data:

- Compound

- Type of emission (fluorescence, fl and phosphorescence, ph)
- Emission maximum, A,

- Solvent

- Temperature

- Emission quantum yield, ¢

— Emission lifetime, 7
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2
Metal-Centered Excited States

2.1
Mononuclear Complexes

2.1.1
dd States

Typical transition metal complexes with a partially filled d-shell at the metal are
characterized by low-energy dd (or ligand field, LF) states [8]. Frequently, these
dd states are not luminescent but reactive [9-13]. Ligands are then substituted
because LF states are often antibonding with respect to metal-ligand inter-
actions. Nevertheless, a considerable number of transition metal compounds
with emissive LF excited states are known. However, in many cases this lumines-
cence appears only at low temperatures. Moreover, spin selection rules are not
strictly obeyed, in particular by metals of the second and third transition series.
Intersystem crossing is then facilitated and the rate of spin-forbidden emission
(phosphorescence) is increased. As a consequence a phosphorescence may also
be observed at room temperature.

2.1.1.1
d' Metals

Despite the simplicity of the d! configuration there is only very little known on
the LF luminescence of d' complexes. Since the ground state as well as the LF
states are spin doublets the emission is a spin-allowed process. Well known is the
fluorescence of Ti(III) in sapphire [14] which is used as a near IR laser source
[15-18]. A few d! complexes have been shown to be fluorescent as molecular
systems (Fig. 1) [19,20]:

[MoVOCI,(CH,CN)]-  fl. A, =950 nm, CH;CN,r.t.

¢=4.4x10%7=110ns (1)
Cp,Nb'VCl, fl. A, =620 nm,C,H;0OH,77 K 5
¢ ~ 10—3 ( )

where Cp = Cyclopentadienyl

2.1.1.2
d? Metals

The d? ions Cr*", Mn>*, and Fe®* in tetrahedral [MO,]* complexes emit from LF
states when they are doped into suitable host lattices [21], e.g.,

K,CrO,:Fe®* ph. A= 1600 nm, solid, 15 K (3)

The phosphorescence appears as a sharp-line spectrum. Octahedral complexes
which contain a d> metal of the second and third transition row and two strong



Luminescent Metal Complexes: Diversity of Excited States 147
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Fig. 1. Electronic absorption (continuous line) and emission (dotted line) spectrum of
Cp,NbCl,. Absorption: in CH;CN, 1.29 x 10~* mol I}, at room temperature, 1-cm cell. Emis-
sion: in EtOH, at 77 K, A.,. = 350 nm; intensity in arbitrary units

ni-donor ligands, in particular oxide, in a trans position are also luminescent [22,
23], e.g.,

[ReVCI(N)(dmpe),]*  ph. A, =507 nm, CH;CN,r.t. @)
dmpe = Me,P-CH,-CH,PMe, ¢=1073,7=0.36 ps

[0sV10,(14TMC)]?* ph. Ap.c =620 nm, CH;CN, .t
T=1ps (5)
14TMC =1,4,8,11-tetramethyl-1,4,8,11-tetraazacyclotetradecane

2.1.1.3
d’* Metals

Octahedral chromium (III) complexes are classical examples of emitting d*> me-
tals [24]. While the ground states are quartets the lowest-energy LF states are ei-
ther also quartets (with low-field ligands) or doublets (with strong-field lig-
ands). Accordingly, the emission is a fluorescence (e.g., [CrF¢]*>", Ay = 779 nm)
[24] or a phosphorescence (e.g., [Cr(CN)¢]*", Ay, = 810 nm) [24, 25]. In some
cases both emission types are present simultaneously [24, 26,27],e.g.,

[Cr(urea)g|* fl. A =797 nm and ph. A, ~ 703 nm ()
glycerin/H,0,77 K, 7= 68 ps

Some Cr (IIT) complexes display an LF emission in fluid solution [24, 28], e.g.,

[Cr(bipy)s]** ph. A =727 nm, H,0, r.t.
¢=9 x10™*, 1=48 pus (7)
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2.1.1.4
d* Metals

The d* electron configuration is frequently stabilized by a metal-metal inter-
action in polynuclear complexes. The luminescence of such clusters will be
discussed below. However, d* ions in solid matrices are known to emit. For ex-
ample, octahedral [Os!VCls]* in various host lattices shows an LF emission. A
NIR — VIS upconversion was achieved with Os** in Cs,ZrCl, [29].

2.1.1.5
d’* Metals

Complexes of d°> metals of the first transition row generally exist in a high spin
configuration with sextet ground states. All LF transitions are then spin-for-
bidden. Accordingly, only a phosphorescence is possible. Indeed, a variety of
compounds with Mn?* in tetrahedral or octahedral environments are known to
phosphoresce from their lowest-energy LF quartet states. However, this emis-
sion was observed only in the solid state [30], e.g.,

(NEt,),[MnCl,] ph. Ap.x =524 nm, solid, r.t. 8)
¢=0.32,7=9%1073s

It is not clear why this luminescence does not appear in solution. Complexes of
d® metals of the second and third transition row do not seem to show an LF emis-
sion. Such metal ions exist only in low-spin configurations. In octahedral com-
plexes they then possess an electron hole in their d7r subshell. It follows that such
compounds are often characterized by low-energy LMCT transitions [8]. Ac-
cordingly, LF emissions are not likely to occur.

2.1.1.6
dS Metals

Generally, d® metals of the first transition row form octahedral complexes with
singlet (low-spin) or quintet (high-spin) ground states. The majority of these
complexes is not emissive. In the case of low-spin complexes, the lowest-energy
LF excited states are singlets, triplets, and quintets. The absence of luminescence
may be related to the presence of such quintets [31].If they are populated in the
deactivation cascade they are not expected to be emissive since their radiative
lifetime would be exceedingly long owing to the very low probability of a quin-
tet to singlet ground state transition. These quintets should then be easily inter-
cepted by competing deactivations. Complexes with strong-field ligands may
have triplets as lowest-energy LF excited states. Accordingly,an LF emission may
be seen [32-34],e.g.,

K5[Co(CN),] ph. Apax = 694 nm, solid, 77 K
7=0.65 ms ©)

Owing to their large ligand-field splittings, octahedral complexes of d® metals of
the second and third transition row occur only in singlet ground states. Their
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lowest-energy LF excited states are triplets. A variety of such complexes shows
an LF phosphorescence. The radiative lifetimes are shortened due to large spin-
orbit couplings [35-39]:

Ru(C;Hs), ph. A,., = 588 nm, solid, 60 K (10)
¢ = 0.004, = 20 ps
[RhM(NH,)4]3* ph. A,., =612 nm, alcohol/water, 77 K (11)
T=19 s
K,[PtVClg] ph. A,., =690 nm,solid, 77 K (12)
T~0.5ms
2.1.1.7
d’ Metals

With the exception of Co**, mononuclear complexes of d’” metals are rather rare.
Moreover, molecular Co(II) compounds do not seem to be luminescent. Obser-
vations on the emission of Co(II) are essentially restricted to solid state systems.
The tetrahedral [CoO,]® moiety incorporated in various host lattices is well
known to show an LF emission [40], e.g.,

ZnSi0,:Co?* ph. A, = 652 nm, solid, 15 K (13)

The emission from an LF doublet to the quartet ground state appears as a sharp
line spectrum.

2.1.1.8
d® Metals

Various mononuclear square-planar Pd(II) and Pt(II) complexes with singlet
ground states are known to emit from their lowest-energy LF triplets [41]. How-
ever, this emission generally appears only at low temperatures and is frequently
observed for solid compounds [42,43],e.g.,

K,[PtCl,] ph. A =778 nm, solid, 5 K (14)

At room temperature in solution Pt(II) complexes apparently do not show LF
emissions.

2.1.1.9
d’ Metals

The d° electron configuration is represented by numerous Cu(II) complexes
which are often blue owing to the presence of LF absorptions in the red region
[8]. Ground and LF excited states are spin doublets. Accordingly, LF emissions
are spin-allowed. Emissive molecular Cu(II) complexes seem to be unknown,
but Cu?* in solid matrices has been shown to show an LF luminescence [44, 45],
e.g.

CdS:Cu?* fl. A, = 1604 nm, solid, 4 K

=500 ns (15)
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2.1.2
ds States

MC transitions from nd to (n+1) s orbitals are not easily identified. Such ab-
sorptions occur at relatively high energies where they may be obscured by bands
of different origin. Fortunately, in d'° complexes LF transitions do not exist and
the identification of the ds transitions is facilitated. Some linear Au(I) complexes
indeed show ds absorptions as their longest-wavelength bands [46, 47]. At low
temperatures in glassy solutions or in the solid state even at room temperature
a few Au(I) complexes have been shown to emit from these ds excited states
(Fig.2) [48],e.g.,

[Au'CL]- ph. A, =687 nm, ethanol, 77 K
_ (16)
$=0.1
NBu,[Au!CL,] ph. A, . =642 nm, solid, r.t. (17)
[Au'Br,]- ph. A.., =660 nm, ethanol, 77 K (18)
NBu,[Au'Br,] ph. A . =592 nm,solid, r.t. (19)

A phosphine [49] as well as a carbonyl [50] complex of Au(I) have also been sug-
gested to emit from a ds triplet state [50], e.g.,

Aul(CO)Cl ph. A, . =663 nm,solid, r.t. (20)
A
1.0
0.5 4
4 x10
0.0 T T T a T
200 400 600 Alnm

Fig. 2. Electronic absorption (continuous line) and emission (dotted line) spectra of
NBu,[AuClL]. Absorption: in CH;CN, 1.64 X 10~ mol I}, at room temperature, 1-cm cell. Emis-
sion: in EtOH, at 77 K, A, = 250 nm; intensity in arbitrary units
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2.1.3
dp States

Generally, nd — (n+ 1)p MC transitions occur at higher energies than nd —
(n+ 1) s transitions. However, p-orbitals may be pushed below s orbitals by over-
lap with 7% orbitals of suitable ligands. Since the corresponding MOs are con-
siderably mixed, the d — p transitions contain large MLCT contributions. It is
then not clear if an MC assignment is justified. Nevertheless, dp excited states of
this type have been identified in a few trigonal-planar d'° complexes. The emis-
sion of these compounds apparently originates from dp triplets [51], e.g.,

Pd(PPh,), ph. A, =635 nm,2-MeTHF 21)
T=106.6 pus

Pt(PPh;), ph. A, =705 nm,2-MeTHF (22)
7=10.6 ps

Similar emissions were observed for the tetrahedral complexes [52]:

Pd(PPh,), ph. A, =660 nm, THE r.t. (23)
¢=0.02,7=3.6 ps

Pt(PPh;), ph. Ao =740 nm, THE r.t. (24)

¢=4%x10",7=0.7 us

Phosphine complexes of Rh(I) and Ir (I) are also emissive [53-55]. The lumines-
cence may originate from dp excited states. However, since these dp states are
heavily mixed with MLCT states a simple dp assignment is certainly not appro-
priate [55].

2.14
sp States

Halide complexes of main-group metal ions with an s? electron configuration
are frequently luminescent under ambient conditions [56, 57]. The absorption
and emission spectra (Table 1) [57] can be explained on the basis of a simple
energy level diagram of a free s? ion (Scheme 1). The emission comes from the
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Scheme 1. Energy level scheme of a free s? ion
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3P, sp excited state. The huge Stokes shifts are related to considerable structural
changes which take place in the sp excited states. Many of these complexes have
a less symmetrical structure in the ground state owing to a second order Jahn-
Teller effect but lose this distortion in the sp state. While these emissions have
been systematically studied only recently, the luminescence of s* ions in the so-
lid state has been known for many years [58-61].

2.1.5
ff States

Lanthanide compounds play an important role in the field of luminescence
spectroscopy. The excited state properties of lanthanide ions Ln®** have been ex-
tensively discussed in many reviews [62-66]. Here, only a few general aspects
are mentioned.

The electronic spectra of Ln** with f” electron configurations are determined
by electronic transitions between f orbitals. Since the f electrons are largely
shielded from the environment they behave as inner and not valence electrons.
Accordingly, the absorption and emission spectra consist of very narrow bands.

Transitions between f orbitals of Ln* are strictly parity-forbidden. Moreover,
many ff transitions are also spin-forbidden although spin-orbit coupling
attenuates the forbiddeness. Nevertheless, both restrictions have important
consequences. The bands have very low absorption coefficients and the radiative
lifetimes of ff states are rather large (~107 s). Owing to the small absorption co-
efficients of Ln** the excitation can be facilitated by suitable ligands which ab-
sorb the light and subsequently transfer the excitation energy to the emissive
Ln** ion. In addition, appropriate ligands may prevent radiationless deactiva-
tions. This behavior is illustrated by various Eu** and Tb** complexes which
emit an intense red and green luminescence, respectively [67, 68],e.g.,

Eu(TTA), ph. A, =612 nm,acetone,r.t.
TTA =thenoyl- ¢ =0.56,T7=>565 s (25)
trifluoro-acetonate
Tb"(acac), ph. A, = 543 nm, ethanol, r.t. (26)
acac = acetylacetonate ¢=0.19, 7= 820 pus

2.1.6

fd States

Some lanthanide ions such as Ce**, Sm?*, Eu?*, and Yb?** are characterized by
low-energy transitions which involve the promotion of a 4f electron to a 5d or-
bital [61, 69]. Such fd states may be luminescent [70,71], e.g.,

[Eu'(C2.2.1)]** Appax = 450 nm, CH,0H/H,0, r. t.

¢=1031=15ns (27)

[Cel(C2.2.1)]** fl. A, =360 nm and 340 nm, H,0, r.t.

¢=1,7=50ns (28)
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The electronic transition between the 4f! ground state and 5d! excited state of
Ce’* is completely allowed as electric dipole transition. Accordingly, the emis-
sion lifetimes are rather short and the fluorescence quantum yield may even
reach unity.

2.2
Cluster Complexes

2.21
Binuclear Complexes

Binuclear complexes with direct metal-metal interaction can be classified ac-
cording to the bond order (BO) in the ground state from zero to four.

2.2.1.1
Bond Order = 0

Binuclear d® complexes which contain two square planar components may be
arranged in a face-to-face fashion. Since a metal-metal bond is not present, both
mononuclear moieties are kept together by bridging ligands or solid state ef-
fects. Nevertheless, a metal-metal interaction occurs by the overlap of the d2and
p, orbitals at both metals. This generates four 0 MOs which are occupied by four
electrons: (022)2, (0%2)?, (0,0)°, (0,%)°. The M-M bond order is then zero. How-
ever, the lowest-energy transition from o0%? to 0, leads to an MC excited state
which is characterized by a metal-metal bond (BO=1). Several binuclear d® com-
plexes have been shown to emit from such 0%? 0,> MC states [13,72],e.g.,

[Pt (p-P,0.H,), & fl. A, =407 nm, H,0, r.t., 7= 8-40 ps
[P,O;H,]* = ph. A =514 nm,H,0,r.t,, 7=9 pus (29)
pyrophosphite

The appearance of a fluorescence in addition to the phosphorescence is quite
surprising since platinum should facilitate intersystem crossing.

Various dimeric Au' complexes are also emissive [13, 73]. In these d!° com-
plexes the lowest-energy transition involves the promotion of an electron from
an MO which is antibonding with respect to dd overlap to a o) orbital. Again, the
Au-Au bond order is zero in the ground state and 1 in the MC excited state. A va-
riety of such binuclear Au' complexes shows a phosphorescence, frequently in

solution at room temperature [74], e.g.,
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[Au!(dppm)]3* ph. A . =593 nm, CH;CN, r.t.
dppm = Dbis(diphenyl- ¢=0.31,7=21ps (30)
phosphino)methane

A similar situation exists for dimeric complexes of main group metals with an s?
electron configuration. The metal-metal interaction of s and p orbitals creates
the following MOs: o3, 0%, O'E, and op.In the ground state only the o, orbitals are
occupied and an M-M bond is not present while in the lowest MC sp excited state
with orbital occupation (o?)? (o%)! (0}2)1 a metal-metal bond is formed [75].
Such MC states may be emissive [75], e.g.,

[TI'(S,CNEL,)], ph. A, = 608 nm, CH,CN, r.. (31)

2.2.1.2
Bond Order = 1

Many transition metals with a d” electron configuration form dimeric com-
plexes with an M-M single bond in the ground state. The bonding MO 0% is oc-
cupied by two electrons. The complexes [(CO)sM°-M°(CO);] with M=Mn or Re
are typical representatives. Unfortunately, their 0%? 0%2 MC excited states are
not emissive but reactive owing to the absence of an M-M bond in the excited
state [13,76]. However, a photochemical homolysis of the M-M bond can be pre-
vented by bridging ligands. Accordingly, such complexes can show an emission
from a 00* state [77],e.g.,

Re,(CO)4(p-dmpm),  ph. A =690 nm,2-methylpentane, 77 K
dmpm = bis(dimethyl T=31ps (32)
phosphino)methane

Various binuclear Pt(III) complexes with Pt-Pt single bonds are also lumines-
cent [13,72].

2.2.1.3
Bond Order = 4

Binuclear complexes with M-M quadruple bonds are formed by metal ions with
a d* electron configuration. Metal-metal interaction leads to a o, two m,and a 6
bond. The lowest-energy transition §°6* state reduces the bond order from 4 to
3 but does not induce an M-M bond cleavage. On the contrary, the 66* state is
emissive [13]. For example, Mo"X,(PMe;), complexes with X=Cl, Br,and I show
such an MC fluorescence [78], e.g.,

Mo"Cl,(PMe,), fl. Ay.c = 673 nm, 2-methylpentane, 300 K
¢=0.23,7=140 ns (33)

2.2.2
Trinuclear Complexes

Trinuclear complexes may consist of a linear or triangular arrangement of three
metal atoms or ions. Such linear Au} compounds have been shown to be lumi-
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nescent and the emitting state is again derived from an MC dp triplet in analogy
to various binuclear Au(I) complexes [73,79],e.g.,

[Aus(dmmp),]** ph. A« =580 nm, CH;CN,r.t,,7=7 pus
dmmp = bis(dimethyl- (34)
phosphinomethyl)

methylphosphine

The dmmp ligand bridges all three Au* ions. Heterotrinuclear complexes are
also known to display phosphorescence which may be attributed to MC excited
states [80].

The emission of trinuclear complexes is not restricted to linear M; structures.
Triangular M; compounds have also been observed to emit from MC excited
states. An example is Pd"(acetate), which exists as trimer in the solid state as
well as in solution (Fig. 3) [81]:

Pd";(acetate), fl. Apax =475 nm and ph. A, = 595 nm
benzene,r.t. (35)

It is suggested that the metal d and p orbitals of the Pd"; moiety interact in a si-
milar fashion as in binuclear face-to-face complexes of Pd(II) and Pt(II) (see
above). The luminescence is assumed to originate from a 0% o} excited state.
Some mercury cluster compounds have been found to be luminescent [82].
For bonding interactions in these clusters it is sufficient to consider only the Hg
6s orbitals in a first approximation. Three mercury atoms may be combined to
linear or trigonal structures. The stability of both arrangements depends on the
number of valence electrons. In the case of Hg?* four electrons are available
which stabilize a linear structure while for Hg;** two electrons favor a trigonal
geometry. Both clusters are kept together by one bond [82]. While Hg3" exist as

300 400 500

Fig. 3. Electronic absorption (continuous line) and emission (dotted line) spectrum of 1.22 X
107% mol 1! Pd;(acetate), in benzene at r.t. Emission: A, = 420 nm; intensity in arbitrary units
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an isolated cluster ion, Hg3" is stabilized by bridging phosphines. Both cluster
ions are luminescent(Fig. 4) [83, 84]:

Hg3* ph. A = 645 nm, CF,S0,H, 1. . (36)
(Hgs(dppm),]** ph. Ay, = 658 nm, ethanol, 77 K

dppm =diphenyl- (37)
phosphinomethane

The emissions come from MC states which are derived from Hg 5s orbitals.

223
Tetranuclear Complexes

Tetranuclear clusters frequently contain a tetrahedral or square-planar M, moiety.
Generally, the metal atoms or ions are bridged by ligands. Nevertheless, a direct
metal-metal interaction seems to be present, but sometimes rather weak.

Tetrahedral M, clusters are often bridged by halide ions. The resulting M,X,
fragments form a cubane structure. Additional ligands may be coordinated ter-
minally. Transition metal as well as main-group metal clusters of this type have
been observed to emit [85],e.g.,

[Me;Pt™V1], ph. A, = 735 nm, toluene, 77 K (38)

0.6

360

T T T T

T | N

500 600 700 800
Fig. 4. Electronic emission and absorption (inset) spectra of Hg;** in CF;SO;H. Emission at
77 K (dotted line) and r.t. (continuous line), A = 320 nm; intensity in arbitrary units. Ab-

sorption: 5.9 x 10~ mol 1"}, 1-cm cell
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The mononuclear components of this cluster can be viewed as pseudoocta-
hedral Pt"VMe;l; complexes. The lowest-energy excited state of these fragments
are LF states. The emission of [Me;Pt'VI], is suggested to originate from LF tri-
plets at the d® Pt' metal ions, but is modified by metal-metal interactions.

Numerous complexes of the general composition [LCu'X], with bridging X
(halide) and terminal L (e.g.,amines, pyridine, phosphines) ligands are lumines-
cent under ambient conditions [86, 87]. The identification of the emissive excit-
ed states is complicated by the presence of different electronic transitions such
as MC ds, MLCT, and LMCT at comparable energies. Accordingly, simple assign-
ments are not appropriate.

Various tetranuclear Ag(I) and Au(I) complexes are also luminescent [86]. In
some cases the M, moiety exists in a planar arrangement. Again, the emissive ex-
cited states may be of mixed origin. However, the luminescence of some tetra-
nuclear Au' clusters was assigned to a MC ds excited state [88], e.g.,

[Au!(piperidine)Cl], ph. A« =700 nm, ethanol, 77 K (39)

Main-group metal ions with an s? electron configuration are not only emissive
in mononuclear complexes. Cluster compounds including tetrahedral M, struc-
tures may be luminescent too [89], e.g.,

[TI'OCH;], ph. A_.. = 640 nm, methanol, r.t. (40)

The emissive excited state is derived from an MC sp state, but shifted to lower
energies by metal-metal interaction.

224
Hexanuclear Complexes

The cation [MIXg]** with M =Mo, W, and X =halogen represent an important
family of cluster compounds which consist of an Mg octahedron and face-bridg-
ing halide ligands. Six additional terminal ligands including halides may be
attached to the metal ions. The My cluster is characterized by strong metal-me-
tal interactions. The frontier orbitals are composed by metal d-orbitals. Accord-
ingly, the lowest-energy transitions occur between delocalized MOs of d-par-
entage. The clusters are luminescent and the emission originates from such MC
excited states [13,90], e.g.,

[Mo¥Cl,,]* ph. A,.. = 805 nm, CH;CN, r.t.

¢=0.19, 7= 180 ps (41)

Cluster complexes of the composition M{(mtc)s with M=Cu and Ag and mtc =
di-n-propylmonothiocarbamate are also luminescent. The emission is certainly
related to that of the tetranuclear Cu(I) complexes [86, 87] (see above). The
lowest-energy transitions of these d!° clusters may be MC ds transitions with
LMCT contributions. Accordingly, the emissive states should be of MC/LMCT
character, but modified by metal-metal interaction [91], e.g.,

Agg(mtc)g ph. A = 607 nm, toluene, 77 K,

T=131 ps (42)
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Essentially the same picture should apply to [Cu'(PPh;)H]; which contains a
Culs octahedron, bridging hydride and terminal phosphine ligands [92]:

[Cu'(PPh;)H], ph. A.., =730 nm, toluene, 77 K (43)

Hexanuclear main-group metal clusters which are composed of s? metal ions
can be luminescent, too (Fig. 5) [93],e.g.,

Sn'.0,(OCH;), ph. A, = 564 nm, solid, 77 K (44)

This complex contains bridging oxide and methoxide ligands. It was suggested
that the emissive state is derived from an MC sp transition. The large Stokes shift
(A¥ ~13,000 cm™) was attributed to metal-metal interaction. In a later study it
has been concluded that this Stokes shift is caused by a Jahn-Teller distortion
[94].

225
Polymeric Complexes

The luminescence of metal complexes can also be based on metal-metal inter-
action in polymeric complexes. While [Pt!!(CN),]*" is not luminescent as isolat-
ed complex, solid salts frequently show an intense emission even at r.t. [95], e.g.,

Ba[Pt"(CN),] x 4H,0 A, =513 nm, solid, r.t. (45)

Such solids consist of columnar structures which are composed of square planar
[Pt(CN),]*>- complexes. Perpendicular to these planes (z-axis) a metal-metal in-

24
J "“.,‘
A ;
12— H
i
0.0 T 5 T
200 320 450 se0 MNnm

Fig. 5. Electronic absorption (continuous line) and emission (dotted line) spectra of
[SngO,(OCHj;)4]. Absorption: in n-hexane, ~1 X 10 mol 1! at r.t., 1-cm cell. Emission: in the
solid state at 77 K; A, = 300 nm; intensity in arbitrary units
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teraction takes place. The lowest-energy transition involves delocalized states
which are derived from the d? and p, orbitals of the d® metal ions. The emission
originates from these MC excited states. Oligomeric [Pt(CN),]*>~ complexes
which exist in concentrated aqueous solution are also emissive from such MC dp
excited states [96].

3
Ligand-to-Metal Charge Transfer Excited States

3.1
d® Metals

The most promising candidates which might show a luminescence from LMCT
states are complexes with transition metals in high oxidation states and a d°
electron configuration. LMCT transitions occur then at relatively low energies
and any interference by LF transitions is avoided. Indeed, such emissive LMCT
states have been known for many years. However, these observations were re-
stricted to solid state systems [61] while the luminescence from LMCT states of
molecular complexes has been detected only recently. Many of these compounds
are organometallics with cyclopentadienyl (Cp) or simple o-bonding car-
banions as ligands. In the first report on this subject the emission of permethyl-
scandocene chloride was described [97]:

(CsMe;),Sc'Cl ph. A, = 520 nm, isooctane/methyl-
cyclohexane,r.t. (46)
T=2us

It was suggested that the luminescence originates from an excited state with a
large ClI- — Sc™ LMCT contribution, but a Cp~— Sc!' LMCT state is certainly a
reasonable alternative.

A variety of other cyclopentadienyl complexes are also characterized by
luminescent LMCT states [98], e.g.,

(CsMe;) TaVCl, ph. A« =578 nm, CH,ClL,, r.t.

¢ =0.002, 7= 0.9 ps (47)

The emissive state is apparently a (C;Mes)”— Ta¥ LMCT state. This assign-
ment also applies to complexes of the general composition (CsR;),TiVX, and
(CsR;) Ti'VX; with R=H, CH;,and X=F, Cl, Br [99], e.g.,

Cp,TiCl, ph. A =672 nm, solid, 77 K,

=730 pus (48)

With X=1I or CH; the compounds are not luminescent. The emission of
(CsR5),ZrVCl, with R=H (A,,,,= 452 nm) and R =Me (A,,,, =494 nm) certainly
also originates from (CsRs)”— Zr'V LMCT states [100]. Finally, several zir-
conium(IV) thiolate complexes (CsH;),Zr'V(SC¢H,R), have been observed to
emit (A,,=520-620 nm) [100]. The luminescence was assigned to a thiolate —
Zr'V LMCT state.
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Complexes of the type RReV'O; with R = carbanion are catalytically active or-
ganometallics. At r.t. in solution they are light-sensitive [101, 102], but one of
these compounds has been observed to emit at low temperatures [102]:

MeReV1O, ph. A, = 640 nm, ethanol/water,77 K (49)

The lowest-energy transition of MeReV0; is of the LMCT type and involves the
promotion of an electron from the Me-Re o-bond to an acceptor orbital of d-
parentage which is strongly Re-O m-antibonding. It is this LMCT state which is
emissive.

The polymers [MYIN(OR);], with M= Mo and W display a low-temperature
emission [103],e.g.,

[WYIN(OCMe;)s], ph. A . =513 nm,solid, 77 K, =60 ps (50)

It has been suggested that the lowest-energy transition involves the
tungsten-nitride moiety. Accordingly, the emissive state should be an N*- — WV!
LMCT state. There is spectroscopic evidence that the lowest energy LMCT
transition terminates at an MO which is strongly W-N antibonding. However,
the donor orbital could also be derived from the rather reducing alcoholate
ligands.

A variety of imido complexes of d° metals (Ti'V,NbY, TaV) also luminesce from
LMCT states [104-107], e.g.,

TaV(NPh)Cl, ph. A =629 nm, C,H,Cl,, r.t. (51)
(dimethoxyethane) ¢=0.008,7=0.2 us

The imido ligand seems to be the donor site of the lowest-energy LMCT transi-
tion.

3.2
d’> Metals

Luminescent LMCT states of complexes with a partially filled d-shell at the me-
tal have rarely been observed. The reason for this is not quite clear. However, it
seems likely that most complexes which have low-energy LMCT states also have
LF states in the same energy region. This interference may prevent the obser-
vation of emissive LMCT states. Moreover, LMCT states are frequently quite re-
active.

A complex with a lowest-energy LMCT state should be composed of a strong-
ly oxidizing metal with a large LF splitting and strongly reducing ligands with a
high LF strength [108]. Suitable examples are octahedral d> complexes of second
and third row transition metals. The electron hole in the t,, d-subshell facilitates
the occurrence of low-energy LMCT transitions. Indeed, several such complexes
with emissive LMCT states are known (Fig. 6) [108-110],e.g.,

[Ru"(CN),]> fl. A, =525 nm,ethanol,77 K (52)

Re'(C;Mes), fl. A, =605 nm, toluene, r.t. (53)
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Fig. 6. Electronic absorption (continuous line) and emission (dotted line) spectra of [NEt,];
[Ru(CN)4] in EtOH; absorption at room temperature, emission excited at 366 nm and 77 K (in-
tensity in arbitrary units)

[Re!'(dmpe);]* fl. A, =600 nm,CH;CN,r.t.
dmpe =bis(dimethyl- ¢=0.65,7=16ns (54)
phosphino)ethane

The ground states and the LMCT states of these complexes are spin-doublets.
Accordingly, the emission is a fluorescence with a short lifetime.

3.3
d'® Metals

The lowest-energy transitions of metals with a rather stable and completely fil-
led d-shell are of the LMCT type [6, 7]. Suitable examples are Zn(II), Cd(II), and
Hg(II) compounds. However, simple mononuclear complexes of these d'° metal
ions are apparently not luminescent. On the contrary, semiconductors such as
ZnO or CdS are strongly luminescent. In the case of ZnO the valence and con-
duction band are derived from the filled p-orbitals of oxide and the empty 4s or-
bitals of Zn?*, respectively [111]. It follows that the band gap emission of ZnO
can be viewed as a luminescence from a LMCT state. Cluster compounds of
Zn(II), Cd(II), and Hg(II) have been also observed to emit from LMCT states
(Fig.7) [112-116], e.g.,
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Fig. 7. Electronic absorption (dotted line) and emission (continuous line) spectra of [Zn,O
(acetate)s] at r.t. 1-cm cell. Absorption: 2.43 x 10™* mol 1! in EtOH. Emission: 1.15 X
10~ mol I'! in CH,Cl,, A, = 300 nm; intensity in arbitrary units

[Zn}O (acetate)] fl. A = 372 nm, CH,Cl,, r.t. (55)
¢ =0.15,7=10ns
[CdS,(SPh),c]* fl. A, =545nm,CH;CN,r.t.,,7=0.6ns (56)

[Hg1(SPh)¢(PPhs),]>*  ph. Ay, = 690 nm, CH,Cl,/toluene, 77 K (57)

The rather low energies of the LMCT emission may be associated with the elec-
tronic interaction in the cluster moieties. It has been suggested that these clus-
ters can serve as molecular models for the luminescence of semiconductors such
as ZnO and CdS. Theoretical work has confirmed the conclusion that the cluster
emission indeed originates from LMCT states. However, despite structural simi-
larities the clusters cannot be considered to be real molecular models of the se-
miconductors [117].

Other candidates for emissions from LMCT states are complexes of the d°
metal ions Cu(I), Ag(I), and Au(I) with donor ligands. However, in these cases
LMCT and MC ds transitions occur at comparable energies. These LMCT and
MC states may even mix and clear distinctions are not possible. Such complica-
tions are frequently encountered. Suitable examples are tetranuclear Cu(I) clus-
ters [86,87,118],e.g.,

[Cull(morpholine)],  ph. A, =654 nm,benzene,r.t.

¢ =0.004, 7= 0.3 ps (58)

Originally, the emitting state has been assumed to be of the MC ds type [118],
but was later corrected to have a considerable LMCT contribution [86, 87]. A si-
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Fig. 8. Electronic absorption (a, continuous line) and emission (e, dashed line) spectra of
NBu,[Au(SH),]. Absorption: 3.75 x 10~* mol I! in dry acetonitrile under argon at r.t., 1-cm
cell. Emission: in toluene at 77 K, A, = 300 nm; intensity in arbitrary units

milar situation exists for Au(I) complexes. For instance, the emissions of Au(I)
complexes with certain sulfur-coordinating ligands have been attributed to mi-
xed ds/LMCT excited states (Fig. 8) [119, 120], e.g.,

[Au!(SH),]" ph. A .« = 665 nm, toluene, r.t. (59)

However, there are also compounds with Au'-S bonds which have been sug-
gested to emit from rather pure LMCT states [121],e.g.,

Aul,(p-tc),(dppe) ph. A .. =495 nm, solid, r.t.
p-tc =p-thiocresolate; (60)
dppe = diphenylphosphinoethane

34
f9 Metals

The best known example of an emitting LMCT state is the luminescence of the
uranyl ion [122, 123]:

[UVI0,]?* ph. A . =509 nm, H,0, r.t.

¢=0.23,7=10 ps (61)

Since U(VI) has an empty valence shell with the electron configuration f° only
low-energy LMCT transitions are feasible [123]. Accordingly, the 0?- — U(VI)
LMCT assignment to the emitting state of UO3* is unambiguous.

4
Metal-to-Ligand Charge Transfer Excited States

Low-energy MLCT transitions occur in complexes with reducing metals and ac-
ceptor ligands which provide n* (or 0*) orbitals at low energies. This situation
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is frequently encountered in organometallics [76, 124]. Although MLCT excited
complexes may be quite reactive [125] they are often luminescent and not in-
trinsically reactive. Emissive MLCT states have mainly been observed for mo-
nonuclear complexes with d®, d®, and d'? electron configurations. The prototype
acceptor ligands are polypyridines [126-129] such as 2,2’-bipyridyl (bipy) or
9,10-phenanthroline (o-phen) which have available delocalized m* orbitals at
rather low energies. In another terminology these ligands are known as 1,2-di-
imines. Of course, a variety of other acceptor ligands is also involved in MLCT
emissions. Owing to the huge number of studies on luminescent MLCT states
this subject has been discussed extensively. For details the reader is referred to
various reviews and monographs [13, 126-129]. Only a few examples will be
mentioned here.

4.1
d® Metals

Octahedral complexes with reducing d® metals of the second and third tran-
sition row including Mo®, WY Rel, Ru(II), Os(1I), and Ir(III) constitute the majo-
rity of complexes with luminescent MLCT states. While the ground states are
singlets the lowest excited states are triplets. Although the MLCT emissions
are spin-forbidden processes they are relatively fast because they are facilitated
by strong spin-orbit coupling. For this reason these emissions are observed
under ambient conditions. Competing radiationless deactivations are appar-
ently not rapid enough to quench the luminescence. On the contrary, complexes
of first-row transition metals generally do not emit from MLCT states. In these
cases the presence of low-energy LF excited states interferes with an MLCT
emission. Moreover, spin-orbit coupling is smaller and radiative lifetimes of
triplets longer. Facile radiationless deactivations can then prevent the appear-
ance of an MLCT phosphorescence at r.t. although exceptions are known [130],

e.g.
Cr%(CO),(bipy) ph. A, =778 nm,benzene,r.t. (62)

A variety of complexes of the type M°(CO),(L-L) with M=Mo, W and L-L=poly-
pyridyl have been observed to phosphoresce from MLCT states [124, 126, 131].

One of the largest groups of MLCT emitters is derived from Re(I) carbonyl
complexes [76,126,132,133],e.g.,

Rel(o-phen)(CO);Cl  ph. A, =577 nm, CH,Cl,, r.t.

¢=0.036,7=0.3 s (63)

However, the importance of these Re(I) complexes is far surpassed by Ru (II)
polypyridyl complexes [13,126-129, 134]. Pioneering observations were report-
ed by Crosby et. al. in 1965 and the following years [34, 135, 136]. In the mean-
time thousands of papers have been published on this subject. The homoleptic
bipy complex can be considered as parent compound [126]:

[Ru(bipy);]** ph. A =602 nm, H,0, r.t.

¢=0.042,7=0.6 ps (64)
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While polypyridyl complexes of Mo° W° Rel, Ru, Os", and Ir'™ play an
outstanding role as MLCT emitters, complexes of these metals with other accep-
tor ligands have also been shown to luminesce from MLCT states. In organome-
tallic chemistry the aromatic 67-electron ligands Cp~ (CsH;™), C¢Hg, and C,H,*
form a large family of compounds. The energies of their 7* orbitals decrease in
this series [137]. Accordingly, MLCT energies become smaller in the same direc-
tion. While for (C4Hs)Mo?(CO), the MLCT state lies above the lowest LF state
[76, 124], an inversion of both states occurs in the case of [(C,H;)Mo°(CO);]*
which shows an MLCT emission under ambient conditions (Fig. 9) [138]:

[(C,H,)Mo®(CO);]*  ph. Ay =578 nm, CH,CN, r.t., ¢ ~ 105 (65)

Arylisocyanides also provide low-energy m* orbitals. Accordingly, suitable com-
plexes with such ligands can display a luminescence from MLCT states [76, 124,
139],e.g.,

[WO(CNPh),] ph. A,., = 638 nm, pyridine, r.t.

¢ = 0.93, (at 77 K, in Me-THF) (66)

Carbyne (or alkylidyne) complexes form another family of organometallics
with emissive MLCT states [140, 141], e.g.,

[WO(CPh)(CO), ph. A, = 640 nm, toluene, r.t.

(TMEDA)Br]

TMEDA = tetramethyl- ¢=53%x10"%1=180ns (67)
ethylenediamine

These compounds are characterized by M=CR triple bonds. The acceptor func-
tion of the carbyne ligand is associated with the presence of two degenerated m*
orbitals which are largely composed of p-orbitals of the coordinating carbon atom.
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Fig. 9. Electronic absorption (continuous line) and emission (dotted line) spectra of [(n-C,H;)
Mo(CO);]PF, at r.t. under argon. Absorption: 5.63 x 105 mol 1! in EtOH, 1-cm cell. Emission:

in MeCN, A, = 380 nm, intensity in arbitrary units
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Phosphines PR; are important m-acceptor ligands. Accordingly, phosphine
complexes may have available emissive MLCT states [142], e.g.,

[W?(CO),(dppe),] ph. A,., =568 nm, Me-THEF, 77 K
dppe = diphenyl- ¢=0.14,7=0.14 ps (68)
phosphinoethane

The origin of this emission is not quite clear. An IL assignment is also feasible.
For another phosphine complex a luminescent MLCT state has been recently
identified [143]:

Rel(binap) (CO),Cl ph. A, =570 nm, ethanol, r.t., ¢ = 0.007
binap = 2,2’-bis-(di-

phenylphosphino)-, (69)
I’-binaphthyl

In this case the binaphthyl moiety provides an extensive m-electron system. The
binap ligand thus seems to be well suited as acceptor for a low-energy MLCT
transition.

4.2
d® Metals

A variety of square planar complexes of reducing d® metals such as Rh}, Ir, and
Pt with acceptor ligands are characterized by low energy MLCT transitions.
Olefin complexes belong to this category [76, 124, 144] and at least one compo-
und of this type is known to emit from an M — olefin MLCT state [145]:

[If(en) (cod)]* ph. A, = 488 and 508 nm,

EtOH/MeOH, 77 K
en=ethylenediamine; (70)
cod=1,5-cyclooctadiene

However, the MLCT state is apparently mixed with an MC d — p state in this
case. When en is replaced by bipy the emission is shifted to longer wavelength
and originates from an Ir' — bipy MLCT state [145]:

[Ir'(bipy)(cod)]* ph. A, =719 nm, ethanol/methanol/
CH,Cl,, 77 K (71)
1=0.5ps
Rh(I) polypyridyl complexes also show emissions from such MLCT states [145].

Rh (1), Ir(I), and Pt(IT) complexes with maleonitriledithiolate (mnt?-) constitute
another family of MLCT emitters [146],e.g.,

(TBA)[Rh!(CO),(mnt)] ph. A_,, =609 nm,solid, 77 K
TBA*=tetrabutyl- 7=238 ps (72)
ammonium)

The vibrational structure of the luminescence spectra provides evidence for the
assumption that the emission comes indeed from M — mnt?- MLCT states.
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Finally, some Pt(II) complexes with orthometalated ligands related to bipy
display a luminescence from MLCT states [147], e.g.,

[Pt!(thpy),] ph. A... = 585 nm, methylcyclohexane, r.t.
thpy™ = deprotonated ¢=0.36,7=3.2 us (73)
2-(2-thienyl) pyridine

4.3

d' Metals

Cu! polypyridyl complexes are well known to emit from MLCT states [126,
148-150],e.g.,

[Cu!(2,9-diphenyl- ph. A, =710 nm, CH,Cl,, r.t.
o-phen),]* ¢=1.1x%x1031=0.25ps (74)

It is assumed that such tetrahedral complexes are distorted towards a pla-
nar structure in the MLCT state. In this planar geometry additional ligands
may be attached. Since these exciplexes are not emissive the luminescence of
Cu! polypyridyl complexes can be quenched by a variety of nucleophiles.
Recently, it has been shown that sterically demanding polypyridyl ligands
restrict this exciplex formation and increase the emission quantum yields con-
siderably [151].

Au(I) complexes may also show low-energy MLCT transitions. However, MC,
ds,and dp transitions, as well as LMCT transitions, can occur in the same energy
range [120]. Mixing of these transitions is possible, too. Accordingly, definite as-
signments are hampered by these complications. Nevertheless, a binuclear Au (I)
complex was suggested to show low-energy MLCT transitions. This compound
is also luminescent [152]:

[Au}(dmb)(CN),] ph. A, = 468 nm, CH,Cl,, r.t.
dmb =1,8-di-isocyano- 7=0.13 ps (75)
p-menthane

Pt(0) complexes are also suitable candidates for the existence of low-energy
MLCT transitions. Recently, the emission of a Pt(0) complex was attributed to a
MLCT excited state [153]:

[Pt°(binap),] ph. A .« =730 nm, benzene, r.t.

binap =2,2’-bis- ¢=0.024,7=1.5ps (76)
(diphenylphosphino)-,

1’-binaphthyl

The binap ligand is certainly able to provide n* orbitals for a low-energy MLCT
transition owing to the extended m-electron system of the binaphthyl substitu-
ent at the coordinating phosphorus atoms. However, the emission is suspiciously
close to that of [Pt°(PPh;),] (Ay.x =740 nm) [52] and [Pt°(PPh;);] (A =
705 nm) [51].In these cases the luminescence was assigned to an MC dp excited
state.
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5
Ligand-to-Ligand Charge Transfer Excited States

Coordination compounds of the type L,.4-M-L{, which simultaneously contain re-
ducing and oxidizing ligands are frequently characterized by low-energy LLCT
transitions [7, 154]. The metal mediates the electronic interaction between donor
(L;eq) and acceptor (L,,) ligand. Suitable acceptor ligands include porphyrins and
polypyridyls while anions such as halides, thiolates, and carbanions may serve as
donor ligands. Some of these complexes have been observed to emit from LLCT
states. Unfortunately, unambiguous assignments of LLCT transitions are fre-
quently hampered by the presence of other transitions such as MC, LMCT, and
MLCT in the same energy range. The identification of LLCT transitions is facilita-
ted if MC, LMCT, and MLCT are absent or occur at rather high energies.

5.1
d® Metals

Complexes of d° metals which are only weakly oxidizing are well suited to detect
emitting LLCT states [155], e.g.,

[Cp,Zr'Vbiq]** ph. A, =518 nm, THE r.t. [155]
biq=2,2"-biquinoline; ¢=0.01 (77)
Cp=cyclopentadienyl

&

The luminescence originates from a Cp~ — biq LLCT triplet. The complex shares
some remarkable features with the photosynthetic reaction center which is
characterized by a pair of two bacteriochlorophyll molecules in close proximity
butin an oblique orientation (“special pair”).In the primary photochemical step
charge separation takes place by excited state electron transfer from this special
pair to an acceptor. In the case of [Cp,Zr'Vbiq]** the special pair is represented
by both Cp~ ligands. However, in this complex charge separation takes place by
a direct optical transition.

5.2
dé Metals

The lowest-energy excited state of Re!(1,2-diimine)(CO);X may switch from
MLCT to X~ — diimine LLCT if X~ (e.g., alkyl anion) is a strong donor and pro-
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vides the HOMO for the complex [156]. Unfortunately, such LLCT states are not

emissive but reactive. However, a luminescent LLCT state can be observed by an
appropriate choice of metal and ligands [157], e.g.,

[Os(bipy),(CO) ph. A .. =645 nm, CH,Cl,, r.t.

(DMABN)]**

DMABN = 4—(N,N-di- ¢=6x10" (78)
methylamino)benzonitrile

This DMABN — bipy LLCT state does not appear in absorption, but only in
emission.

5.3

d® Metals

A variety of square planar complexes of the type M"(1,2-diimine)(dithiolate)
with M=Nij, Pd, and Pt are characterized by low-energy (dithiolate?- — 1,2-di-

imine) LLCT transitions [7, 154, 158]. Such LLCT states may be luminescent
(Fig. 10) [159],e.g.,

[Pt (bipy) (tdt)] ph. A_.. = 654 nm, ethanol, 77 K
tdt?>- = 3,4-toluene- (79)
dithiolate
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Fig. 10. Electronic absorption (dashed line) and emission (continuous line) spectrum of

[(bipy)Pt(tdt)] in ethanol. Absorption: 4.9 X 10~ mol 1! at r.t., 1-cm cell. Emission: at 77 K,
Aexe = 546 nm; intensity in arbitrary units
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In a later study it has been shown that this phosphorescence also occurs in
CH,Cl, at r.t. (A, = 735 nm, ¢ = 3.1 X 1074, 7= 0.29 ps) [160]. Numerous other
complexes of the type Pt'(1,2-diimine)(dithiolate) have been also observed to
be luminescent under ambient conditions [160].

5.4
d'® Metals

Pseudotetrahedral Zn(II) and Cd(II) complexes of the general composition [M
(1,2-diimine)(S-aryl),] display also an emission from LLCT states [161-163], e.g.,

[Zn(o-phen) fl. A =568 nm, solid, 77 K

(4-Cl-Ph-S),] 1< 15 ns (fl) and 7= 4.2 ps (ph) (80)

The luminescence consists of a fluorescence and phosphorescence which were
distinguished by their lifetimes.

Polynuclear complexes are also known to display emissions from LLCT states
[86,87,164],e.g.,

[Cu'I,(pyridine),] ph. A, = 480 nm, toluene, r.t.
¢=34x10" 7=0.45 pis (81)

In addition to this luminescence from a I — pyridine LLCT state a second more
intense emission occurs at longer wavelength (A, =690 nm) which comes
from the cluster-centered excited state of I- — Cu! LMCT and MC ds parentage.

6
Metal-to-Metal Charge Transfer Excited States

MMCT transitions occur in polynuclear complexes with bridging ligands be-
tween oxidizing and reducing metal centers (M,.4-L-My,) [6,7,165,166]. Mixed-
valence (MV) compounds are typical examples [167-169]. MV complexes have
not been observed to emit. This is not surprising since for symmetrical MV
complexes there is no energy difference between the “ground state” (e.g.,
[(NH;);Ru,!-pl-Ru,I(NH;);5]°*) and the “MMCT state” ([(NH;);Ru™,-pL-
Ru'l (NH;)5]**) which are both equivalent. Even for non-symmetrical MV com-
plexes (e.g., [(NH;);Ru™-uNC-Ru¥(CN); ]-) [170] the small energy difference
between ground and MMCT state prevents an emission (energy gap law). How-
ever, heteronuclear complexes with larger energy differences between ground
and MMCT states are good candidates for luminescent MMCT states. Sur-
prisingly, very little is known on MMCT emissions. Recently an interesting ex-
ample was reported [171]:

[Culs(dppm);WVIS, ]t ph. A, =615 nm,solid, r.t.
dppm = bis(diphenyl- =28 s (82)
phosphino)methane

This tetranuclear d!°-d° complex contains reducing Cu(I) and oxidizing W(VTI)

which are bridged by sulfide ligands. Calculations led to the conclusion that the
emission originates from a Cu' - WY MMCT triplet.
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Solid state systems which contain s? donors such as Pb** and Bi** and d° accep-
tors including Zr(IV), V(V), and W(VI) are characterized by low-energy s — d°
MMCT transitions. These s!d! MMCT states are emissive [61,172,173], e.g.,

PbWO, ph. A, =516 nm,solid, r.t. (83)

Some luminescent materials are obtained by doping d° compounds with s? ions
[61,172,174],e.g.,

YVO,:Bi** ph. A . =559 nm, solid, r.t.

¢=0.76,T=4.5 s (84)

Although compounds with luminescent MMCT states are still a rarity it is anti-
cipated that many more examples will be discovered in the future.

7
Ligand-Centered (or Intraligand) Excited States

There is a large number of complexes which luminesce from IL excited states.
Any organic compound which emits in the coordinated state belongs to this
category. Owing to the diversity of such luminophores it is difficult to treat this
subject in a systematic manner. Only a few features of IL luminescence are out-
lined here.

The identification of an IL emission is rather simple if the luminescence of a
free ligand does not change upon coordination. Generally, the electronic coup-
ling between the emitting part of the ligand and the metal is quite weak in these
cases. Frequently, the IL luminophore and the metal are separated by an electro-
nically insulating bridge [175], e.g.,

[2-naphthyl-CONH-(CH,),-COO-Co™(NH;);]** (n=1-5)

fl. A, =354nm,H,0,r.t.,7~10%s (85)

This complex shows the fluorescence of the naphthyl group which is protected
from the metal by the saturated -CH,- chain of the bridging amino acid. How-
ever, there is a residual electronic interaction between the naphthyl group and
the metal as indicated by a partial fluorescence quenching which is caused by ex-
cited state electron transfer from the naphthyl substituent to Co(III).

When the interaction between metal and ligand is much stronger the electro-
nic structure of the ligand is modified. Accordingly, the emission of the free
ligand changes upon coordination, but it still appears provided the emitting IL
state is the lowest-energy excited state of the complex [176]. Since a variety of
metals such as Mg?*, AI**, Zn?*, Th** do not participate in low-energy electronic
transitions (MC, LMCT, MLCT, MMCT), any luminescence of complexes of these
metals is of the IL type [177], e.g.,

[Al"(oxinate);] fl. Aoy = 540 nm, DME 1.t.
oxinate- = 8—quino- ¢=0.12,7=10ns (86)
linolate (see below)
Even at low temperatures an IL phosphorescence is not observed because alu-
minum is a very light metal and apparently does not induce any intersystem
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crossing (ISC) in the ligand. In zinc complexes a moderate ISC takes place.In ad-
dition to an IL fluorescence at r.t., an IL phosphorescence appears, but only at
low temperatures [178], e.g.,

[Zn(bipy);]* fl. A,.. = 328 nm, methanol/water, 77 K,
¢ =0.39 (87)
ph. Ap.c = 465 nm, methanol/water, 77 K
¢=0.019,1=1.75s

Generally, in complexes of heavy metals starting with elements of the second
transition series, strong spin-orbit coupling facilitates spin-forbidden transi-
tions (heavy atom effect). As a consequence the IL fluorescence is partially or
completely quenched since the fluorescing IL singlet is rapidly deactivated to the
lowest IL triplet. Owing to the reduced radiative lifetime of the IL triplet, the IL
phosphorescence appears now at r.t. because competing radiationless deactiva-
tions are no longer fast enough to quench the IL phosphorescence (Fig. 11)
[179],e.g.,

[Th!Y(Me-oxinate),] fl. Apox =510 nm; ph. A, =775 nm
Me-oxinate = 2-methyl- CH,CN,r.t. (88)
8-quinolinolate

Complexes of metals which can participate in low-energy electronic transitions
are usually not observed to emit from IL states. This applies, for example, to
complexes of open-shell metals of the first transition series such as iron and co-

A
A
N
124 ||@ je
)\
[
- o
| \
\
;o
06— ] !
| \
i
I \
~ | \
,’ \
\
0.4 I' !
) \
| 1
\
- Il \ _
/ \ N
/ \ 7/ \
P \\_,// \\\ -
0.0 T T | T | T E—
200 400 600 800

Fig. 11. Electronic absorption (a, continuous line) and emission (e, dashed line) spectra of
2.95 x 1075 mol 1! [Th(Me-oxinate),] in acetonitrile under argon at r.t., 1-cm cell. Emission:
Aexe = 360 nm, intensity in arbitrary units
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balt which have available LF states at rather low energies. On the other hand, LF
states of complexes with second- and third-row transition metals occur at much
higher energies and are thus frequently located at energies well above those of
IL states. Accordingly, an IL emission may be observed. Again, it is mostly a

phosphorescence owing to the heavy atom effect [85, 180, 181], e.g.,

ph. A,..=530 nm, polyethylene glycol, r.t.

[Pt!(Ph,-0-phen)(CN),]
Ph,-o-phen=4,7- 7=0.1 ps (89)
diphenyl-1,
10-phenanthroline
[PtV (bipy)(CH,);1] ph. A .« =528 nm, ethanol, r.t. (90)
[Rh(bipy),]3* ph. A =490 nm, CH;CN, r.t.

(91)

1<15ns

An IL assignment is frequently supported by the appearance of a vibrational

structure of the low-temperature phosphorescence.
If the metals are reducing (e.g., Ru', Re!) IL and MLCT states may occur at

comparable energies. Moreover, IL and MLCT transitions can mix. Only a careful
analysis then reveals the nature of the emitting state. However, this interference

can be avoided by ligands which have low-energy IL states but are weak accep-
tors. In these cases IL states are located well below MLCT states and IL emissions

are observed. Suitable are certain anionic ligands such as ortho-metallated
phenylpyridine [126] and oxinate [177] (Fig. 12) [182, 183] (Struct. 3,4) e.g.,

Rel(CO),(bzq) ph. A, .. =540 nm, benzene,r.t.
bzq =benzo[h] T=6.4 s (92)
quinolin-10-yl
A
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2.0 ,,’ \‘\
A a e ’l \\

- ,’ \

ll “

! \\
- : \

1.0 ) \

! \

1 \

II '
i ‘ |

/ \
// \\
00 I T T T = —r .\T o T T T nm -
500 700

300

Fig. 12. Electronic absorption (a, continuous line) and emission (e, dashed line) spectra of
1.31 x 10 mol I'! [Re(CO),(oxinate)] in acetonitrile under argon at r.t., 1-cm cell. Emission:

Aexe = 440 nm, intensity in arbitrary units
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Structure 3
Re'(CO),(oxinate) fl. (weak) A,,,,, = 515 nm, CH,CN, r.t.
ph. (strong) A, = 653 nm, CH;CN,r.t. (93)
(o]
(0C)sRe'—N
Structure 4 \ /

Metalloporphyrins constitute an important family of complexes which fre-
quently emit from porphyrin IL states [13, 126, 184]. The characterization of
emitting IL states outlined above also applies to metalloporphyrins and related
complexes. For example, since zinc exerts only a moderate heavy atom effect,
zinc porphyrins show an IL fluorescence at r.t. and a relatively long-lived phos-
phorescence at 77 K [185, 186], e.g.,

Zn'TPP fl. A, =647 nm,benzene
TPP = tetraphenyl- (methylcyclohexane), r. t.
porphyrin ¢=0.03,7=2.7ns (94)

ph. Ao = 780 nm, methylcyclohexane, 77 K
¢=0.04,7=0.04,7=2.4 ms

Iron porphyrins are not luminescent. In the case of Fe"TPP (CO)(piperidine) the
lowest excited state is a photoactive LF state [187]. If Fe (II) is replaced by Ru (II)
[187] or Os(II) [188] the LF states are shifted above the porphyrin IL states. Ac-
cordingly, an IL emission appears [188]:

Os'(TTP)(CO) ph. A, =653 nm, CH,Cl,,r.t.
(CH,0H) ¢=4x103,7=0.01 ps (95)
TTP = tetratolylporphyrin

Owing to the heavy-atom effect of osmium, the complex is only phosphorescent

and this emission occurs even at r.t. Palladium and platinum porphyrins also dis-
play an IL phosphorescence under ambient conditions [3, 4, 126, 184, 189],e.g.,

Pt!(Etio-P) ph. A, =641 nm, NEt;, r.t.
Etio-P = etioporphyrin ¢ ~ 0.3 (in Me-THF), 1 ~ 65 ps (96)

Corrin is a ligand which is related to porphyrin. Vitamin B, (cyanocobalamin)
is a Co(III) corrin complex which is also not luminescent but photoactive owing



176 A.Vogler - H. Kunkely

to the presence of low-energy LF states [190] in analogy to Fe'TPP(CO)(piperi-
dine). Again, when Co(III) is replaced by Rh(III) the complex becomes lumines-
cent because the photoactive LF state is then located above the emissive corrin
IL excited state [190]:

Rh'"(corrin)Cl, Amax = 632 nm, solid, r.t. or 77 K
corrin=1,2,2,7,7,12,12- (97)
heptamethyl-15-cyanocorrin

8
Intraligand Charge Transfer Excited States

A ligand itself may consist of a reducing and oxidizing part. Accordingly, ILCT
transitions can then exist [6, 7, 154] and an emission from ILCT states could ap-
pear. Indeed, such emissions have been observed.

The most common type of ILCT transition involves the promotion of an
electron from a metal-ligand o-bond to a 1* orbital of the same ligand [7]. Such
ILCT transitions can occur at low energies if the M-L o-bonding MO is located
at rather high energies. Organometallics with aryl ligands might serve as simple
examples.

ILCT

o

While ILCT states of phenyl complexes are unknown, a variety of other com-
plexes with more elaborate ligands have been reported to emit from ILCT states
of this type although other expressions such as SBLCT (o-Bond-to-Ligand CT)
[191,192] or o-a,, [148] have also been used to label these ILCT states.

A metal-silicon o-bond may also provide the donor site for an emissive ILCT
state [191],e.g.,

M

Structure 5

[Ir'(dmiprsign); ph. A . ~ 620 nm, toluene, r.t.
dmiprsiqn = 6-iso- ¢=0.01,7=1ps (98)
propyl-8-quinolyl
dimethylsilyl
N
Ir
Si
v \Me
Structure 6 [Me
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A variety of copper(I) arylphosphine complexes is characterized by emissive
ILCT states [148,193,194],e.g.,

[Cul(prophos)BH,] ph. A .« =510 nm, benzene,r.t.

prophos = 1,3-bis(di- ¢=0.88, 7=4ps (99)
phenylphosphino)
propane
Ph, H,
P c
H.
H oM A
- B,\ Cu CH2
H i 7 \ /
Structure 7 Ph,P CH,

In this case ILCT involves a shift of electron density from Cu-P o-bonds to the
m* orbitals of the phenyl substituents.

The emissive states of oxinate complexes which are described as IL states (see
above) have apparently a considerable ILCT contribution [177, 183, 195]. Ac-
cordingly, such emissive states may be also termed ILCT [177],e.g.,

[Pt!(oxinate),] ph. A, = 655 nm, DME r.t.
¢=1021=27ps (100)

ILCT in oxinate complexes is associated with the promotion of an electron from
the Pt-O bond to the nitrogen atom of the heterocyclic ligand.
Recently, a different type of emissive ILCT state has been observed [196]:

Pt!(diphos)[S,C, fl. A, =677 nm,DMSO,r.t.
(CH,CH,-N- ¢ =0.002,7=0.2 ns (101)
pyridinium)]* ph. A, =732 nm, DMSO, r.t.
¢=0.01,7=83 ps
S
(diphos) Pt/
\ NS
S X
P~

Structure 8

The pyridinium acceptor is covalently attached to the dithiolate donor which
provides a m-electron for the ILCT transition.
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