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Figure 1. Excitation spectra of Rhyb?* in CH;CN at 20 °C taken with
the emission monochromator set to observe the phosphorescence (*A,,
- lA,s, 800 nm, - - -) and the fluorescence ('A,, — ‘Als, 660 nm, —).
The spectra are corrected for variations in the excitation light intensity,
and the displayed intensity is arbitrary. The spectra have been scaled
to give the same intensity at the maximum of the visible absorption peak
(553 nm) for convenience of display.

of the fluorescent 'A,, state (¢ = 0.15), yet it does not appreciably
decrease the quantum yield of the phosphorescence. This implies
that there is a highly efficient intersystem crossing pathway
somewhere above the relaxed !A,, state. Indeed, in Rhyb,?* it
is reasonable to expect facile intersystem crossing from 'E, to °E,,
as these states have been shown to be strongly spin—orbit cou-
pled.>*2! Though it is less obvious why there would be such large
spin—orbit coupling in these cases, it is possible that the intersystem
crossing occurs from a ligand field state or a charge-transfer state
which lies somewhere in energy between the 'E, state and the 'A,,
state. Rice and Gray® have shown in polarized absorption spectra
of single crystals of (Rh,b,)[B(Ph),], that there are at least two
weakly absorbing states whose energies lie between the two
strongly absorbing states.

The low internal conversion yield after excitation into the 'E,
absorption has been confirmed by transient absorption experiments.
Excitation of Rh,b,** with a 7-ns, 532-nm pulse from a Nd:YAG
laser gives transient absorption which occurs during the laser pulse
and which has been assigned as due to absorption from the lowest
excited singlet state to upper singlet states (1A,, — S,).!? This
is followed by longer lived absorption which is due to absorption
from the lowest triplet ((A,,) to higher triplet states.!? Upon
excitation at 355 nm with the same optical geometry, optical
density of sample at the exciting wavelernigth, and number of
photons per pulse, the longer lived excited triplet-state absorption
signal size is the same to within 10%. However, here no obvious
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excited singlet-state absorption is seen to occur during the laser
pulse. From the lack of clear singlet excited-state absorption signal
upon gxcitation at 355 nm, it can be estimated that the 'A,,
population is at least 5 times smaller that the 'A,, population
resulting from 532-nm excitation. This is further evidence that
upper state excitation does not lead to efficient population of the
lowest singlet while it does lead to efficient population of the lowest
triplet.

Attempts were made to observe emission directly from the upper
excited states, 'E, and ’E,, by exciting directly into the 'E, state
at 318 nm. However, the emission signal was impossible to
differentiate from emission from ultraviolet-absorbing impurities
and scattering from the sample and solvent. Thus, the 532-nm
line from the Nd:YAG laser was used to initiate sequential
two-photon absorption and subsequent emission. This technique
has been shown to be more sensitive than direct one-photon ab-
sorption in the detection of weak emissions from upper excited
states.?2* In the present case, Rh,b,** in CH,CN at 20 °C did
not give emission between 320 and 390 nm which increased as
the square of the laser power following excitation at 532 nm. Laser
energies between 50 uJ/pulse and 5 mJ/pulse were used. From
this and the lack of a clear signal upon direct excitation at 318
nm using a conventional fluorometer, the emission yield can
conservatively be estimated to be less than 107, This value, and
the Strickler-Berg calculated lifetime, give an upper limit to the
lifetime of the 'E, state of approximately 107'3 s,

Similar results as those discussed above were seen for the
complex Rh,(TMB),>* (TMB = 2,5-dimethyl-2,5-diisocyano-
hexane) both in fluid solution and in a low-temperature glass.
This, and similar work on isoelectronic Ir(I) complexes,?® show
that in dinuclear d®—d® complexes upper state intersystem crossing
kinetically competes with internal conversion. Thus, the large
spin—orbit coupling possible in transition-metal complexes can lead
to very rapid intersystem crossing. It appears that the intersystem
crossing rate varies by orders of magnitude within these complexes,
depending on the state. For Rh,b,?* the intersystem crossing rate
constant from the lowest singlet state ('A,,) is 8 X 10% s, the
reciprocal of the fluorescence lifetime, while the intersystem
crossing rate constant is probably greater than 10!} s™! for in-
tersystem crossing from the 'E, upper excited state.
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The radiation chemical yields of HO, produced by irradiating water with *2C ions of 37-100-MeV initial energy have been
determined. These data have been combined with previous values for lower energy carbon and helium ions to obtain the
differential yields over the range 2-102 eV/A. The close similarity between the yields for helium and carbon ions of the
same LET suggests that the reaction volume of interest extends somewhat beyond the track core, especially for helium, LET
appears to be a useful parameter to describe the production of HO, in the tracks of heavy particles.

Recently we have reported measurements on the radiation
chemical production of HO,« from water in the track of carbon

ions with energies up to 35 MeV.2 The differential HO,: yield
observed at 25 MeV, where the LET (linear energy transfer) for
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Figure 1. Yield of HO, (GoE,) as a function of initial ion energy (Ej)
for (@) 12C, this work; (O) '2C and () *He, ref 2; (a) *He ref 7. The
dashed line gives the yield of HO,- for fast electrons (G(HO,) = 0.020;
ref 5). Error limits, as indicated in this work, correspond to an uncer-
tainty in particle range of 0.3 mg/cm? and oxygen analysis of +4%.

carbon ions is 52 eV/A, is 0.15. This yield is about a factor of
2 lower than at the Bragg peak of carbon ions but still considerably
higher than the yield of 0.02 found with fast electrons.>* This
observed decrease in yield with increased particle energy is less
pronounced than for H, production from benzene,® indicating that,
in the present case, the yield is less critically dependent on initial
local deposition of energy within the track. In order to understand
these track processes in more detail it becomes important to extend
previous studies to more energetic heavy ions having lower LET’s.
We have initiated such a program to examine radiation chemical
processes with the heavy ions available at the Argonne National
Laboratory ATLAS facility and report here initial studies on HO,:
production from water in the tracks of carbon ions with energies
up to 100 MeV.

The methods used here are essentially identical with those of
our previous study.? Particle currents of 1 nA of fully stripped
carbon ions (12C%*) with energies up to 110 MeV accelerated at
ATLAS were used. Ton energy was determined to £0.3 MeV
before each run by using a solid-state detector on a portion of the
beam elastically scattered with a gold foil. The solid-state detector
was calibrated by using a magnetically analyzed particle beam
whose energy was determined absolutely in terms of the magnetic
parameters. Dosimetry was in terms of the integrated current
and particle energy after taking into account energy loss in the
window system and is, in general, known absolutely to £3%. HO,
production was determined from measurements of the O, yield
from 10 mM cupric sulfate-1 mM ferrous sulfate solutions in 10

mN H,SO, solutions using triply distilled water.

Molecular

oxygen was determined by bubbling helium through the radiolysis
cell and through a Hersch electrochemical cell. The Hersch cell
current was integrated after each irradiation to give a measure
of the total oxygen produced to £4%.

The HO,- produced per particle (GyE,) is given in Figure 1 as
a function of carbon ion energy. Figure 1 also shows results
previously reported for low-energy carbon ions? and helium ions.2>’
The present determination of the yield for 37 MeV carbon ions
(0.18 molecules/100 eV) agrees within experimental error with
values obtained at the Notre Dame heavy ion accelerator and it
is seen in Figure 1 that the present results smoothly extend those
of the previous study. Of particular importance is the slope of
the plot of Figure 1 which gives the differential yield, G; =
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Figure 2. Differential HO,: yield, G;, as a function of LET for carbon
and helium ions as determined from the slopes of Figure 1. The open
points represent G; at the Bragg maxima. The dashed line shows the
limiting fast electron value. The differential HO, yield pertinent to the
core is shown as a function of core LET by a dotted line for carbon and
a dot-dashed line for helium ions.

(d(GyEo/dEy)), for carbon ions with LET’s over the range 20—-100
eV/A. The combined data were fitted by using polynomial re-
gression methods to give an approximate dependence of G as a
function of LET. This dependence was then adjusted to optimize
overall agreement between the experimental results and the in-
tegral [5G, dE which is shown as a solid line in Figure 1. The
resultant differential yields are plotted as a function of LET in
Figure 2 and compared with similar data for helium ions. For
ions having an LET of 20 eV/A the differential yield for carbon
ions (0.084) is only slightly lower than for helium ions (0.109)
but still a factor of 4 higher than for fast electrons. It is seen that
track effects are still very important for carbon ions having LET’s
in the 20 eV/A range.

The differential yields were corrected for the energy loss to
high-energy 6 rays which remove energy from the core but con-
tribute only a minimum to HO,- production.® For each track
segment, & rays were divided into several energy groups from 100
eV to the kinematic maximum and the fraction of energy loss to
each group was calculated by using Rutherford cross sections.
Secondary electrons of energy less than 100 eV were assumed to
remain in the track and contribute to the core LET. A correction
was made for the fraction of the energy of the more energetic
secondaries which also contribute to the core. The total number
of HO,: radicals produced per unit track length was corrected for
that produced by the & rays, assuming 0.02 molecules/100 eV for
the latter. The dependence of G(HO,+)¢ pertinent to the core is
shown in Figure 2 as a function of energy remaining in the track
core expressed in units of LET. It is very surprising that the core
yields for carbon and helium ions at LET’s of ~20 eV /A are so
similar when the radius of the track core of the carbon ion is
approximately 3.6 times that of the helium ion.%® For 2-MeV
helium ions, because of the higher initial density of energy de-
position, the initial concentration of radicals in the core should
be more than an order of magnitude greater than the value of ~1
M estimated for 100 MeV carbon ions. However, this does not
take into account the diffusion of precursors during HO,: for-
mation. The fact that the differential HO,- yields are similar at
a given LET shows that HO, production is not totally determined
by the initial radical concentration within the track core, but rather
that diffusion becomes important so that the reaction volume of
interest extends somewhat beyond the track core, at least for
helium. This result contrasts with the conclusions from studies
of H, production from benzene.® Insofar as the present description
is correct, LET is, in fact, a valid parameter to describe the
phenomenology of radiation processes within heavy ion tracks.
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Whether or not this is the case is, of course, determined by the
lifetime of the reactants.

With further development of the ATLAS facility well-defined
beams of carbon ions with energies up to 300 MeV, where the
LET drops to ~5 eV/A, are expected to become available. We
expect to extend our studies of track processes to these higher
energy carbon ions and other massive ions in order to provide a

more comprehensive picture of the radiation chemistry of water
and aqueous systems.

Acknowledgment. We thank the operators of the ATLAS
facility at Argonne National Laboratory for the accelerator op-
erations and especially Dr. B. Glagola for his assistance with the
energy measurements.

High Resolution Overtone Spectroscopy of H,O in a Molecular Beam

C. Douketis, D. Anex, G. Ewing, and J. P. Reilly*

Department of Chemistry, Indiana University, Bloomington, Indiana 47405 (Received: August 9, 1985)

Av = 4 overtone transitions of water vapor have been observed in a supersonic molecular beam under conditions in which
Doppler broadening is dramatically reduced yielding spectral line widths of 3 MHz. This experiment demonstrates that
it is possible to spectrally interrogate molecular overtone line shapes under reduced congestion conditions with extremely

high resolution.

The study of vibrational overtones in the ground electronic states
of molecules is a well documented and rich area of molecular
spectroscopy.! Research in this field extends back a full century.>®
Quite recently there has been renewed experimental interest in
molecular overtones.”'® Several new methods, many of them
based on laser light sources, have been developed to monitor these
transitions. Recent theoretical interest in overtones has focussed
on comparing local and normal-mode models for describing the
vibration of polyatomic molecules, and on understanding the
dynamics of molecules subsequent to their excitation.!*3! This
understanding should provide insight into related phenomena such
as intramolecular energy redistribution, predissociation, gas—
surface desorption, bond-selective photochemical processes, and
infrared multiphoton absorption.

Molecules whose high overtone spectra have been studied thus
far can be roughly divided into two groups: those that exhibit
sharp (i.e., rotationally resolved) overtone rovibronic structure
and those that exhibit broad contours. The former class includes
diatomic molecules, C,H,, CH,, NH;, and H,O, while the latter
includes larger alkanes, alkenes, and aromatic molecules. One
of the fundamental issues in this field involves the mechanistic
origin of the broad overtone bands. Spectral congestion resulting
from the high densities of rotational and vibrational states certainly
must play a role. It has been hypothesized that the dominant
reason why many line widths are so broad is that the lifetimes
of these highly vibrationally excited molecules are ultrashort.!?
Alternatively one might suggest that Fermi resonance among
myriad high vibrational levels of large molecules results in a
distribution of oscillator strength over many overlapping transitions
to produce unresolved diffuse overtone bands. Coupling between
rotational and vibrational motions, which apparently affects ra-
diationless relaxation rates,’*** may play an important role in
determining overtone spectral structure. Two other sources of
line broadening are dependent upon experimental conditions.
Collisional broadening has generally been a factor in overtone
spectroscopy particularly since the weakness of overtone absorption
line strengths has led many researchers to study samples at either
high gas-phase pressures or in condensed phases. However, with
the development of ultrasensitive photoacoustic techniques, this
problem has been overcome and overtone spectra of several
molecules have been recorded under low pressure conditions. In
contrast, Doppler broadening has never been eliminated from a
high overtone absorption experiment. While the Doppler width
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of a single rovibrational line is in general quite narrow, overlapping
of hundreds or thousands of closely spaced Doppler broadened
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