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Abstract

This article describes theoretical models for, and experimental data on, the rates of interfacial
electron-transfer processes at semiconductor/liquid contacts. These systems are of practical inter-
est because such electron transfers are a critical factor in understanding the behavior of
photoelectrochemical cells as energy conversion devices. The general principles of these processes,
a discussion of past and present experimental data, and a comparison between theoretical expec-
tation and experimental observations on a variety of semiconductor electrode systems, are the
main focus of this article.

Semiconductor/liquid junctions provide the most efficient wet chemical method presently
known for converting sunlight into chemical or electrical energy.'? In such systems, sunlight is
absorbed by a semiconducting photoelectrode, and the electron-hole pair produced by the light
absorption is converted into a photocurrent (Figure 1). Quantum yields for photocurrent produc-
tion can approach unity for wave-
lengths of light spanning the near electrical load
infrared and visible regions of the YW
spectrum, and the overall solar € —
optical-to-energy conversion effi- % hv
ciencies of such devices can be in

excess of 15%.1
The basic processes of light ab- [ |

. K electrolyte
sorption and charge separation at solution
semiconductor/liquid contacts are &
well-understood.!® Absorption of e+ A :
photons above the band gap en- I ;_: - metal
ergy of the semiconductor leads to +v+|=

) o +V3 =
creation of electron-hole pairs in Sl= o A
the solid. A strong electric field, semiconductor
present at the solid/liquid inter-
face, then separates the electron Figure 1. A schematic illustration of a semiconductor/liquid
and the hole, typically in <1 ps. junction-based photoelectrochemical cell. Light incident on
At an n-type semiconductor/lig- a semiconductor/liquid junction generates electron-hole

pairs, which are separated by the interfacial electric field
and by diffusion in the solid. Holes are brought to the
semiconductor surface, where they oxidize the solution
donor A-. Electrons leaving the back of the semiconductor
electrode can perform electrical work before completing the
) ) circuit by reducing the solution acceptor A at the metal

into the bulk of the semiconductor. counter electrode. In this regenerative cell, the redox couple
serves as a shuttle for charge in the electrolyte and
undergoes no net chemical change.

uid contact (shown in Figure 1), the
electric field drives the minority
carriers, i.e., the holes, toward the
solid /liquid contact and drives the
majority carriers, i.e, the electrons,

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

I recently received the 1996 Annual Report from the Research Corporation. Founded in 1912, the Research Corpo-
ration was the fulfillment of the philanthropic dream of Frederick Gardner Cottrell, assisted by Charles Doolittle
Wolcott, Secretary of the Smithsonian Institution. The purpose was to make inventions and patent rights more avail-
able and effective in arts and manufacture and to provide the means for research and experimentation at scholarly
institutions. Cottrell’s brilliant idea about philanthropy has seeded the research of many, many Nobel laureates.

My contact with the Research Corporation began in the early 1960s. After I accepted my first teaching position, I
wrote a Research Corporation office in Chicago indicating I was moving to a teaching position in the fall of the year,
and the Research Corporation would be extremely lucky to support my research program (here was my Nobel prize
winning idea) at (astronomical number) a year. Please send the check to ... (probably me).

Soon I received a letter from a secretary indicating the RC program director for my region was no longer there and
someone would be in touch. A letter subsequently arrived informing me my proposal was completely out of line with
current funding guidelines. An application form for applying for a more modest RC grant was included. I dutifully
filled out the form enclosed, returned it and waited for my check. Somewhat later I received a second letter saying
that my proposal wasn’t worth funding. The letter said that one of the reviewers had said “Neckers must not have
thought about this experiment much ... the deuterium proposition makes no sense.”

After harrumphing around the room for a day or two, someone convinced me to reread my proposal. When I did
so, I discovered that my prize-winning idea had been obfuscated in terribly unclear English. A rewrite carefully
edited by another provided the reviewer a better idea of what I wanted to do and in six months or so I received a
$2,000 research grant.

The Research Corporation Annual Report carries the autobiographical account of the career of Brian Andreen,
grants administrator and Vice President, who is retiring this year. Brian was one of a small group of grants adminis-
trators at the Research Corporation who sought out good science in small places and who had the unenviable respon-
sibility of sending letters to brash youngsters, like I was then, declining their research proposal. When I first knew
Brian, he would arrive in my office at Hope College unannounced and usually at a strange hour. We’d talk for a few
minutes and then he would go to another’s office. I enjoyed talking with him and telling him about my work. But the
very fact that I was in my labs at an unusual hour was what Brian was really looking for. In 15 minutes he had
discovered more about me and my research program than he would ever learn from pages upon pages of proposal.

I've known and respected Brian Andreen since 1964. I even served a term on the Research Corporation Program
Advisory Committee. In fact, at some time in the deep dark past I identified Mike Doyle from among a cadre of
applicants as the person we wanted to replace Jerry Mohrig on the faculty at Hope College. Hope was Mike’s first job.
Mike was announced last summer as Brian’s immediate replacement.

Brian began, in science, when grants administrators had to seek out scientists who could, or would, do research in
colleges. Our young scientific colleagues likely can’t believe there was such a day, but there was. On behalf of all
academic scientists, Brian, we thank you and so many of your colleagues for being our advocate and for helping us
shape our programs and careers. Your behind-the-scenes contributions, particularly to science and scientists teaching
in smaller colleges and universities, were extremely important in the formative times after Sputnik.
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Continued from page 1

The energy storage process is completed if these holes undergo interfacial charge transfer to the donors in the electro-
lyte prior to the occurance of any recombination events. Similar processes occur at a p-type semiconductor/liquid
contact, except that the sign of the electric field is reversed. Chemical control over these processes, achieved through
formation of a nearly electrically perfect junction, optimization of the electric field strength at the semiconductor/
liquid interface, and minimization of recombination processes in the bulk and at the surface of the semiconductor
electrode, have led to a number of stable, efficient, and promising photoelectrochemical energy conversion devices.!

Obviously, regardless of the type of semiconductor doping that is used, understanding the interfacial charge-
transfer events is critical to understanding the operation of the entire photoelectrochemical cell. The interfacial kinetic
processes control both the “forward” minority carrier reaction that leads to photocurrent as well as the undesirable
“back” electron transfer (majority carriers crossing the interface) that instead merely results in recombination. For a
semiconductor electrode, the rate law for interfacial charge transfer from a delocalized charge carrier in the solid to a
nonadsorbing, randomly dissolved, electron acceptor in the solution phase is as follows:*

J=-qk,n,[A] (1)
where q is the charge on an electron, n_ is the electron concentration at the surface of the solid, and [A] is the concen-
tration of the electron acceptor in the interphase region of the solid /liquid contact. With n_and [A] measured in units
of cm?3, and J representing a current density, k , has units of cm* s™'. This second-order rate law is obtained because
unlike the situation at a metal electrode, at a semiconductor, n_is a variable that can be measured and that can be
controlled experimentally (by changing the electrode potential). This surface electron concentration must thus be
explicitly represented in the rate expressions.

Measurement of the rate constant, k, clearly requires measurement of both n_and J, as well as validation of the
second-order rate law of eq 1. Measurements of k , however, despite being simple in principle, have been elusive for
over four decades. Such measurements have been thwarted by the poorly understood, nonideal behavior of many
semiconductor/liquid contacts,>® by the instability of most semiconductor electrodes in aqueous electrolytes,” and by
the inability to perform a systematic study of the interfacial kinetic processes for a homologous series of one-electron,
outer-sphere redox systems having similar reorganization energies.

In the late 1960s, Morrison and co-workers used steady-state current density-potential methods to attempt to de-
termine rate constants for several species at n-type ZnO electrodes.” In many of these cases, the n-ZnO/liquid con-
tacts exhibited the expected first order dependence on n , but only some systems displayed the first order dependence
on the concentration of acceptor, [A]. Measurements of heterogeneous electron-transfer rates at the n-ZnO/H,O-
Fe(CN)>/# junction yielded a k,, of 10"® cm* s™'. This value agrees qualitatively with theory, but it is not clear that
Fe(CN)>/* is a nonadsorbing redox couple. Attempts to fit the data for n-ZnO obtained with several redox couples to
a free energy vs k , dependence were thwarted by the obvious lack of a constant reorganization energy for the vari-
ous, simple metal-ion-based, redox systems that were available at the time. In addition, many of these ions are well-
known to adsorb onto oxide /hydroxide surfaces, and there is a significant possibility of inner-sphere electron-trans-
fer processes between the ion and the electrode for many of the systems studied. Finally, some systems, such as
Fe(CN)/#, displayed rate constants that changed as the pH of the solution was varied, even though the changes in
driving force due to the change in pH were estimated to be sufficiently small that little change in k , should have been
observed.? Little follow-up of these measurements was performed during the ensuing three decades.

Recent work from our laboratory has shown that these drawbacks can be largely overcome through use of n-type
Si electrodes in CH,OH with a series of viologens as the soluble one-electron acceptors.” Si electrodes are stable
towards passivation or corrosion reactions in dry methanol,'’ and the driving force for interfacial charge transfer can
be varied in this solvent system through the use of a homologous series of viologen?*/* redox species. Furthermore,
such interfaces appear to exhibit simple and nearly ideal energetic and kinetic behavior.® The ability to vary the
energetics for the interfacial charge-transfer event makes it possible to investigate the predictions of Marcus theory
with regard to the variation in rate constant as function of driving force at the semiconductor/liquid contact.* In
addition, such measurements allow experimental determination of the maximum charge-transfer rate constant at
optimal exoergicity for such contacts, thereby allowing an estimate of the electronic coupling between the delocalized
charge carriers in the semiconductor electrode and the localized electron acceptors in the solution phase.

These studies have recently been reported in the literature.” The n-Si/ CH,OH-viologen?*/* system does indeed
seem to exhibit ideal energetic and kinetic behavior, allowing for a direct, steady-state measurement of k , for various
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viologens. Figure 2 displays the compilation of these measurements, in the form of a plot of k , vs the effective driving
force for interfacial charge transfer, AG”, for each of the n-Si/ CH3OH—Viologenz*/ + contacts studied to date. Several
conclusions are obvious from this plot. First, the maximum rate constant values are clearly in the range of k. . =10"7-
10 ecm* s, Second, the rate constants are reasonably well-fit by the expected dependence of k , on AG® as given by
the classical Marcus expression for electron-transfer processes.

These rate constant measurements are in excellent
accord with theoretical expectations. In the simplest
approximation, the value of the maximum charge-
transfer rate constant at a metal/liquid interface pre-
dicted by Marcus both classically and quantum-me-
chanically, 10° cm s, can be divided by the electron
VI concentration at the surface of the metal, because the
electron concentration in the electrode is implicit in
the rate constant expression for a metal electrode but
the surface electron concentration is explicitly present
in the rate law expression of eq 1 for a semiconductor
electrode. The electron concentration at the Fermi level
of various metals is typically 10* cm?,'? so the colli-
sion-based model yields k = (10° cm s1)/(10%?
g cm®) =107 em* s7L.

0.6 0.7 More sophisticated models that have been applied
to this system include semiclassical collision treat-
ments, adaption of Marcus’ treatment for liquid/
liquid contacts to semiconductor/liquid contacts, and
a quantum-mechanically based Fermi Golden Rule ap-
proach to relating the coupling in homogeneous do-
nor/acceptor electron-transfer events and events at
metal electrodes to the charge-transfer kinetics at
semiconductor electrodes.*!* All of these treatments
are remarkably consistent, and yield values fork, ..,
i.e. the rate constant at optimal exoergicity, of 1017-
101 cm* s1. The experimental values for transfer of
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Figure 2. A plot of the electron-transfer rate constant as a
function of the effective driving force for interfacial charge
transfer. The AG® values were taken to be the barrier heights
measured at [A] = [A] =10 mM. The error in AG* was the
standard deviation of the barrier height measured at these
concentrations, while the error in k, was the standard
deviation of twelve to sixteen rate constant determinations for
each interface. Electron-transfer rate constants from n-Si
electrodes were measured using CH,OH-1.0 M LiCl solutions

with the following redox couples: 7,8-dihydro-6H-dipyrido[1,2-
a:2',1'-c]-[1.4]-diazepinium? (1); 6,7-dihydro-2,11-
dimethyldipyrido[1,2-a:2',1'-c]pyrazinium?** (ll); 6,7-
dihydrodipyrido[1,2-a:2',1'-c]pyrazinium (l11); methyl

delocalized charge carriers from a semiconductor to
the viologen®*/* systems are therefore in excellent
agreement with theoretical expectations based on our
body of knowledge accumulated to date in other

viologen?"* (IV); benzyl viologen?* (V); 1,1'-
bis(ethoxycarbonylmethyl)-4,4'-bipyridinium?* (VI); and 1,1'-
bis(diethoxycarbonylmethyl)-4,4'-bipyridinium?** (VI1). The
fitted parabolic curve has parameters of k =(6.4+£1.7)x
107 cm*stand A = 0.67 + 0.12 eV.

molecule-based electron-transfer processes.

These rate constant measurements also provide
insight into numerous aspects of the behavior of
photoelectrochemical cells as energy conversion de-
vices. It is well-documented that the photovoltages
produced by illuminated semiconductor/liquid con-
tacts can be much higher than those obtained from semiconductor/metal contacts using the same types of semicon-
ducting substrates.! This can be readily understood, because withak_ _ =10"%cm*s? and a concentration of redox
species of 0.1 M = 6 x 10! cm™, the effective interfacial carrier collection velocity is only (101¢ cm* s1)(6 x 10 cm™®) =
6 x 10% cm s In contrast, the collection velocity at a semiconductor/metal contact is typically 10’ cm s, because the
metal has a continuum of states available to collect essentially every electron that arrives at the solid /liquid contact
and because these electrons arrive at a thermal velocity of 10”7 cm s? to the interface. Thus, even identical barrier
heights would produce less interfacial majority carrier current, and therefore less recombination, at a semiconductor/
liquid contact than at a semiconductor/metal contact. This produces higher open-circuit voltages, and higher energy
conversion efficiencies, for the semiconductor/liquid contacts relative to semiconductor/metal systems, as is
observed experimentally.

et,max
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This value of ket’max = 10"7-10" cm* s is also consistent with the slow time decays of the Si/CH,OH-1,1'-
dimethylferrocene*/? contact that have been observed in microwave conductivity experiments.'* It is also consistent
with the differences in spectral response data at semiconductor/liquid and semiconductor/metal contacts and ex-
plains the absence of observable recombination at short wavelength for the semiconductor/liquid contacts.’> Addi-
tionally, it explains why no outer-sphere redox systems have been able to effectively stabilize small-band-gap semi-
conductors in contact with aqueous electrolyes: compared to the 55 M concentration of water that can participate in
anodic oxidation or corrosion processes, it is not possible to scavenge effectively all of the photogenerated minority
carriers with ak, _ of 10'% cm* s, even at hole acceptor concentrations of > 1 M. Hence, electrode stability is only
observed for high’concentrations of adsorbing redox species such as Se* or Te> on GaAs, S* on CdS, I on n-GaAs, and
similar systems. In aqueous solution, outer-sphere redox couples would thus only be expected to be effective in
competing with very slow photocorrosion processes, but these systems could, of course, be exploited to produce a
variety of stable photoelectrochemical cells in dry nonaqueous solvents. Again these predictions are in excellent ac-
cord with experimental observations.

Finally, these rate constant values are in excellent agreement with most other experimental results on semiconduc-
tor electrodes. Scanning electrochemical microscopy techniques have been used to measure ak , of 5.7 x 1077 cm*s™ at
the p-WSe,/H,0-Ru(NH,) >*/?" interface.!® Substituting reasonable estimates of the driving force for charge transfer
of =-1.09 eV and the reorganization energy of 1.5 eV into the conventional Marcus nuclear reorganization term results
inak, . atoptimal exoergicity of 2x 107'° cm*s™. A recent study of the n-InP/CH,OH junction estimated thatk,, ..
=10"% cm* s for redox couples such as dimethylferrocene’/? and 1,1'-diphenyl-4,4"-bipyridinium?*/*.)” Differential
capacitance measurements have yielded a k , of 108 cm* s for the p-GaAs/HCl(aq)-Cu?*/* interface,'® which when
corrected for the nuclear terms, also resulted in an estimate of ket/maX =101 cm* s'L. It is not clear that this interface
consists of an outer-sphere, nonadsorbing redox system, so the agreement in this case between theory and experiment
might be fortuitous. A few measurements of extremely high k_ values, between 102 and 107° cm* s, have been
claimed in recent years,'® but these systems have been found in subsequent, more complete work to be plagued by
adsorption and / or by other complications which cast serious doubt on the use of these interfaces to allow determina-
tion of second-order rate constants within the framework of transfer of delocalized charge carriers in the solid to
randomly distributed, nonadsorbing, outer-sphere redox species in the solution phase.?

Although much progress has been clearly made in this area in recent years, this field still seems to hold promise for
future important developments. Experiments such as those being performed by D. Waldeck and co-workers,*! fo-
cused on elucidating the distance dependence of electron transfer at semiconductor/liquid contacts, are obviously
significant and important. Conclusive experimental observation of the Marcus inverted region for outer-sphere redox
reagents has not yet been reported, to our knowledge, nor have data been reported that demonstrate unambiguously
the predicted effects of changing the reorganization energy of the ion on the measured interfacial charge-transfer rate
constant. Some of the reorganization energy in these interfacial electron-transfer events might well be due to solva-
tion of electrons near the surface of the electrode, and also possibly to some nuclear reorganization of the bonds in the
near-surface region of the solid itself. No clear-cut experimental evidence is available to address these points at the
present time. Refinements in the theoretical description of such processes, including more accurate descriptions of
the band structure of the electrode, of the distance dependence of the reorganization energy of the acceptor, and of the
possible role of quantum vibrational modes in such systems, also await a thorough description. One of our goals in
preparation of this article was to acquaint the reader with the advances that have been made in this area in recent
years, while another goal is to stimulate further interest in these problems within the photochemical community.
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Collisional Deactivation of Large, Highly Vibrationally Excited Molecules

John R. Barker, Department of Atmospheric, Oceanic and Space Sciences
and Department of Chemistry, University of Michigan

Introduction

Recent work on large molecule vibrational energy transfer has focused on characterizing the collision step-size
distribution...the distribution of energies transferred per collision. Why does it matter? Collisional energy transfer is
of central importance in unimolecular decomposition, free radical recombination, the dissipation of vibrational exci-
tation in laser-induced reactions, and in many other non-equilibrium chemical reaction systems. The collision step-
size distribution provides, in its most general form, a complete description of energy transfer. Photochemistry offers
many examples of non-equilibrium systems, and thus photochemistry and molecular energy transfer have been closely
associated for many years. In fact, most energy transfer investigations have been carried out by exploiting
photoexcitation techniques.

In this paper, we will describe some experimental and theoretical results obtained on large molecule energy trans-
fer, but several recent reviews present more detailed descriptions of experimental techniques, data, and analysis.'”

Highly Vibrationally Excited Large Molecules

In a typical experiment, highly vibrationally excited molecules are produced by a laser pulse and then they are
deactivated in a series of collisions. Each collision removes, or adds, vibrational energy and the collision partner may
be left in a different internal energy state:

A(E) + M(v]) - A(E") + M(v']), 1)
where excited molecule A has vibrational energy E, prior to the collision, and energy E', afterwards. The energy
transfer step-size is the quantity (E'-E). The collider M will recoil with a new translational speed and, if it is non-
monatomic, its rovibrational state may have changed.

All stable molecules have vibrational states. When those states are widely spaced, relative to their natural widths,
energy transfer can be described as a state-to-state process. This limiting behavior corresponds to the sparse density
of states (small molecule) limit. When the molecule is highly excited and has enough vibrational modes, the vibra-
tional state density is so high that the states overlap to produce a quasi-continuum. This corresponds to the high
density of states (large molecule) limit, in which intramolecular vibrational redistribution (IVR) is rapid. In this limit,
essentially every energy transfer step-size is possible, subject
to conservation of energy and angular momentum. Vibrational
energy transfer in the small molecule limit has been studied
: A for many years and is well understood.® Quantitative theories
oo [ 1 have been developed and applied to molecules as large as p-
— difluorobenzene, at low excitation energy.”’® Large molecule
energy transfer has been studied even longer than the small
molecule variety, but only its qualitative features are known:
no quantitative theories have been developed.

/ The vibrational state density for benzene is shown in Figure
100 1 as a function of total vibrational energy. At state densities less
[ 1 than ~100 states/cm, the states are discrete and non-overlap-
0 10000 20000 20000 20000 ping. For a natural line width corresponding to an infrared spon-

Energy (cm) taneous emission rate of ~10° s, the large molecule limit is
reached when the state density is ~107 states / cm™. These limits
are not very sharp, however. For many molecules, rapid IVR
Figure 1. Vibrational state density for benzene as a takes place when the average vibrational state density is of the
function of vibrational energy. order of 10*-10° states/cm™, indicating that "large molecule"
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behavior can occur even at these low state densities. This phenomenon may be due to clumps of states where the local
vibrational state density is high.

In recent years, highly vibrationally excited molecules in the large molecule limit (HVEM's) have been prepared by
using laser photoexcitation and subsequent radiationless transitions. We have employed this method to produce
highly vibrationally excited azulene, benzene derivatives, and pyrazine in the electronic ground state.>*!! Other re-
searchers have applied the same general approach to other systems in order to study energy transfer in the ground
and excited electronic states.”” When benzene vapor is excited using a 248 nm pulsed laser, the initially prepared
excited singlet state undergoes internal conversion (IC) and intersystem crossing (ISC) to produce the electronic ground
state with vibrational energy E approximately equal to hv:

B(S,) +hv - B(S)) photoexcitation )
B(S,) - B(S,E) IC 3)
B(S,) - B(T,E") ISC (4)
B(T,) - B(S_E) ISC (5)

Here, S, S, and T, denote the singlet electronic ground state, the first excited singlet state, and the first excited triplet
state, respectively; vibrational energy in the T, state is denoted E'. For benzene excited at 248 nm, this process requires
a small fraction of a microsecond. By controlling pressures in a suitable range, the process is complete before signifi-
cant energy transfer takes place.

HVEM'’s can also be produced by direct vibrational overtone pumping.'?*® This method has the advantage that it
does not require conveniently situated excited electronic states and rapid radiationless transitions, but the absorption
cross section is very small and the process produces only very low instantaneous concentrations of the HVEM's.
Usually, the technique is applied to chemical reaction systems, where reaction products are measured, and energy
transfer is measured in competition with the chemical reaction. This technique is very useful for investigating both
energy transfer and unimolecular reaction rates. For detailed energy transfer studies, however, direct detection of the
HVEM's is desirable in order to avoid potential complications from side reactions.

HVEM's in the electronic ground state are difficult to detect directly and, hence, energy transfer is difficult to
measure. In our laboratory, we have used time-resolved spontaneous infrared fluorescence (IRF) from the C-H and
C-D emission bands of the excited molecules, because the IRF intensity is related in a simple way to the total vibra-
tional energy.>*!" In a typical experiment, we use a pulsed 248 nm laser to excite the gas and we observe the IRF with
a band-pass filter and an InSb semiconductor detector. Other researchers have employed time-resolved FTIR spec-
troscopy to monitor spectral shifts and from them deduce the excitation energy.>” Still other groups have very produc-
tively used time-resolved ultraviolet absorbance and multiphoton ionization to probe the HVEM's.”

Instead of probing the HVEM's, themselves, an alternative approach is to monitor formation of energy transfer
products. HVEM's can produce vibrationally excited CO,, which emits spontaneously in the infrared, via vibration-
to-vibration (V-V) energy transfer. Flynn and coworkers have used tunable diode laser (TDL) absorption spectros-
copy to monitor the production of individual rovibrational states and to measure Doppler shifts due to the transla-
tional energy release which accompanies vibrational and rotational quantum number changes (i.e. V-V/T/R energy
transfer).®* This powerful technique has produced valuable insights into the dynamics of energy transfer collisions.

The V-T/R Collision Step-Size Distribution, P(E',E)

When the collider gas is monatomic, a large excited molecule is deactivated only via vibration-to-translation and
rotation (V-T/R) energy transfer. For V-T/R energy transfer, the step-size distribution should be interpreted as fol-
lows: P(E'E)dE' is the pr obability that after a single collision, a molecule with initial energy E will be found in the
energy range E' to E'+dE'". Historically, it was assumed that for a large molecule every collision produces an energy
change and therefore that P(E',E) is normalized: every collision is inelastic. This assumption was made, because a
quasi-continuum of vibrational energy levels exists (in the large molecule limit) and therefore one can argue that it is
unlikely that any collision would be elastic. As will be shown below, it is possible that this assumption is not valid.

One general property of the collision step-size distribution derives from first principles: the probabilities of activa-
tion and deactivation are related through detailed balance. For a thermal energy distribution, there is a significant
chance that any given collision will further activate the already excited molecule. It is useful to describe energy trans-
fer just in terms of the deactivating collisions, since we can determine the rate of activation by using the detailed
balance relationship. Thus, we distinguish between P(E',E), which applies to all collisions, and P (E',E), which only
applies for deactivation (E'<E).
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Experimental Determinations of P(E',E)

The collision step-size distribution has never been measured directly, but many of its properties can be inferred
from the experimental techniques mentioned above. From IRF experiments, for example, we determine the average
amount of energy transferred in the average collision, <AE(E)>. This average step-size depends on excitation energy,
temperature, and other variables, and it includes both activating and deactivating collisions. By making simple as-
sumptions about the functional form of P(E',E), we can determine the average energy transferred in just the deactivat-
ing collisions, <AE(E)>,.

For purposes of mathematical convenience and with some sup-
port from chemical activation experiments, P (E',E) has often been
approximated by an exponential function:"

P(EE) = c(E) exp [-(E - E')/a(E,T)], (6)
where ¢(E) is a normalization factor. This "exponential model" con-
1 tains the empirical parameter o(E,T), which is approximately equal
to <AE(E)>, and depends on excitation energy, temperature, and the
identity of the collision pair. Our IRF data®*!! show that <AE(E)>,
(. <AE(E)>, and a(T,E) have very little dependence on temperature,
e but all are almost directly proportional to vibrational energy, as shown
in Figure 2 for <AE(E)> obtained for the deactivation of excited
pyrazine.’® In some applications, the exponential model provides an
adequate description. Single-channel unimolecular reactions do not
depend sensitively on the details of the step-size distribution, but
multi-channel reaction branching ratios are determined by the shape
of P(E\E)."78

Alittle more than ten years ago, Oref, Steele, and coworkers found
experimentally that the probability of large step-sizes is much greater
00 ' 10(;00 \ 20(‘)00 J 30(;00 ' 10000 | than predicted by the exponential model.” They concluded that this

enhanced energy transfer was due to "supercollisions". Essentially,
however, the phenomenon of "supercollisions" merely describes the
deviations from the exponential model. Since the exponential model
Figure 2. Average magnitude of <AE> as a has no firm fundamental justification, deviations are to be expected.
functign 9f average energy, fgr the In a series of elegant experiments using multiphoton ionization,
deactivation of excited pyrazine by several Klaus Luther and coworkers detected the HVEM's as they were be-
collider gases.*® . . . .. .
ing deactivated in the collisional cascade.® A small population ap-
peared very quickly in a "window" of low energies, showing that
some collisions are extremely efficient, while most of the collisions had more modest efficiencies. The data were
interpreted in terms of a biexponential model:

P (EVE) = c(E) { (1-£) exp [-E - E)/a(E,D)] + £ exp [E - E)/BED)] |, 7)
where f_is a small fraction, B(E,T) is an empirical parameter, and the other factors were defined above. In their most
recent work, Luther and coworkers have proposed another empirical functional form, which requires fewer
parameters:

800 - Toluene* + M
600 |-
400

200

Average Step Size (cml)

Average Energy (cm1)

P(ELE) = c(E) exp {-[(E - E)/a(E,T)I}, ®)
where b is an empirical parameter.

In our own laboratory, we also found that the exponential model requires an extension. By using IRF data from two
infrared bands (the C-H fundamental and overtone), we determined both the mean value and the width of the time-
dependent energy distribution.* The width is particularly sensitive to details of the collision step-size distribution,
and we used a biexponential distribution to fit the data. Master equation simulations of the experiment show how the
population distributions start from the initial narrow energy distribution, how they broaden, how they cascade down
the energy ladder, and how they stack up at low energy to regenerate the Boltzmann distribution. These effects are
illustrated for pyrazine deactivation?! in Figure 3.

In all of the empirical expressions for P (E'E) deduced from experiments, the parameter a(E,T) is also nearly
independent of temperature and approximately directly proportional to energy. For comparison, Figure 4 depicts the
three empirical step-size distribution functions deduced in two different experiments®® for the deactivation of
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excited toluene by argon. The agreement among the

4~ 10000 three curves is very good. The differences among the
g curves partly reflect the differences between the ex-
Z 5000 [ . periments and the effects of experimental uncertain-
5 [ ties. The deviations from the exponential model are
= e e e == difficult to detect and therefore relatively uncertain.

Z=0 3 According to the conventional view, the energy de-

z=8 ] pendence of <AE(E)> is explained by making a(E,T)

] larger at higher energies, and thus the "wings" of the
distributions will extend to higher and lower ener-
‘ gies. However, it should be emphasized once again
a ] that the expressions for P_(E'E) are empirical, they
: ] are assumed to be normalized, and they have little
0 - 10000 20000 30000 40000 theoretical foundation.

As mentioned above, an important advance in the
experimental determination of P(E'E) for V-V/T/R
Figure 3. Master equation simulations which match the energy transfer has been made by Flynn and cowork-
experimental data for deactivation of excited pyrazine by ers, who use TDL spectroscopy to measure quantum
u.ne>.(cite_d p){razine.21 The average width of the population state resolved production of Coz(V1V 21V 3/]) produced
dlst_rlputlon first increases and then decreases, during the in collisions with HVEM's.614 By making judicious
collisional cascade. . .

assumptions, they have analyzed their data to ob-
tain segments of P (E',E). The results obtained so far
are qualitatively in agreement with the empirical expressions and the technique shows promise as a quantitative
method for obtaining P(E',E) in systems where the TDL technique is applicable. We and other workers are investigat-
ing molecular beam techniques for directly obtaining P(E',E), but no results have been reported, as yet.

Relative
Population
N
1
&

Energy (cm™)

Theoretical Determinations of P(E',E) for V-T/R/R Transfer
Theory has lagged seriously behind experiment for energy transfer involving HVEM's. Classical trajectory calcula-
tions currently provide the most generally useful theoretical approach for studying large molecule energy trans-
fer.722%2¢ These studies provide qualitative insight and even semi-quantitative agreement with experiments. For ex-
ample, trajectory calculations predict step-size distributions which resemble the bi-exponential model, but it is not

clear whether this success is due to an accidental
e cancellation of errors.

10° 3 | ,I| E Classical trajectory calculations may suffer from
several deficiencies, due to differences between clas-
1) Luther's Function sical and quantum mechanics, but the quantitative
w (Ea. 8) importance of these deficiencies is not yet known.’
& 100 - i The most obvious deficiency is that zero point en-
r i ergy is not conserved in classical mechanics. When
i Bi-exponential -~ the zero point energy is not conserved, several non-
T (Ba.7) ,,” \ physical effects can lead to erroneous predictions.
_.-*7 "/ Exponential AN The non-conserved zero point energy may errone-
102 La=c2™ 0L S B AN ously enhance predicted energy transfer and it can
-2000  -1500  -1000  -500 0 500 even falsely contribute to predicted bond dissocia-
E-E (cm?) tion when the energy ought to be insufficient for
bond breakage. A more subtle deficiency is that, un-
Figure 4. Empirical models for the collision step-size like classical systems, quantum systems do not ex-
distribution, P(E',E), for toluene (with E = 20,000 cm™) hibit equipartition of energy. Quantitative compari-
deactivated by argon. Note that down-steps are favored and sons between classical and quantum mechanics are
that <AE> is averaged over both up- and down-steps, while currently being carried out by Schatz and Lendvay

<AE>, is averaged only over down-steps. on prototype energy transfer systems.?
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In our own laboratory, we are developing a statistical-dynamical theory which we hope can describe both small
and large molecule energy transfer over a very wide range of excitation energies.? The theory is necessarily approxi-
mate and it may have only limited predictive capabilities, but it will provide an alternative to classical trajectory
calculations. In Figure 5 we present calculated collision step-size distributions for cyclopropane deactivation by he-

lium at room temperature.

0.20 ‘ ‘
| 40,000 cm™* p(E) =2 x 1010 |
0.15- states/cm?®
0.10 | .
0.05 | Hm
0.00 |—— ﬂfﬂfﬂﬁmww (LAY ‘W%w -
I 20,000 cmt? p(E) =2 x 106 |
0.08
i states/cm-?
— 0086[ g
% 0.04 |
= I
— 0.02 Hﬂ w 1
A 0.00—— wﬂﬂwmﬂﬂ—m (L \Wm et
A i 1 - 3
0 oo0al 10,000 cm p(E) =2x 10 1
w i states/cm® |
a°’ 0.03f
\4 [
Vo oo02f ]
i
0.00 i ; ﬂﬂ‘ﬁﬂ_!’\ﬂpﬂ“_!-":n} J I h‘w’l?‘”}k‘__n\ﬂ_ ;
5,000 cm? p(E) = 10
0.015 | states/cm® |
0.010 |
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AE (cm?)
Figure 5. Collision step size distribution for
cyclopropane deactivation by helium.?® Each panel
shows the distribution calculated for a 300 K thermal
speed distribution and 10 cm bins; p(E) is the
vibrational state density at energy E, which is shown in
the upper left corner of each panel.

One of the most striking properties of the calculated step-
size distributions in Figure 5 is the presence of energy trans-
fer "propensities", in which transitions with almost equal
values of AE have significantly different probabilities. En-
ergy transfer propensities have been measured experimen-
tally in large molecule energy transfer at low energies,
where the states can be optically resolved (4,39), but never
at high energies. The calculated energy transfer propensi-
ties are at least partially preserved even at energies as high
as 40,000 cm’, although they are "smeared out" by
anharmonicity. The present theory is based on separable
vibrational modes and we do not yet know whether the
propensities would be as distinct if inter-mode interactions
were included.

Asecond striking property is that the envelope of P(E'E)
is roughly similar to the empirical distributions, but the
width does not change significantly with energy. Instead,
the probability amplitude varies. This result is in agreement
with the experimental finding that <AE(E)> varies with in-
ternal energy, but it is in strong contrast with the usual as-
sumption that every collision is inelastic. Instead, it pre-
dicts that the proportion of inelastic collisions varies with
energy, as is certainly the case in the small molecule limit.

The statistical-dynamical theory presented here shows
promise for calculating the collision step-size distribution
function needed for master equation calculations and pre-
dicting unimolecular reaction rate constants in the fall-off
regime. It is useful even at energies where densities of states
are greater than 10" states/cm™. However, the theory still
requires further testing and verification, and any conclu-
sions must be tempered with caution.

Conclusions

In summary, the study of large molecule energy trans-
fer is in a state of flux: better experimental techniques are
being brought to bear and better theoretical descriptions
are being developed, but there is much room for further
improvement. Although our current view of the phenom-
enon is still cloudy, we expect the situation to improve
greatly in the next few years. It will be very satisfying to
be able to make accurate quantitative predictions of energy
transfer in non-equilibrium systems.
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Introduction

The outstanding advantages of radiation curing in terms of economy, ecology and product quality relative to
thermal curing processes are well-known and have led to fast acceptance of this technology in many industrially
important applications. For example, this process is the basis of most photoimaging processes which are used in the
printing and electronics industry.'?

The photoinitiator is a key compound in all light curable formulations and is responsible for the transformation of
light into chemical energy. The introduction of new raw materials and light sources, the development of novel appli-
cations as well as new legal regulations continuously impose new requirements on photoinitiators. Hence, the devel-
opment of photoinitiators with properties which meet industrial needs is a continuous challenge.

The understanding of the photochemistry and the initiation processes is the basis for the rational design of new
photoinitiators with improved reactivity. Furthermore, the knowledge of all reaction channels and the products formed
therefrom is an integral part of the assessment of photoinitiators.

A wide variety of experimental methods are available for the investigation of photochemical reactions. Electron
spin resonance (ESR) and chemically induced nuclear polarization (CIDNP) spectroscopy are two powerful tech-
niques which have been successfully used in our laboratories for studies of photoinitiators and initiation processes
involving radical reactions.>*

The following paragraphs illustrate with applications from our laboratories how these methods can be used to
study industrial photoinitiators and provide important information for the development of new initiators. Emphasis
is given to time-resolved experiments which allow to follow the evolution of radicals and products over time.

Time-resolved ESR and CIDNP Spectroscopy

A number of spectroscopic methods are available for the study of photochemical reactions. Time-resolved laser
flash spectroscopy, which allows the observation of transients and intermediates by their absorption in the UV/
visible or infrared is a commonly used method. While this technique allows a high time resolution, up to the
femtosecond range, the information obtained on the structure of the species observed is very limited.

The strength of magnetic resonance for the investigation of radicals and radical reaction products lies in its inher-
ently high resolution, the ability to follow structural changes during radical photoreactions, and the possibility to
observe the resulting photoproducts immediately after formation. Although time resolution is lower than for optical
methods, the continuous development of the experimental techniques and instrumental hardware now allows time
resolution in the nanosecond range (50-100 nsec). This is adequate for the observation of most radical reactions occur-
ring during the photoinitiation process.

Time-resolved ESR spectroscopy (TR-ESR)

Time-resolved ESR (TR-ESR) is a powerful tool for the investigation of unstable radicals. If radicals are formed in
pairs and strong electron spin polarization is built up either by the triplet or radical pair mechanism, continuous
microwave experiments are the easiest approach to characterize the transient radicals. Usually these experiments are
performed with a pulsed Nd-YAG laser or an equivalent light source at a fixed magnetic field without field modula-
tion. This technique is described in detail in references 7 and 8.

In these TR-ESR experiments, the time dependence of the magnetization after a light pulse of a few nanoseconds is
stored in a fast digital storage oscilloscope at a constant magnetic field. This experiment is repeated many times at this
and other field settings. All the experimental traces thus obtained represent a three-dimensional picture of the magne-
tization as a function of time and magnetic field. Integration over certain time intervals leads to TR-ESR spectra of the
transient radicals, which in most cases can be unequivocally assigned to chemical structures.

The time resolution of this technique is limited to 50-100 ns by the available electronic equipment and the time
needed for the build-up of the magnetization of the newly formed radicals in the microwave field.
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Time-resolved CIDNP (TR-CIDNP)

In CIDNP experiments, the nuclear spin polarization of products formed from radical pairs, either by recombina-
tion or disproportionation within the primary solvent cage or by escape reactions, is observed. These reactions are
nuclear spin dependent and the two pathways act as a chemical switch which channels different nuclear spin con-
figurations to either escape or cage products. This channeling effect leads to emission and enhanced absorption in the
NMR-spectra of the products.®1

As for ESR spectra, the time dependence of the nuclear spin polarization can be recorded in time-resolved CIDNP
(TR-CIDNP) experiments. The maximum time resolution is similar to ESR and is limited by the width of the radio
frequency pulse.

The results obtained from TR-ESR and CIDNP spectroscopy are complementary, since radicals are directly ob-
served by the first method, while the products formed from radical precursors prior to nuclear spin relaxation can be
investigated by the second technique.

Sensitization of a-Amino Ketones

The sensitivity of many photoinitiators can be considerably improved by sensitization. A typical example is the 2.5
fold increase in curing efficiency observed when the a-amino ketone photoinitiator, 2-methyl-1-[4-(methylthio)phenyl]-
2-morpholinopropan-1-one 1, is used in combination with isopropylthioxanthone 2 in a highly pigmented blue silk
screen printing ink.’

The reactivity enhancement is due to the fact that the thioxanthone has a longer wavelength absorption (A, = 380
nm) than the initiator, which allows for better use of the light not absorbed by the pigment. The sensitizer can then
transfer the energy to the shorter wavelength absorbing a-amino ketone. The improvement is highest at relatively
high film thicknesses or in highly pigmented systems, where the light screening effect of the pigment is most pro-
nounced. Under these conditions the photoinitiator is activated by interaction with the excited state sensitizer.

o CH,
CH
/N ~.
N 0 + CH,
/ s

H;

T
crn,s~©~c—c
|

0 C

Hy

10 9 8 7 6 5 4 3 2 1 0 ppm

Figure 1. Time-resolved *H-NMR CIDNP spectrum of an irradiated sample of 1 and 2 in benzene.
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Although the improvement of reactivity for a technical application is of importance regardless of the mechanism
causing the synergistic effect, the understanding of this effect is crucial in view of the continuing effort to improve
photoinitiator efficiency.

The sensitization process was studied using both ESR- and CIDNP® experiments. Due to its high resolution, time-
resolved CIDNP spectroscopy turned out to be the more adequate technique to elucidate this particular chemical
reaction, and this method seems to be, well suited for studying sensitization processes leading to radical pairs.

TR-CIDNP spectra were obtained upon irradiation of a mixture of the a-aminoketone photoinitiator 1 and
isopropylthioxanthone 2 in benzene. The spectrum of Figure 1 was obtained with a carefully degassed sample ap-
proximately 1 pis after the pulse of a dye-laser emitting at 404.5 nm.

At this wavelength, only the thioxanthone 2 absorbs sufficient light to undergo efficient photochemical reactions.
The NMR-resonances in Figure 1 are typical for the a-cleavage of photoinitiator 1. The spectrum shows the reso-
nances associated with the reaction products of a substituted benzoyl and an a-aminoalkyl primary radical pair. The
strong signal at 9.64 ppm vs. TMS (enhanced absorption) is due to the aldehyde proton of 4-methylthio-benzaldehyde
formed in an in-cage disproportionation reaction. The second product of this reaction exhibits resonances at 3.98, 3.86
ppm and 1.68 ppm, which can be attributed to the two olefin protons and the methyl group of 2-morpholino propene.
The polarizations of these signals are the same as in experiments where the initiator is directly excited, and are proof
for the triplet spin character of the radical pair affording these products.

This spectrum, together with other CIDNP spectra obtained with whole series of similar ketones,’ is proof for
sensitization via triplet energy transfer from the thioxanthone to the photoinitiator in an apolar medium (Figure 2).
The triplet character of the precursor is expected, since thioxanthone 2 is known to undergo efficient intersystem
crossing to the triplet state after excitation.

"
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Figure 2. Sensitization of photoinitiator 1 by thioxanthone 2.

While no polarized signals stemming from the thioxanthone were observed in this CIDNP spectrum, such signals
were indeed detected when the experiment was performed in a more polar solvent (methanol). The formation of ketyl
radicals occurs under these conditions, indicative for a second competing reaction pathway in polar medium involv-
ing electron transfer.

Acylphosphine Oxides

CIDNP experiments

Acylphosphine oxides are highly efficient photoinitiators for the curing of thick pigmented coatings.
Monoacylphosphine oxide (MAPO) were discovered several years ago.!1? Recently, the more efficient bisacylphosphine
oxides (BAPO) were introduced as commercial products,’®!* and the use of trisacylphosphine oxides (TAPO) as
photoinitiators has also been reported.’

Several investigations of the photochemistry of MAPO'%1” and BAPO photoinitiators® have been published. De-
tailed studies of the photochemistry and structure-activity relationships resulted in the design of new bisacylphosphine
oxides with improved reactivity.'®
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radicals and the first addition step in the initiation process.

phenyl-phosphine oxide 4 in acetonitrile, is shown in Figure 3.

Here again, CIDNP spectroscopy served as an excellent tool for the study of the products obtained by cage and
escape reactions of acylphosphine oxides. TR-ESR and ESR experiments are suitable techniques to study the initiator

A typical >'P-CIDNP spectrum, obtained upon irradiation of the new photoinitiator bis(2,4,6-trimethylbenzoyl)-
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Figure 3. 3P-NMR CIDNP spectrum of bisacylphosphine oxide 4.

regions are observed for compound 4 and for other acyl phosphine oxides investigated.

bisacylphosphine oxides in their exited triplet state (a-cleavage).

The phosphorus nuclear spin of pentavalent phosphorus oxides resonates between 0 and 50 ppm, while the reso-
nances of trivalent phosphorus are observed at lower field strength (approximately 100-130 ppm). Products in both

As mentioned above, the radicals obtained by the photoinduced cleavage can re-encounter after diffusion and
participate in both recombination and disproportionation reactions. In contrast to a-amino acetophenone photoinitiators
such as 1, disproportionation is a negligible reaction for the primary radicals of acylphosphine oxides even in struc-
tures where B-abstraction from an alkyl substituent on phosphorus is possible. In the absence of a trapping agent,
recombination processes dominate. The most efficient reaction is the recombination affording the starting material
(Figure 4). This process is manifested by the strong enhanced absorption at 7.92 ppm. Analysis of the polarization
pattern reveals that the primary photochemical reaction is cleavage of the carbon-phosphorus bond of these

CH, H CH, H,C, CH, H.C,
gaQ hv Q 9 Q Q
Hac C—-P-C (':H3 -_— H3C C- =pP=C CHS —_— H3C C-0-P—C CH3
CH, [ JH,C CH, @Hsc CH, @Hac
4 5
5=7.92 6=98.78
enhanced absorption enhanced absorption
Figure 4. Cage recombination products of bisacylphosphine oxide 4.
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A second resonance at 98.78 ppm, exhibiting positive polarization must arise from a trivalent phosphorus atom in
a product produced in a cage recombination process. This resonance line is assigned to compound 5, which arises by
reaction of the benzoyl radical with the oxygen atom of its phosphinoyl radical counterpart (Figure 4). Such recombi-
nation reactions, which were observed for all mono- and bisacylphosphine oxides investigated, are good evidence
that significant spin densities are found both on the phosphorus and oxygen atom in phosphinoyl radicals.

When the primary radicals leave the solvent cage and react with other radicals, escape products are formed (Figure
5). Whereas compounds formed from phosphorus radicals can be detected by *'P-CIDNP spectroscopy, other meth-
ods such as "°C- or "H-NMR-CIDNP are required to detect products which do not contain phosphorus (e.g. 8).°
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Figure 5. Escape products of bisacylphosphine oxide 4.

Two dimers, one with a P-P bond (compound 6) and one with a P-O bond (compound 7) were observed in the Ap.
CIDNP spectrum. The asymmetric phosphorus atoms in these structures give rise to two pairs of diastereomeric
compounds. The resonance signals at 23.84 and 25.61 ppm are due to the pentavalent phosphorus atoms in the dias-
tereomers of compound 6.

In contrast to compound 6, the two phosphorus atoms in compound 7 are not magnetically equivalent and a *'P->'P
spin coupling is thus observed. This coupling gives rise to signals with doublet structure. The resonances at 15.78 and
17.54 ppm are attributed to the pentavalent phosphorus, those at 104.48 and 109.5 ppm to the trivalent phosphorus in
7. Both the emission type polarization of the resonances of 6 and the A/E (enhanced absorption/emission) multiplet
polarization observed for 7 are in agreement with Kaptein's rules, which predict that signals of the escape products
carry opposite polarization with respect to the cage recombination products.

The same type of resonances were observed upon irradiation of MAPO and TAPO photoinitiators. For BAPO’ and
TAPO compounds, additional CIDNP experiments in the presence of a nitroxyl radical (TEMPO) as trapping agent
gave evidence for two, respectively three stepwise photoinduced a-cleavages occurring after trapping of the
phosphinoyl radicals.

Initiation process studied by ESR and TR-ESR

ESR spectroscopy allows direct observation of radicals formed upon irradiation of a photoinitiator. Figure 6 shows
the TR-ESR spectrum of the BAPO initiator 4 obtained after irradiation with a single laser pulse (Nd-YAG laser, A =
355 nm) in a toluene solution. Resonances of the two primary radicals are easily distinguished: The single line with a
g-value of 2.0002 in the center of the spectrum is characteristic for the benzoyl radical. The resonances of the phosphinoyl
radical form a doublet with a phosphorus hyperfine coupling constant of 25.9 mT and a g-value of 2.0038.
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Figure 6. Time-resolved ESR spectrum obtained upon irradiation of BAPO 4 in toluene.

ESR due to its short lifetime and the resulting low average concentration.
The initiation step of an acrylate polymerization can be studied using methyl 2-tert-butylacrylate 9 as a

Hydrogen abstraction, but no polymerization, is thus observed for these radicals.

The intensities of the resonance lines do not directly reflect the radical concentrations. They are altered by electron
spin polarization, primarily stemming from triplet polarization. The rise of the magnetization after the formation of
the radicals and the simultaneous relaxation of the polarization and the chemical decay of these unstable species can
be nicely followed for both radicals. In contrast to TR-ESR, the phosphinoyl radical is difficult to detect by standard

polymerizing” model for an acrylate. While the addition of the initiating radical to the 3-position of the monomer can
easily occur, further reactions of the resulting radical are rendered difficult by the steric bulk of the tert-butyl group.

“non-
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Figure 7. Irradiation of bisacylphosphine oxide 4 in the presence of methyl 2-tert-butylacrylate 9.
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The following ESR and TR-ESR spectra, which were obtained from BAPO 4 as a photoinitiator and compound 9
(Figure 7), give an instructive insight into the differences of these two closely related techniques.

An ESR spectrum recorded with a flow system during irradiation of the new BAPO photoinitiator 4 in the presence
of an excess of methyl 2-tert-butylacrylate 9 in toluene is shown in Figure 8. The most prominent signals are those of
product 10, obtained upon addition of the phosphinoyl radical to the acrylate double bond. The large hyperfine
coupling of 7.14 mT is due to the interaction of the electron spin with the phosphorus nucleus, while the smaller
coupling of 1.30 mT, resulting in a triplet structure and an alternating linewidth effect, is attributed to the coupling
with the methylene group. The degeneracy of the coupling constants of the two protons is accidental.

- T T
332 336 340 344
mT

Figure 8. ESR spectrum of an irradiated sample of BAPO 4 and methyl 2-tert-butylacrylate 9 in toluene.

The addition product of the benzoyl radical to the model acrylate (radical 11) is barely visible in the center of the
spectrum shown in Figure 8. It consists of a doublet of doublets due to coupling with the methylene protons, with the
sum of the two coupling constants being approximately 2.2 mT. The hindered rotation of the methylene protons again
leads to a broadening of the two center lines. The small coupling of about 0.07 mT observed in the resonance signals
of both compounds is assigned to the protons of the tert-butyl group.

Assuming that the life time of these relatively stable adducts does not affect the spectral intensities when a flow
system is used, the ratio of the ESR-intensities directly reflects the ratio of the addition constants. The signals of the
two addition products in Figure 8 are clear evidence that the addition of phosphorous radicals to an acrylate double
bond is more efficient by at least one order of magnitude than that of the benzoyl radical.

The addition of the primary radicals formed from BAPO 4 to the model acrylate 9 was subsequently studied by
TR-ESR experiments. In Figure 9 the TR-ESR intensities integrated over different time intervals after the laser pulse
are reproduced.

Up to 100 nsec, only the two primary radicals are visible. In the interval between 300 and 400 nsec, the resonance
for the phosphinoyl adduct 10 appears. Compared with the first spectrum, the linewidth of the resonances assigned
to the primary radicals has decreased. Lifetime broadening effects during the build-up of magnetization by the micro-
wave field (approximately during the first 100 nsec) can no longer be observed. Between 700 and 900 nsec, the
phosphinoyl adduct 10 has become dominant. A small benzoyl absorption is still present, while the signals of the
phosphinoyl radical are no longer detected. These changes are again proof for the much higher reactivity of the
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phosphinoyl radical. Both ESR and TR-ESR are therefore powerful techniques to compare the relative efficiencies of
addition reactions quickly in a semiquantitative way.

0-100ns
300 - 400 ns \)
700 - 800 ns
| | | | [ |
325 330 335 340 345 350
mT

Figure 9. Time-resolved ESR spectra obtained upon irradiation of BAPO 4 and methyl 2-tert-butylacrylate 9 in toluene.

Recently the search for more efficient photoinitiators led to the synthesis of a series of trisacylphosphine oxides
(TAPO) such as compound 12.

CIDNP experiments with a nitroxyl trapping agent (TEMPO), analogous to those per-

CH formed with BAPO compounds, gave evidence that TAPO photoinitiators can undergo

GQ Q0 three stepwise a-cleavage reactions. This results in the overall formation of six radicals

c-e;g from one photoinitiator molecule.

Hacéﬂac Some of the new TAPO photoinitiators were investigated by TR-ESR spectroscopy.
The TR-ESR spectrum (toluene solution) of compound 12 is reproduced in Figure 10.

12 Interestingly, triplet polarization is no longer the main enhancement mechanism in

this TR-ESR-experiment. This is in contrast to the results obtained in similar experi-

ments using a MAPO photoinitiator (2,4,6-trimethylbenzoyl-diphenylphosphine oxide)
or BAPO 4, where the triplet mechanism is responsible for the dominant polarization. The spectrum of the phosphinoyl
radical obtained from 12 exhibits a strong component of radical pair polarization. This is manifested by the emission
character of the resonance at low field and the enhanced absorption of the high field transition of the phosphorus
centered radical. This polarization effect is typically observed at high radical concentrations when a large number of
radical encounter pairs are formed. Taking into account that the molar extinction coefficient of the BAPO 4 at 355 nm
is about twice that of TAPO 12, this finding is good evidence for a higher efficiency of a-cleavage (quantum yield) of
TAPO compounds.

The phosphinoyl radical is characterized by a hyperfine coupling of 22.2 mT and a g-value of 2.0038. This hyper-
fine coupling is significantly smaller than that measured for phosphinoyl radicals generated from the MAPO com-
pound 2,4,6-trimethylbenzoyl-diphenylphosphine oxide (36.5 mT), or that of the corresponding radicals from BAPO
4 (27.2. mT). This decrease of the hyperfine coupling constant is at least partly related to a change in conformation of
the phosphinoyl radicals from a pyramidal to a more planar structure.”””"’

The conformational changes towards more planar structures leads to increasing p-character and possibly to spin
delocalization in the phosphinoyl radical. Due to these changes, the more planar radicals are expected to be less
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Figure 10. Time-resolved ESR spectra obtained during irradiation of TAPO 12 in toluene.

reactive in addition reactions. In fact, in the same series of photoinitiators, the addition constant of the phosphinoyl
radical to methyl methacrylate in toluene solution drops from 4.0x10” Mol's™ for the MAPO compound to 1.0x10
Mol 's™ for the TAPO initiator.”’ Provided that electronic effects are dominant, the hyperfine coupling constant, which
can be easily measured, provides an indication of the relative reactivity of phosphinoyl radicals.

However, the overall initiation performance of a photoinitiator is not only controlled by the reactivity of the radi-
cals formed. The smaller addition constant of the phosphinoyl radicals obtained from BAPO or TAPO compounds is
more than compensated by their higher absorption and by their ability to form four, respectively six initiating radicals
as shown by CIDNP-experiments.

Conclusions

Time resolved ESR and CIDNP spectroscopy are two versatile tools for the investigation of photoinitiators. The
two techniques are complementary: ESR allows the direct observation of radical species, while CIDNP-NMR leads to
a general view of products derived from radical precursors. Thus the formation of the initiating radicals, the initiation
of polymerization and the formation of by-products can easily be studied. An advantage of both techniques, com-
pared to other methods, is the detailed structural information which can be derived from the spectra. Even conforma-
tional changes in a series of differently substituted radical intermediates can be detected and related to the chemical
reactivity of the species involved. If polarization effects can be estimated or excluded, the two methods also allow for
a quantitative analysis of the photochemical reactions.

A limitation of these methods is the lower sensitivity and time resolution compared to techniques based on optical
methods, such as laser flash spectroscopy.
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