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Collisionless non-radiative decay rates of single rotational 
-~-------~--------------------------------~----------------~ 

levels of Sl formaldehyde 
--~----------------------

James C. Weisshaar and C. Bradley Moore 

Department of Chemistry, University of 

California, Berkeley,California 94720. 

and 

Materials and Molecular Research Division 

of the 

Lawrence Berkeley Laboratory, Berkeley, Califolmia 94720 

Fluorestertce lifetimes of single rotational levels of 

the lowest vibrational level of the first excited singlet 

state of H2CO and D2CO have been measured under collision 

free conditions following excitation by a pulsed dye laser. 

F6r H2CO, the lifetimes range trom 66 ns to 4.2 ~s with a 

median of about 160 ns. Individual lifetimes show no system-

aticvariatibn with 

by as little as & x 

different lifetimes. 

, , 
J , K , or Erot . K-doublet levels split 

-4 -1 10 em in Sl ate observed to have 

The H2CO results are interpreted in 

terms ofa seq,uential coupling model (Sl -+ So -+ continuum) 

in which the final st~tes ~re those of the H2 + CO dissociation 

continuum. For D2CO, the lifetimes vary between s.B andB.l 

~sand are nearly radiative lifetimes. 
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I. INTRODUCTION 
-------~---------

Until very recently, non- radiative decay rates of poly

atomic molecules have been studied only to the level of detail 

of initially prepared single vibronic levels. l Very little is 

known about the decay of s~ngle rotational s,tates. Theoretical 

treatments have usually considered only vibronic intramolec"ular 

perturbations; the rotational degrees of freedom have be~n . 

ignored. 2 Experimental work has been limited by laser line-

widths, by poor signals at pressures for which rotational re

laxation is unimportant, and .by the high densi ty of rovibronic 

tr~nsitions for larger molecules. The availability of better 

lasers and the possibility of ~ooling large molecules in a 

nozzle ~xpansion3 improves the experimental ~ituation. 

There are only a handful of studies. concerned with the 

fate of single rovibroniclevels. Rotational relaxation 

is very fast and converts an initial state to abroad 

distribution of other Sl states 

and benzene. 6 Naphthalene 7 and 

4 5 in the ~ase~ of glyoxal ' 

formaldehyde 8 - 11 have 

been shown to exhibit a partially resolved rotational state 

dependence of fluorescence quantum yield and Sl lifetime. 

Such effects were searched for, but not observed, . in glyoxa1 5 

and benzene. 12 Rapid rotational relaxation may render studies 
J 

of the rotational state dependence of electronic quenching 

impossible. It is increasingly clear that "zero pressure" 

. may occur at lower pressures than was previously expected. 6, 10 
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This paper reports direct measurements of the fluorescence 

decay rates of single rotational states of Sl formaldehyde at 

pressures low enough to preclude significant collisional re-

1axation.:The HZCO lifetimes for the 40 level vary by more 

than a factor of 50 with rotational state. The results Suggest 

possibilities for the photochemical decay mechanism of formal

dehyde as well as for the role of rotational state in the non

radiative decay of intermedlate-sizedmolecules. 
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II. EXPERIMENTAL 
--~~---~---------

Many of the experimental details have already been 

described. lO Only the relevant modifications and additions 

will be discussed here. Pressures near 1 mtorr were measured 

to better than ± 20% with a 0- 1 torrcapaci tance mariometer 

(Baratron 3lO-BH) c6nnected directly to ~he fluorescence cell. 

For these higher resolution studies, the N2 laser pumped dye 

laser included an air-gap etalon (2 c~-l FSR, nominal finesse 

of 25) in the oscillator. Both the etalon and the grating 

wE;re contained in a pressure tank which provided smooth wave

length tuning when pressurized with N2 gas through a needle 

valve. A typical laser output energy near 370 nm was 0.1 mJ 

per pulse us ing the dye BPBD in 2: 1 ethanol/toluene. Shot- to-

shot fluctuations in the pulse energy and in the fluorescence' 

intensity were about 10%, indicating good frequency stability. 

The oscillato,r lased on a single etalon mode~ as evidenced 

by the extinction ~f the output between modes as the etalon 

was tilted, and by the absence of 2 cm- l periodicity in the 

excitation spectra described below. 

The laser pulses passed through two separate fluorescence 

cells, each equipped wi th ail RCA 8575 photomul.tiplier tube 

for viewing fluorescence perpendicular to the beam. One cell, 

des cribed previous ly, 10 was equipped with f()urbaffles made 

of red glass cutoff filters and support~d by glass sleeves •. 

This cell was used to obtain fluorescence decay curves for 

iowpressul'es of formaldehyde. Two cm of nearly saturated 
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solution of NaN0 2 in water was used between the viewing 

window and the PMT as a uv cutoff filter. The filter trans

mits > 60% above 430 nm and < 0.5% below 410 nm. 
~ 

A second f1uores~ence cell was a 20 cm long, 2.5 cm 

i. d. quartz cylinder used to obtain fluorescence exci ta tion 

spectra of formaldehyde 'at pressures in the range 1 to 5 torr. 

A glass uv cutoff filter (50% T at 408 nm) was used between 

the cell and the PMT to diminish scattered light. Current 

pulses from the second PMT were fed to a gated electrometer 

whose time aperture was set to integrate the entire fluorescence 

pulse. The electrometer output voltage was applied to the 

Y input of an analog XYp10tter whose X'axis followed the 

output voltage of a capacitance manometer (Va1idyne DP-7, 20 

psi diaphragm) connected to the pressure tank of the dye 

laser. In this way~ the X axis was linear in the tank 

pressure, and hence the wavelength, independent of the time 

linearity of the pressure. The spectrum of total fluorescence 
.' . -1 

intensity vs wavelength was obtained in 10 cm intervals, 

corresponding to pressure scans of - 20 psi of N2• After 

each scan, the grating was manually tilted to set the initial , 

wavelength for the next scan. 

A segment of the 0 
41 spectrum of H2CO is shown in Fig. 1. 

The FWHM of the laser, as estimated by the width of the well
-1 isolated features, is 0.15 cm. for this scan. The linewidth 

-1 varied between 0.10 and 0.25 cm from time to time, with 

0.15cm- l quite usual. Such linewidths are broader than the 

Doppler width of· 0.06 cm- l but are sufficiently narrow to 
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excite single rotational levels quite selectively in many 

cases. 

After a 10 cm- l spectrum had been recorded, a particular 

absorption feature could be excited by pressure tuning to the 

wavelength of interest. The first fluorescence cell was 

filled with a low pressure of H2CO and a decay curve was 

obtained by averaging- 1000 shots of fluorescence plus 

scattered light, pumping out the cell, averaging the same 

number of shots of scattered light, and digitally subtracting 

the two curves. This process required about 15 min. Once 

set, the laser wavelength was stable for an hour or longer, 

as monitored by changes in the average fluorescence signal 

from the second cell. 

Thet = 0 amplitude of the scattered light pulse was as 

much as 100 times .that of the fluorescence signal. for the 

weakest absorption features studied at mtorr pressures. For 

lifetimes faster than - 200 nsec,the PMT current passed 

through a 50 n load and the lIe fall time of the scattered 

light pulse was 7 nsec. In these cases, the first 50 nsec 

or so of the fluorescence decay was obscured by scattered 

light and was discarded. Decay components faster than 

- 25 nsec would not have been ob~erved unless they were very 

strong. Longer time constants were used for longer life

times. The lIe. fall time of the scattere.d light was always 

at least eight times shorter than the lifetime being 

measured. 
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For the single exponential decays, the log plots of 

f1~orescence intensity vs time were typically .linear over 1.5 

decades. The decay times are considered accurate to within 

± 5%. They are typically reproducible to wi thin ± 5% from 

day to d~y. The few non-exponential decays reported were 

fit as a sum of two exponential decays with rates whose 

accuracy is typically ± 15%. In some cases the slow com

ponent was very weak and was determined to only ± 50%. The 

t = 0 relative amplitude 6f the two components, If/Is' is 

accurate to ± 30%. 
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I I1. RESULTS - __ #v""' ______ _ 

A. Spectrescepy -----------------
o '. 

The retatienal structure .of the 41 h.ot band abserpti.on 

.of HZCQ has been nearly completely assigned by Sethuraman, 

Job and Innes. 13 Fer DZCO, the assignments used were these 

.of Orr~14 It was a relatively easy matterte calibrate the 

wave length scale .of an exci ta tien spectrum 'and match numeri cal 

assignments with .observed fluerescence peaks. With .only twe 
" . \ 

exceptiens .out .of abeut ZOO cases,15 every assigned wave-

number value matched an .observed peak within the present 
-1 . reselutien of ± 0.1 cm • Additienal unassigned lines were 

quite -cemmen, especially near the band center. Thesewere 
, 

almest always w.eakand can be attributed mainly te K = 0 

and 2 lines, nene .of which have been as-signed. 

The 4~ band is perpendicu1ar16 (type B), and primarily 

rR and rQ lines were studied, since they are strong ~nd lie 

On the relatively uncengested blue side .of the band. (The 
- II 

netatien rQK"(J ) denetes a ~K = + 1, ~J = 0 transiti.on in 

" " abserptien frem the J K greund state). In beth the upper and 
. 0 

1ewer states .0£ the 41 transitien~ HZCO is a slightly 

asymmetric, near-prelate t.op13 (K =-0.9699 fer 40 and 

K = -0.9675 fer- 41). The usual practice is to classify r.o

tatiena1 states under the: symmetry .operatiens .of DZ' the 

retatiena1 'sub- greup f.orthe asymmetric tep, rigid reter 

Hami1tenian. 17 The eperatiensare CZ
a , Cz

b , and Cz
c , which 
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are rotations about the (molecule-fixed) 'principal inertial 

axes a, b, and c. Each s tate is symmetric (+) or anti-

symmetric (-), with respect to these operations, and specifica

tion of any two symmetries determines the third. The notation 

(+-), (--)', etc. gives the behavior under Cz c (first label) and 
a . 

Cz (second label). In this paper, K refers to the good quantum 

number K_l in the prolate,top limit; the CZ
a label is + or -

for K even or odd. Similarly, the parity of the oblate top 

limit quantum number Kl corresponds to the sign of the Cz c 

1 b 1 h h J t · 18. . lId h a e , so t at t e· no atl0n 1S eaSl y re ate to t e 
K_lKl 

(+-) notation. 

A more rigorous technique which does not rely on the 

separation of electronic, vibrational, and rotational 

coordinates involves classifying each zeroth-order wave

function under the full symmetry group of the Hamiltonian,19 

. whi ch is isomorphic wi th CZv 0 This permits defini ti ve s tate

ments as to which levels can or cannot be coupled by intra-

molecular perturbations. For CZv symmetry (as in SO), each 

of the four rigid rotor DZ species has a different representa-

tion under CZv as follows: ( ++) -+ 
r 
AI' (-+) -+ (--) -+ 

(+-) -+ r Bzo For Cs symmetry (as in non-planar Sl)' the. 

r ' r " correspondence is : (+t) and (--) -+ A; (-+) and (+-) -+ A. 

The overall rovihronic species is obtained in the usual way 

by taking the direct product of the electronic, vibr~tional 

and rotational species. 

The splitting of the K-doublets due to asymmetry increases 
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with J but decreases rapidly with K. In either electronic 

state, for thermally important transitions, the splitting is 

smaller than the Doppler width (0.06 em-I) for K ~ 3, so that 

Sl doublet components cannot be selectively excited for 
, 

K 2 4. In these unresolved cases, the laser populates both 
, 

doublet components equally. For K ~ 3 the doublets are typical-

ly resolved and assigned, so that a particular component can 

'be excited. An example is the case of rQZ excitation. The 
, , 

K = 2 doublet becomes resolvable for J > 6 and two lines are 
, , 

observed. Because of the selection rule, for K = 3, J > 6 

it is possible to excite either the (+-) or (--) component 

even though they are split by as little as 8 x 10- 4 cm- l in Sl. 

The purity of excitatibn of a particular rovibronic 

transition is difficult to assess, since weak unassigned 

transitions could always overlap the desired transition within 

the laser linewidth. Features that were obviously broader than 

the laser or that showed poorly resolved shoulders were avoided. 

Assigned featur.es within 0.2 cm- l of each other were not well 

resolved. Results are reported only for cases of apparently 

clean excitation. 

B. Pressure dependence of fluorescence decays 
---~-~----~---~-----------~--------------------

The total fluorescence after. apparently clean excitation 

of a particular SI rotational ·level at low¢nough pressure 

nearly always decays as a single exponential, and the decay 

rate varies more than a factor of SO. At higher pressures, 

• 

• 
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there is competition among rotational relaxation within 40 , 

vibrational relaxation to 41 , and electronic relaxation out 

Since total fluorescence is observed, relaxation to 
i 

states of "primarily longer lifetime should appear as a long-
, , 

lived tail on the ma~n decay. 

Only.a few Stern-Volmer plots we~e generated. Several 

distinct types of behavior were observed. For long-lived 

states having TO = 450 ns to 4.2 ~s, the decays are single 

exponentials and the Stern-Volmer plots are linear from about 

0.5 to 10 mtorr. The quenching rates are typically - 100 ~s-l 

torr-I, or about 10 gas kinetic. Examples include rRO(2), 

rQO(4), rQO(6); and rQO(7). For faster decaying states, a 

slower tail grows in with pressure, typically above 5 mtorr, 

indicating that rotational/vibrational relaxation within Sl 
, 

at least competes with electronic quenching. Examples in-

clude rR6 (9) (TO = 88 risec) and rQO(5) (TO = 298 nsec). For 

rQ O(9) (TO = 313 nsec), the decays became slightly non-ex

ponential above a few mtorr, but a resolution into fast and 

slow components was impossible. Finally, for the rapidly 

decaying state rR6 (9) (T 0 = 88 ns), a plot of inverse 

relative fluorescence quantum yield, -1 
¢f ' vs pressure was 

obtained by integrating the fluorescence intensity vs time 

curves and normalizing the area to the peak intensity. ¢f 
-3 increased very slightly (by less than 10%) between 10 and 

0.1 torr, presumably reflecting a competition between electronic 

relaxation and rotational relaxation to longer-lived states. 
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For each rotational state, it was desirable to measure only 

a single decay time at a pressure low enough so that collisions 

caused a small deviation from the true zero pressure lifetime 

TO~ Based on the Stern-Volmer plots mentioned above and on 
". 101 

quenching results from previous broadband work, ZOO JJS -' 

-1 . torr . 1S an upper. limit for the total relaxation rate out 

of a single rotational level of 40 HZCO. Thus it can be 

estimated, for example, that a measured lifetime of ZOO ns 

at 10- 3 torr has been collisionally shortened by less than 

4 ·9< o. In all but one case (rR2 (13), (--)) listed in Table I, 

th~ estimated deviation from TO is less than 10%, and in most 

cases it is 2 - 5%. For the few lifetimes longer than 1 JJS, 

Stern-Volmer plots were generated and zero pressure extrapola

tions were performed to obtain the TO listed in Table I. In 

general, systematic underestimation of TO due to collisional 

effects at finite pressures is comparable to the accuracy of 

the lifetimes themselves, about 5%. 

C. Zero pressure exponential decays 
---------------------------~---------

H 2 CO results. 
o . 

For the 41 band of H2CO~ in over 90% of 

the cases of apparently pure exci tation at low enough pressure 

the decay of fluorescence was a single exponential over 1. 5 

decades. Two typical decays are shown in Fig. 2. The life-

times, pre~sures,.and rigid rotor energies are given in 

Table I for the 104 cases of single exponential decaf. The , , 
upper State quantum numbers range fromK = 1 to 11 and J = 3 

'. 

• 
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, 
to 22. No assignments were 'available for K = 0 and 2 lines. 

The completeness of coverag~ of quantum numbers was limited 

by absorption intensities and spectral overlaps. 

In one case," that of rQ2(6) excitation, the two K-doublet 

lines were" only partiallyresolYed since their spectroscopic 

splitting is only 0.16 cm- l . By tuning the laser to either 

edge of the doublet, it was possible to excite primarily 

ei ther the (+ -) or (- -) component. In ei ther case, a bi'expo

nential decay was observed with the same two lifetimes; how

ever, the relative t ~O amplitude changed a factor of seven 

as the laser frequency was changed. The assignment of the 

lifetimes to the individual components was thus clear, and 

the two components are included in Table I. 

In favorable cases it was possible to cleanly excite 

the same. upper state via two different trans i tions, ~, 
r , 

both rR8 (15) and rQ8(16) terminate on J = 16, K = 9. Such 

cases provide a cross-check on the rotational assignments as 

well as the lifetimes and excitation selectivity. Fourteen 

such cases were checked, and iri all fourteen the lifetime~ 

agreed quite satisfactorily. The average deviation of the 

two lifetimes from their mean was 4%, confirming the estimated 

accuracy of the lifetime measurements. 

The single exponential lifetimes range from 66 ns to 

4.17 llS, but lifetimes shorter than 100 ns or longer than 500 

ns are unusual. Figure 3 shows a bar graph of frequency of 

occurrence of decay rate over 1 llS-l intervals. The mean 
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decay rate of the 90 different states represented in Table I 

is 6.~ ~s-l, so a representative lifetime is about 160 ns . 
.,.1 . ' , 

Trends of TO with J orK are not obvious. Figure 4 
, , 

shows a detailed plot of the rates vs J for variousK. For 
, , 

a given K , there is no apparent trend with J , nor is there 

a systematic difference between (+-) and (--) states. 
, 

Similarly, for a given J, there is no systematic variation 
, -1 

of rate with K. However, on the average; TO tends to in-
, 

crease with either K or the Sl rotational energy Erot . The 
, . , 

ra tes averaged over J for a particular K are shown in Fig. 

5. 1 .' The increase in mean T ;; with K· is about .a factor of 
, 

three as K increases from 1 to 6. There is no evidence 
, 

that even and odd K states behave differently. The analogous 
, , 

plot of rates averaged over K for each J shows. no trend. 

-1 The average rate over 100cm intervals of Erot·showsan in-
, 

crease with Erot very similar to that with K. (These 

variables are highly correlated, since the K2 term dominates 

the J2 term in E t). Note that lifetimes longer than 500 ns ro 
were not observed for K' > 4 or for E > 300 cm-1. rot 

o DZCO re~ults. For 41 of D2CO, a search for a rdtational 

state dependence of lifetimes was cairied out as follows. 

-5 The shot-to-shot fluorescence from ~ 8 x 10 torr of D2CO 

was observed as the fluorescence excitation spectrum was 
, 

scanned over two spectral regions. The single shot SIN on 

an absorption peak was typicallyaboutfiveo The first 

region, from 27375 - 27394 cm- l includes mainly rRl , rQZ' 

.. 
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t t 

rR Z' rQ 3 lines, so that it samples K = Z - 4, and J = 3 - 15. 
-1 The second region, 27430 - 27440 cm ,includes rR7 and rQ9 

t t 

lines and samples K = 8, 10 and J =8 - 19. No variation 

of decay time was noticeable as the spectra were scanned~ 

Any variation larger than a factor of two or three would have 

been observed. Signal-averaged decay curves were obtained 

at ten different fluorescence maxima. Single rotational states 
t 

were typically not resolved in the K = Z - 4 region, since 

the DZCO lines are very dense. The results are given in 

Table II. The decays were all single exponentials and the 

measured lifetimes ranged from 5.5 to 8.1 ps with a mean of 

6.8 ps and a standard deviation of 1.0 ps. At 8 x 10- 5 torr, 
~,~" 

a 7 ps lifetime is ~lmost certainly collisionless to better 
" 

than 10 %. 

D. Non-exponential decays. 
-~~-------------------------

In about 10% of the cases of seemingly clean excitation 

of HZCO, the decay of total fluorescence was di~tinctly non

exponential. In all such cases, the decay was fit to a sum 

of two exponential components. The results are given in 

Table III, which includes the fast and slow lifetimes Crf 

and TS) and the t =,'0 amplitude ratios If/Is. The fast com

ponent always dominates the t = 0 amplitude. However, the 

slow component amplitudes are much too large to be rationalized 

as longer-lived fluorescence from states populated by collisions, 

even based on a relaxation Tate as large as ZOO ps-l torr-I. 
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Th'e occurrence of such non-exponential decays is not 

evenly distributed across the spectrum. 
, 

No~e that K = 5 

and 7 contribute the bulk of the examples. These regions 

of t~e spectrum are not particularly crowded, q.nd the lines 

~re qtiite strong. On the other hand, the rP O and rQZ lines 

are weak and are 'found in crowded regions of the spectrlim 

where unassigned lines are common. It is possible that the 

rQ Z(3) and rQ2(4) results are non-exponential because both 

K-doub1et components are excited, yet they have different 

lifetimes. If this were the case~one would expect I£/I s = 1, 

however. (See Table II I for the relevant sp1i ttings, and 

see Section IV for further discussion). 

Some of the If results in Table III are shorter than 

those typical of the fast single exponential results of Table 

I. In particu1ar~ note lffor rR4 (11) and rQ~C1Z), both of 
, , 

which terminate on J = 12, K = 5. The fast components are 

not quite obscured by the scattered light, and the two values 

of 30 nsec and Z5 nsec are in good agreement. There is other, 

less direct evidence that a few states may have lifetimes less 

than 50 ns. The transitions rRO(1), rR
O

(3), rQ
O

(1), and rQO(3) 

appear as minor peaks in the 4 torr fluorescence excitation 

spectrum. Yet no !luorescence was observed for these lines 

at pressures ofa few mt6~r. The relative intensities in 

the spectrum indicate that the low pressure· fluorescence 

should be weak, but certainly observable. This suggests the 

possibility of a few very fast decays which are hidden by 
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the scattered light pulse. The phenomenon was observed only 

in the four cases mentioned, so it is apparently uncommon. 
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IV. DI SCUSSION ,..,.,..., ____ fllV ______ ""'_" 

A. Previous results. 
-----------~---------~ 

The tremendous variation of H2CO decay rate with ro

tational state appears rather unique. For Sl naphthalene, 

Schlag and co-workers have observed about a factor of two 

variation in both lifetime and fluorescence quantum yield 

as the excitation wavelength is scanned across the rotation

al contour of several single vibronic levels. Single 

rotational state resblution was not possible. In the case 

5 of Sl glyoxal, Rordorf, et al. found that ¢f varied less 
, , 

than 30% (the experiinental uncertainty) for five J K levels 

of the vibrationles s s ta te, in sp i te of the apparently uni

molecular photochemical decay of glyoxal at .the sub-mtorr 

pressures studied.. Similarly, Parmenter and Schuh 12 found 

no dependence of the benzene Sl + Tl intersystem crossing 

rate with rotational distribution, but rotational relaxation 

may have been important at the p'ressures studied. 6 

Several previous formaldehyde studies have indicated 

rotational state dependences of non-radiative rates in Sl 

B2CO. Tang, Fairchild and Lee 8 reported a factor of four 

variation in relative fluorescence quantum yield for single 

rotational levels of the 23 41 level at 0.2 torr. No 
. '. 8 

variatibn of ¢f was observed for the triplet-perturbed 
2 1 '.' 3 1 

2 4· level. The dependence within 2 4 was attributid to 

Coriolis coupling with one of the lower levels 213242 or 
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214262 , which must be assumed to have a faster non-radiative 

rate than 2341. Coriolis coupling is not possible for the 

vibrationless level, and it is tempting to assume that the 

40 mechanism operates for higher levels as well. More re

cently, Shibuya and Leell have observed a ·factor of eight 

1 variation of ~f with rotational state within 4 of H2CO at 
1 0.04 torr. Assuming a radiative lifetime of 3 ~s for 4, 

the average observed ~f of 0.031 corresponds to an average 

lifetime of 93 ns, somewhat shorter than the typical life-
·01 times of 160 ns reported here for 4. The 4 ~f values 

are apparently not collisionless, since rotational relaxation 

at ~ 100 ~s-l torr -1 competes with the non-radiative decay 

at 0.04 torr. Relaxation to more rapidly decaying levels 

causes the apparent ~f to be less than the true collisionless 

value and obscures any long-lived states entirely. 

Luntz 9 has measured fluorescence lifetimes of H2CO in 

an effusive beam after excitation of 4~ rR sub-band heads 

~ith 1.4 cm- l resolution~ so that several rotational levels 

are simultaneously excited. The time resolutiori of 100 nsec 

per channel resulted in preferential selection of long-lived 

states. The present work indicates that such states are 
, 

quite unusual. In all cases(K = I" 3, 5), there is 

reasonable agreement between Luntz ' s lifetime and a higher 

resolution lifetime at excitation energies within 2 cm- l of 

the rR head. Table IV gives a detailed comparison. The 

agreement is taken as confirmation of the claim that the 

J 
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present results are truly collisionless results. 
. 10 

Weisshaar, et al. have also measured the fluorescence 

decay of 4~ after excitation of rR sub-band heads with 1.5 cm- l 
, 

resolution. The decays were non-exponential except for K = 7, 
, 

and the fast and slow decay rates varied with K. The life-

times were much shorter than those of Luntz,9 since there 

was nb particular incentive to tune the laser fo lohg-lived 

states. The present results'clearly show that the non

exponential decays were due to direct laser excitation of 
, 

several levels having different lifetimes. For K = 7, the 

decay probably appeared exponential because the'states 

populated had similar lifetimes. 
-1 The presently measured quenching rates of - 100 ~5ec 

-1 
torr for H2CO are quite comparable to the previously 

reported tates for faster states excited with 1.5 cm- l re

solution~lO Given the wide variation of lifetime within 

4°, it is difficult to distinguish electronic quenching out 

of Sl from rotational relaxation to states of much shorter 

lifetime than that ini tiallyexci ted. At 'pressures for 

which rotational equilibration is incomplete on the time

scale of the fastest decay rates, a significant fraction 

of the exci ted state molecules may decay via a few short

lived states, leading toa rapid apparent decrease of both 

T and ipf wi tIl increasing pressure. Simple kinetic models 

may be quite mls leading in' such a complicated situation . 

For D2co,Luntz9 obtained a 4~ "bulb" lifetime of 
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, 
7.4 ± 0.5 llS at each rR head for K = 2 - lZ.The presently 

measured 4~ lifetimes were in the range 5.5 - 8.1 ~s, in 

substantial agre<~ment with Luntz. For 41 DZCO , Shibuya and 
11 q 

Lee report a ± 29% variation (one standard deviation) of 

fluorescence quantum yields with rotational state at 5 mtorr, 

again suggesting a modest rotational state dependence of D2CO 

lifetimes near the Sl origin. 

B. Zero pressure photophysics 
-------------------------------

The longest H2CO zero pressure lifetime observed, 4.17 
, , 

± 0.20 llS for J = 4, K = 1,(--), is quite comparable to 

the Sl pure radiative lifetime expected-from theoretical 

calculations 2l and to the value of 3.3 llS derived from high 

o pressure lifetimes and quantum yields for the 4 level by 

Lee and co-workers. 22, 23 There is no evidence for 

considerable lifetime lengthening 24 in either the lifetimes 

reported here or in the Sl absorption spectrum, which 

appears sharp and essentially unperturbed. In the vast 

majority of the cases, the H2CO zero pressure decay rates 

(Table I) are dominated by a fast non-radiative component. 

In contrast, theD2CO zero pressure lifetimes (Table II) 

apparently vary only ± 20% about a typical value of 7 llS. 

These appear to be essentially radiative lifetimes. The 

slight variation might be due to a small non-radiative decay 

component. The isotope ef. fect on T d for a transition ra . 

induced by the out of plane bend of the hydrogens (v 4) is 

expected to be about a factor of two. 
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Sequential decay mechanism. The zero pressure non-

radiative decay mechanism of low-lying Sl levels of 1I 2eo is 

not well understood. The density of So harmonic oscillator 
. -1 

states near the Sl origin is only 6 per cm , and nearby Tl 

levels are separated by tens of cm- l • Thus, in the absence· 

.of collisions, H2COwould appear to be a small molecule 

which should only radiate. However, the rapid, collisionless 

decay of most rotational states of Sl' 40 indicates the 

availability of some sort of continuum. The most plausible 

candidate at present is the H2 + CO dissociative continuum. 

This requires either that the barrier between H2CO (SO) and 

H2 + CO (whose height is not known) lie below the Sl origin,25 

or that rapid quantum mechanical tunneling through the 

barrie~ be feas~ble. (See Sec;, IV-C for further discussion). 

The mechanism assumed below thus involves indirect decay of 

Sl to H2 + CO via quasi-bound So levels. 

This sequential decay model is well-known in non-iadiative 
2 26 trans i tion theory.' An initially prepared rotational state 

I s> of 8 1 is coupled intramolecularly to a sparse set of bound 

So levels I.e.>, each of which is coupled in turn to the disso

ciative continuum of H2 + CO levelS, labeled 1m>. The coupling 

matrix elements are Vs.e. and V.e.m' respectively. Direct Is> to 

continuum couplings are ignored. Calculations 25 indicate that 

they are small, and the observed. random variation of 8 1 decay 
, , 

rate with J ~ K , and Erot is inconsistent with a direct 

Sl + H2 + CO mechanism~ The zeroth order bound states have 

widths rs and r.e. due to couplings to the various radiative or 

diss6ciativecontinua. This model has been ~olved irtvarious 
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1 26 ' 
ways,' and the time evolution of the initial state Is> is 

quite complicated in general. However, in the'lweak coupling 

limit" of I Vs.e. I «'IEs - E.e. + i(fs - f.e.)/21 for-all t, and 

under the assumption T.e. » r s for all .e., the non-radi,ative 

decay of -I s> is exponential with a rate given by26 

, , 2 ~ - 2 2 
r~r = (Itt) f 1Vs.e.1 r.e./[(Es - E.e.) + (r.e./2) ], (1) 

where Esand Et are zeroth order energies 'corrected for level 

shifts. 26 The observation of single exponential decays 

suggests that if a sequential mechanism is correct, then 

the weak coupling limi t is appropriate to formaldehyde. Cal

culations of the Sl - So matrix elements of the nuclear 

k·· 25 27 h d lnetlc energy' support suc amo el. 

Within this framework, various possible explanations 
, , 

for the fluctuations of r~r with J , K and E t can be ro 

examined. As noted above, Cariolis coupling within Sl 

cannot affect the vibrationless levels. The apparent lack of 
, , 

consistent trends with J and K argues against a strong 

rotational dependence of the intramolecular coupling VSt . 
nr The data do indicate that, on the average, rs _ increases 

, 
modestly with K (or Erot ). The density of Sl vibrational 

states increases only about 20, as Erot increases from 0 

to 1000 cm- l , suggesting that the effect should be considered 

a K-dependence. Novak, et al. 28 have demonstrated an ex

plicit K2 dependence in the Sl - So matrix elements of the 

nuclear kinetic energy in a basis of Born-Oppenheimer ro

vibronic states due to an inter-electronic ~tate Coriolis 
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coupling. The effect is small compared with the usual 

vibronic coupling. A rotational ,state dependence of ' So -

continuum matrix elements (which determine the r,e) is, 

poss ib Ie also. 28 

The p'rimarily random variation of the decay rates can 

be understood in terms of Eq. (ll. Conservation of J and 

perhaps K in the zero pressure non-radiative 'protess 29 will 

limit the set of So rotational states with which each Sl 
, , 

state can interact. For each J K state, the more nearly 

resonant the appropriate SO' levels happen to be the stronger 

the intramolecular mixing,will be, even if all the Sl ,- SO' 

coupling ~atrix elements were equal~ The initial and final 

state rotation~l energies Erot will be different in general. 
, , 

This causes different J K states to interact strongly with 

different So vibrational states, since the change in Erot 

must be taken up by vibrational energy in SO. Any variation' 

in coupling matrix elements thus contributes directly to 

29 the variation in decay rate. 

Couplings. 2 2 The usual vibronic couplings Lk d· /aQk 'are 

expected to dominate the intramolecular Sl - So perturbations 

V sl' although much smaller, inter- electronic Coriolis . 

couplings depending on K are present. 28 Only rovibronic 

states of the same species under the full symmetry group of 

the Hamiltonian can perturb each other. (See Section IIIA)~ 

Vibronic and D2 (rotational sub- group) selection rules 29 are 

not rigorous~ but they are correct to the extent that 

" 
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vibronic coupling dominates Vs!' 

The ·total angular momentum J is conserved in the non-
'< 

radiative: process, restricting the number of So rotational 
, , 

states which can couple to a given J K state. However, more 

than one rotational state per So vibrational state will inter
, , 

act with each J K state because K is not a good quantum 

number. .Theasymmetric top, rigid rotor wavefunctions can 

b' d d . t d t d . b' • 30 e expan e 1n a symme ry-a ap e symmetr1c top aS1S. 

IJK±> = L aJK , (13K'> ± IJ -K'», 

K' 
(2) 

a where the parity of K gives the C2 symmetry and the sign (±) 

gi ves the c~ sy~etry. (See Section I I IA). The sum is 
, 

restricted to K even or odd according to whether K is even 

or odd. First-order perturbation theory shows that even 

for so nearly a symmetric top as' formaldehyde, more than 

one' a JK' is larger than 0.1 when J is larger than K + 3 or 

so. Consequently, the vibronic coupling connects more than 
" " , , 

one IJ K ± > with each IJ K ± > even though the selection 

rule is ~K = a in a symmetric top basis. Strong Coriolis 

coupling of nearly degenerate, high energy rovibronic levels 

" of So will further degrade K as a quantum number. A second-

order x- or y-axis coupling mixes states of ~K = ± 1; higher 

order couplings may be quite important when many states 

of appropriate symmetry are available wi thin a few cm- l 

Such considerations ,could dilute the vibronic coupling 
, 

among ~s many as (2J + 1) rotational states per So vibra-
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tional state. Except for resonance effects, the decay rate 

nr 
rs (E~. 1) is unaffected, because the dilution of IVstl2 

cancels the increase in the number of It> states contributing. 

Such effects would hasten the onset of a statistical limit 

in a larger molecule ,since for N mutually perturbed So levels 

the ratio VIE is proportional to IN, where V is an average 

(diluted) matrix eiement and Eisa typical spacing between 

coupled levels. 
, , 

K- doublet behavior. For each J K , the rigid rotor 

K-doublet splitting b. can be computed accurately from the 

formula of wang. 3l , 32 The calculated Sl splittings are 

given in Table V. Corresponding So splittings are larget by 

K a factor (1.08) . The lifetime behavior of the two dotiblet 

components changes qualitatively as theSlsplitting b. 

decreases below about·5 x 10- 4 cm- l . For K' = 3, J' = 6 

(b. = 8.1 x 10- 4 cm- l ), the (+-) and (-'-) decay rates differ 

by a factor of three. In all eight cases of larger b. for 

which both lifetimes were measured (Table I), the decay rates 
, 

are significantly different. In contrast, for K = 4, 
, , -4 . -1 

J = 10 (b. c;: 1. 7 x 10 cm) ,thetwodecay rates are 

apparently equal, since the rR 3(9) transition populates 

both (++) and (-+) components yet ,the decay is a single 

exponential. Single exponential decays nearly always occur 

for b.< 10- 4 em-I, although both components are excited 

equally. 

For every K-doublet pair, each state belongs to a 
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different species of the full symmetry group, so that each 

interacts with its own set of So states. If the perturbation 

is vibronic, then the D2 symmetry will be conserved and Eq. (2) 
, , 

shows th~t the pair IJ K ± > will have identical sets of 

mat rix elements V sl with the appropriate set of So levels. 

Equation (2) further shows that (smaller) perturbations 

allowing 6K = ± 1, ± 2, etc. will also give the same set of 
, , , , 

matrix elements for IJ K +> and IJ K ->'to first order, if 

6K < K. Hence, it is a good assumption that each level of a 

K-doublet couples to its own set of So levels, but that 

corresponding V sl 's are the s arne. 

There are then two possible explanations for the observed 

coalescence of the two lifetimes for ~ < 10- 4 cm- l A small 

piece of the Hamiltonian may thoroughly mix the two doublets 

when they are so nearly degenerate, causing the lifetimes to 
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to typical So spacings. (See Eq. 1). If K is a fai rly good 

quaritum number in SO' this suggests a zero pressure density 

3 4 -1 of coupled levels of 10 - 10 per cm On the other hand, 

if K is a poor qu~ntum number in So (as argued above), then 
, " 

K = 3 would. interact strongly with K ~ Z, whose doublet 

splitting is considerably larger (Table V). In either event, 

the suggestion is that the density of interacting states is 

larger than the harmonic oscillator level densi ty of 10 per 
'-1 3 4 -1 cm If it. were as large as 10 10 per cm formalde-

hyde might be approaching a statistical limit, depending on 

typical Vsl and fl values. A test of the level density might 

come from studies of the electric field dependence of the 

fluorescence decay. A Stark field will shift Sl and So 

levels relative to each other because the So dipole moment 

is larger. The smallest field required to significantly 

affect the decay rate would indi~ate how large a relative 

energy shift is important. 

C. Photochemistry 
--------~----------

It must be emphasized that the sequential decay'me-

chanism relies on the accessibili ty of the HZ + CO dissociative 

continuum at zero pressure. The calculations of Heller, et 

al. Z5 indicate thatS l can indeed decay with a several hundred 

ns lifetime if the barrier to dissociation on So lies below 

theS l origin. The calculated appearance of HZ + CO is then 

rather prompt. DZCO me'rely radiates because its Sl - So 

... 
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couplings are much smaller, essentially due to poorer vibra-

tional overlaps. This may also explain the small DZCO photo

chemical. quantum yield at high pressures near the 51 origin. 

I f the barrier is above 51' then Heller, 'et al., conclude 

that HZCO and DZCO are small molecules that should decay ra

di<;ltively. It is conceivable that 51 HZCO is slightly above 

its effective barrier while DZCO is below, due to different 

zero point energy changes. Quantum mechanical tunneling 

through the barrier may be quite rapid,as discussed below. 

It is of interest to learn whether or not DZCO single rota

tional level decay rateS begin to fluctuate strongly at 
. 34 

energies similar to the thre~hold for DZ + CO photochemistry. 

The fate 'of 51 molecules at zero pressure is not known; .sub

mtorr photochemistry has not been demonstrated. Detection 

of HZ or CO photo fragments in a molecular beam or in a very 

low pressure gas would provide considerable evidence in favor 

of the sequential decay model. 

At pressures above 0.1 torr for energies near the 51 

. . 'd 35 d 36 . orlgln, Houston an Moore an Zughu1 have shown that a 

very different mechanism operates .. CO appears much more 

s lowly than 51 decays, and product formation requires a 

collision, i. e., the appearance rate is \ linear in pressure 

and extrapolates' to zero at zero pressure. The appearance 

rate is roughly independent of formaldehyde isotope, excess 

energy in 51 (from 0 to 1500 em-I), and collision partner 

(formaldehyde, He; Ar, Xe, NO). 35,36 Apparently the high 

pressure behavior can be reconciled with fairly prompt zero 
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pressure photochemistry only if long range collis~ons take 

the Sl molecule to an intermediate state which does not 

fluoresce and which requires a further collision to dissociate. 

Above 0.1 torr, the collisional channel must dominate the 

zeropressl.lTe photochemical channel. A rate of quenching to 
-1 -1 . 

the intermediate of ZOO]1S torr (about ZO times the gas 

kinetic rate) would obscure an average zero pressure ,decay 

rate bf 6 ]1S-l at pressur~s .above 0.1 torr. It is ~ignificant 
. 10 that such large quenching rates have in fact been observed. 

The identity of the intermediate state remains unknown, al

though non-dissociative So or Tl levels 3S and the isomer 

. HCOH 3S , 37 have been mentioned as candidates. Ab initio 

calculations place the barriers to HZ +CO and to HCOH above 

theS
I 

origin by a few kcal/mole. 38 , 39 Miller40 has cal

culated collisionless So -+ HZ + CO tunneling rates in a one

dimensional RRKM treatment at a given total energy using 

the barrier height and vibrational frequencies of Goddard and 

. 39 6 ·-1 Schaefer. . He obtains a rate of 6 x 10 . s at the energy 

of the Sl origin, strongly suggesting that So can ·de'cay 

rapidly to molecular products even at energies 5 - 10 kcal/mole 

below the barrier. . SO· DZCO is calculated to dissociate about 

40 times slower. 
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V'. CONCLUSION IIV_...,·~ __ ..., ____ ...,,.., __ 

The extreme variation of HZCO zero pressure non-radiative 

d . h . 1 . 40 f S h b 11 ecay rates Wlt rotatlona state In. 0 1 as een we 

documented. No systematic quantum number dependence of the 

rates is observed. The results can be qualitatively under

stood in terms of a sequential decay through So to HZ + CO 

products, so that fluctuations in decay rate are largely due 

to resonance effetts. The behavior of closely spaced K

doublets suggests the possibility of a high density of So 

levels interacting with Sl at zero pressure. It remains 

difficult to reconcile the £ast, collisionless decay of Sl 

with the delayed appearance of CO at higher pressures. The 

DZCO zero pressure decay is dominated by the radiative rate. 
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TABLE J. 

L" a 'ln~ 

TRO(2) 

rPO C 5) 

rQO(4) 

rQ O (5)~ 

rQO (6) 

.. rQOC 7) 

rQ O (9) 

rRO(9) 

rQ O Cll) 

rRO(10) 

rROCll) 

rQO C1.3) 

rRO (12) 

rROC 17) 

rRO C 19) 

rQ2 (6) g 

rQ2(6)g 

rQZ( 7) 

rQ2 (8) 

rQ (8) 2 
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o 
H2eO single exponential results for 51 4 . 

a , 'h c c d v· J K C2 Erot 
p 

vac mln 

C cm -1) -1 (cm ) Cmtorr) 

27034.0 3 1 20 0.5 

013.3 4 1 + 29 1.2 

026.6 4 1 30 0.4 

025.5 5 1 + 41 0.9 

024.1 6 1 58 0.6 

022.6 7 1 + 69 0.6 

019.1 9 1 + 106 0.7 

·034.3 10 1 + 122 0.6 

014.9 11 1 + 152 0.7 

033.2 11 1 144 007 

031.8 12 1 + 169 0.3 

010.2 13 1 .+ 207 1.0 

030.1 13 1 196 0.9 

018.1 18 1 + 360 0.8 

011.7 20 1 + 440 0.6 

058.2 6 3 + 116 0.7 

OS8.0 6 3 116 1.2 

055.9 7 3 + 131 1.2 

053.9 8 3 + 148. 0.9 

053.4 8 3 148 1.7 

TC].lS)e T- I C].lS-I)e 

• 

". 

3.55 0.282 f 

0.185 5.39 

4.17 0.240 f 

0.298 3.36 

O. 71 1.41 f 

0.440 2.25 f 

0.313 3.19 

0.334 2.99 

0.528 1. 89 

0.298 3.35 

0.64 1.55 

0.183 5.45 

0.204 4.89 

0.427 2.34 

0.480 2.08 .. ' 
0.575 1. 74 

0.187 5.35 'e 

0.168 5.96 

0.435 2.30 

0.085 11. 7 
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TABLE I .. H CO 2 single exponential results. (continued) 

Linea a , 'b Cc c d T(llS)e -1 -1 e vvac J K Erot 
p . T (llS ) 2 m1n 

• 
-1 -1 . 

(mtarr) t' (cm ) (cm ) 

rQ2 (9)., 27050.6 9 3 + 167 1.2 0.198 5.04 

rQ2 (9) 051. 3 9 3 167 1.0 0.279 3.59 

rQ2 (10) 048.5 10 3 + 188 1.2 0.245 4.07 

rQ2(11) 045.4 11 3 212 1.3 0.341 2.93 

rQ2 (12) 042.1 12 3 + 237 0.7 0.76 1. 31 

rQ2(12) 040.0 12 3 237 1.2 0.120 8.4 

rR2(12) 067.6 13 3 265 2.0 0.066 15.2 

rR2(13) 065.4 14 3 + 295 0.8 0.207 4.83h 

rQ2 (14) 034.7 14 3 + 295 0.8 0.202 4.96h 

rR 2(13) 068.4 14 3 295 1.1 0.69 1.45 

rR2 (14) 066.8 15 3 + 327 1.1 0.364 2. 74 

rQ2 (15) 030.6 15 3 327 0.8 0.174 5.75 

rR 2 (15) 065.0 16 3 361 0.9 0.218 4.58 

rR 2(17) 060.6 18 3 436 1.3 0.135 7.4 

rR3 (3) 090.8 4 4 ± 147 1.2 0.322 3.11h 

rQ 3 (4) 081. 2 4 4 ± 147 0.8 0.314 3.18h 

:.to, rQ 3 (5) 079.7 5 4 ± 158 1.0 0.137 7.3 

rR3(5) 092.5 6 4 ± 171 1.2 0.098 10.7. 
~. 

rQ 3 (7) 075.9 7 4 , ± .186 1.6 0.190 5025 

rQ 3 (8) 073.5 8 4 ± 203 1.6 0.284 3.51 

rR3 (9) 092.2 10 4 ± 243 1.5 0.116 8.6 

rR4 (4) 112.3 5 5 ± 229 1.9 0.098 10.2 

rR4 (5) 113.0 6 5 ± 242 1.7 0.085 11. 7 
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TABLE I. H2CO single exponential results. (continued) 

. a a , 'h CC c d T(]JS)e -1 -1 e Line vvae J K Erot 
p . T (]Js J 2 mln 

-1 (em ) (em-I) (mtorr) 
~, 

rR4 (9) 27112.7 10 5 ± 314 1.7 0.113 8.8h 

rQ4(10) 088.5 10 S ± 314 1.5 0.109 9.2h 

rR4 (12) ·109.4 13 5 ± 391 1.6 0.163 6.2 

rR4 (13) 107.7 14 5 ± 421 0.9 0.287 3.48h 

rQ4(14) . 073.8 14 5 ± 421 0.9 0.270 3.71h 

rR4 (15) 103.4 16 5 ± 487 1.8 0.242 4.14 

rR4 (16) 100.8 17 5 ± 523 1.4 0.236 4.24 

rRs(8) 133.9 9 6 ± 380 2.0 0.123 8.2 
.. 

rRs (10) 132~s 11 6 ± 424 2.5 0.068 14.8 

rRs(11) 131. 3 12 6 ± 450 1.5 0.167 5.99h 

rQ s (12) 102.2 12. 6 ± 450 2.2 0.170 5.90h 

rRs (13) 128.1 14 6 ± 507 1.6 0.158 6.32 

rRs (14) 126.0 15 6 ± 539 2.0 0.106 9.4 

rR5 (16) 120.8 17 6 ± 610 1.6 0.200 5.00 

rQ 6 (7) 137.8 7 7 ± 446 1.0 0.137 7.3 

rR6 (8) 154.5 9 7 ± 482 0.7 0.200 5.00h 

rQ6 (9) 132.7 9 7 ± 482 1.4 0.187 5.34h 
,...,', 

rR6(9) 153.1 10 7 ± 504 1.0 0.088 11. 3 

rQ 6 (11) 126.5 11 7 ± 527 2.9 0.079 12.6 

rR6 (11) 151.9 12 7 ± 553 1.1 0.156 6.4h 

tQ6 (12) 122.9 12 7 -± 553 1.8 0.160· 6.3h 

rR6 (16) 141.6 17 7 ± 712 0.7 0.224 4.47 

rR6 (17) 138.6 18 7 ± 750 1.4 0.139 7.18 
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TABLE I. H2CO single exponential results. (continued) 

L' . a a , 'b CC c d e -1 ( -1) e lne vvac J K 2 Erot 
p 

min T(]JS) T .]JS 

(cm- I )' . -1 
(mtorr) () (cm ) 

rR7 (7) 27175.1 8 8 ± 581 1.3 0.136 7.37 

rR7 (8) 174.8 9 8 ± 601 1.. 7 0.179 5.58 

rR7 (9) 174.3 i 10 8 .± 622 0.8 0.200 5.00 

rR7 (10) 173.4 i 11 8 ± 645 1.0 0.244 4.09 

rR7 (11) 172. 2 12 8 ± 671 1.5 0.111 9.0 

rR7 (12) 170.8 13 8 ± 698 1.7 0.109 .9. 2 

rR7 (13) 169.0 14 8 ± 728 1.8 0.113 8.85 

rR7 (16) 161. 8 17 8 ± 830 1.9 0.123 8.13 

rR8 (8) 194.7 9 9 ± 735 0.6 0.452 2.21h 

rQ8(9) 172.9 9 9 ± 735 0.9 0.444 2.25h 

rR8 (9) 194.1 10 9 ± 756 1.2 0.172 5.80 h 

rQ 8 (10) 169.9 10 9 ± 756 1.4 0.185 5.41h 

rR8 (10) 193.2 11 9 ± 779 1.0 0.200 5.00h 

rQ8(11) 166.6 11 9 ± 779 1.5 0.192 5.20h 

rR8 (11) 192.0 12 9 ± 805 2.1 0.109 9.2h 

rQ 8 (12) 163.1 12 9 ± 805 1.8 0.114 8.8h 

/". rR8 (12) 190.6 13 9 :f 833 1.7 0.109 9.2h 

rQ 8 (13) 159.2 13 9 ± 833 1.7 0.118 B.5h 

.' rR8 (13) 188.8 14 9 ± 862 2,.0 0.118 8.5 

rR8 (14) 186.7 15 9 ± 894 1.4 0.173 5.79 

rR8 (15) 184.3 16 9 ± 928 1.3 0.178 5.63h 

rQ8(16) 145.7 16 9 ± 928 1.5 0.182 5.48h 

rR8 (16) 181. 6 17 9 ± 965 1.4 0.213 4.69h 
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TABLE 1. HZCO single exponential results. (continued) 

L" a a 
, 'b c c d e -1 -1 e lne vvac J K Cz Erot p " T (llS) T (llS ) mln 

'., 
-1 (cm ) -1 (cm ) (mtorr) 

c., 

rQ8 (17) 27140.5 17 9 ± 965 1.5 0.207 4.83h 

rR8 (17) 178.6 18 9 ± 1003 1.8 0.138 7.3 

rR8(18) 175.3 19 9 ± 1043 1.4 0~187 5.34 

rR8 (19) 171. 7 ZO 9 ± 1086 Z.O 0.098 10.2 

rR8(ZO) 16708 Zl 9 ± 1131 2.3 0.086 11. 6 

. iR8 (21) 163.5 22 9 ± 1177 1.9 0.177 5.65 

rR9 (9) Z13.4 10 10 ± 906 1.2 0.217 4.60 

rR9 (10) 212.5 11 10 ± 929 1.9 0.074 13.5 

rR9 (II) 211.3 12 10 ± 955 . 1.8 0.1,69 5.93 

rR9 (13) 208.0 14 10 ± 1012 . 2.0 0.Z38 4.20 

rRl 0 CI0) 231.1 11 11 ± 1095 2.1 0.081 12 .. 3 

rR10 (11) 229.9 12 11 ± 1120 1.9 0.104 9.6 

rR10 (12) 228.4 13 11 ± 1148 2'.5 0.106 9.4 

rR1O (13) 226.6 14 11 ± 1178 2.0 0.128 7.8 

rR10 (14) 224.5 15 11 ± 1210 2.0 0.115 8.7 
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Footnotes for Table I. 

a The assignments are those of Sethuraman, et a1., Ref. (13). 

The transition frequency v vac has been rounded to the nearest 

·0.1 -1 cm See Sec. III-A of the text for an explanation 

of the notation. 

b The rotational symmet.ry species of the excited state under 

the DZ rotational sub- group. See Sec. IlIA of the text. 
, 

In the "(+-)" notation, the parity of K gives the second 

label (even -+ +, odd -+ -) and the entry under CC 
2 gives the 

first label. When "±" is entered, both doublet components 

were excited equally. 

c The rigid rotor energies obtained by interpolation in 

Appendix IV of Ref. (ZOa) or in Table I of Ref. (20b). 

d The minimum press ure studied, in mto.rr. See Sec. IIIB of 

the text. 

e Lifetimes and decay rates at the lowest pressure studied. 

Accuracy is ± 5% (± Zo). 

f These T-
l ~ere obtained by extrapolating a Stern-Volmer plot 

to zero pressure. 

g The rQZ(6) doublets were only partially resolved. See Sec. 

IIIC of the text. 

h These states were excited via two different transitions~ so 

that the decay rates serve as cross-checks. 
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Footnotes for Table I. (continued) 

i The rR 7 (9} and rR7 (10} lines did not match the transition 

frequencies given in Ref. (13), which were 27174.6 and 
. -1 

27174.0 cm ,resp~ctively. No lines appeared at those 

frequencies. The observed lines are strong, and all the o. 

, 
observed frequencies fit a paraholic function of J better 

tha.h. those of Ref. (13), suggesting that the assignment 

here is correct .• 

\ 
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TABLE II. D2CO lifetimes for 81 4°. 

a b a , ,c ·-1 
CC 

vvac(cm ) T (~s) Line(s) J K 2 

" 

rR1 (14) 15 2 + 
f, 27375.5 5.87 

rQ 3 (13) 13 4 + 

27376.8 7.6 rR1 (13) 14 2 

rR1 (12) 13 2 + 

27378.0 8.1 rQZ (7) 7 3 + 

rQ3(12) 13 4 

{rQZ(6) 6 3 
27379.7 5.81 

rQ3(11) 11 4 

rR1 (3) 4 2 

27380.9 7.5 rR1 (9) 10 2 

rQZ (5) . 5 3 + 

27383.7 6.6 rR1 (4) 5 2 

27430. 1 8.1 rR 7(18) . 19 8 ± 

:»-, 27431.6 6.2 rRg (13) 14 10 ± 

27435.0 7.2 rR7(15) . 16 8 ± 
6 

27438.1 5.54 rR7 (12) 13 8 ± 
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Footnotes, for Tab Ie I I. i, 

,a The assignments are those of Orr, Ref.. (14). The 

transition energy vvac has been rounded to the, nearest 

O 'I' ':'1, 
'. cm .' 

b Lifetime 'at' - 8 x 10- 5 >torr of DZCO. Accuracy is ± 5% 

(± Za). These lifetimes are·-probab1y collisionless to 

'1;> e t t e r th an 10 % • 

c See footnote (b) of, 'Tab Ie I. 

. '-~:, 
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TABLE III. HZCO non-exponential results. 

a a , , 
Line "vac J K 

':1 
(em) 

rPo(6) 27009.2 5 1 

rQ2 (3) 062.5 3 3 

rQ2(4) 061. 3 4 3 

rQ4 (7) 096.4 7 5 

rQ4(8) 094.1 8 5 

rR4 (10) 111. 9 11 5 

rR4 (11) 110.8 12 5 

rQ4 (12) 081. 8 12 5 

rR6 (13) 148.7 14 7 

rR6 (14) 146.6 15 7 

rR6 (15) 144.3 16 7 

a See footnote (a) of Table I. 

b See footnote (blof Table I. 

b Tf(ns)c P. mln 

(mtorr) 

1.0 210 

1.6 50 

1.0 330 

1.3 70 ' 

1.1 130 

1.1 130 

1.7 30 

2.0 25 

1.5 60 

1.5 50 

1.5 75 

Ts(ns)c c 
If/I ,s 

-900 4 

oy 160 3 

1300 3 

290 4 

370 3 

565 10 

130 10 

-80 10 

-150 3 

-160 7 

230 3 

c The non-exponential decays were fit to a sum of a fast (Tf) ,and 

a slow (TS) exponential decay in all cases. If/Is is the t = 0 

amplitude ratio, accurate to ± 30%. The uncertainties in Tf 

and TS are ± 15% unless preceded by a "_" in which cases TS was 

weak and was determined only to ±50%. 

, 
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TABLE IV. Comparison of· high resolution H2CO lifetimes with those of 

Luntz. 

This work 

Lunt z' 

rR He~d TC~S)a Lob lne \)vac 
b c P min T C~s) 

-1 (cm ) (mtorr) 

, 
0.18d K = 1 3.6 ± 0.3 rROCZ) 27034.0 0.5 3.55 ± 

., rRZ (3) I O.Oge K = 3 2.6 ± 0.3 27071.0 O.S 1. 80 ± 
rR2 (11) 

, 
K = 5 0.7 ± 0.3 rR4 ClO) 27111. 9 1.1 0.565 ± 0.028 

a Taken from Ref. (9)~ 

b See footnote (a) of Table I. 

c See fo6tnote~)of Table I. 
d Zero pressure extrapolation of 0.5 to 10 mtorr Stern-Volmer plot. 
e The excitation is impure and the 1. 8 ~s decay is the' slow component 

of a biexponential decay. A correction for the finite pressure 

would lengthen the zero pressure lifetime to about 2.0 ~s. 

t:. 

C> 
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TABLE V. Splitting of K-doub1ets a for 40 of Sl H2CO, b. in cm- 1 

I , I , , I 

J K = 1 K = 2 K = 3 K = 4 K = 5 

3 0.72 6.8(-3) 9.7(-6) 

4 1.2 2.0(-2) 6.8(-5) 5.7(-8) 

5 1.8 4.8(-2) 2 .7e -4) 5.1(-7) . 3.0 (-10) 

6 2.5 9.5(-2) 8.1(-4) 2.6(-6) 3.3(-9) 

7 3 .. 3 0.17 2. 0 ( - 3) 9.4(-6) 2.0(-8) 

8 4.3 0.29 4.5(-3) 2.8(-5) 8.7(-8) 

9 5.4 0.45 8.9(-3) 
" . 

7.3(-5) 3.0(-7) 

10 6.5 0.67 1.7(-2) 1. 7(-4) 9.1(-7) 

11 7.8 0.97 2.9(-2) 3.7(-4) 2.4(-6) 

12 9.3 1. 36 4.8(-2) 7.3(-4) 5.9(-6) 

13 10.8 1. 86 7.7(-2) 1.4(-3) 1.3(-5) 

14 12.4 2.48 0.12 2.5(-3) 2.8(-5) 

15 14.1 3.24 0.18 4.3(-3) 5.6(-5) 

20 24.1 9.95 0.92 0.12 9.9(-4) 

a Computed from Wang's formula (Ref. 31): 

b. ~ bK(J + K)! I {8 K- 1 ((K - 1)!)2 (J - K)l}, where 

b = (C - B)/(2A - B - C). Formula is accurate to a few percent 

for so nearly symmetric a top. Corresponding SOb.'s can be ob

tained by multiplying each entry by (1.08)K. 
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Figure'l. A 10 cm- l segment of the Ztorr fluorescence 
o exci tatiort spectrum of the 41 band of HZCO. The apparent 

laser linewidth is about 0.15 cm- l FWHM. The rotational 

symmetries are those of the upper level. 

Figure Z. Decay of total fluorescence after 4~ excita-
t t t 

tion of H2eO to the J = lZ, K, = 3, (+-) and to the J = 10, 
t 

K = 5 levels ~ Both K.,.doublets are excited in the latter 

case. The pressures are 0.7 ,mtorr and 1.5 mtorr, respectively. 

The lifetimes are 760 ns and 110 ns, respectively. 

Figure 3. -1 . Distribution of decay rates over 1 ~s lnter-

va1s for the 90 HZeO rotational states for which a single ex

ponential decay was observed 'CTable I). 

Figure 4. Detailed plot of the H2CO single exponential 
t t 

decay ra tes (Table I) vs J for various K . 'Individual 

K-doub1et rates are shown whenever selective excitation was 

possible. 

t 

Figure 5. Plot of H2eO decay rates averaged over J 
, 

for each K. The vertical' b~rs indicate the range of rates 

included in each average, while the numbers in parentheses 

indicate how many individual rates were included. There is 
t 

a modest trend of increasing average rate wi th K • r 
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