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Introduction

Second harmonic generation from isotropic solution was first observed over three decades ago.!
While coherent second harmonic generation (SHG) is cancelled in isotropic media due to
symmetry,® incoherent second harmonic scattering, known as hyper-Rayleigh scattering (HRS), is
weakly allowed. Though HRS lay relatively dormant for the quarter-century following its discov-
ery, its popularity was revived when it was appreciated that HRS reports directly on the magnitude
of the first hyperpolarizability tensor, 3, of molecules in solution.? B describes second-order nonlin-
ear optical (NLO) activity, an important characteristic of molecules designed for use in emerging
technological applications such as photonics, the photon-based analog of electronics.* Over the last
ten years, HRS has emerged as the method of choice for solution phase measurement of B. HRS
circumvents the need to pole the sample electrically, a sometimes severe limitation of the more
common technique for determining [ in solution, electric-field-induced second harmonic genera-
tion (EFISHG). This versatility permits investigation of both ionic and non-dipolar molecules, nei-
ther of which are generally accessible to EFISHG experiments. Furthermore, no other data are needed
in order to extract B from an HRS experiment; in contrast, in an EFISHG experiment the analyte’s
ground state dipole moment, I, and second order hyperpolarizability, y, must be determined (or
estimated) independently in order to determine f.

The information provided by HRS experiments, however, can be used for more than simply pre-
dicting intrinsic frequency doubling efficiencies. For example, symmetry information regarding op-
tical electron transfer can be deduced by observing the polarization of the HRS signal from charge-
transfer chromophores under resonance or near-resonance conditions. HRS has also been applied to
colloidal solutions of nanoparticles, an increasingly popular class of materials with interesting opti-
cal properties. The experiment’s unique characteristics allow interrogation of particle/solution in-
terfaces that are invisible to conventional SHG measurements. HRS studies of colloidal metal
nanoparticles have revealed enormous hyperpolarizabilities resulting from partial resonance with
the colloid’s intense surface plasmon absorption bands. Further experiments with metal particles
have yielded symmetry information about particle clusters and aggregates.

Experimental Implementation

In an HRS experiment, laser light of frequency w is directed into an isotropic sample and the
incoherently scattered second harmonic (i.e. frequency-doubled) light of frequency 2w is collected
(Scheme 1). This scattered light is HRS. The microscopic origin of the scattering is in the first
hyperpolarizability tensor, Bijk, which is the coefficient of the second-order term in the expansion
of the field-induced dipole moment (eq 1). In this expression, a and y represent the polarizability
and second hyperpolarizability tensors, respectively; the indices i, j, k, 1, etc. represent molecular
coordinates; and E represents the incident field strength. Repeated indices imply summation over
those indices.

Ming = aqE] + Bl]kE]Ek + yijklEjEkEl + ... (1)

Continued on page 3
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From the Executive Director

D. C. Neckers, Executive Director, Center for Photochemical Sciences, Bowling Green State University

As editor of the Journal of the American Chemical Society, Cheves Walling had more than the usual cadre of enemies.
For one thing, he wanted to eliminate the “Communications to the Editor”. “Publish the experimental details,” he
argued, “or don’t publish the work at all.” In addition, he said, facetiously but semiseriously, that the experimental
sections of journals should be published in archival form, and the discussion sections published on paper that dis-
solved after five or ten years. Melvin S. Newman, another organic chemist of the same era, said it in another way, “If
you make a mistake, make it in the discussion section; never report an incorrect experimental result.”

On a recent visit to Kodak, Samir Farid and I were talking about how poly(vinyl cinnamates) became the first
commercial photoresists. Louis Minsk discovered that these soluble polymers were converted to insoluble solids with
ultraviolet light. The first patents appeared in the early 1950s. Poly(vinyl cinnamates) became the first photochemical
route to an imaged pattern that later became a semiconductor surface. Minsk, himself, believed that the solidification
came about because he was initiating a chain polymerization in the cinnamate that led to crosslinking. Arnost Reiser,
who has written on more than one occasion for The Spectrum, was a staff scientist at Kodak/Harrow (England) at the
time, and ferreted out all of the products in the Minsk poly(vinyl cinnamate) system. He showed, using careful stud-
ies of small compounds, that the likely reason for solidifying poly(vinyl cinnamates) into an insoluble solid was
because cyclobutane dimers formed between cinnamates on adjacent polymer chains. Minsk never believed this, but
his commercial products made lots of money anyway.

I am currently the senior editor of Advances in Photochemistry. This august series, started in the early 1960s by Jim
Pitts, George Hammond and W. Albert Noyes, Jr., contains stimulating discussions and partial reviews of many top-
ics of pressing concern to contemporary photoscientists. At the time that they were published many of the reviews
stimulated discussion, new experiments, and sometimes controversy.

Though we spend most of our lives trying to understand chemical reactions and photochemical processes in greater
and greater detail, in the end it’s the basic observation that counts—not the current rationale for how the reaction
occurs. All we need to do is read those reviews we wrote for Advances in the 1960s or the elegant discussion sections
in our papers of the 1970s. Many of the arguments that were raging at that time are not important now. In many cases,
the fundamental questions that were being asked have been answered. Techniques and experimental methods have
changed, so those hard questions from earlier times are easily addressed today.

It's totally irrelevant that Lou Minsk never believed in cinnamate dimerization. If his resist system were competi-
tive, resolution and speed wise, with current commercial systems, we’d be using it in the latest microprocessors. As
Walling liked to point out, facts count more than the current theories used to explain them.
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Continued from page 1

At first glance, the experiment would appear to be impossible: the
inherently random nature of the distribution of molecular dipoles
(candidate nonlinear scatterers) in an isotropic environment
(Scheme 1) would imply the complete self-cancellation of the nonlin-
ear response. Importantly, however, while the net orientation of mo-
lecular dipoles with respect to incoming electromagnetic radiation is
clearly zero, the variance in the orientation is not. It follows that the

Scheme 1. HRS is incoherent second-harmonic variances in the field-induced polarizations are similarly nonzero.>®

generation. These give rise to small, but measurable, HRS signals. For a two-com-

ponent (solute plus solvent) system, a plot of HRS intensity (corrected

for absorption of incident or scattered light by the sample, if necessary) versus solute concentration yields a straight

line with an intercept due to HRS from the solvent and a slope proportional to IB_, 12 (More complicated behavior
is expected if increases in concentration are accompanied by ordered chromophoric association.”)

The incident light for HRS experiments is usually provided by a mode-locked Ti:sapphire laser® (i.e. high repeti-
tion rate femto- or picosecond pulses, tunable from 720 nm to 1100 nm) or a Q-switched Nd:YAG laser” (typically 10
Hz; 1064 nm). HRS experiments at longer wavelengths have been performed by introducing an optical parametric
oscillator? or a Raman shifter'? to a YAG-based setup. Pulsing is needed in order to achieve the very high (transient)
light intensities necessary to induce detectable frequency doubling. Typically, the fundamental beam is passed through
a half-wave plate followed by a polarizer; in addition to providing linearly polarized incident light, this allows for
easy modulation of the incident power. A small fraction of the beam is then separated and focused into a doubling
crystal, the output of which is recorded by a photodiode. This serves as a reference for beam power and laser mode-
locking quality during the experiment. The remainder of the fundamental beam is directed through the sample, and
the scattering is detected perpendicular to the incident beam by a cooled photomultiplier tube. Appropriate optical
filters are inserted at the detector to ensure that only second harmonic scattering is collected.

Though the Ti:sapphire and YAG setups are similar, the data collection methods differ because of the fundamental
differences between the lasers. Since the YAG is a low repetition rate, pulsed laser source, amplification and gated
integration are used to collect the signal resulting from every pulse. On the other hand, the Ti:sapphire is treated as a
continuous light source for the purposes of the HRS experiment. The beam (and, consequently, the scattering from the
sample) is mechanically chopped at ~1 kHz. The chopper frequency is read by a digital lock-in amplifier wired to the
detector, allowing retrieval of the very weak HRS signal.

Additional experiments are necessary to ensure that the measured signal arises only from HRS. The spectral char-
acteristics of HRS are used to distinguish it from signals due to competing NLO processes. For example, the possibil-
ity of contributions from residual coherent SHG (for example, from particle surfaces; see below) can be tested by
evaluating the solute concentration dependence of the measured signal. Authentic HRS exhibits a linear dependence
on chromophore number density, while coherent SHG scales quadratically. A more subtle contaminating signal is that
due to two-photon-induced emission. Like HRS and coherent SHG, the emission signal intensity depends quadrati-
cally rather than linearly on the incident power and is thus immune to detection by power dependence analysis.
However, the very different lineshapes inherent to these phenomena allow the emission to be easily discerned. Emis-
sion, if present, will appear as a broad background signal on which the essentially monochromatic HRS peak is
superimposed. As a practical matter, the emission problem can often be eliminated by shifting the wavelength of the
incident light. Alternatively, advantage can be taken of the instantaneous nature of HRS by separating the signal in
the time domain! or the frequency domain (via high-frequency demodulation).?

Traditional NLO Studies Involving Donor/Acceptor Molecules
A well-known mechanism for achieving first-order NLO activity is virtual (nonresonant) or real (resonant) excited
state charge transfer (CT). While typically many excited states contribute significantly to the NLO response, a useful
two-state (ground and nearest excited state) approximation for B is given in eq 2. Note that B is proportional to Ay,

_ 3UpAH,,ES
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the change in dipole moment upon excitation, and to the square of the transi-
tion dipole moment, ,,, which is closely related to the oscillator strength. (E_ |
and E,__denote the energies of the optical transition and of the incident light,
respectively.) Accordingly, conjugated organic donor/bridge/acceptor mol-
ecules with strongly allowed CT transitions are good NLO targets. In particu-
lar, stilbene, polyene, and azobenzene-bridged molecules typically provide long
donor/acceptor separation distances (large Ap values) and correspondingly

1 strong NLO responses.!*!® Porphyrin-bridged compounds often fulfill these
criteria as well, but their potential as NLO chromophores has been less thoroughly examined.?*?> We have measured
IB1 of the porphyrin-bridged compound 1 in chloroform by HRS at 820 nm as 3000 x 10°° esu.” By comparison, 3 of
the common NLO chromophore para-nitroaniline is 17 — 35 x 103 esu, depending on the identity of the solvent.

Symmetry Effects in Electron Transfer
While HRS is most often used simply to determine the magnitude of || for molecules, it can also shed light on the
symmetry of optical electron transfer reactions—especially if measurements are made under conditions of two-
photon resonance (energetic coincidence of charge-transfer ab-
L6 sorption and nonlinear scattering) such that the properties of a
single excited state dominate . Important symmetry informa-
tion, such as the point group of the molecule in the upper state, is

i accessible because the polarization of the HRS signal contains
g L information about several components of the B tensor.?* The po-
%‘ _ larization profile of the HRS signal resulting from vertically po-
£ larized incident light, for example, can be fit to eq 3, where y is
the detected HRS signal at polarization angle ©.
y=acos?(©-c)+b 3)
" " T80 am 2a0 A typical depolarization plot is shown in Figure 1. The depolar-
Folarizer angle (degress) ization ratio D is defined as the ratio of vertically- to horizon-
) ) o ) tally-polarized HRS and is given by
Figure 1. Typical HRS depolarization data (circles) a+b
and fit to eq 3 (curve). The x-axis is the angle of a D= T (4)

polarizer placed between the sample and detector.

. : 2
The plot is normalized to b = 1.0, and a is the D is also related to the ratio of two B tensor components

2
amplitude (peak-to-valley) of the plot. D is the ratio D= = B> (5)

of the signals at the peak and valley (eq 4). For this <Bz,,>

dataD = 1.5. where the z-axis coincides with the charge-transfer axis for a

dipolar molecule. B is generally the major component of the 3
tensor. Regardless of the magnitude of 3, D contains excited-state
symmetry information for molecules.?* For example, if Kleinmann symmetry is valid,® D = 5.0 for a purely dipolar
symmetric process (e.g. C,, symmetry), while D = 1.5 in the case of purely octupolar symmetry (e.g. D, symmetry).
Thus for CT chromophores the HRS depolarization ratio serves as a monitor of the symmetry associated with the
charge transfer, as described in the examples below.

Crystal violet (CV*, 2) is a common reference chromophore for HRS experiments. Note that it is ionic and nondipolar,
rendering it inaccessible to EFISHG analysis. It still possesses a donor-acceptor motif, but instead of a one-to-one
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Scheme 2. Localized vs. delocalized
charge transfer in bis(diimine) copper

(I) complexes.

linear arrangement as in para-nitroaniline, three donors are arranged around
one acceptor in an octupolar-symmetric fashion. HRS depolarization mea-
surements on CV* at 820 nm reveal D = 1.5 * 0.1, clearly indicative of
octupolar excited state symmetry. In other words, upon excitation, electron
density is symmetrically and simultaneously transferred from the three
donor moieties to the central electron acceptor site.

Another example is the inorganic coordination compound 3. While the
ground state symmetry is D, ,, the symmetry of the metal-to-ligand excited
state could be either C, or D,, depending on whether charge transfer oc-
curs to a single ligand (localized) or symmetrically to both ligands (delocal-
ized with no dipole moment change; see Scheme 2). (A third possibility that
cannot be fully discounted here is a single intraligand charge transfer.) Po-

larized HRS measurements, obtained near resonance, indicate that D is
2.7 £0.3.% This, in turn, indicates that the excited-state symmetry is lower than the ground-state symmetry and that
the CT excited-state is instantaneously electronically localized, despite the availability of two equivalent chromophoric
ligands. Similar findings (localized CT excited state formation) are described in detail elsewhere®” for compound 4.

Nanoscale Interfaces

In addition to various molecular systems, HRS is usefully applicable to nanoscale materials systems—for example,
colloidal suspensions. Given the technique’s sensitivity to molecular symmetry, it is not surprising that it is also
sensitive to symmetry, or changes in symmetry, at nanoparticle surfaces. Conventional second harmonic generation is
commonly used to investigate surfaces and interfaces,” but as a coherent process, its application is limited to size
regimes greater than about 10 to 20% of the wavelength of incident light.?’ In contrast, HRS is an incoherent process;
thus, it can be used to probe interfaces on a much smaller scale. In particular, HRS has been used to interrogate SiO,
nanoparticle /water interfaces.’® Initial HRS studies on aqueous colloidal suspensions of 10 nm diameter SiO2
nanoparticles have uncovered hyperpolarizabilities that correspond to |BI =60 — 250 x 10 esu per SiO, formula
unit. If, in fact, the net HRS response is generated only at the SiO, / water interface, while the response from SiO, units
within the nanoparticles is cancelled by symmetry, the | B value per formula unit would be even greater.

Interestingly, HRS is sensitive to pH-induced chemical changes on the nanoparticle surface. The HRS signal de-
creases as the pH decreases (i.e as the degree of surface protonation increases), with sharp decreases in signal occur-
ring near the nanoparticle surface pK s of 1 and 12 (Figure 2). If I3[ is also decreasing under these conditions, one
explanation may be that surface protonation decreases the degree of preresonance with high energy electronic transi-
tions on the nanoparticle surface. The reasoning is as follows. To contribute to B, an electronic transition must induce
charge redistribution (i.e. Ay or higher multipole changes), in which case the transition’s contribution to  scales
roughly as 1/E 2 where E__is the energy of the transition (see eq 2). Oxo-to-silicon transitions (for example, in SiO-
surface functionalities) are perhaps the most likely candidates. If
this is the case, conversion of surface oxo groups to hydroxy
moieties would increase E & and thus reduce IB1. Subsequent
studies have shown that HRS responses can also be elicited from
nanoscale semiconductor / solution interfaces, where the semicon-
ductors include SnO,, TiO,, and ZrO,.*' The observation of HRS
has also recently been reported for quantum-confined CdS*** and
CdSe?®* (zinc blende and wurtzite structures). Given the
. noncentrosymmetric nature of both of these structures, however,
i the particle interior, in addition to the interfaces, might well con-
tribute to the response.
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Gold and Silver Nanoparticles: HRS and Aggregation Effects

Another class of nonmolecular materials with interesting NLO
behavior consists of nanoparticles of free-electron metals, such
as gold and silver. The fascinating linear optical properties of small
metal particles were explained nearly a century ago;* only

Figure 2. HRS response from aqueous solutions of
10 nm diameter SiO, nanoparticles as a function of
solution pH. Adapted from ref. 30.




The Spectrum Page 6

recently has HRS been used to investigate their nonlinear optical proper-
ties.**% Unprecedented hyperpolarizabilities—ca. 650,000 x 10°° esu per
particle, or 2500 x 10 esu per atom'/? with 820 nm incident light—have
been obtained for aqueous suspensions of 13 nm diameter colloidal gold
particles via HRS.?” (Because HRS signal intensities scale as (3?, the quantity
(B2/atom)!/? is a more meaningful figure of merit than B/atom in most
instances.) The signal appears to originate from an extremely efficient
quadrupolar polarization enhancement mechanism (Scheme 3);404! this
mechanism, unlike the dipolar and octupolar mechanisms, is operative even when the scatterer possesses an inver-
sion center (as with a spherical particle, for example). Excitation wavelength dependence studies clearly show that
the large hyperpolarizability is due to partial resonance of the second harmonic frequency of the incident light with
the surface plasmon absorption of the gold particles. Smaller | B values (800 x 10** esu per atom!/?) have been found
for silver nanoparticles based on non-resonant HRS experiments.3®

The HRS signal from gold nanoparticles responds dramatically to aggregation of the particles in solution.” In fact,
HRS is considerably more sensitive to particle aggregation than is Rayleigh scattering, the typical spectroscopic monitor
of aggregate particle size (see Figure 3). The aggregates need only be large enough to break the center of symmetry in
order to generate HRS enhancement. The smallest such aggregate would contain only three particles in a triangular
arrangement, similar to the octupolar chromophores mentioned earlier. The familiar dipolar HRS mechanism pre-
sumably switches on in such assemblies and in larger aggregates of yet lower symmetry. In any case, the HRS ag-
gregation experiments demonstrate that assemblies of gold nanoparticles behave as low-symmetry “super-chro-
mophores” rather than as clusters of independent high-symmetry (i.e. nominally centrosymmetric) chromophores.

v

Scheme 3. Quadrupolar polarization of
a free-electron metal particle.

A Potential Bioanalytical Application

The sensitivity of the nanoparticles’ HRS response to aggregation presents the possibility for analytical chemical
applications. The particles are highly colored, with extinction coefficients as high as 10'° - 10" M! cm™ per particle. A
solution of unaggregated particles is red; upon sufficient aggregation the solution becomes purple or blue. One can
envision a detection scheme involving gold nanoparticles in which the species to be detected induces nanoparticle
linking, aggregate formation, and concurrent readily detectable changes in optical properties. Indeed, a colorimetric
detection scheme for DNA in solution has been reported, in which nanoparticles modified with a specific DNA oligo-
mer are linked only in the presence of the complimentary DNA strand.*> The highly specific nature of DNA binding
allows for detection of single-base defects by this method;* this is potentially useful in the diagnosis of genetic disor-
ders. In principle, the sensitivity of this method can be improved by using HRS detection, and, indeed, Vance has
reported modest improvements.** HRS is more sensitive than linear light scattering and absorption because it re-
sponds to the formation of smaller particle aggregates; thus, the
onset of HRS enhancement should be observable before any vis-

i ible color change occurs. If further developed, this could be par-
15 L3 ticularly advantageous in the analysis of extremely small
El i i & amounts of material, for which the simplest colorimetric detec-
gl —— l é i |0 tion scheme might be insufficient.
i ; :
& 5 Conclusions
% 0.3 ' E | % Though most commonly used to quantify the second-order
= NLO response of molecular chromophores for potential NLO
oole & 8 @ ° 0o applications, hyper-Rayleigh scattering (HRS) is a versatile tech-
aoo 002 004 006 008 010 nique with a variety of applications. HRS has been used to inves-
N a1l C oncertration (W)

tigate the symmetry of light-induced intramolecular electron
transfer reactions. HRS is applicable to colloidal materials as well

Figure 3. Rayleigh (open circles) and hyper-
as molecules. We have taken advantage of this flexibility, using

Rayleigh (filled circles) response of 13 nm gold

particles during intentional salt-induced
aggregation. Note the immediate response of the
HRS signal upon aggregate formation. Adapted
from ref. 37.

HRS to probe semiconductor nanoparticle /solution interfaces and
to investigate the intense NLO response of free-electron
metal particles. Studies of particle/solution interfaces on a very
small size scale provide surface chemistry information that is
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unattainable via conventional second-harmonic generation (SHG) experiments (albeit, perhaps attainable by other
techniques). The intense HRS signal from colloidal gold particles in solution responds dramatically to particle
aggregation; this phenomenon has potential applicability for the detection of extremely small amounts of material.
While these nonstandard applications are intriguing, the range of applications of HRS presumably has yet to be
fully discovered.
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Photosensitized Oxygenation of Small Ring Olefins

Aryeh A. Frimer
Department of Chemistry, Bar-llan University

Electronic Structure of Dioxygen

Although the discovery of oxygen by Lavoisier, Priestly, and Scheele! took place over two centuries ago, the scien-
tific community continues to be fascinated by the sixteenth element. This intrigue stems in part from the complicated
role molecular dioxygen and its derivatives play in a variety of autoxidative, photooxidative and metabolic pro-
cesses. Oxygen is involved not only in the “breath of life,” but more interestingly in what might be poetically called
“the breath of death”?>—oxygen toxicity.?

Rather uniquely, molecular oxygen is a ground state triplet state (°0,), with its two electrons of highest energy
bearing parallel spins and located one each in the degenerate ", orbitals.* This triplet character is responsible for the
paramagnetism and diradical-like properties of ground state molecular oxygen. More importantly, this triplet
electronic configuration (°Z")) only permits reactions involving one-electron steps. Thus, despite the exothermicity of
oxygenation reactions, a spin barrier prevents O, from reacting indiscriminately with the plethora of singlet
ground-state organic compounds surrounding it. One could well argue that it is this spin barrier that permits life to
be maintained.

The two lowest excited states of oxygen are both singlets, in which the two highest-energy electrons have antipar-
allel spins; no spin barrier exists for their concerted reaction with organic substrates. In the lower of the two, a a'A, state
which lies 22.5 kcal mol™ above the ground state, both of the highest-energy electrons occupy the same 17", orbltal In
the second, a '2"_state lying 15 kcal mol" yet higher, each of the 7", orbitals is half full (Table 1). In the gas phase the
lifetimes of 'A and 'Y oxygen are 45 min and 7s, respectively. However in solution these lifetimes are dramatically
reduced through collisional deactivation to approximately 10° and 10 s, respectively.” Because the reactions that
concern us are generally carried out in solution, it is longer-lived 'A state that is involved as the active oxygen species.
We shall, henceforth, refer to this longer lived species as singlet oxygen. A simplified picture of the three lowest
electronic states of molecular oxygen and a comparison of some of their properties is presented in Table 1.

Table 1. The Three Lowest Electronic States of Molecular Oxygen and Selected Properties.

Lifetime (s)*°

Electronic Relative Energy Configuration of Gas Liquid
State (kcal/mol™) II*210 Phase Phase
DA 37.5 il 4 7-12 10°
'A, 22,5 1L _ 2700 10°
33 0 T t 0 %

Singlet Oxygen Sources - Photosensitization
An impressive variety of physical and chemical sources of 'O, are now available for laboratory-scale purposes.®
These include photosensitization, oxidation of H,O,, decomposition of phosphite ozonides and endoperoxides,
and microwave discharge. Photosensitization is clearly the most convenient technique available for generating 'O,
and, by far, the most commonly used, since it is applicable to a large spectrum of reaction temperatures, solvents and
sensitizers (including those which are polymer or resin based). Most importantly for unreactive substrates, this
physical method, unlike the chemical methods mentioned above, requires no additional reagents—merely longer

photolysis times.
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There are two major classes of photosensitized oxidative processes, appropriately called “type I” and “type II”.” In
the former, the sensitizer triplet (sens®), formed via intersystem crossing of the excited singlet state sensitizer (sens'’;
eq 1), interacts directly with a molecule of substrate. This interaction can lead down either of two different pathways.
The first is hydrogen atom abstraction, which initiates free radical autoxidative processes (“type Ia”, eqs 2 and 3).
Alternatively, electron transfer from substrate to excited sensitizer may occur, in which case the oxygenation products
result from the coupling of the substrate cation radical with superoxide anion radical (“type Ib”, eqs 4-6). Irrespective
of whether the mechanism of oxygenation is a photoinitiated autoxidation or an electron transfer photooxidation,®
only ground state triplet molecular oxygen (°0,) is involved.

Type Ia
Sens! + hv - Sens!” - Sens® 1)
Sens® + RH - SensH + R 2)
R + 30, ROO' - Oxygenation 3)
Type Ib
Sens® + R - Sens* + R* (4)
Sens* + °0, - Sens + O, (5)
R* + O,” —» Oxygenation (6)

“Type I1”, on the other hand, is characterized by initial interaction between the sensitizer triplet and a molecule of
oxygen. The traditional “type II” (sometimes called “type IIa”)’ involves transfers of the sensitizer’s excitation energy
to molecular oxygen generating singlet molecular oxygen ('O,), which is the oxygenation species (eqs 7 and 8).
(The direct absorption of light by O, to produce 'O, is a spin-forbidden process.) Recently, however, two additional
type II processes have been observed, which results in oxygenation via radical processes. In “type IIb”, triplet sensi-
tizer interacts with dioxygen via electron transfer to yield superoxide; the latter, or more likely its derivatives,!
initiate oxygenation (eqs 9 and 10).”" Research in the case of Rose Bengal has suggested, however, that the source of
the superoxide is in fact a reaction between the sensitizer and singlet oxygen.”'? Finally and most recently, a third
“type II” reaction (which we will refer to as “type IIc”) has been observed with n-Tt* sensitizers, in which the triplet
sensitizer (generally an excited carbonyl) reacts with molecular oxygen generating a diradical peroxy species
(e.g., O-CR,-OO). The latter may initiate radical processes itself or via its derivatives (eqs 11 and 12).”®

Type Ila
Sens® + °0, - Sens' + 'O, (7)
RH + 'O, - Oxygenation (8)
Type IIb
Sens® + °0, - [Sens'+'0,] - Sens™ + O, 9)
RH + O, (or HOO') - Oxygenation (10)
Type Ilc
Sens® + °0, - Sens-OO (11)
RH + Sens-OO- - Oxygenation (12)

Photosensitized oxygenations as a rule, and this is particularly true in the case of the small ring compounds dis-
cussed below, can involve 'O, and/or free-radical processes. Hence, several tests have been developed to discern
between the two mechanisms:* (1) 'O, reactions are quenched by DABCO. (2) On the other hand, radical mediated
processes will be inhibited by free-radical inhibitors such as 2,6-di-t-butylphenol. (3) Because of their low activation
energies, the rate of singlet oxygenations are well known to be insensitive to reaction temperature; such is not the case
with free radical autoxidations. (4) The reaction results should be compared with those obtained when 'O, is chemi-
cally generated from triphenyl phosphite ozonide.
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Modes of *O, Reaction with Olefins®

Unlike *O,, which displays a biradical character, all the electrons in 'O, are paired. Hence, the type of reaction it
undergoes is expected to involve electron pairs. Additionally, it is convenient to think of 'O, as the oxygen analogs of
ethylene. Indeed, each of the three modes in which 'O, reacts with unsaturated compounds finds a precedent in one
of the reaction pathways of olefins.

The first of these modes is a [2+2] cycloaddition to a double bond to form a 1,2-dioxacyclobutane or dioxetane
(eq 13). These cyclic peroxides are sometimes of moderate stability but readily cleave thermally or photochemically
into two carbonyl-containing fragments. The cleavage is quite often accompanied by the generation of an excited
carbonyl moiety and chemiluminescence. The second mode bears a striking resemblance to the Alder “ene” reaction.
In the 'O, ene reaction, olefins containing an allylic hydrogen are oxidized to the corresponding allylic hydroperox-
ides in which the double bond has shifted to a position adjacent to the original double bond (eq 14). The third and
final mode involves a [4+2] Diels-Alder-type addition of singlet oxygen to a diene producing an endoperoxide
(eq 15). The question of the mechanism in these three reaction types has been the subject of much heated debate over
the past decade. The highlights of this long-standing controversy have been reviewed.

oo a-to 0o o
e He L, )IJ( (13)

M
o

N e "

0=0 0—o0

N/ 1

A variety of factors control all singlet oxygen reactions.® Singlet oxygen is mildly electrophilic and the rate of
reaction within a homologous series of compounds is generally inversely proportional to their ionization potential.
Solvent has only a minimal effect on the rate of reaction; changes in rate are commonly due to solvent effects on the
lifetime of singlet oxygen. Because of the low activation energy for singlet oxygen processes (0.5-8 kcal), little if any
temperature effect on the rate of reaction is observed. Regarding the mode of reaction, electron-rich olefins as well as
sterically hindered alkenes tend to prefer dioxetane formation, though two modes often compete. Finally, the direc-
tion of singlet oxygen attack is predominantly, if not exclusively, from the less hindered side of the molecule.

Photosensitized Oxygenation of Small Ring Olefins
Over the past two decades, we have been exploring the effect of strain on the rate, mode and direction of singlet
oxygen reactions.'* In particular, we have focused on various small ring olefin systems in which ring-strain decreases
or develops as we proceed towards product. We summarize our findings below; some of these are new, while others
are reaffirmations of previously stated observations.

Singlet oxygen is insensitive to the relative thermodynamic stability of the final product.

We first came across this phenomenon in our studies on vinyl cyclopropanes. In the singlet oxygen “ene” reaction
of dicyclopropyl olefins 1 and 4 (eq 16), allylic hydrogen abstraction occurs both from the methyl group (to give 2 and
5) and from the three-membered ring (giving 3 and 6, respectively). This is despite the fact that, in the latter case, the
formation of an alkylidenecyclopropane requires an investment of 11.4 kcal of strain energy.'*>< We, therefore, con-
cluded that in the product-determining transition state, 'O, is insensitive to the strain developing in the final product.
This conclusion is consistent with prior evidence that singlet oxygen reactions have very small activation energies
(0.5-8 kcal /mol)*® and that the product-determining transition state is reactant-like and occurs quite early.®
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G2, H%_/ <?_( (16)
R CH;CN

1.R=H 0. 041 2 (45%%) 3(55%)
4: R=CH; 0.33 5 (71%) 6(28%)

The relative rate data determined for 1 and 4 (k , = 0.041 and 0.33, respectively) are also quite interesting, for it
indicates that the substitution of the methyl groups in trimethylethylene (k , = 0.024) and tetramethyethylene
(TME; k , = 1.00) by a cyclopropyl moiety does not dramatically affect the rate of reaction. This suggests that the
reputed electron donating ability of a cyclopropyl group only comes into play when an electron deficient center is
created, which is not the case in these 'O, ene reactions.'4!4

The 'O, “ene” reaction is sensitive to the interatomic distance between the a-olefinic carbon and the y-allylic
hydrogen.

In the photosensitized oxygenation of alkylidenecyclopropane derivatives (eqs 17 and 18),'¥*!4 we discovered that
the allylic ring hydrogens were inert to ene-reaction, even when no other allylic hydrogens were available for abstrac-
tion. When exocyclic allylic hydrogens were available, they alone reacted via an 'O, “ene” reaction (eq 18). However,
the relative rate of oxygenation was quite sluggish—ca. 180 times slower than TME.

E  R=H Ar HOQ g
— - (17)
R 'O, R
7 8
CH;
s k= 0.0056 HO
0 1= 10

Similarly, while oxidation products are obtained in the photosensitized oxygenation of tetraalkylkylcyclopropenes
(11, eq 19), these products result exclusively from free radical, not from singlet oxygen, processes. By contrast, both
alkylidenecyclobutanes and alkylcyclobutenes react with singlet oxygen.!*

:-.: 1A HOO, K
.__.'_'..\, hewd O A—t, e,
| Sms B B | 19)
Bl 5 | '

..1I: ' !

Eearrangement Products

For the reasons noted in the previous section, we were hesitant to attribute the inertness of the allylic ring hydro-
gens in 7 and 9 to the 8-10 kcal/mol increase in strain energy in going from an alkylidenecyclopropane (7) to a
cyclopropene (8). Indeed, the insensitivity of 'O, to strain was further affirmed by the slow oxygenation rate of 9,
despite the fact that there is a release of 35 kcal /mol of strain energy in going from isopropylidenecyclopropane 9 to
cyclopropyl hydroperoxide 10. We must, therefore, look elsewhere for an explanation.

We have suggested'® 144 that the interatomic distance between the a-olefinic carbon and the y-allylic hydrogen,
the distance which the attacking 'O, must span in the ene reaction irrespective of mechanism, may be a pivotal con-
sideration in determining whether the hydrogen is abstractable. Too great a distance may well place legitimate candi-
dates “out of reach.” Using bond lengths and angles from literature data, we have calculated the C,-H,;, distance for
isobutylene, methylenecyclobutane, methylcyclobutene, methylenecyclopropane, and methylcyclopropene. It should
be noted that in these calculations, the preferred 'O, ene reaction orientation® was used whenever possible, i.e., the
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abstracted y-allylic hydrogen was aligned in a plane perpendicular to the

- 1
Reactiveto O
FAFIVE 2 plane of the double bond. The necessary bond rotations were accomplished

using Gaussian 76.° As shown in Scheme 1, the reactive cycloolefins all
l_< R [‘@ have a C-H_, ;. distance below 3.09 A, while for those which are unreac-
T ’ H---o- tive this value is above 3.24 A. It may be these crucial 0.15 A which, in the

3024 & 3077 & 3088 A latter case, place the abstractable y-allylic hydrogen “out of reach.”

_ 1 The 'O, “ene” reaction is sensitive to the the orientation of the y-allylic
Unreactiveto Og hydrogen.
Trisubstitutedcyclopropenes (12, eq 20) undergo facile photosensitized
//—\\ - I oxidation; however, careful analysis reveals that, again, only free radical
processes are involved. This lack of reactivity to 'O, cannot stem from any
5760 & 3941 & “out of reach” considerations. There must yet be another factor at play in
these small-ring compounds.

Scheme 1. Calculated C-H,  Distances It has been well documented that in the'O, ene reaction, there is a strong

for Isobutylene and Various Cycloolefins preference for the abstraction of those allylic hydrogens aligned in a 90°
dihedral angle with respect to the plane of the double bond in the low
energy conformations of the olefin.®** Similarly, in cyclic systems, the abstraction of pseudo-axial hydrogens are greatly
preferred over pseudo-equitorial ones. Even the more rigid systems, e.g. cyclobutenes and alkylidenecyclobutanes, !
can react via a 'O, ene process presumably because they are flexible enough to permit even a normally equatorial
hydrogen to attain a pseudo-axial position (via “flipping” or “puckering”), if necessary. There are, however, systems
in which a pseudo-axial position is completely precluded, and indeed no singlet oxygen ene reaction is observed.
Thus, the allylic ring hydrogens of both alkylidenecyclopropanes'” and cyclopropenes'® are displaced ca. 33° from the
perpendicular and both resist abstraction in a singlet oxygen process.

Similarly, alkylidenecyclobutenes react only at the exocyclic double bond, while the allylic ring hydrogens are
inert to ene reaction abstraction (eq 21)."" Here we are dealing with cyclobutyl rings containing three trigonal car-
bons which are constrained to be planar. The remaining ring methylene hydrogens—the only available allylic hydro-
gens on the ring—are displaced ca. 36° from the perpendicular® and there is no way these allylic ring hydrogens can
attain anything even approximating a pseudo-axial position. In the absence of exocyclic allylic hydrogens, as in the
case of 1,1'-bi(benzocyclobutenylidene)* and cyclopropylidenecyclobutenes, no 'O, reaction is observed, though
free-radical autoxidative processes may well occur (eq 22).

L R._H T
A e, N HO0, A
o L A, i ,.-: 2
CaHy CeHlr "o Caly oM, ;H; C+H;y (20)

12 l *

Bearrangement Products

OH
ooH ;

'-‘-“- (21)
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H_J; R0 ]l | .l )

Ph Ph Pl

The rate of singlet oxygenation is correlated with the olefinic ionization potential.
We noted previously that the relative rate of oxygenation (k ) of isopropylidenecyclopropane 9 was ca. 180 times
slower than TME. We also fail to see singlet oxygen products in the case of alkylcyclopropenes. Several authors have
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found a good general correlation between olefin HOMO energies (or ionization potentials) and the relative rates of
!0, ene reaction,®*? i.e., the higher E(Uleﬁn_HO) (or the lower the I.P.) the greater the rate. As shown in Table 2, the
ionization potential (IP) of cyclopropene is substantially higher than that of its homologs.”! We suggest, therefore, that
in the case of cyclopropene and alkylidenecyclopropane, the rate of the singlet oxygenation® has slowed in both cases
because of the high LP; in the former case, free radical autoxidative processes compete favorably. We are presently
exploring the effect of I.P. lowering substituents on the course of these reactions.

Table 2. Ionization Potential and Relative 'O, Reactivity of Small Ring Cycloaklenes

Cycloalkene  Relative 'O, Rate IP (eV)*®

PN 0'** 9.70

0" 9.6

0" 9.19

0.0013% 8.96

@ 0.001°2%"4 9.01

/E < [1.00] 8.27

The approach of 'O, is from the less hindered face of the ring.

The photosensitized oxygenation of alkylidenecyclobutanes 13a-d are undoubtedly singlet oxygen processes: no
reaction occurs in the absence of oxygen, sensitizer or light or in the presence of the 'O, quencher DABCO;** nor are
the rate or mode of reaction affected by the addition of the radical inhibitor 2,6-di-t-butylphenol.®*** As outlined in
equation 23, each of these olefins reacts via a 'O,-ene mode, involving the abstraction of an allylic hydrogen from the
isopropylidene methyl groups, and yields a pair of geometric isomers.

H 1 H OH H OH
R"—: 1 1. 02 B H |||||< R"—'_ =
% h r 1 + 2 1
T o 4 R—3 4

2

= 2 PhyP Rt :

ﬁl ﬁ' ﬁ_l

13 14 15

(23)

a: R=R"=-(CH»)s-: R=H  15% 85%
b: R=n-C4Hg; R'=R"=H 40% 60%
¢: R=Ph; R'=R"=H 40% 60%

d: R=Me; R'=vinyl; R"=H 40% 60%

Page 14
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The predominance of epimer 15, in which the hydroxyl group is trans to the substituent “R” at C-3, indicates
that 'O, approached 13 preferentially trans to this substituent. The preferential formation of 15 is indeed consistent
with singlet dioxygen’s well known propensity to undergo ene attack from the less sterically encumbered face

of a substrate.®
Conclusion
The above data indicates that 'O, is relatively insensitive to strain considerations present in either the substrate or
product. More important seem to be the ionization potential of the reacting double bond and the ground state geom-
etry of the olefin—in particular, the relative orientation of the allylic hydrogen and the C -H_ . interatomic distance.
Strain does, however, play a crucial role in the secondary rearrangements of the primary oxygenation products.”
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Something New in Transition Metal Complex Sensitizers: Bringing Metal
Diimine Complexes and Aromatic Hydrocarbons Together

Russell Schmehl, Department of Chemistry, Tulane University

Introduction

The oil embargo of the early 1970s sent a shock through western nations and served as a wake up call for the
development of alternative fuels. In the years that followed, the United States invested heavily in a variety of tech-
nologies which included active solar energy conversion. One appealing approach pursued was the development of
photochemical systems for the conversion of light energy into storable fuels such as hydrogen.! A variety of schemes
were contrived for such multi-electron redox processes and many involved molecular photosensitizers, PS, in reac-
tion sequences like the one shown below (Scheme 1). Through a single photoinduced electron transfer reaction (or a
series of photoredox reactions) reducing equivalents accumulate in a catalyst capable of reducing water to hydrogen.
The photosensitizers used in such schemes must meet several criteria including (a) the PS must absorb visible light
over much of the solar spectrum at energies high enough to carry out useful photoredox reactions, (b) the excited state
lifetime must be long enough for photoinduced electron transfer reactions to compete effectively with other decay
processes, (c) photoredox reactions of PS* with suitable electron acceptors (or donors) must be thermodynamically
favorable, (d) the radical ion of PS formed following the photoredox reaction must be stable long enough to allow for
efficient regeneration of the sensitizer and (e) the PS must be stable to photolysis for prolonged periods (i.e. no side
photoreactions). These stringent criteria for the photosensitizer greatly narrow the number of candidate molecular
systems. Among the more promising chromophores are the diimine complexes of Ru(II) and Os(II); the acknowl-
edged parent of this now enormous group of chromophores is [Ru(bpy),]** (bpy = 2,2'-bipyridine).

General Photophysical and Photochemical Properties of Ru(ll) Diimine Complexes

The thermally equilibrated excited state of this class of complexes is metal-to-ligand charge transfer (MLCT) in
nature.? The complexes absorb to varying degrees in the visible and many have red luminescence (600-750 nm) with
excited state lifetimes that range from a few nanoseconds to a few microseconds in solution at room temperature. The
thermally equilibrated excited state is believed to be predominantly of triplet spin multiplicity and the radiative rate
constant is within a factor of two of 10° s for the majority of complexes of this type.* While only a few complexes have
been examined in detail, the available data suggest intersystem crossing efficiencies for population of the MLCT
state are close to unity. The excited complexes are generally reasonably good one electron oxidants and reductants.
For [(bpy),Ru]** the potentials for one electron oxidation and reduction of the excited state are approximately 0.8 V
each (vs. SCE) and the ions formed [(bpy),Ru(III)]** and [(bpy),(bpy )Ru(II)] are stable in several solvents. The parent
chromophore ([(bpy),Ru]**), however, undergoes reasonably efficient photoinduced ligand loss in many organic sol-
vents; the reactive excited state is a ligand field (d-d) state reached via thermally activated internal conversion from
the MLCT state. Investigations of other complexes showed that population of the reactive ligand field state can be
circumvented by designing heteroleptic (mixed diimine ligand) complexes with one diimine ligand having a signifi-
cantly lower energy LUMO (and therefore MLCT transition) than the other diimine ligands. For example, Paul Rillema’s
group examined the photochemistry of [(bpy),Ru(bpz)]**

(bpz = 2,2"-bipyrazine) and found that the complex does not

undergo photosubstitution and the barrier to population of the

PS PS*
O
Ox' " ligand field state was high enough that it is not the predomi-
pst Ha nant thermally activated process for relaxation of the
red @ MLCT state.*
Red'
H+

During the 1980s fundamental aspects of the photophysical
behavior of Ru(IT) and Os(II) diimine complexes were explored
Scheme 1 in detail. One important result from Tom Meyer’s group was
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the observation that nonradiative relaxation in a series of closely

related complexes follows the energy gap law.® That is, as the en-

120 | ergy of the MLCT excited state decreases, the rate constant for

© 100 nonradiative relaxation increases (the relationship is exponential).
< | This may seem to pose practical problems for use of Ru(II) diimine
N 80 complexes as sensitizers since the parent complex [(bpy),Ru]* is
~ 60 [ yellow and efforts to design derivatives that absorb a larger por-
} 0 tion of the visible spectrum (and thus have lower energy MLCT
states) will be hindered by the fact that nonradiative relaxation

2t will dominate excited state decay. However, nonradiative relax-

\ \ ation rate constants also depend on the electron-vibrational

0.6 0.8 1.0 1.2 coupling constant, S, and the average vibrational frequency cou-

Sm pling ground and excited states (72w, eq 1). The magnitude of S,

is directly proportional to the average bond displacement between

Figure 1: Relative nonradiative decay rate the ground and excited state (Ar [ SMUZ ).

constants as a function of the magnitude of the

electron-vibrational coupling constant, S, for an k Oexpt S, )expt VE, )
excited state having an energy of 16,000 cm- " M ho,
(46 kcal) and 7w of 1400 cm* (4 kcal). E, (1)
y=In(g—— -1
S, hw,

Equation 1 indicates that the nonradiative decay rate constant will increase with increasing excited state distortion as
long as the energy gap, E, is significantly greater than the averaged vibrational frequency. Figure 1 shows the relative
magnitude of k_ as a function of increasing S, for a system having an energy gap of 16,000 cm™ (46 kcal) and 7w of
1400 cm™ (4 kcal), values typical of Ru(Il) diimine complexes. Thus, one means of minimizing increases in the
nonradiative decay rate constant with decreasing E is to design systems having minimal (or decreasing) distortion
between ground and excited states. Meyer and coworkers provided an elegant example of this in studies of
complexes of trans-1,2-bis-(4-(4'-methyl)-2,2"-bipyridyl)ethene. They illustrated the concept that, as the degree of
delocalization of the ligand localized electron in the MLCT state is increased (through extended conjugation), the
average degree of distortion relative to the ground state decreases and the nonradiative decay rate constant decreases.®
This approach has proved useful in making a variety of sensitizers with excited states that are longer lived than other
sensitizers that emit at the same frequency but lack extended conjugation in the electron accepting ligand.” However,
often the ligand with extended conjugation has a ligand localized triplet excited state that is lower in energy than the
MLCT state.® Such systems are fundamentally different sensitizers and generally do not meet the criteria
stated above.

Supramolecules With Nearly Iso-Energetic MLCT

1

M 3 and 3(rt - T1t) States
A Kaa _MC Another approach for making sensitizers that absorb through-
out the visible and have long lived excited states is to exploit re-
3MLCT K-en versible intramolecular energy transfer processes between the
hy —m ------ MLCT state and an independent chromophore having a long lived
Ker — __A_E_e_”_ triplet excited state. Figure 2 shows a diagram of the relative en-
3(r-ml) ergies of the states involved for a typical metal diimine complex
K covalently linked to an aromatic hydrocarbon having a 3(rt - 1t)
o excited state of nearly the same energy. Many aromatic hydro-

— carbons have very large singlet-triplet splitting with triplet ener-

GS gies comparable to Ru(II) diimine *MLCT states; generally the

Figure 2: Accessible excited states and decay aromatic hydrocarbons have long lived 3(1t - T1t) states. Selective
processes for supramolecular complexes having excitation into the visible light absorbing MLCT transition is fol-
both MLCT and ¥(r—t) states. Shown also is a lowed by efficient intersystem crossing to the "MLCT state. Sub-
3MC (d-d) state that is thermally accessible from sequent relaxation of the complex to the ground state depends
the MLCT state. on the magnitude of the rate constants for energy transfer to the
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Figure 3: Excited state decay for MLCT and 3(1i—Tt) states in
rapid equilibrium as a function of the decay rate constant of
the 3(m—1t) state. The energy gap between the sates is -500
cm? (Keq =11) and the lifetime of the MLCT state is 1 ps.

3(m - 1t) state (k_ and k) and relaxation of both of the
excited states (k_, and kpi). The kinetics can be evaluated
exactly and the solution has been published in several
texts on photophysics.'*!! In the particular case where
the 'MLCT state intersystem crosses to the *MLCT state
exclusively, population of the (1t - 1¥) state depends on
the relative values of k_and k_ If k >>k_., the two
states will be in equilibrium if k  >>k . Of course, the
relative magnitude of k _depends on the energy gap
between the MLCT and (11 — T1t) states. As the energy
gap increases, the back energy transfer rate constant will
decrease until eventually back energy transfer is unim-
portant in the decay dynamics.

Since the focus of this article is on exploiting revers-
ible energy transfer to extend the lifetime of "MLCT states
of metal diimine complexes, it is worthwhile to present
calculated decay curves for a few hypothetical cases.
MLCT states of Ru(II) diimine complexes generally have
lifetimes of around 1 s in nonaqueous solutions. Using
a fixed forward energy transfer rate constant and assum-
ing the energy gap can be used to calculate the equilib-
rium constant, the value of k _ can be determined and
the relative concentrations of the ®MLCT and 3(11 - Tt)

states can be evaluated at any time during the relaxation. The lifetime of the "MLCT state becomes a weighted average
of the lifetimes of the two equilibrated states; as the energy gap becomes larger, the concentration of the "MLCT state
at any time during the decay decreases, but the lifetime increases.

For systems with a fixed energy gap, the rate constant for decay of the equilibrated excited states decreases as
the lifetime of the 3( - Tt) state increases. Figure 3 shows luminescence decays for several kinetic cases where
forward and reverse energy transfer are rapid relative to relaxation of either of the states involved (k, =2.2 x 10° s

and AE_ =-500 cm™).
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.
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Figure 4: Decay of the excited MLCT/ 3(1t—Tt) states as a
function of the rate constnt for energy transfer. The energy
gap is -500 cm*and the lifetimes of the MLCT and (1t-T1t)
states are fixed at 1 us and 20 s, respectively.

The decay curves shown indicate the effect of changes
in the lifetime of the 3(mt - Tt) state (1/ kpi) on the ob-
served decay of the *MLCT state. The top portion of the
figure shows that, following an initial rapid equilibra-
tion period, the ratio of the 3(1t - T1t) state to ®MLCT state
remains constant and is equal to the equilibrium ratio
(i.e. the two states are in thermodynamic equilibrium). The
important feature is that the observed lifetime of the
SMLCT state increases as the lifetime of the 3(m - 1)
state increases up to a limit. Beyond the limit the observed
decay lifetime will not change as the lifetime of the
(1t — Tt) state becomes longer.

On the other hand, when the rate constant for energy
transfer is comparable to the rate of radiative and
nonradiative decay of at least one of the states, there is a
very significant difference. The ratio of [*(t — Tt)], to
[PMLCT], during the decay does NOT equal the equilibrium
ratio. For example, Figure 4 shows decay curves and
[(rt - 1)], to [P'MLCT], ratios for a system having k.
and AE__fixed at 10° s and -500 cm™, respectively. When
the forward energy transfer rate constant is approach-
ing the equilibrium limit (k_ >>k_,), the (1t - 1%)], to
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Figure 5. Diimine ligands covalently linked to pyrene.
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[PMLCT], ratio approaches the equilibrium
value (11 when AE__ is -500 cm™). For sys-
tems where k__ is less than or equal to the
decay rate constant of the ®™MLCT state, the
[(mt - 1)], to [PMLCT], ratio at times be-
yond the initial equilibration period is
greater than the equilibrium value since the
SMLCT state is depleted faster than the
(1t — 1) state can back energy transfer and
maintain equilibrium. The [*(m - 1f)], to
[PMLCT], ratio remains constant during the
decay, but the system is at a kinetic steady
state, not equilibrium. As k _ decreases
relative tok , the overall rate constant for
decay of the 3(t - Tt) state (and thus the

MLCT state) also decreases. Figure 4 illus-
trates that overall decay times on the
order of the lifetime of k ; can be achieved (i.e. much longer lifetimes than for the rapid equilibrium case). Unfortu-
nately, for a given energy gap, the forward energy transfer rate constant, k_, also decreases, as does the relative
concentration of the long lived species formed (as shown in Figure 4).

While the detailed analysis of the kinetics is complex, the qualitative result is always the same: reversible energy
transfer between a long lived 3(1t — Tt) state and a SMLCT state will lead to longer lived *MLCT emission. Thus, this
approach is promising for making complexes with very long lived *MLCT emission, apparently defying the energy
gap law.

A Case Study: Ru(diimine), / Pyrene Complexes

Over the past decade, several Ru(ll) diimine complexes have been covalently linked to pyrene in various ways.
Figure 5 shows the structures of seven ligands that have been used in the preparation of these complexes. In a few, the
pyrene is tethered to the diimine ligand via a saturated hydrocarbon tether; the other ligands have either a conjugated
bridge or no bridge at all. In fact, Mike Rodgers’ group at Bowling Green was the first to publish on these complexes.!?
They found that for [(Pyr-C4Am-phen)Ru(bpy),]** the luminescence appears to originate from the MLCT state, but
the excited state absorption spectrum clearly resembles that of the pyrene triplet. The luminescence decay consists of
two components of 7 ns and 11 ps. From this they concluded that the initially populated MLCT state rapidly relaxes
to an equilibrium population of the MLCT and mi—Tt states. The MLCT state lies approximately 600 cm™ (1.7 kcal)
above the pyrene triplet. Subsequent work by Sasse on a reasonably closely related derivative yielded similar re-
sults.”® Quite recently Castellano and coworkers, also at Bowling Green, made the interesting observation that the
photophysical behavior for alkyl tethered complexes depends on the number of coordinated bipyridyl-pyrene ligands.™
The two complexes [(Pyr-C20H-bpy)Ru(bpy),]** and [(Pyr-C20H-bpy).Ru]** have luminescence decays of 3 and
9 ps, respectively.

The complexes having pyrene linked to a diimine ligand through an acetylene bridge, reported by Harriman and
Ziessel, are somewhat different.”® The complex [(Pyr-CC-bpy)Ru(bpy),]* emits significantly farther to the red and has
a two component luminescence decay, with lifetimes of 7 ps and 42 ps. The system appears to be in rapid equilibrium,
with the MLCT state approximately 1200 cm™ (3.4 kcal) above the 1-1t state. The complex [(Pyr-CC-tpy)Ru(tpy)]** is
unique, since it is the only complex of this class having the pyrene 11—t state higher in energy than the MLCT state.
The lifetime of the MLCT emission at 698 nm is over 500 ns, nearly 10 times longer than other related Ru(II)
terpyridine derivatives.

Our own group, in collaboration with Piotr Piotrowiak (now at Rutgers, Newark) and Randy Thummel (U. Hous-
ton), published on this class of complexes a few years ago and reported two relatively peculiar examples.’® The com-
plex [(Pyr-phen)Ru(bpy),]** has the pyrene linked in the 2 position of the phenanthroline ligand. The crystal structure
of the complex shows that the pyrene is held rigidly orthogonal to the phenanthroline and is also Tstacked with one
of the bipyridine ligands. The photophysical behavior in solution at room temperature reflects the strain on the coor-
dination sphere; the lifetime of the 600 nm emission is only 4 ns and the quantum yield is less than 0.001. Interestingly,
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the transient absorption spectrum of the complex resembles that of pyrene and the lifetime of the TA is approximately
70 ns. In matrices at 77 K the steady state emission is very narrow, resembling phosphorescence of unsubstituted
pyrene. The other complex reported, [(Pyr-bpy)Ru(bpy),]**, exhibits strong luminescence in solution at room tem-
perature. The 640 nm emission decays with two components of 1.3 ps and 57.4 ps and the transient absorption spec-
trum does not resemble that of pyrene. In this case the energy gap is smaller (~ 200 cm™) and the forward energy
transfer from the initially populated *MLCT state is clearly slower than that measured for other covalently linked
Ru(diimine)/pyrene complexes. The slower forward energy transfer dynamics play a role in producing this particu-
larly long lived derivative.

Potential Applications

Little has been done with these complexes beyond photophysical characterization. Recently, however, Sasse and
coworkers examined light induced electron transfer from [(bpy),Ru(Pyr-C2-bpy)]** to methyl viologen (paraquat)
and found that cage escape from the geminate ion pair formed is much higher than for closely related sensitizers.”” It
is not clear whether the oxidized species is the metal complex or the pyrene (the redox potentials are very similar).
Additionally, complexes having long excited state lifetimes are quenched readily by oxygen and can serve as excel-
lent sensors; a chemosensor for O, based upon [(bpy),Ru(Pyr-bpy)]** has been investigated in detail."® Finally, this
concept can be extended to the investigation of complexes having lower energy MLCT states with much shorter
excited state lifetimes; in particular, it will be interesting to see if Os(II) diimine complexes covalently linked to appro-
priate aromatic hydrocarbons will have significantly lengthened excited state lifetimes.
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