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where B'Jk is a constant characteristic of the ion multiplet that 
contains i cations of the first salt, j cations of the second salt, and 
k anions. (For our purposes i is the number of Bu4N+ or Pr4N+ 
ions, j is the number of Na+ ions, and k is the number of C1- ions.) 
Thus, the negative values of g,  and the increase in their absolute 
values with an increase in total concentration suggest an increase 
in the total number of triplets containing three ions with the same 
charge. Padova's suggestion that the triplet, Pr4N+-Cl--Na+, may 
be the major contributor to gl seems unreasonable as such 11 1 
type triplets do not even enter into eq 18. 

It is probably reasonable to assume that the pairwise interactions 
are the major contributors to the interaction parameter go and 
that the triplet interactions are negligible. Therefore, the positive 
values of go suggest that like ions pairs such as Na+-Na+ and 
Bu4N+-Bu4N+ are preferred over mixed ion pairs such as 
Bu4N+-Na+. Further, when one considers charge densities and 
the hydrophobic nature of clathrate-forming ions, such as Bu4N+ 
and Pr4N+, it becomes clear that Bu4N+-Bu4N+ and Pr4N+- 
Pr4N+ interactions are more likely to occur than Na+-Na+ in- 
teractions. 

The concentration dependence of go suggests that below a total 
molality of 2.25 m, like ion pairing, such as Pr4NC-Pr4N+, is more 
enhanced in the TPAC-NaCl-H,O system than is the like ion 
pairing, such as Bu4N+-Bu4N+ in the TBAC-NaC1-H20 system. 
However, this situation is reversed at higher concentrations. We 
believe that this behavior supports the fact that Bu4N+ has stronger 
hydrophobic characteristics than does Pr4N+. This is further 
supported by the fact that the decrease in go with increase in 
concentration is greater for the TPAC-NaCl-H20 system than 
for the TBAC-NaCl-H20 system. This suggests that while the 
number of like ion pairs is decreasing with increasing total con- 
centration for both systems, the Pr4N+-Pr4N+ ion pair is not as 
stable as the Bu4N+-Bu4N+ ion pair. Further, comparison of the 
slopes of the concentration dependence of go and gl for both the 
TBAC-NaCl-H20 system and the TPAC-NaC1-H20 system 

seems to indicate that the magnitude of the decrease in the number 
of like ion pairs with increase in total concentration does not 
correspond to the magnitude of the increase in the number of 
triplets formed in the TPAC-NaCl-H20 system. This suggests 
that like ion pairs in the TPAC-NaCl-H20 system are breaking 
apart, possibly forming Pr4N+-Na+ ion pairs, with increasing total 
concentration rather than forming triplets. However, the like ion 
pairs of the TBAC-NaC1-H20 system are more likely to form 
triplets rather than the mixed ion pairs with increasing total 
concentration. This behavior also indicates that Bu4NC1 has 
stronger hydrophobic characteristics than does Pr4NC1. 

Conclusion 

Osmotic coefficients, activity coefficients, and free energies of 
mixing for the system TBAC-NaCl-H20 were determined over 
a wide range of total ionic strengths and ionic strength fractions. 
From these results we find that Harned's rule is not obeyed above 
total ionic strength of approximately 1 m for either TBAC or 
NaCl. Free energies of mixing curves are skewed toward higher 
YNaCl values, indicating nonzero values of the Friedman interaction 
parameter g , .  These nonzero values of gl are in direct conflict 
with the results of the assumption made by Reilly and Wood for 
mixtures of 1-1 electrolytes. From our results and those reported 
by Padova et al. we conclude that in the calculation of go and g, 
the formation of triplets among ions of like charge must be taken 
into account in a 1-1 system containing clathrate-forming salts. 

Further, our results indicate that like ion pairs are preferred 
to mixed pairs of the same charge type and R4N+-R4N+ pairs 
are preferred to Na+-Na+ pairs. Padova's suggestion of ion triplets 
of the form R4N+-Cl--Na+ is not likely to be correct due to the 
absence of a B"' term in eq 18. 

Studies of the thermodynamics of mixtures of clathrate-forming 
salts are currently under way in our laboratory. go and g, values 
will be of interest in these systems. 
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Infrared laser photodetachment of allyl anions has been investigated using the techniques of ion cyclotron resonance (ICR) 
spectroscopy. Facile detachment of vibrationally excited anions occurs with a phenomenologically defined cross section, 
U* = (6.5 2) X cm2 at 945 cm-', using a low-power CW CO, laser. The detachment yield decreases with increasing 
photon energy in the range 900-1 100 cm-I. Photodetachment from vibrationally relaxed anions also occurs but with a much 
lower cross section, u = (6.3 i 3) X cm2. When fluoride ion reacts with allyltrimethylsilane, about 30% of the nascent 
allyl anions are vibrationally excited. The predominant relaxation mechanism below torr is radiative emission with a 
measured rate constant of 53 Et 10  s-'. 

Introduction 
It has been known for some years that vibrational excitation 

can influence ion-molecule reaction rates.' Knowledge of vi- 
brational relaxation rates is thus crucial for assessing the role of 
these excited species in the chemistry of planetary atmospheres 
or laboratory plasmas. State-specific collisional relaxation rate 
coefficients have only recently been measured for N2+, 02+, and 
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NO+ by using selected ion-flow drift tube techniques.2-6 
Quenching efficiencies for various neutral collision partners vary 
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from to nearly unity, depending on whether near-resonant 
V-V energy-transfer or symmetric charge-transfer channels are 
accessible. For triatomic and polyatomic ions, relaxation of vi- 
brationally excited populations has been monitored by using 
photodisso~iat ion~-~~ or photodetachment” techniques. These 
methods use visible and/or infrared lasers to interrogate excited 
ions which have enhanced photoexcitation cross sections relative 
to ground-state ions. Again, quenching efficiencies are found to 
vary over a wide range, depending on the neutral collision partner. 

In ICR trapping experiments where ions are spatially confined 
for long periods, radiative relaxation rates may be obtained by 
extrapolating relaxation rates to their zero pressure values. This 
method has been used to determine radiative relaxation rates for 
CF30- (21 & ) I 2  and CF31+ (1 1.3 s-l),13 the latter corresponding 
to electronic spin-orbit relaxation. Much of the current interest 
in radiative relaxation of polyatomic ions stems from efforts to 
calculate rate coefficients for radiative association  reaction^.'^^'^ 
This process, in which the collision complex of an ion and neutral 
molecule is stabilized by photon emission, is believed to play a 
key role in the chemical evolution of interstellar 

In this paper we report a study of infrared laser photodetach- 
ment from vibrationally excited allyl anions, C3H5-. Relaxation 
of the anions results in a large decrease in the photodetachment 
cross section. This is in contrast to multiphoton detachment studies 
of several larger organic anions in which no distinction between 
excited and relaxed anions is o b ~ e r v e d . ’ ~ - ~ ~  The allyl anion 
photodetachment probability is only weakly dependent on the 
pressure of added neutral gases, indicating that, below lod torr, 
the principal vibrational relaxation mechanism is radiative. The 
unimolecular rate constant, 53 f 10 s-l, is more than 1 order of 
magnitude larger than the calculated radiative rate constant for 
propene, demonstrating that large errors may be encountered by 
using spectroscopic constants of neutral molecules to estimate 
radiative rates for analogous polyatomic ions. 

Experimental Section 

The theory, techniques, and instrumentation of trapped-ion ICR 
spectroscopy have been described in detail e l s e ~ h e r e . ~ ~ , ~ ~  The 
ICR cell has been modified for photochemical studies by replacing 
one of the source drift plates with a 92% transmittance wire mesh. 
The unfocused laser beam enters the vacuum enclosure through 
a polished NaCl window, passes through the mesh and the ion- 
trapping region, and is reflected off the rear drift plate back out 
the window after a second pass through the ion trap. Power from 
the line-tunable CW CO, laser (Apollo Model 550A) is measured 
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Figure 1. Decay of allyl anion signal intensity as a function of laser 
irradiation period. Laser intensity is 40 W/cmZ at 942.4 cm-I. Open 
circles indicate allyl anion produced by reaction 1 with P(NF3) = 5.1 X 
lo-’ torr and P(allyltrimethylsi1ane) = 1.4 X torr. Solid points 
indicate allyl anion produced by reaction 2 with P(NH3) = 3 X lod torr 
and P(C,H6) = 1.5 X IOd torr. Ion formation is initiated by a IO-ms 
electron beam pulse, and production of allyl anion is >95% complete by 
100 ms in each case. 

with a Laser Precision Corp. pyroelectric radiometer (Model 
RkP-345), and the beam shape is monitored with an Optical 
Engineering Model 22A thermal imaging plate. Wavelength 
calibration is performed using an Optical Engineering Model 16A 
spectrum analyzer. An electronically controlled mechanical shutter 
(Uniblitz Model 225LOA14X5) is used to irradiate the ions only 
during alternate trapping cycles. The corresponding ion intensities 
(laser on and laser off) are monitored and averaged by a two- 
channel boxcar integrator. These signals are then processed in 
a straightforward fashion to yield photodetachment yields even 
in the presence of ion loss due to diffusion and reaction. Additional 
details are presented elsewhere.26 

Nitrogen trifluoride, ammonia, propene, allyltrimethylsilane, 
and nitrogen were obtained from commercial sources and were 
used without further purification except for degassing at  liquid 
nitrogen temperature. Pressures of neutral gases were measured 
with a Schulz-Phelps type ionization gauge which was calibrated 
for each gas a t  higher pressures with an MKS Instruments 
Baratron Model 90H1-E capacitance manometer. It is estimated 
that absolute pressure determinations are within f20% using this 
method. 

The infrared spectrum of propene at  50 torr was obtained by 
using a IO-cm gas cell with NaCl windows in a Beckman Model 
4240 infrared spectrophotometer. 

Results 
Ion Formation. Allyl anions are conveniently generated by two 

different methods in the ICR spectrometer. Reaction of fluoride 
ion with allyltrimethylsilane is estimated to be exothermic by 14 
k~al /mol:~’  

F + (CH3)3Si(C3H,) - C3HS- + (CH3)@iF (1)  

The measured rate constant for reaction 1 is 9 X cm3/ 
(molecule s).  Fluoride ion is formed by low-energy dissociative 
electron attachment of NF3 within the ion trap. A second method 
for forming allyl anion is by proton abstraction from propene with 
a strong anionic base: 

B- + CH3CHCH2 - C3H5- + BH (2) 

Dissociative electron attachment of 5-eV electrons to ammonia 
forms NH,- and H-, both of which react with propene. Reaction 
2 is exothermic by 8.8 and 9.6 kcal/mol for these bases, respec- 
tively.28 

~ ~ ~ ~~~~ 

(26) Bomse, D. S.; Woodin, R. L.; Beauchamp, J. L. J .  Am. Chem. SOC. 
1979, 101, 5503. 
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5012. 
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Figure 2. Photodetachment yield of allyl anion vs. neutral gas pressure. 
Irradiation is for 200 ms beginning at the start of the IO-ms electron 
beam pulse. Laser intensity is 90 W/cm2 at 942.4 cm-I. Use of N2 as 
the buffer gas results in an increase in photodetachment yield (open 
circles) whereas a decrease is observed with propene (solid points). The 
error bars indicate the estimated uncertainty for each point. 

Infrared Laser Photodetachment. When allyl anions are ir- 
radiated with the continuous output of a C 0 2  laser in the region 
900-1 100 cm-', a photodetachment signal is observed. Figure 
1 illustrates that photodetachment occurs mainly in the first 100 
ms, during formation of allyl anion by reaction 1 or 2. At longer 
times, photodetachment is quite slow, even at laser intensities in 
excess of 100 W/cmZ. If the laser irradiation period is delayed 
until after allyl ion formation is complete, only the slow photo- 
detachment signal is observed. This behavior strongly suggests 
that reactions 1 and 2 produce internally excited anions which 
undergo rapid photodetachment. Relaxation reduces the internal 
energy of the anions to states which undergo only slow photo- 
detachment. Since no excited electronic states of allyl anions are 
known, the nature of the internal excitation is presumed to be 
vibrational. 

To test whether the vibrational relaxation is collisional or ra- 
diative, the photodetachment yield is observed as a function of 
added neutral gas pressure. Addition of propene up to 2 X 
torr results in a modest decrease in the photodetachment yield 
while addition of N2 actually increases the yield, as shown in 
Figure 2. The collision rates in this experiment vary from 30 
to approximately 600 s-l. The weak dependence of the photo- 
detachment yield on the pressure of added buffer gas indicates 
clearly that, below 10" torr, the principal relaxation mechanism 
is radiative. 

In order to estimate the radiative relaxation rate, the time delay 
between allyl ion formation and laser irradiation is systematically 
increased. Reaction 1 is terminated 50 ms after the electron beam 
pulse by double-resonance ejection of the reactant ion, F. Laser 
irradiation is limited to 50 ms duration following ejection of F. 
The results are shown in Figure 3. If the start of the irradiation 
period is successively delayed with respect to ejection of F, the 
photodetachment yield decreases exponentially to a constant value 
of 1%. This residual signal is present even at very long delay times 
and is attributed to photodetachment of the relaxed anions. 
Alternatively, a small fraction of the ion populatioii may remain 
in a long-lived excited vibrational state which is not relaxed by 
radiation or by collisions on the time scale of this experiment. The 
radiative relaxation rate obtained from the exponential decay is 
53 f 10 s-'. The photodetachment cross section of the relaxed 
anions is phenomenologically defined as the detachment rate 
constant divided by the laser photon flux and has the value a = 
(6.3 f 3) X cm2. 

A determination of the photodetachment cross section for vi- 
brationally excited ions requires a closer examination of the overall 

(28) Bartmess, J. E.: McIver, R. T. In "Gas Phase Ion Chemistry"; Bowers, 
M. T., Ed.; Academic Press: New York, 1979; Vol. 2. 
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Figure 3. Photodetachment yield as a function of relaxation time for allyl 
anions. A IO-ms electron beam pulse is followed by a 40-ms ion for- 
mation period after which fluoride ion is ejected from the ion trap, halting 
the production of C3HS-. The start of a 50-ms irradiation period is 
delayed with respect to the start of F ejection. Detection of C3H5- 
immediately follows the irradiation period in all cases. Laser intensity 
is 60 W/cm2 at 948 cm-I. Neutral pressures of NF3 and allyltri- 
methylsilane are 5.1 X loe7 and 1.5 X lod torr, respectively. The es- 
timated uncertainty is indicated by the bars at 40-ms delay. 
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kinetics of the detachment process. In the simplest treatment 
(Scheme I), ion formation is assumed to result in two populations 
of allyl anions corresponding to relaxed (A-) and vibrationally 
excited (A-*) ions. Vibrationally excited ions may either relax 
to A- or, in the presence of laser irradiation, undergo electron 
detachment to form allyl radical (A). The population of A-* as 
a function of time is given by 

where k l  is the first-order rate constant for reaction 1 (including 
the concentration of allyltrimethylsilane), Fo is the number of 
fluoride ions originally produced by the electron beam, and f is 
the fraction of those ions which react to form vibrationally excited 
allyl anions. The number of allyl radicals produced is then given 
by 

Substituting +u* for kd, where + is the photon flux and a* is the 
cross section for photodetachment of vibrationally excited anions, 
and putting eq 5 in terms of experimental observables, we obtain 

'40- k, 1 -=-  
Ao- - A -  fa*+ + 7 

where A- and Ao- are the allyl anion intensities at long times in 
the presence and absence of laser radiation, respectively. A plot 
of the left-hand side of eq 6 vs. The 
y intercept yields f = 0.29 A 0.04, and the slope gives k,(a*)-' 
= 8.21 X 1020 cm-2 s-l. Using k, = 53 s-' from Figure 3, we obtain 
a* = (6.5 i 2) X cm2. In the analysis we have ignored the 
fact that some ion loss is due to slow photodetachment of relaxed 

is given in Figure 4. 
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Figure 4. The reciprocal of the photodetachment yield (Ihs of eq 6) 
plotted vs. the reciprocal of laser photon flux yields the least-squares fit 
shown. The slope is 2.79 X lo2' cm-, s-l, and they intercept is 3.4. The 
200-ms irradiation period begins at the initiation of ion formation. Laser 
intensity is varied from 60 to 4.5 W/cm2 at 948 cm-'. Neutral pressures 
of NF, and allyltrimethylsilane are 5.1 X loM7 and 6.9 X torr, 
respectively. 
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Figure 5. Infrared photodetachment spectrum of vibrationally excited 
allyl anions obtained by monitoring the detachment yield as a function 
of CO, laser frequency. The 500-ms irradiation period begins at the 
initiation of ion formation. Laser intensity a t  each point is 30 W/cm2. 
Neutral pressures of NF3 and allyltrimethylsilane are 5.1 X lo-' and 1.7 
x torr, respectively. 

anions. This is not expected to introduce a significant error since 

The infrared photodetachment yield exhibits only a modest 
dependence on the laser photon energy in the 900-1 100-cm-' 
region (Figure 5), with a general decrease toward higher energy. 
This behavior is opposite to the usual case for direct photode- 
tachment, in which the cross section increases with photon energy 
near threshold. It is therefore likely that photoexcitation occurs 
in a vibrational mode (or combination of modes) of allyl anion, 
followed by vibrational autodetachment of an electron. Since 
photodetachment occurs mainly from vibrationally excited allyl 
anions, the spectrum is actually that of the excited anions and 
could be significantly different from the infrared spectrum of 
ground-state allyl anions. Photodetachment with a pulsed CO, 
laser has also been reported to have only a modest wavelength 
d e p e n d e n ~ e . ' ~ , ~ ~  

Discussion 
A key observation in this study is that C3H5- ions may exist 

as at least two different populations with greatly differing cross 
sections for photodetachment by the infrared laser. This inho- 
mogeneity could be caused by the presence of more than one stable 
isomerz9 or by differences in either vibrationall2 or electronicI3 

a*/a = 103. 
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energy within the ion population. In the absence of any known 
or postulated excited electronic states or isomers of C3HS-, it is 
quite likely that the observed difference in photodetachment cross 
sections results from different degrees of vibrational excitation. 
Of course, reactions 1 or 2 form allyl anions with a range of 
internal energies. However, the observations are consistent with 
the simplest kinetic treatment, that ions with one range of internal 
energies interact strongly with the laser field while the remainder 
interact only weakly. 

The adiabatic electron affinity represents a practical upper limit 
to the internal energy of the excited anions since those molecules 
with higher energies are unstable with respect to autodetachment. 
Autodetachment lifetimes are difficult to calculate for polyatomic 
anions30 but are expected to lie in the range 10"-lO-'o s for most 
diatomic negative ions.31 Typical lifetimes of temporary negative 
ion states formed in low-energy electron-scattering experiments 
range from to s.32 The electron affinity of C3H5, 0.360 
f 0.035 eV (or 8.3 * 0.8 kcal/mol), has recently been obtained 
from the photoelectron spectrum of allyl anion33 and is in excellent 
agreement with the value 0.36 f 0.09 eV calculated from related 
thermodynamic data.34-36 It is unlikely that allyl anions with 
more than 9 kcal/mol vibrational energy will be stable with respect 
to autodetachment on the millisecond time scale of this study. 

To estimate a lower limit to the internal energy of the excited 
allyl anions, it is necessary to postulate a mechanism for the 
photodetachment. The large decrease in apparent cross section 
of relaxed anions compared with that of excited ones could be due 
to an energetic requirement that relaxed anions must absorb more 
than one infrared photon to reach the detachment threshold. There 
is no direct evidence to support this hypothesis, but if it is true, 
the lower limit would be 5.6 kcal/mol. This is simply the dif- 
ference between the adiabatic electron affinity and the laser photon 
energy at 945 cm-I. 

Other possible mechanisms could be responsible for the observed 
multicomponent population beha~ior.~'-~O For instance, the 
presence of a dynamic bottleneck in the multiphoton absorption 
mechanism could cause the lower limit of energy in the excited 
anions to be as low as 3 kcal/mol; this is the upper end of the 
thermally populated ion population at room temperature for which 
the average energy is about 0.5 kcal/mol. Alternatively, it is 
possible that the multicomponent populations result from resonant 
absorption character in the quasi-continuum of states at energies 
between 6 and 9 kcal/mol. Such a mechanism has been postu- 
lated40 to explain saturation effects in the pulsed laser dissociation 
of chemically activated C H 3 0 H F .  Thus, while it seems rea- 
sonable that the internal energy of the excited anions lies between 
6 and 9 kcal/mol, the evidence supporting the lower limit of this 
range is weak. As we shall see, it is the upper limit of 9 kcal/mol 
which is most important for comparing observed and calculated 
rates of radiative relaxation for allyl anions. 

Having established approximate limits to the internal energy 
of vibrationally excited allyl anions, it is worthwhile to comment 
on the reaction energy disposal in reactions 1 and 2. In the case 
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Figure 6. Calculated radiative emission rate for propene as a function 
of internal energy. 

of proton abstraction from propene by NH2- and H-, it is not 
surprising that a significant fraction of the reaction exothermicity 
is found in the allyl anion product. Statistical theories4143 of 
reaction energy disposal predict that the product having the highest 
density of states will also receive the greater share of internal 
energy. In the case of reaction 1, nearly all of the excess energy 
would be expected to remain in the trimethylfluorosilane product. 
It appears, however, that in at least 30% of the reactive collisions, 
a substantial fraction of the excess energy is partitioned into allyl 
anion vibration. A nonstatistical partitioning of the energy in 
reaction 1 can be rationalized by considering the electronic 
structure of the reaction complex. After breaking the carbon- 
silicon bond, the allyl anion can delocalize the charge of its extra 
electron by forming a four-electron, three-center bond across the 
carbon skeleton. The accompanying decrease in electronic energy 
is released as vibrational energy. The separation to products may 
be. so great by this time that the excess energy cannot be distributed 
statistically throughout the entire complex but instead remains 
as vibrational excitation of the allyl anion product. Farneth and 
Brauman have suggested that this type of charge localization in 
the transition state may be responsible for unusually slow rates 
of proton-transfer reactions observed for many delocalized anions." 

It is instructive to compare the observed radiative relaxation 
rate with the calculated radiative emission rate for allyl anions. 
The radiative emission rate will in general be an upper limit to 
the overall radiative relaxation rate, and the two will be the same 
if each photon carries away enough energy to convert an "excited" 
anion to a "relaxed" one. Following the quasi-thermodynamic 
treatment due to D ~ n b a r , ~ ~  the data needed to calculate the 
radiative emission rate are the vibrational frequencies and inte- 
grated absorption band intensities for the anion. Unfortunately, 
none of these quantities are known. This is the case for all but 
a very few positive or negative ions and represents a major obstacle 

to the comparison of calculated and experimental radiative rate 
constants. One approach to this problem is to calculate the 
radiative emission rate for an analogous neutral compound for 
which the necessary data are available. The calculated emission 
rate for propene is shown as a function of internal energy in Figure 
6. Frequencies were obtained from spectroscopic studies,- and 
the absorption band intensities were estimated from an infrared 
spectrum of propene. It is immediately evident that the calculated 
emission rate for propene underestimates the experimental ra- 
diative relaxation rate for allyl anion by more than 1 order of 
magnitude at energies below 9 kcal/mol. 

In considering possible sources of error in the calculation, it 
is unlikely that the assumption of electrical and mechanical 
harmonicity leads to such a large discrepancy. An analysis by 
Herbst14 indicates that the model works best for polyatomic 
molecules at modest internal energies, which are exactly the 
conditions of the present experiments. The fact that propene has 
three extra vibrational modes does not introduce a large error; 
using the vibrational frequencies of the allyl radical47 gives nearly 
identical results. Rather, it is the larger vibrational transition 
moments of allyl anion compared with those of propene which 
most likely account for the large difference in experimental vs. 
calculated rates. The spontaneous emission rates for ions are 
expected to be larger than for analogous neutral molecules for 
two main reasons. First, the dipole moment of an ion becomes 
infinite at large internuclear separations; for neutrals it approaches 
zero. Since the vibrational transition probability depends on the 
change in dipole moment with internuclear distance, it is natural 
that such transitions should be stronger in ions. Rosmus and 
co-workers have calculated radiative emission rates for several 
diatomic neutrals and ions. They find that OH' and OH- emission 
rates are about 10 times that of OH.48 Similarly, the radiative 
emission rate for ArH' is more than 10 times faster than for the 
isoelectronic neutral HCl."9 A second factor contributing to the 
differences between propene and allyl anion is that certain vi- 
brations of the anion, especially CH, twisting motion, can force 
the negative charge to become more localized on one of the carbon 
atoms. Such motions are expected to be associated with large 
changes in dipole moment and therefore have large infrared 
transition probabilities. While recognizing the dangers of drawing 
parallels between diatomic and polyatomic ions, we are never- 
theless forced to conclude that using the vibrational transition 
moments of neutral molecules to estimate radiative emission rates 
of analogous ions may lead to very large errors indeed. Valid 
comparisons between calculated and experimental radiative re- 
laxation rates for most polyatomic ions will probably require 
accurate spectroscopic constants derived from experimental data 
or quantum calculations. 
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