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SI ROTATIONAL LEVEL LIFETIMES OF S FORMALDEHYDE 

James C. Weisshaara and C. Bradley Moore 

Department of Chemistry, University of California, 

teri s Molecular Research Division of 

the Lawrence Be ley Laborat ,Berkeley CA 94720 

(Received ) 

Additional single rovibronic level lifetimes of s 1 H2co 

and D2co have been measured under collisionless conditions. 

The H2co 41 lifetimes vary at least a factor of 150, from 20 

nsec to 3.10 ~sec. The observed D2co 41 lifetimes fluctuate 

about ± 20% around a mean value of 6.2 ~sec, which is probably 

close to the pure radiative lifetime. In contrast, the ob­

served D2co 43 lifetimes vary from 1.09 to 2.46 ~sec and the 

21 43 li times va from 212 nsec to 1.61 ~sec. The onset 

o~ Totatj.ona sta e li time fluctuati6ns in n2co thus coin-

cl hi pressure + CO photo cal thresho d. 

l\11 ()£ se res ts re explained in terms of a collisionless 

s ti me m, sl + so + HzC 
., 

+ co The last ) 

p valves tunneling through a b er for the 

lower energies studied. For several H2CO 41 rotational 

levels application of a uniform external electric field of 

0 - 4.6 kV/cm can change the fluorescence lifetime by at 
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least a factor of 4. This result is understood in terms of 

small (:$ 0.05 cm- 1) shifts in s1 - s0 energy spacings. 

titative est es of s1 - s0 intramolecular couplings, 

s0 widths due to disso ation, and s0 level spacings are de­

rived in favorable cases. 





I. INTRODUCTION 

By now there is a long history of s
1 

formaldehyde life­

time measurements. 1 • 2 Discrepancies in the early results 

have led to further investigations at much lower pressures 

and with better ex t on resolution, Unusual phenomena 

continue to appear. Dramatic curvature of Stern-Volmer plots 

has been served below 0.1 Torr, 3 indicating that many of 

the ea ly zero pressure extrapolations were inaccurate. 

Li times measured at low pressure with partial rotational 

stat selection have shown uctuations with single vibronic 

b d 3' 4 an _s, Similar behavior has been observed for the 

fluorescence quantum yield ¢f upon excitation of single 

rotational levels (SRL's) of various bands. 5 • 6 

Most recently, we have undertaken a program of direct 

measurement of SRL lifetimes at formaldehyde pressures low 

enough to preclude significant collisional relaxation on the 

times e of the s1 decay. These bulb measurements and 

recent supersonic jet lifetime measurements 7 are complementary 

in the sense that different sets of rotational levels are 

accessible in a bulb or a jet. 

The res ts r (vibrationless) 4° levels of H2co 
1 D CO d . . 8 ana 2 were reporte 1n.a prev1ous paper. 0 The H2CO 4 

lifetimes fluctuate a remarkable factor of 50 or more with 
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rotational state, while the D2co li times are uniform and 

essenti ly radiative. The present paper reports further 

sr:L lifetime measurements for the H2co 41 level and for the 

vels. (The vibrations involved are 

v4 , the out-of-plane bend of the hydrogens, and v
2

, the 

CO stretch). The new technique of monitoring changes 

in SRL fluorescence as a on of the external 

elect c eld strength9 shown to provide quantitative 

information about sl so couplings, so widths due to 

dissociation, and so level spacings in several cases of 41 

excitation of H2co. There is c ar evidence that the continu-

urn of broadened s 0 levels coupled to s1 is locally quite 

"lumpy," in that level spac frequently exceed widths. 

In the following, new experimental details, particularly 

of the electric field studies, are described in Sec. II. 

The SRL li time results for H2co and D2co are presented in 

Sec. III. Section IV gives previously unpublished details 

of the H
2

co 41 electric field results. 9 Section Vis a 

po 

s uss of our present rst of the collision 

de me sm of sl' including extraction of 

i tative in on from the elect c eld work. The 

scussion section of a p 8 ous paper p s needed ba 

u:nd nal S c. VI s zes present conclusions, 

out rnaj or ning questions, and suggests future 

expe ments. 





II. EXPERIMENTAL 

The experiments involve measurement of the decay of 

H2 or n2co fluorescence from a static gas cell after pulsed 

dye laser tation of single rotational levels of low-lying 

ronic ve The sample handling, the dye laser, the 

te on tern~ and si 1 processing, et . ' have been 

t. L 3, 8 F tation spectra scence e s c ed in 

were obt d assi d as be re. 8 The same spectroscopic 

notation will be used re. 

Z ro- e1d li times (Sec. III) were obt ned in the 

fluorescence cell scribed previously. 8 A new fluorescence 

cell was built for li time measurements in the presence of 

a uniform, static ectric eld (Sec. IV) • The main body 

of the ass cell is a cylinder 12 em in diameter and 20 em 

high, with a removable lid h ng a ground glass lip sealed 

with black wax (Apiezon W). The laser enters and exits the 

cell through two ho z 12 em long, 2 em diam arms 

h ng quartz Brewster windows. The lid and the bottom of 

cell cant n glass to metal seals to 1/4 in. diam, 4 em 

pieces of polis d 

volt connections are rna 

Sta e ctro s are e 

to which g 

The two poli 

and high 

d s ess steel 

sk- shaped, 10 em in diam and 

~ 1 em d e es and a 1/4 in. diam stem. 

The electrode at to ± 0.001 em The bottom (high 

voltage) e ctro is s orted by the lower piece of Kovar 

o which its stem d. Three z spacers of 
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thickness 1.279 ± 0.003 em fix the electrode gap. The upper 

(ground) electrode rests on the spacers and is connected to 

upper piece of Kovar with a wire. 

Fluorescence at 90° to laser is viewed through a 

3 em am window by the photomultiplier tube placed at a 

stance that rest cts its view to the central 8 em of the 

space between elect to avoid edge effe s. Field 

strengths 0 ·· 4,6 kV/cm were applied via a regulated DC 

power supply. The applied voltages were measured to an 

accura of ± 2 9: 0 • The e ctric field is uniform to better 

than ± 0.5% in the obse on region. Wall effects are 

unimportant due to sub-~sec lifetimes of the levels 

studied; zero field li times agree well with those measured 

in the other cell. Scattered light intensity vs time is un­

affected by the elect c field, indicating that the detection 

electronics are not influenced. The Stark cell pumped down 

to < 10- 5 Torr; the leak/de-gas rate was 2 x 10- 4 Torr per 

10 min, the time required for a typical experiment. 

r the present s es, red dye laser output was 

H2co 4~ band ( 6 8 9 - 7 0 7 nm) , a 

mixture of Rhodamine B Nile B Nitrate was used. Con-

centration tuning of curve and the use of a 60% R 

output ler in the os llator were helpful. For the 

1 3 n2co 2040 band (662- 664 nm), a mixture of Rhodamine 6G and 

Cresyl Violet Perchlorate was used. The oscillator lases 





on a single mode of an air~gap etalon (2 cm-l FSR, nominal 

nesse 40). Pulse energies are typically 100 ~J in the red 

and 5 ~J in the uv, The uv newidth, as evidenced by features 

in the fluorescence excitation spectrum, is 0.10- 0,15 cm-l 

FWHM, twice the D5ppler dth, The fluorescence amplitude 

follows the shot-to-shot laser intensity fluctuations of - 30%, 

indicati good frequency stability, 

The photomultiplier viewed fluorescence through a 

uv cutoff filter (Schott KV 389, 50% T at 389 nm). Scattered 

light was a much less severe problem for these cold band 

studies than for the previous hot band (4~) work. 8 Neverthe­

less, the detection-limited (7 nsec fall time) scattered light 

pulse was typically 2 - 5 times larger than the t = 0 signal 

amplitude at the low pressures studied and was carefully sub­

tracted out to establish an accurate baseline. 





III, ZERO FIELD LIFETIMES 

' 1 For the H2co 40 band, d "1 d . f p k. 10 eta1 e ass1gnments o. ar 1n 

were useful in identifying 1 s and as a check of the excita-

tion purity of a given 1 Parkin's work is in excellent 

agreement with the absorption results of Dieke and Kistiakowsky 11 

and elect c eld in ed spectra of Bridge, Haner, 

lZ T1 D CO 41 Ll 3 d 2 1 Ll. 3 . h .110 Z" 0 , ,0 , an 0 .0 ass1gnmentsaretose 

of Job, 13 14 Sethuraman, and Innes. ' Except as noted, only 

arently clean, single rovibronic transitions were studied 

at pressures low enough to preclude significant collisional 

perturbation of the lifetimes. Single exponential decays over 

at least 1.5 decades were the rule under those conditions. 

Such lifetimes are accurate to ± 5!1: 
0 • The estimated maximum 

collisional perturbation8 (based on a 1000 X2 total inelastic 

cross-section) 3 is typically 1 - 10% of the measured lifetime 

and is included in the data tables. Clean excitation of 

single lines is much more difficult in the more crowded D2co 

bands than in H2co. For both isotopes, the blue edge of a 

band p des best opportunity for clean excitation of 

strong, single lines. 

The present s of H2co 41 li times is less exhaust-

ive than the earlier 4° study. Single exponential decays 

were observed for 32 di rent absorption features having 
I I 

K in the range 0 - 9 J in the e 1 - 17. The results 





are recorded in Table L The pPl' pQl' and rR1 
lines occur 

1n the crowded center of the band, and Parkin's assignments 10 

indicate that some apparently clean 1 s are in fact two or 

more overlapped transitions, These are noted in the table, 

along with c culated relative absorption intensities. In 

the cases for which two upper levels are strongly excited, the 

sin e e tial dec s gests that their lifetimes are 

similar. 

Even in this small sample of 41 rotational states, the 

collisionless lifetime LO varies a remarkable factor of,lSO, 

from 20 nsec to 3.10 ~sec. A logarithmic plot of the decay 
~ 1 ! I 

rate TO vs K for various J is shown in Fig. 1. As in 

there is no smooth 
1 I I 

variation of L~ with J , K , or Erot (the 

rotational energy) in 41 . There is a strong average increase 
I 

in decay rate with increasing K or E t" This average trend ro 
is more accentuated 41 than in 4°. Lifetimes longer than 

! 

200 nsec are not observed for K ~ 4, and the longest lifetimes 
I 

(T 0 > 1 ~sec) are observed only for K = a. 

1 B. D CO Ll sults ------2-- ~0----~-~-

The single exponential decay times measured at ten 

different wavelengths within the D2co 4~ b are collected 
! 

e II. The ran of quantum numbers s led is J = 3 - 18, 

' K = 2 - 5. In several cases, more than one assigned transi-

tion was excited by the laser, yet a single exponential decay 

was observed. The li times range from 5,0 ~sec to 6.9 ~sec 
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with a mean of 6.2 usee. It is estimated that these lifetimes 

are collisionally perturbed by no more than about 10%, so 

the data indicate a slight variation of the collisionless 

decay rate with rotational state. A faster decay component 

was observed when the 

rQ 2 (6) and rR1 (11), 

laser excited the overlapping transitions 

-1 
~ 28382.8 em , at a n2co pressure 

of 0.08 mTorr. In this case only, a biexponential decay with 

Tf = 1.57 usee, Ts 6.1 usee, and If/Is ~ 2.9 (ratio of 

t to slow amplitude at t = 0) was observed. Such relatively 

fast decays are apparently quite unusual in 41 D2co. 

The n2co 43 lifetimes are faster and fluctuate more 

widely than the 41 lifetimes. The six single exponential 

decay rates reported in Table III range from 1.09 usee to 

2.46 usee. Single exponential decays were common only at the 

less crowded blue edge of the band. In addition to the data 

of Table III, seven tances of non- exponential decay were 

observed, presumably due to spect ove ap of lines having 

different upper state lifetimes. When analyzed as biexponenti s, 

these de yield li times similar to those of Table III. 

The 4~ band is of particular interest because Barnett, 

Rams , and 1115 I 1a:ve served and assi d rna tic rota-

tion activity indicative of s1 - T l perturbations for 13 

rotational states. An attempt was made to selectively excite 

these levels in the hope of observing anomalous behavior. 





- 11 -

In most cases, the appropriate lines are weak and/or overlapped 

by other transitions. Seven relatively favorable lines were 

studied, but the purity of excitation is questionable. Non-

exponential decays were observed in all seven cases at a 

pressure of 0.2 mTorr. Interestingly, when these are analyzed 

as two exponential dec , the slow component lifetimes of 

2.7- 5.5 vsec are 1 slower than those of Table III, while 

the fast component lifetimes of 0.49 - 1.3 vsec are typically 

faster than those of Table III. The slow components are weak, 

and may well be associated with slight absorption contamination 

rather than with some T1 non-radiative process. 

1 3 For the 2 4 level of n
2
co, single exponential decays were 

almost always observed; most of the lines studied were in the 

relatively uncrowded rR sub-bands. Occasionally two over-

lapped transitions were excited. The single exponential decay 

times are listed in Table IV. The lifetimes range from 212 

nsec to 1.61 usee, a variation of a ctor of 8. It appears 
i 

that states of higher K (or E t) tend to have shorter li ro 

mes, although the sample of states is too small to strongly 

support this conclusion. 
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IV. ELECTRIC FIELD STUDIES 

A. Spectroscopic Background 
~~~~~~~~~~~~~~~~~~~~~~N-~-~--

Both s1 and s
0 

H2co are nearly prolate tops. As the 

applied elect c eld increases from zero, a smooth transition, 

from a second-order to a first-order Stark effect occurs. 16 

The effect is first order when the perturbation - uEKM/J(J + 1) 

is much larger than the K-doublet splitting ~JK of an asymmetry 

pair. This is typically the case for K ~ 4 for the elds of 

interest here. (See Table V of Ref. 8 for a list of S 1 
I I 

splittings ~JK). As an example, for J = 5, K = 4 (~ 5 4 
' 

= 5 x 10- 7 cm- 1), the first-order limit certainly holds for 

elds E larger than 1 V/cm. The dipole moment u is 1.56 D in 

s1
18 and 2.33 Din s0 , 19 so that relative s1 - s0 energy spacings 

spacings can be tuned continuously by changing the electric 

eld. The quantity (Us - Us )E is 1.29 x 
0 1 

-5 -1 10 em per 

(V/cm), so that relative shifts of at most 0.06 -1 em occur 1n 

first order for the field strengths of 0 - 4600 V/cm used in 

this study, Second- order terms are about 10 2 smaller than the 

first-order term and are negligible when the latter does not 

vanish. 

The dye laser was linearly polarized along the electric 

eld direction giving ~M = 0 absorption selection rules. 

The relative absorption intensities for the M components are 

proportional to M2 for ~J = 0 (pQ and rQ) transitions and to 





c/ z - ) for 6J = + 1 (rR) transitions. 18 The former case 

seems most favorable for seeing an effect, since the components 

that move the far t in the field are most heavily weighted. 

Only for K - J and for the largest elds employed here does 

the broadening of an absorption line due to the Stark splitting 

become comparable to the laser linewidth of 0.10 - 0.15 cm-l 

FVvHM. It is es s entia! the case that the laser excites all 

of the M-components at eve eld strength. The signal-to-

noise ratio is poorer in these experiments than for the zero-

field experiments of Sec. III because the viewing region of 

the photomultiplier e must be severe rest cted. 

B. Results 

A wide variety of behavior was observed for the nine 

H2co 4~ transitions studied. For excitation of three of the 

most rapidly decaying SRL's having TO ~ 25 nsec, the fluores-

cence decay becomes non-exponenti as the elect c eld is 

increased to a few kV/cm. The lines rR3 (3), rQ 3 (10) and 

rR7(8) were s ed at pressures of 2 - 3 orr. In all three 

cases 9 l er-lived (60 - 100 nsec) decay s grow 

there is evi some amplitude towards 

ter (:S 20 nsec) s as well. of longer-, 

lived onents is ate ob ous' 

comitant growth of ter components is f t to discern. 

It is possible to analyze the multi-exponential decay as a 

sum of only two exp als in such a way that the slow 





lifetime 1 is a good estimate om th& slowest decay component s 

and the fast lifetime Tf is an upper bound on the lifetime of 

the fastest component. This is done by intentionally skewing 

Ts towards the longest time compatible with the data. This 

technique is used Sec. V~C for the quantitative interpreta-

tion of these results. 

Figure 2 shows the rR3 (3) fluorescence decay for various 

applied voltages. By integrating the total area under a 

linear fluorescence intensity vs time curve, a quantity 

proportional to the M-averaged fluorescence lifetime can be 

obtained at each field strength. Each M-component is weighted 

according to its relative absorption intensity. Normalization 

of the area to the intensity at t = 0 corrects for any laser 

energy fluctuations. A single exponential decay can be used 

to fix the proportionality constant. The reciprocal of the 

M-averaged lifetime, <T>~1 , is plotted vs electric field for 

the rR3(3) line in g. 1 of Ref. 9. Such plots are useful 

in that they characterize each multi -exponential decay by a 

sing well-defined number, thus clearly showing trends in 

average lifetime. 

For rQ 3 (10) and rR7 (8), components as slow as 79 nsec 

(at 2340 V/cm) and 65 nsec (forE~ 2340 V/cm), respective 

grow in. Interestingly, for rQ 3 (10) the quantity <1>~1 de-
- '1 

creases from 40 to 15 ~sec ~ as the eld increases from 

-1 0 to2.3 kV/cm and then increases up to 22 ~sec at 4.6 kV/cm. 

The behavior at s 11 gher fields might indicate that 
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resonance with a second s0 level is beginning to occur. 

Fluorescence from some lines studied clearly shifts 

towards faster decay rates with increasing electric field. 

For rQ3 (7) at 2.0 mTorr the lifetime gradually shifts from 

TO = 87 nsec to 52 nsec r 0 to 4.6 kV/cm; the decay re-

mains essentially single exponenti throughout. For rR3(S) 

at 1.6 mTorr, TO = 160 nsec, the decay is non-exponential above 

about 800 V/cm. The slowest component shi s to ~ 120 nsec 

and comparable amplitude fast components having T 'S 40 nsec 
-1 -1 grow in. The quantity <T>M smoothly increases from 6 vs 

to 13 vs-l as the field changes from 0 - 4.6 kV/cm. 

The two lines rR 7(9) and rR 7(10) showed no detectable 

change in fluorescence decay for fields of 0 - 4.6 kV/cm. 

The decays remained single exponential with lifetimes 

41 ± 4 nsec and 35 ± 5 nsec, respectively, at a pressure of 

3. 2 mTorr. 

Finally, two lines showed very sharp changes in the 

fluorescence decay with electric field. The case of rQ1 (13) 

excitation has been described and illustrated previously. 9 

For rR3(4) excitation, the zero field decay is essentially 

a single exponential with TO = 125 nsec. (There is a small 

faster component of 20% relative amplitude which is probably 

due to slight contamination by the nearby rR3 (9) line). At 

fields as small as 25 V/cm, the decay dramatically shifts 

towards faster components. The shift continues up to about 

150 V/cm,beyond which the average decay gradually becomes 
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slower again. Figure 3 shows fluorescence decays vs Stark 

voltage while Fig. 4 shows <T>~1 vs voltage. 

This small sample of experiments shows the wide variety 

of local environments in which 41 SRL's can be found, 

Section V-C discusses the extraction of quantitative informa-

tion about s1 - s0 couplings, s0 dissociative widths and s0 

level spacings from such experiments. 
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V. DISCUSSION 

It is highly unlikely that discrete s0 levels at ~ Z9000 
-1 em are dense enough and strongly enough coupled to s

1 
to 

result in a large molecule statistical limit such as that found 

in benzene or naphthalene.zo (The density of s0 vibronic 

-1 levels near the s1 origin is about 10 per em for HzCO and 

30 per cm-l for DzCO.z 1) As the only reasonable alternative, 

predissociation (S
1 

+ s0 + Hz + CO) is postulated to provide 

the necessary continuum of final states in the non-radiative 

decay of low-lying s1 levels. The step s0 + Hz + CO may in-
ZZ Z3 volve tunneling through a barrier to products. ' Observa-

tion of photofragments in a molecular beam would provide 

valuable experimental confirmation of this photochemical model. 

Quantitative calculation of the decay rate of a particular 

s1 SRL is> thus requires construction of a set of s 0 rovibronic 

levels 1~>, each described by its energy E~, an s1 - s0 
coupling mat element Vs~' and a width r~ due to dissociation. 

The essentially ab initio culations of Heller, Elert, and 

Gelbartz 4 represent a major effort along these lines. In the 

all ~' the decay of is> is as 

given byzs 

le exponential whose rate is 

(1) 





Experiment supports val of the weak coupling limit 

in that single i are consistently observed. 

The couplings Vs~ are dominated c terms; 26 ' 8 these 
-~~ 

are diagonal in J, K M a symmetric top basis set. 

Equation (1) shows major cont 

from coupled s 0 levels t are near 

In the actual molecule, a least J 

numbers so that e s1 SRL is 

nr ution to each rs 

resonant with Is>. 

M are od quantum 

to i s own peculiar 

subset of s 0 bronic levels. Va ations V s~, r ~ and 

Es - E~ thus contr rectly to va ations in rnr. 
s 

comes 

There are important stions about the nature of highly 

energetic s 0 levels. r e, if a harmonic oscillator 

b . . h 21 ' 24 s s . 1 v d s as1s 1s c osen, 1 - 0 matr1x e ements 5 ~ an 0 

dths r~ may vary over many or rs of magnitude. But if 

anharmonic terms in the s 0 tenti energy surface are "pre-

diagonalized," the res t g basis set is more nearly a 

"mole ar ei sta.tes" basis va ations of Vs~ and 

r~ will be great diminished. A simplified model in which 

v 
s~ 

and r~ are essential constant is the limiting case; 

va at ions must s be attributed to "resonance effects" 

invol (E ~" E ) e s ~ 
or of ' ( 1) . 

There are reasons to be ieve K is ve poor 

quantum number at hi 

vibration) coupling 

levels. 8 Such K-

ene 

can 

vibroni ly coup d to s 1 , 

nearly 

rease 

lute 

r olis (rota on 

degenerate ronic 

:l of levels 

sl- so mat elements 
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compared to those for a harmonic oscillator basis, and further 

diminish variations in 1 and r 1 . On the average, no increase 

in s1 decay rate results, because the larger number of coupled 

levels is canceled by the dilution e ct on vs 1 . Analysis 
27 of s0 high resolution vibration-rotation spectra suggests that 

off-diagonal Coriolis couplings between K and K ± 1 on the order 

-1 of 1 em are common; top asymrnetry gives li.K ~ ± 2 mixing in 

addition. In the limit of extreme mixing, the s0 rovibronic 

levels would still divide four sets of di rent symmetry 

species under the molecular point group c2v. Each s1 level would 

interact with the set of s0 levels having appropriate J, M, and 

symmet species. The density of such levels would be about 
j 

(2J + 1) P "b/4, where P "b is the vibrational level density. 
Vl Vl. 

This is similar to an RRKM-like limit which energy is 

statistically distributed among the vibrations and the K rotational 

degree of freedom. 

A re ted question involves the "shape 71 of the s0 continuum. 

28 The calculations of Yeung and Moore assumed that each s0 

level was broadened by dissociation to the po of overlap 

with adjacent levels, ding a "smooth" continuum. SRL 

lifetime fluctuations might still be explained by wide 

variations in Vs 1 . The opposite limit is one in which s0 
widths are small compared to spacings, so that the continuum 

is 11 lumpy." Or both types of behavior may occur in limited 

energy regimes. Information about 1 of these points is 

beginning to emerge. 
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B. H CO Behavior 
~~~~~~2~~~~~~~~~~~ 

4° and 4
1 

levels. It is reasonable to conclude 8 that 

e longest 4° and 41 SRL lifetimes observed, 4.2 ~sec and 

3.1 ~sec, respect ly, are essential the ative li 

times of these vibronic levels. The 41/4° ratio of 0.74 ± 0.07 

agrees 1 th the rat of ative li t of 0.68 ~c 0.12 

derived Shibuya, et a1. 29 from fluorescence intensities. 

The vast majori of SRL lifetimes are much shorter than 

radiat 

The 41 Stark experiments, especi se revealing 
~ 1 . 

sharp edges on the plots of <T>M vs electric field, show 

that the continuum of s 0 levels coupled to s 1 is locally 

nlumpy" in the c ty of the 4° and 41 levels. A picture 

in which s 0 widths or s 1 ~ s 0 couplings exceed level spacings 

is inappropriate here. Section V~C discusses further details. 

For K
1 

> 3, 25 ~ 100 nsec lifetimes are typical for 41 

while 80 - 250 nsec lifetimes are typical for 4°. The 4° 

and 41 inversion doublets are separated by only 125 cm-l of 

vibrati 
. 1 em ·· of 

ener 

ot in 

attributed to larger i 

tor of 3. This corres 

F tOTS 
v 28 of \)4, 

ed th a range of bout 0 - 1000 

es. e ter 41 decays are thus 

to the notion at sl .• s 0 

d rease ti ta 

In 40 and espec ly in 41 
' the SRL de TatEJ increases 

I 

on the average with creas Erot or K . Tte so vibrational 





level density and the average s 1 - s 0 matrix element should 

not change over the range of energies studied. An explanation 

in terms of increased widths ri of the levels coupled to sl 
I 

E or K as rot increases is therefore sought. This would also 

explain why the longest li times are not observed for large 
i 

Erot or K ; as the s 0 dths increase, open spaces between 

levels become rare, Miller's 23 tunneling model for the widths 

r 1 is of interest in this context. The s 0 vibrational states 

are treated statistically and the reaction coordinate is 

assumed separable in this RRKM-like approach. 

If K is a fairly good quantum number in s 0 , then such 
I I 

a model predicts slower decay of s 1 SRL's as J and K in-

crease. 22 This is because the s 0 (and transition state) ro-

tational constants are larger than those of s 1 . Increases in 
I I 

J or K require conversion of s 1 electronic energy into s 0 
rotational energy (since J and K are conserved), leaving less 

energy available for the reaction coordinate. Typical r 1 's 
I I 

will decrease as J and K increase. If K is a good quantum 

number in s 0 , the data require a model in which r 1 explicitly 

increases with K, 

The opposite point of view asserts that K is a very poor 

quantum number in s 0 . In the extreme case the "K-content" of 

each s0 level becomes microcanonical, i.e., each K having 
I 

/K/ ~ J is equally likely. The rotational energy of such a 

level depends only on J and can be calculated easily. Various 
I I 

s1 J K SRL's either add to or diminish the energy available 
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to vibrational es of freedom in s0 (including the 
S I I 

according to whether Er~t (J , K ) is 

smaller or 1 r the s
0 

rotational energy for the same 

J The s a ili ass tion i retained. Such a model 
I I 

pre cts e st r ' . 9., s the case J ~ K >> 0 and the 
I I 

smallest rp,'s r J >> K ~ 0, which is different from a 
I 

simple trend of increasing cay rate with K or Erot" The 

do not con usive support this model. The large flue-

tuations in T; 1 due to s1 - s0 resonance effects make it 
I 

difficult to separate possibly simple trends in rQ, with K or 

E t" An absorption s ctrum of high rovibrational levels of 
YO 

s
0 

might shed light on the issue of K-conservation. 

Shibuya and Lee 6 have recently reported absolute fluores-

cence quantum yield (¢f) measurements for individual rR3 lines 

of 4t H2co at 40 mTorr. Variations qualitatively similar to 

(but of smaller magnit than) those of the direct TO measure-

ments were found. For the cases rR 3 (3, 4 and 9) for which 

clean excitation of a single line appears possible, the value 

T rad 3 ]JSeC is used to convert present lifetime measure-

ments to cpf values. derived values are uniformly 2 - 3 

t s smaller e Shib and Lee. Rotational relaxa-

tion at 40 mTorr may cause transfer to longer-lived SRL's and 

af ct the comparison. 

an assumed ue of 1.0 

measurements s st 

The ¢f measurements were calibrated to 

r D2co 41 at 5 mTorr; direct li time 

0 7 . .b . 3 ·. 1s a etter est1mate. 
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her vi onic Zevelo, Other workers have obtained in-

formation about SRL behavior in higher energy H2co vibronic 

5 levels. Tang, Fairchild, and Lee report no significant varia-

tion of ¢f within the 2241 level (Evib ~ 2500 cm- 1
) with an 

accuracy of 20%. The H2co pressure was less than 0.2 Torr. 

7 Selzle and Schlag have recently reported lifetimes of 18 

2241 SRL's for H2co expanded in a supersonic jet. Rotational 
I 

levels having J = 0 - 5 and K 0 - 2 were sampled. The 

lifetimes vary only from 6.1 to 9.9 nsec. The behavior of 
I 

higher K levels would be interesting. The agreement between 

the jet li times and the earlier broadband 2241 lifetime of 

9.8 nsec obtained by Miller and Lee 2 at 2 Torr in a bulb gives 

hope that such broadband, high pressure measurements provide 

a good indication of the collisionless behavior of higher H2co 

vibronic levels. The short, rather uniform lifetimes within 

2241 are consistent with the idea that typical r£ and Vs£ have 
-1 

increased at Evib = 2500 em , due to faster s0 + H2 + co decay 

(perhaps no longer requiring tunneling) and better sl - so 
Franck-Condon factors 28 . Recent calculations show erratic 

fl . f v -,, . 21' 30 · uctuat1ons o average s£ as nvib Increases. The s0 
-1 level density has changed very little over the same 2500 em 

The continuum is apparently fairly smooth in this energy region. 

At still higher energy experiments might show still smaller 

random variations of li t with rotational state. 

On the other hand, SRL relative ¢f measurements of 
5 3 1 -1 Tang, et al. on the 20 40 band of H CO (E . = 36CO em ) show 2 Vlb 





fluctuations of a factor of 2 - 4. These were attributed to 

Coriolis coupling within s
1 

to vibronic levels of different 

lifetime. Such vibronic lifetime variations due to 

are not expected to wash out. An additional factor is the 

opening of the H + HCO channel for these higher levels. Stark 

experiments on such levels could directly test the local 

smoothness of the continuum. 

C. Molecular Parameters from Stark Results 

In favorable cases, quantitative estimates of particular 

molecular parameters such as Vs~,r~, andEs ~ E~ can be derived 

from the Stark experiments on 41 H2co SRL's. Difficulties 

arise from the excitation of all theM sub-levels, which leads 

to multi-exponential decays of total fluorescence, and from the 

unknown "K·-content" of the interacting s0 levels, which leads 

to uncertainty of a factor of 2 or so in the tuning of Es - E2 
with electric field. No experimental information about these 

parameters was previously available, so that even order of 

magnitude estimates are quite useful. Comparisons with cal­

culated values of Vs~ 21 ' 30 and r~ 23 are of interest. 

The electric field perturbation v • E has A2 symmetry in 

h C 
. 34 t e 2v po1nt group. Thus v • E and the nuclear kinetic 

energy TN (which is total symmetric) couple different sets 

of s0 rovibronic levels to each s
1 

rovibronic level. For 

fields up to 5 kV/cm, the inter-electronic matrix elements of 

v • E are at least 10
4 times smaller than average matrix 
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elements of TN, 31 and are thus negligible in the present ex­

periments. Furthermore, mixing of wavefunctions within s1 

by the field is a second-order effect; mixing coefficients 

are always smaller than 1%. The explanation of the large 

changes in fluorescence decay time with the Stark field must 

involve shifts in s 1 - s0 level spacings. 
I I 

For the rR3 (4) case, we assume that J = 5, K = 4 inter-
n n 

acts with J 5, K = 4 s0 levels. Then the dramatic shift 

in lifetime from 120 nsec to ~ 20 nsec for fields of only 

70 V/cm (see Sec. IV-B and Figs. 3 and 4) occurs for relative 

s1 - s0 energy shifts of only~ 3 x 10- 4 cm- 1 . Furthermore, 

some 70% of the decay amplitude shifts and only gradually re­

turns to slower components, suggesting that the s1 level at 

zero eld is in a narrow valley surrounded by at least two 

nearby s0 levels. (For only one interacting level, if the 

M < 0 sub-levels shift towards resonance, the M > 0 sublevels 

shift away from resonance leading to longer-·lived decay com­

ponents which are not observed in this case). Referring to Eq. 

X 10- 4 (1), the situation requires that E - E,Q, and r,Q,/2 be < 3 s ~ 

-1 for so levels else the strong shift could em some or not 

occur. Weak couplings vs,Q, smaller than about 10- 4 em -1 are 

also necessary. Trial and error suggest that parameters such 

V 10 -4 -1 r 3 J0-4 -1( d" t r as s,Q, ~ em , ,Q, ~ x . em correspon .lng o ~S OI 
0 

18 nsec) and two or three such weakly coupled levels within 

- 5 x 10- 4 cm-l could fit the data. The field rapidly tunes 

many M st&tes into strong coupling with the nearby levels. 

The behavior is reminiscent of that of the 4° K-doublets, 8 for 
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which different lifetimes were observed 

tings as small as 8 x 10~ 4 cm- 1 . 

spite of sl split-

-1 9 The narrow resonance shape of <T>M for the rQ 1 (13) case 

suggests that a single s0 level tunes into and then out of 

resonance with the s1 level excited. There is only a second­

order Stark shift in s1 , while that of the teracting s0 levels 

is not known. Detailed calculations show that unreasonably 

large second-order relative s1 - s0 Stark shifts are necessary 

to make the resonance broad enough in cm-l to explain the fast 

components of ~ 250 nsec. Furthermore, most of the M sub-levels 

must shift into resonance essentially simultaneously, an 

effect that is difficult to obtain with either first or second-

order s
0 

Stark effects. An asymmetric lineshape,which does 

not return to the baseline at high field is reminiscent of a 

perturbation which increases with the field. The interelectronic 

Stark couplings are much too small to explain the 250 nsec 

decay component, however. The origin of the unusual rQ1 (13) 

lineshape is not simple. 

For the cases in which the overall decay gradually shifts 

towards faster components, it is difficult to restrict the para-

meters. For rR 7(9) and rR 7(IO), the two cases for which no 

change occurrred from 0 - 4.6 kV/cm, the suggestion is that 

the s0 structure is quite uniform over local ener regions 

of ~ 0.02 cm-l or more. The fast decay rates could be du~ 

to strong coupling (V51 ~ 0.02 cm- 1) to a nearby level of 
-4 -1 

width r 1 ~ 3 x 10 em (TS ~ 20 nsec) or to weak coupling 
0 





- 2 7 -

-1 
(Vs~ << Es - E~) to broader, more distant (Es - E~ > 0.04 em ) 

levels. A Doppler- e sorption spectrum could distinguish 

these possibilities. 

A different approach was available for rR
3 

(3). (See Fig, 

2 and Fig, 1 of Ref, 9), At each eld E, the slowest decay 

time was measured and is attributed to the M = 2 sub-level of 
i I 

J == 4 , K = 4 • (The s tion weighting is 16 - M2 ; though 

the IMI = 3 levels move the furthest, they are weak components). 

As shown in Fig. 5, the slowest decay rate r (E) monotonically s 

decreases a factor of 4 over the range 0 - 4.6 kV/cm, pre-

sumably because theM = 2 level moves out of resonance with a 

coupled s0 level and encounters no other levels of comparable 

importance. Referring to Eq, (1), define o~(E) = Es E~ + aE 

as the field-dependent s1 - s0 splitting, where a is a similar 

constant for all interacting s0 levels. In the weak coupling 

limit, a field E can change an s0 level's contribution tors 

only if it is "nearby,n the sense (aE) 2 :;: o~(0) 2 
+ (f~/2) 2 . 

In the strong coupling limit jvs~l ~ IEs - E~ - if~l, the 

field can change the contribution only if (aE) 2 ~ 1Vs~j 2 ; the 

level has then moved out of the strong coupling regime. 

Using such ideas, now assume that for 

only one s0 level cont utes most of 

that one level m. tion (1) then leads to 

d r ) . Label s 

usable res t: 

(2) 
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where r (O)/f (E) can be measured and aE can be calculated 
s s 

n n 
by assuming the coupled level has J = K = 4, The "one-

state" assumption is supported (but hardly proved) by the fact 

that r (0)/f (E) increases monotonically (as if no new re-s s 

sonances are encountered) by a factor of four (as if the nearby 

level dominates the zero-field decay rate), 

Equation (2) is sensitive primarily to the ratio 26 (O)/f . m m 

The off-resonance assumption 6 (0) 2 
>> (r /2) 2 leads to a good m m 

fit of rs(O)/fs(E), Fig. 5$ and the measured rs(O) for the 
-1 2 -7 -3 parameters 6m(O) = 0.027 em $ Vsm rm = 1.55 x 10 em , The 

off-resonance and weak coupling assumptions can separate V and m 

rm only to an extent: 0.002 < r < 0.02 cm-l and 0.009 > V m sm 
> 0.003 cm~l 

A dead-resonant assumption (rm/2) 2 
>> 6m(0) 2 cannot fit 

the curvature of the data well. (See Fig. 5). The compromise 

assumption 6 (0) = r /2 can fit the data, and it results in m m 

the values cSm(O) 0.014 
-1 

vsm 1.7 10- 3 -1 and :::: em = X em 
' ' 

r 0.028 -1 shown in Fig. 5 ' = em as m 

A strong co ling~ "one~ level" assumption leads to the 

estimates r m 

cSm(O) $ 5 X 

All of 

estimates: 

4 10- 4 -1 v ~ 5 ~ X em ' 
X sm 

7 -1 10-.) em 

these limits lead to 

-3 -1 
vsm ~ 5 x 10 em ; 

similar 

10- 3 -1 and em 

order of magnitude 

cm- 1 , corresponding to 13 > T > 0.2 nsec; and om(O) < 0.03 
so 

-1 em Similar parameters result from comparab analyses of 

and rR 7 (B) data. All the results 
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of this section must be viewed cautiously, of course, but 

they compare quite favorably with recent theoretical efforts. 

Elert 21 obtained a median s1 - s0 mat element 

of 7 x 10- 3 cm- 1 . Miller's s0 lifetimes against 

1 for 4 H2co 

1 " 23 tunne ::tng 

decrease from 300 nsec to 1 nsec as the vibrational energy 

increases from 2500 cm-l below the barrier to the barrier 

height itself. 

D. D CO Behavior 
~~~~~~2~~~~~~~~~~~ 

The discussion of Sec. VA applies to D2Co as well. Again, 

the longest observed 4° and 41 SRL lifetimes, 8.1 and 6.9 ~sec, 

are probably nearly radiative. The 41/4° ratio of 0.85± 0.09 

agrees well with the ratio of radiative lifetimes 0.82 ± 0.08 

derived from fluorescence studies by Shibuya, et a1. 32 The 

4° and 41 SRL lifetimes fluctuate about 30%, presumably due 

to small non-radiative components (Lifetime lengthening as 

an explanation of the longest lifetimes would require very 

large s1 - s0 total mixing coefficients of~ 0.3). For 43 

1 3 and 2 4 , the longest observed exponen al decay times 

(Tables III and IV) are at least a factor of two shorter than 

the estimated radiative li times. 2 

The primary motive for studying the 43 (E . b 669 -1 em ) 
V:l 

and 2143 (E 1847 -1 D2CO SRL lifetimes was if "" em ) to see vib 

larger lifetime fluctuations would begin to occur at energies 

corresponding to the opening of the D2 + CO photochemical 

threshold at high pressure, 5 Torr. This is indeed the case. 
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The 43 lifetimes vary at least a factor of 2.5, while the 2143 

lifetimes vary a factor of 8 or more. Earlier broadband work1 ' 2 

had already shown that the average n2co lifetime shortens 

dramatically as E .b increases. Clark, et a1. 33 have measured 
VJ_ 

the absolute quantum yield of n2 + CO photochemical products 

at 5 Torr after broadband excitation of various vibronic bands. 

A threshold behavior is observed. The equilibrated 4°/4 1 

-1 
(Evib < 70 em ) average eld is 0.10 ± 0.10. The 

gradually rises to essenti ly one for 2241 (E . = 
Vlb 

yield 
-1 2400 em ). 

Intermediate values of 0.30 for 2141 (E "b = 1244 cm- 1) and 
Vl 

0.90 for 2143 were obtained. The agreement between the onset 

of D2 + CO photochemistry and the onset of shorter, more widely 

fluctuating SRL lifetimes is taken as evidence that photo­

chemistry is indeed the cause of the collisionless decay of 

s1 . Again, products have not yet been observed under isolated 

molecule conditions. 

Several isotope e cts can exp in the much slower n2co 

non-radiative rate as compared to H2CO at similar energy. 

The s1 s0 matrix elements Vsi are estimated to be at least 

10 times smaller in n2co, 24 , 30 essentially due to smaller 

Franck-Condon tors. Miller 23 finds that n2co tunnels 

more slowly than H2co by a tor that varies from 35 near 

the s1 origin to 8 at 

comparison is between 

-1 out 2000 em above s1 . This 

D2co and H2co rates at the same energy 

relative to their respective s1 origins. In spite of the 

higher s0 n2co level density, the widths and couplings are 
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apparently too small to permit photochemistry to compete with 

radiative decay at the s1 o gin. At higher energy, the non­

radiative channel gradually becomes important. Eventually a 

"smooth continuum" limit should be reached. 
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IV. CONCLUSION 

Much has been learned about the collisionless decay of 

H2co and D2CO from low-lying s1 SRL 1 s. The emphasis is 

shifting from attempts to understand the basic mechanism 

towards efforts to obtain quantitative information about 

the molecular parameters (S 1 - s0 matrix elements and s0 

widths and spacings) that determine decay rates. The new 

technique of Stark shifting the s1 - s0 level spacings 9 

clearly demonstrates that the continuum of s0 levels coupled 

to s1 is characte zed by levels well separated compared to 

their widths, at least near the s1 origin. A smooth continuum 

model is not appropriate. Quantitative estimates of Vs£ in 

a few favorable cases indicate that recent calculations 21 ' 24 

of s1 - s0 matrix elements of the nuclear kinetic energy 

using Herzberg-Teller theory give reasonable values. Estimates 

of a few s0 widths are similar to recent tunneling 
23 

calculations of the s0 + H2 + CO rate. The tunneling 

mechanism permits fast non-radiative decay of s1 even if the 

barrier to H2 + CO lies above the excited s1 level, as is 

indicated by ab initio calculations. 22 There is a suggestion 

in the data that at least some memory of the initial K quantum 

number is preserved in s 0 , and that the widths r 1 may increase 

with K as well as with total vibrational energy. For D2co, 

the fact that non-radiative decay and fluctuations in SRL life-

times become important the energy region of the high 

pressure D2 + CO photochemical threshold is strong evidence 
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that the non-radiative is due to photochemistry. 

Electric field studies of additional 41 H2CO SRL's, 

of higher H2co vibronic levels, and of D2co will provide 

further details about the nature of the s0 continuum. The 

ultimate formaldehyde li time measurement will at least 
I I I 

involve Doppler-free excitation of single J K M levels in 

the presence of an elect c field. Such an M-selected 

experiment will avoid many of the complications encountered 

in the present work, Doppler- e absorption spectra could 

reveal details of the s1 - s0 couplings which are presently 

hidden; strong coupling vs weak coupling situations would 

be easily distinguished. Pressure dependent Stark experi­

ments may be of interest in terms of the collisional decay 
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Figure L 
i 

vs K . The trend 

Figure 2. 

arithmic plot of H2CO 41 SRL decay rate 
I 

of increasing rate with K is quite strong. 

The dec 1 of total fluorescence after 40 , 

(3) excitation of 2.2 mTorr of H2co for various applied 

volt s. Electric eld strength can be obtained by vi ding 

e voltage by 1.28 em, The zero field lifetime is 25 nsec, 

le slowest onent at 5900 V is about 100 nsec, four 

times longer. 

Figure 3, The decay of total fluorescence after 4~, 

rR
3

(4) excitation of 2.3 mTorr of H 2co for various applied 

voltages. The zero eld decay is nearly a single exponential 

of lifetime 125 nsec. By 100 V, as much as 80% of the decay 

has s £ted to faster components of lifetime S 20 nsec. 

Figure 4. Plot of the reciprocal of the M-weighted 

lifetime for 1 (4) excitation of H2CO applied aver 40' vs 

Stark volt e c. IV-B of the text. 

Figure 5. The ratio of the decay rate at zero field to 

slowest decay rate component at each electric eld, plotted 

vs electric field for ( 3) ' 41 
0 excitation of H2CO. The lines 

resent fits of the a to Eq. (2) under these assumptions: 
2 2 -1 solid line, 6m(O) >> (fm/2) and 6m(O) = 0.027 em ; dashed line, 

(---), crm/2)
2 

>> 6m(0) 2 rm = 0.025 cm- 1
; broken line ~); 

-1 
8 ( 0 ) = r I 2 "" 0 . 0 14 em . m m 





XBL 7911~12715 





X 

s J 





200 ov 
v 

v 

ov 

v 
2 

0 400 

e (nsec) 

XBL 14 





) l!\1 
I 

-
-

Q) 
ry 

0 

1'-
0 
1'­
N 
I 

CD 
OJ 
1'-

_j 

CD 
X 





' ' ' ' 

CX) 

\ 
\ 






