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Fluorescence lifetimes of single rotational levels of

the lowest vibrational level of the first excited singlet

_staté of H,CO and D,CO have been measured under collision

free conditions foliowihg’excitationvby'a pulsed dye laser.
For H,CO, the lifetimes range from 66 ns to 4.2 us with a
mediah of about 160 ns. Individual lifetimes show no system-

. P N .
atic variation with J , K , or Erot’ K-doublet levels split

-4 -1

by'asllittle as 8 x 10 cm © in S, are observed to have

1

_different lifetimes. The HZCO results are interpreted in

terms of a sequential coupling model (Sl - S0 > continuum)

in which the final states arévthose of the H2 4.CO dissociation

continuum. For D,CO, the lifetimes vary between 5.8 and 8.1

;uS~and_are nearly radiative lifetimes.



I. INTRODUCTIOV

Until very reeently,'nonfradiative decay rates of poly-
atomic molecules have been studied only to the level of detail

of initially prepared single vibronic levels.1

Very little is
known abeut the deeay of'single rOtatienal States. 'Theoretical
treatments have usually con31dered only v1bron1c 1ntramolecu1ar
'perturbatlons, the rotational degrees of freedom have been
1gnored.2' Experlmental work has been limited by laser line-
widths, by poer signele at pressuree'for_which rotational re-
1axati0n is uhimportant, and by the high deﬁsity of rovibronic
trénsitions fer larger molecules. The availability of better
}asers and thevpoeSibility‘of.eooling 1arge leecuIee in a
hoZzleexpansien3 improves‘the experimental ;ituation,

There are only a handful of studies concerned with the
fate of single rovibronic levels. Retationai relaxation
is Very'fast and .converts an initial state_to-a‘broed
distribution of.other S, states in the gases of glyoxa14’
:'and.benzenerﬁ _Naphthalene? and formaldehydes - 1 have
heen shown tehexhibit a partialiy resolved rotational state
dependence of fluorescence quantum yield :and Sl lifetime.
Such effectsuwere.searched for, but not observed, in glyoxal
12

Rapid:rotationalhrelaxation.may'render studies
3

andbbenzene.
of the rotatlonal state dependence of electronlc quenchlng
1mp0551b1e. It is’ 1ncrea51ng1y clear that "zero pressure"

6, 10
~may occur at lower pressures than was prev1ously expeeted,_

L ¢]
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This paper reports direct measurements of the fluorescence

decay rates of single rotational states bf'SI formaldehyde at

pressurés low enough to preclude significant coliisional re-

0 level vary by more

laxation. :The H,CO lifetimes for the 4
than avfactpr of 50 with rotational state. The results sﬁggest

possibilities for the photochemical decay mechanism of formal-

-dehyde as well‘as'for,thevrole_df rotational state in the non-

radiativé decay of-intermediate—sizedvmolecules.



Many of the expefiﬁéntal details_have élfeédy been
described.lo.-Only the relevant modifications and additions
- will be discussed here; ‘Pressures near 1 mtorr were méasured'
‘to»bétter than + 20% with év0.~ lztorr'capacitance manometer
(Baratfdh 310-BH}_C0nnecte§(directly tthhe'fluprescénce ¢e11;,
FQr_fhese higher résolutibn’studies; the N, laser pumped dye
laser included an air-gap etalon (2 cm-l.FSR,_nominal finesse
of 25) in the osciliatdrl . Both the etalon and thé gratihg
were contained in a pressure tank which provided smooth wave- -
Vlength_tuning when pressurized with Nz.gas through a needle
valvé.. A tYpical_lasér oufput energy near 370 nm was 0.1 mJ
per_pulse,using the dye‘BPBD_ih 2:1 ethahol/toluene. Shot-to-
shot fluctuations in the pulse energy and in the fluorescence’
intensity were about 10%, indicating good frequency stability.
The oscillator lased 6n a single etélon:mode; as evidenced
by the extinction of the output between modes as the etalon -
was tilted, and by the absence of 2 cm71 periodicity in the .
excitation spectra déscribed below. | |

The 1aser'pulsesﬂpassed.through_ﬁwo separate fluorescence
cells, each equipped‘with'an RCA 8575 phbtomulfiplier-tube
for viewing fluoreScencejperpendiCUIaf-to the-beém. One cell,
described previously,lobwas”equipped wifh four~baffles'made o
of red gléss cutoff filters andasubpdrted by glass slee?es.}
This cellfWaénuSedvto obtaihvfluorestence decay curves for

low pressures Of'forméldehyde.' Two cm of nearly saturated
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. varied between 0.10 and 0.25 cm”

solution of NaNO, 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 fluofesgence'cell was a 20 ¢m long, 2.5 cm -
i.d. quartz cylinder used to obfain fluorescence excitation
spetfra of_formaldehjdeﬁat preSsures'in_the‘range 1 tb 5 tofr.
A glass. uv édtoff‘filtér (SO% T at 408'hm)-was used between
the cell and the PMT_to diminish.statferedlligﬁt. Current
pulses from the second PMT were fed tota gated electrometer
whésé time aperfure was set tovihtegraterthe entire fluorescence
pulse. The electrbmeter.output voltage was applied to the |
Y_input of an analog XY plotter Whose X' axis followed-the
output voltage of'é‘capacitanCe manometer (Validyne DP-7, 20
psi diaphragm) connected'to the pressure tank of the dye
laser. In:this way , thé X axis:was 1iﬁear‘in the tank
pressure, and.henée the wavelength, indépendent of the time

linearity of the pressure. The spectrum of total fluorescence

~intensity vs wavelength was obtained in 10 cm™ L intervals,

correspoﬁdinglto'préssure scans of . 20 péi 6f’N2. After
Pach scan;‘the grating was manually tilted to set the'initial
waveleﬁgth for the next scan. - »

A segment of the 42 Spe;truﬁ of H,CO isashoﬁh in Fig. 1.
The FWHMvoflthe lasef,_as estimafed by the width of the well-
isolated,features, is 0.15 cm~1 for fhis;scén. The linewidth
' 1 frdm time to time, with

0.15.cm-'1 quite wusual. _Such'linewidths are broader than the

'Doppler'width of 0.06 cm-l but-are sufficiently narrow to



;excite single rotational levels quite selectively ln nany
cases. | o |

| After a lO em™ 1 spectrumthad been recorded, a particular
absorpt1on.feature could be excited by pressure tUning to the
r_WaVelength of interest. The first fluorescence cell was
f111ed w1th a low pressure of HZCO and a decay curve waS-'
obtarned by averag1ng‘~ 1000 shots of fluorescence‘plusv
hscattered'light, pumping-outfthe‘cell; averaging the same
number of shots of scattered light, and_digitally subtracting
the two curves. This process required;about.ls_min. Once
set -the laser wavelength was stable for an hour or longer;'
'as mon1tored by changes in the average fluorescence 51gnal
from the second cell. | |

The t = 0 amplitude of the scattered 1ight>pulse was as

much as 100 timeSgthat of.the fluorescence'signal.for the
weakestfabsorption'features studied at mtorr pressures. For
lifetimes faster than ~]200lnsec,-the,PMT_current passed
through'a 50 Q loadband the 1/e fall.time of the scattered
lightrpulse was 7 nsec. In these. cases, the f1rst 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 observed unless they were very
strong. Longer.tlme constants were used for longer llfe~_
times. The 1/e fall t1me of the scattered light was always

at least e1ght t1mes shorter than the: 11fet1me be1ng

'measured

Q




‘For‘the single exponential decays, théllpg plots bf
' fluoreSCenée'intensity vs'time were tYpiéally,linear'over 1.5
decades. The décay times are ébnsidered accﬁféte to within
o+ %. They afé‘typically reprdducibie to within * 5% from

day tbvday,f The few’non-expohehtial decays'repérted wére

T e e, L e

 fit.as a sum of fwb,exponential~decay$ with rafes-whose
acéufacy is typically 1'152.. fn”some cases the'slow com-
ponent was vefy'weék and waS'détefmined to only’t 50%. The
t = 0 relative amplitude of £hé two compdﬁenté, If/Is; is

~accurate to *. 30%.



"III. RESULTS
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‘The rotational structure of thekég hot band absorption .

_.of HZCO has been ‘nearly completely -assignedtby Sethuraman;

Job. and Innes.ls For DZCO the a551gnments used were those

-.of Orrt¥4

It was a relat1Ve1y easy matter to calibrate the
'swavelength scale of an excitation spectrumvand match.numerlcai_
assignnents_with observed'flnorescence‘peaks;. With only two
'exeeptions out ef'about 200 cases,1$'eVery‘assigned'wave?
“number ralue matched an observed peak’within the preSent
breSolution of + 0.1 em™ L. Additional unassigned lines were
quite common , especially near the band_center. "These were
almost alwayS»Weak-and can be attributed mainiy_to Kf =0
and 2 lines, none . of which have been a551gned

- The 41 band . is perpendlcularl§ (type B), and prlmarlly
TR and rQ lines wererstudied, since they are strong and lie
bnvthe relatively unCongestedvblue side of the-band._(The
notatien rQK"(J") denotes a AK = + 1, AJ = 0 transition in
absorptlon from the J"K" ground state) In both the-upper and
lower vstates_of the 4? tran51t10n,'H2CO'isﬂafslightly'

- asymmetric, near-prolate top13 (k =-0.9699 for 40

and

kK = ~0.9675 for 4 ) The usual practlce is to c1a551fy ro-
tat10na1 states under the symmetry operatlons of D2 he
rotat10na1 sub group for the asymmetrlc top,.rlgld rotor

v Ham;lton1an.17 'The operatlons ‘are C2 Czb,_and.cz R wh1ch



are rdtationsuaboutsthe (molecule-fixed) principal inertial

axes a, b, and c. Each state is symmetric (+).or anti-
symmetrlc ( ) with respect to these operatlons ‘and spécifica-
tion of any two symmetrles determines the third. The notation

: (+-), (--), etc. gives the behav1or under C (flrst label) and
| (second label)' In thlS paper K refers_to the good quantum
. number K_i in the prolate top 11m1t the Cza iabel is + or -
for K even or odd. Similarly, the parify uf the oblate top
'11m1t quantum number. K1 corresponds to fhe sign of the‘ClzC

label, so that the J notation-;8 is easily related to the

K_1Ky
(+-) notation. _

A mpre rigorous technique which dues not rely on the
separation of eleétronic, Vibrationai, and.rotational
coordinates involves classifying each zeroth-order wave-
function under. the full syﬁmetry group uf the Hamiltonian,
‘which iSisomufphicwith C,y+ This permits definifivé state-
ments as to which levels can or cannot be éoupled by intra-
moieCular’perturbatidns. For.CZV symmetry (as in SO), each
of the four rigid rotor D, spécies has a different representa-
tion under Cévuas foliows: (++) ~» Ta 1°* (-+) - rAé, (f-) +.rB1,
(+-) ~» ?Bz. For*C symmetry (as in non- planar Sl)’ the:
correspondence is : (++) and (-f) > Tp (-+) and (+ ) > T

"

The overall rovibronic species is obtained in the usual way
by takihg the direct product of. the electronic,;Vibrational
and rotatiohal_species;

' The splitting of the K-doublets due to asymmetry increases



with J but decreases rapidly with K. 1In either electronic
state, for thermally important transitions, the splitting is
vsmaller than the Doppler width (O'Oo'cm_l) for K > .3, so that
S1 doublet components cannot be selectlvely exc1ted for

K' 2 4, Inrthese unresolved cases, the laser populates both
doublet components equally. . For K '3 the doublets are typlcal-
1y resolved and assigned, so that,a partlcular component can

‘be excited. »An,exampie is the case of rQ, excitation.' The

X =2 doublet becomes resolvabie for J > 2 6 and two lines are
observed. Because of the selectlon rule, fot K' = 3, J'v> 6

1t is p0551b1e to exc1te e1ther the (+- ) or (--) component

even though they are split by as little as 8 x 10_4 c_m-1 in S

1°
The purity'of excitation of a,particulai rovibronic
transition is difficult tO‘assess, since weak unassigned
tran51t10ns could always overlap the de51red transition within
the laser 11neW1dth Features that were obviously broader than
the laser or that showed poorly resOlved shoulders_were avoided.
Assigned features witnin O.Z'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

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~-v

oo

The total fluorescencebafter;apparently clean excitation

of a particular S; rotational level at‘low'enough pressure

'.‘nearly always decays ‘as-a 51ngle exponent1a1 and the decay

‘rate varies more than a factor of 50 At hlgher'pressures,



there is competition among rotational relaxation withinv40,

vibrational reléxation to 41, and electronic relaxation out
of_Sl.'.S%nCe total fiuorescence isvobserved; relaxation to
statesvofjprimarily longer lifetimé'shou1d appear as a 1ong—
‘lived tail on the main'decay.' | |

Ohly_a few.Stern-Volmer plots were generated.__Several_
distinct typés of behavior wéré observed." For long-lived
states héving TO.= 450 ns to 4.2 us, 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 us_l
'vtorr'l,_dr'about.lo gas kinétic,b.Examples include rR,(2),
Q4 (4), 1Qy(6); and rQy(7). For faster decaying states, a
slbwer tail grows in with pressure, tYpically above 5 mtorr,
indicating that rotational/vibrational relaxation within 54
- at least cgmpetes with electronic quenching. Examples in-
clude TR, (9) (t, = 88 nsec) and rQO(S)a(rb = 298 nsec). For
rQ0(9) (TO = 313 nsec); the decays became Slightly non-ex-
'ponential above a few mtorr, but a resolution into‘fasp and
slow components was impossible. Finally, for the rapidly
‘decaying state rR6(9)_(T0 = 88 ns), a plot of inverse
relative fluorescence quantum yield, ¢;1, VS pressure was' |
obtaiﬁed by.iﬁtegrating the fluorescence intensity vs time
¢urves and normalizing the'area to the peak intensity. be

3 and

i inCreésed very SIightly'(by less than 10%) between 10~
0.1 torr, presumably reflecting a competition between electronic

relaxation and rotational relaxation to longer-lived states.



For each'rotational state, it -was desirable to measure'only'

- a 51ng1e decay t1me at a pressure 1ow enough so that colllslons
_caused a small dev1at10n from the true zero pressure 11fet1me
Basedvon the Stern—Volmer plots mentloned_above and on

10 200 us™?

To-
quenchiﬁg'resultsnfrom previous broadband‘work,
rtorrfl'is an upper,iimit for the total relaiation-rateIOut
of a sinéle‘rotatiOnai_ievel of 4O HZCO; ‘Thus_it cen‘be
‘estimated, for erample;'thatva measured lifetime of 200 ns
at 10-3 torr hes been collisionally shertened'byvless thanb‘
4%. 1In all but one case (TR,(13), (--)) listed in Table I,
the estimated.deviation_frOm Tb is less than 100, and in.mosf'
;éses‘it-is 2 - 5%. For the few lifetimes longer than 1 us,
’Stern—Voimer plots Werekgenerated and zero pressure extrapola-'
tions were performed to obtain the Tojlisted in Table I.‘ In
_generél,-systematic.underestimation of(ro-due;to,eollisional
effects at_finite-preSSures is.eomparable to the accuracy of

the lifetimes themselves, about 5%.

C. Zero pressure exponentlal decays

ndadadadie R e e B e R R e e A e e e A R e e A

HZCO results. For the 42 band of HZCO,‘in over 90%vof:

the cases Ofvapparently.pure excitation at low enoughvpressure

the decay of fluorescence was a single exponential over 1.5
_decades. Two typical decays arevshOWh in.Fig. 2. The life-
times, preSsures,.andfrigid-rotor energies are given in

Table I for the 104 cases of 51ng1e exponentlal decay The

upper State quantum numbers range_from,K =1 to 11 and J 3

P



to 22. No assignments were 'available for K' = 0 and 2 lines.
h-The completeness of coverage 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 partially’re501Ved.since their spectroscopic
spiitting is only'0;16 cm'l. ‘By-tuning the.laser to either
edge.of the doublet it was p0551b1e to excite pr1mar11y
| elther the (+-) or (--) component In either case, a biexpo-
nential decay was observed w1th the same two lifetimes; how-
ever, the relative t = 0 amplitude changed a factor of seven
as the laser frequency was changed. The assignment of the
- lifetimes to the individual componentsvwas thus clear, and
the two components are included in Table I,

In favorabie cases it was possible to.cleanly excite
the same upper state via two different transitions, e.g.,
~ both rRy(15) and 1Q4(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 uere checked, and in all fourteen the lifetimes
agreed quite satisfactorily; The average deviation of the
two lifetimes from their mean was.4%,vconfirming the estimated
eccuracy of the lifetime measurements. |

The single'eXponentialflifetimes range from 66 ns to
4.17 us, but 11fet1mes shorter than 100 ns or longer than 500
ns are unusual Flgure 3 shows a bar graph of frequency of |

. -1
occurrence of decay rate over 1 us intervals. The mean



decay réte of thé‘90 differént states'represented in Table I

is 6.2 usfl,:so é rébreSentative'lifétime is aBout‘160 ns.
Trends of Tal with 3’ Or.Kf are,hot,obvious. Figure 4

- shows é detailed-plbtrof the rates Vs'J' for variouS-Kr. For

- a giVén'K',‘there is no apparent trend with“J'; nor'is ﬁhere

~a systématic‘différénce“betﬁeeﬁ (+-) and (—ej states.

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

) . A ) _ : .
of rate with K . However, on the average, Tol tends to in-
. | .
crease with either K or the S1 rotational energy Erot' The

rates avergged oveer'vfor a-particular K' are,éhown in Fig.
5. Thé iﬁgreaSe in mean 16 with_K! is .about.a factor of

- three as,Kf increases from 1 to 6. .Theré is no evidence

that even and odd K’ states behave differently. The analogous
~p16t of ratés averaged ovef K for each J shows no trend.

The average rate over 100 om™} intervals of Erot'shOWS an in-

;
crease with E. .ot very similar to that with K . (These

ot
variables are highly correlated, since the K2 term dominates

rot)' Note'that lifetimes longer than 500 ns

the JZ term in E
- 1.

S 1 . -
were not observed for K > 4 or for Efot > 300 cm

D,CO results. For 42 of DZCO,Ta‘séarchﬂforfa_rOtatiohal

state dependence of lifetimes was carried out as follows.

The shot-to-shot fluorescence from ~ 8vx 10-5

torr of DZCO
v_was observed as the flﬁorescenpe eXcitation'sﬁectrum was
scannéd.ovef twd spectral regions. The single shot S/N on -
an.ab$orption_peak_ﬁas typitally aboﬁt]fivgo The first

_region; from 27375 - 27394 cm_l, includes mainly"rRl, TQ,,



rRz, rQ3 11nes, so that it samples K =_2 - 4, and J' = 3 - 15.

o The second reglon, 27430 = 27440 cm 1,.inc1udes fR7 and rQq

.11nes and samples K = 8§, 10 and.J = 8§ - 19. No variation
of decay-cime was neticeable as the Spectra were'scanned;_
Any variation larger than a factor'of two or .three would have
'been observed. Signal-a?eraged decay curves were bbtained.
_at ten different fluorescence maxima. Single rotational states
werebtypically not resolved in the K' =f2 - 4 region, since
the-DZCO lines are very dense} The résults are given in
Table II. The decays Werevall‘single exponentials and the
measnred lifetimeS'ranged‘from.5.5 co 8.1-us-with a.mean of
6.8 us and a_standard deviation of 1.0 us., At 8 x 1072 terr;
‘a 7 us lifetime is gimost certainly_collisienless to better

~

‘than 10%.

~~~~~~~~~~~~~~~~~~~~~~~~~~~~

In about 10% of the cases of Seemingiy clean excitation
of HZCO, che decay of total fluorescence was‘diStinctly non-
exponential.-.In all such cases, the decay'was‘fit to a sdm
of two exponential compOnents The'resulfs are given in
Table III, which 1nc1udes the fast and slow 11fet1mes (T
and T, ) and the t = 0 amplltude ratios If/I . The fast com-
ponent always donlnates the t = 0 amplltude However; the
-slow component amplltudes are much too.large to be rationalized
as lonéer-lived fluorescence from states populated by collisions,

even based on a relaxation rate as large as 200 usjl torr—l.



Tﬁé pccufrence of such non-exp¢nential decays is not
evenly distributedvaérosé the spectrum. _Note'that'Ki =5
and 7 contribute the bulk of the‘eXahﬁles. These regions
of tﬁé spectrum aré‘not‘paftiéularly.crowded, and the lines
aré qﬁite strong;"On‘tﬁe other hand,'the rPO and rQ, lines
" are weak and aré fdund in crowded regionsvof'the'spectrum
Wheré'unasSigned lines ére_tommon; It is possible that the
rQZ(S) and rQ2(4)'reSults;are_non-exPOnential because both
K-doublef componénts aré‘excited, yet they have different
1ifetimes, If this ﬁére'the éase;.ohe would expect I'f/Is =1,
however. (See Table III for the relevént splittings, and
see Section IV for further diécuséion).'

‘Some of the T fesults in Ta51e III are shorter than
those typiéal Qf the fasf'Single_exponéntial results of Table
I. Ih‘partiCular, note Tf‘for rR4(il) and rQ4{12), both of
which terminate on J' =12, K' = 5. The fast components are
not quite obscured by the sCattered light, and the twb values
of 30 nsec and 25 nseé are in good agreement; There is other,
less direct evidence fhat a few states may have lifetimes less
than 50 ns. The transitions rRO(l), rRO(S), rQO(l), and‘rQo(S)
appear as minor peaks.in the 4 torr fluorescence excitation
spectrum.  Yet no flubreséence was:obsérved for these lines
at pressures_of,a few mtorr. . The»relafive.intensitiés in
the spectrum indicate that the 1ow‘pressureffiuprescehce
should be weak, but certainly‘obSérvable, This,suggests the

possibility of.a few»Veryifast decays which are hidden by



~the scattered light pulse. The phenomenon was observed only

in the four cases mentioned, so it is apparently uncommon.



IV. DISCUSSION
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A. Previous results,

Thevtremendous vafiation_of HZCO_decay rate with ro-

- tational state appears rather»unique.' For Sl.nepﬁthalene,
Schlag and co-workers ﬁave observed about a factor of two
variation-in'both 1ifetime and fluorescence quentum yield
as the exCitation'wavelehgth is scanned across the rotation-
al contour of several Single viBronic levels. Single_'
‘rotational state resolution was not poséible. In the case
of Sl'glyoxel,bRordorf, et al.S found that ¢f varied less
. than 30% (the experimental uncertainty) fof five J'K' levels
of the Vibrationless state; in spite of the apparently‘uni-
emdle;ular photoehemical‘decay of_glybxal at,the-sub-mforr»
pressures studied. “Similarly,AParmenter and S-chuhl2 found
no dependence of the benzene S1 + T intersystem crossing
rate with rotational distribution, but rotational relaxation:
may have been importaht at the pfessures studi_ed.6

| Several-previouS'formaldehyde'studiee_have»indicated
rotational state dependencesof non-radiative rates in Sq
' HZCO. Tang;'Fairchild and Lee8_reported-a factor of_four

variation in relative fluorescence quantum yield for single

1

rofational levels of the-234 level at 0.2 torr. No

variation bf ¢ was observed for:the triplet-perturbed8

2_2_41 level. The'dependence within 234l was attributed to
- Coriolis coupling with one of the lower levels 213242 or

*;



'214262,-which must be assumed to have a faster non-radiative

rate than 2341. Corioiis 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 Lee11 have observed a factor of'eight

variation of ¢f with rotational state within 41 of HZCO at

0.04 torr. Assuming a radiative 1lifetime of 3 us for 41;
the average observed ¢f of 0.031 corresponds to an average
lifetime of 93 ns, somewhat shorter than the typicalvlife-

0 1

times of 160 ns reported here for 4. The 4 e values

are apparently not cbllisionless, since rotational relaxation
at  ~ 100 us_1 torr -1 competes with the non-radiativé.detay
at 0.04 torr. Relaxation to more rapidly decayingrlévels
‘causes the apparent ¢¢ to be iess»than the true collisioniess
value and obscures aﬁy long-lived states ehtirély.

Luntz® hasvmeasuredbfluorescence lifetimes of H,CO in
an effusive beam after excitétion'of 42 TR sub-band heads
with 1.4 pm_l resolution, so that several rotatioﬁal levels
are simultaneously excited. ‘The time resolution of 100 nsec
per channel resulted in‘préferential selection of long—lived
states. The preéent work indicatés that such states are.
quite unusual. Ih-all cases (K' =1, 3, 5), there ié_
reasonableagreement'betweén Luntz's lifetime and a higher
resolution lifetime at excitation eﬁergieé within 2 c:m_1 of
the TR head. Table IV éiVes'a detailedvcomparison; The

agreement is taken as confirmation of the claim that the



present results are truly_collisionless results.

Weisshaar, et al.'? have also measured the fluorescence
decay of 42 after excitation of rR sub-band heads with 1.5 cm 1
resolution. The decays were non-exponential except for XK = 7,

and the fast and slow deCay rateé'variedeith‘K'. The life-
times.were_mUCh shorter than those Ovadntz,g'since thete
Was'no particuiaf incentive to tune the laser to long-lived
étaﬁes."The breeent.resﬁltSvclearly show that the non-
exponential decays wereedue to direct laser excitatiod of
several 1evels having different 11fet1mes.u For K' = 7, the
decay probably appeared exponentlal because the states-
'populated-had 51m11ar_11fet1mes. | | |

The presently meaeufedvquenchiag,rates of ~ 100 usec
.tqrf_l for HZCO are qﬁite'eomparable te'the previously
reporfed rates fof faster states excited with 1.5 cm™ 1 re-
501ution;10 Given'the‘wide-Variation‘of'lifetime within
40; it is difficult to distinguish elecﬁrenic quenching odt
of S from rotational relaxatioﬁ to states of'much shorter
11fet1me than that 1n1t1a11y excited. At'pressufes for
which rotational equilibration is 1ncomp1ete on the tlme-i
'scale of the fastest decay rates,'a significant fraction
of fhevexcifed sfatevmoieCUIeS'may decay via a few short-
1ived:states, 1eading to a rapid apparent decrease'of both
T.and ¢£ with'increaeing preésure. Simple kinetic models
.may be quite misleading in such a compllcated situation.

.0

For D. CO, Luntzg obtained a 41 "bulb" lifetime of

2




. . ) ' .
7.4 + 0.5 us at each rR head for KX = 2 - 12. The presently

measured 40 1ifetimes were in the range 5.5 -'8.1 us, in
substantial agreement with Luntz. For 41vD2CO, Shibuya and
Le i1 report a t 29% variation (one standard deviation) of
fluorescence'quantumvyieldé with rotational state at 5 mtorr,
again suggesting a modest-rotational state dependencetof D,Co
1ifetimes near the Si origin. ’

B. Zero pressure photophy31cs

e e e R e A R R

v The 1engest HZCO zerb pressure lifetime observed, 4.17
£ 0.20 us for J"= 4, K' =1, (--), is quite comparable to
the S1 pure radlatlve lifetime expected from theoretical
calculations?l and to the value of 3.3 us derived from high
pressurerlifetimes and quantum'yields.for»the 40 level by
Lee and cb—workers.zz’ 23 There is no evidence for
conSiderablexlifetime 1engthening24 in;either the lifetimes
reported here or in the S1 absorbtion spectrum, which
appears eharp and essentially unperturbed. In the vast

' majority ofrthe cases, the HZCO ZzeTro pressure decey rates
(Table I) are dominated by a fast non-rediatire component.
In_contrast,.the'DZCO zere ﬁressure lifetimes (Table II)
épparehtlyrvaryfonlyji:20% about a typicel value of 7 us.
These appeér to be essentially rédiativetlifetimes.- The
slight variatien‘might be due:tpea smalllhon—radiative decay
eomponent. The isotope'effeet on frad for a transition
-induced by.the'out of;plane‘bendlof the hydrogens (v4)_is

expected to be about a factor of two.
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_' SéguéntiaILdecay mechaﬁism. The Zero pressure non-
 fadiatiVe decay mechanisﬁ of low4lying Sl levels of HZCO is
not wéiljunderst06d. Thé denéity of S, harmonic oscillator.
states near the Sl.originlis only 6 perICmfl, and nearby TI'
: 1eve1$ are separated by tens’of'cm'l. Thus, in the absence -
;ofvcdilisions, HZCO.wouid éppear to be a smalivmolecule‘
whichv3ﬁou1d Qﬂly rédiate. However, the rapid, collisionless
vdeCay’ofbmost_rotatiOnal States df Sl’ 40 indicates the
.availability df.some-soft of cpntinuhm. The most plausible
Cahdidate.atbpresent is the H, +,CO_di$sQCiative continuum.
This requires either that thevbarriér»between,HZCO (SO) and
‘HZ + CO (whose height is nbt known) 1ie'pglgy_the Sl qrigin,25
or that rapid quantumsmechanical tunnéling through the
“barrier be fea?ibie.  (Seé.Seci IV-C for further discussion).
The'mechanism éssumed,below thus ihvolves indirect decay of
'81 to H2 +'C0‘via'quaSiebOund So.levels.

This>5equential decay mddél is weil-known ih non-radiative
tfansition 'chec.)ry.z’v-z'6 ’An ihitially prepared rotational state
|s> of Sl is_Coupled;intramolecuiarly.to a sparse Sét:of bound
So_leveiS;[£>,,éach of which is:coupied'in.turn to the disso-
ciative continuum of H2 + CO levels, labeled |m>. The coupling
matfix element§ are VS£ and Vpn» Tespectively. Direct |s> td
~continuum couplings are ignoredQ Calculationszslindicate that
thef,are small, and thé observéd.random'Variation of‘S1 decay

1

rate with J , K , and Erotvis’inconsistent with a direct
_S1 +,H2 + CO mechanism,,,The zeroth order bound states have
widths FS and PL due t0'coup1ings to the various radiative oT

‘dissociative ‘continua. This model has been solved in various



waYs,15 26 and the time evolution of the initial state |s> is
quite complicated in general. However, in the "weak coupling

limit" of IVsZ' <<‘lES - Ep + i(PSjj PK)/ZI:fqr-all‘l; and
under the assumption T, >> I'_ for all £, the non-radiative
| 'décay of |s> is exponéntial'with'avrate_given by26

nr NI N T - A 'y 2 _

Tgw = (/) J Vel ™ Ty/ LBy - BT + (T,/2)71, (1)
where E_'and E, are zeroth order energies corrected for level

shifts.20

The observation of Single exponential decays
suggests that if a sequential mechanism‘is torrect, then
the weak coupling 1imit is appropriate to forméldehyde. Cal-
culations of the Sl.- SO‘matrix:elemenfs of thg nuclear
kinetic energy255 27 support suchvé_model. |

Within' this framewbrk, Various possible'explanations
for the fluctuations of P?r with'J', K' and'Erot éan‘be
examinéd.v As noted above, Coriolis coupling within S1
cannot affect the vibrationless 1evels.‘ The‘apparent lack. of
consistent trends with_J' and K' afgués against a.strong
rotational dependehcefof the.intramolécular_coupling VSK'
The data do indicate that, on the average, Fgr_increases

' ' ' .
modestly with K (or Erot)" The density of Sy vibrational

o stafes increasés‘only‘about-ZO% aS Erot_increases from 0
" to 1000 cm-l, suggesting that the:effect-should be considered
'a K-dependence. NoVak;Aet al.28 have demonstrafed_an ex-
plicit'K2 dependence in ihe Sy - SO matrix elements of the
huclear*kinétic enefgy”in a basis of Born-Oppenheimer ro-

vibronic states due to an inter-electronic state Coriolis



~coupling. The,effect is_small‘compared with the usual
nvibfdnic éoupling; A rbtationallstatevdependence of;SO -
ContihUum'matrix elements (Whiéh deterﬁine the Fk) is .
'possible-_aﬁisd.28 | | |

E The'primarily_réﬁdom variation of'the decay‘rates can
bé>underst60d in terms of Eq. (1). .Conservation~of J and

29

perhaps K in the zero pressure non-radiative process will

1imitrthé set of'SO7fotationa1 states with which‘eaqh SII
'sfate can intefacf.. For each J'Kt,state, the more neérly
breéonant the gppropriate_so‘ievels_héppen to be fhefstronggr
the iﬁtramolecular’mixing'will be,féVen if all the S1°° So°
coubling’matrix elemenfs were:equal,: Tﬁe initial and fiﬁal
stéte'rotational ehefgies Eoot will'be different in general.
vThis causeS'different'J'K' states  to interact-stféngly with
vibrational. states, since the-change'in'Erot

0

different S
must be taken dp'by vibrational energy in SO' Aﬁy Variainn'

in coupling matrix eiements ihus-contributes directly to
the variation in decay rate.zgv | | |

‘Couplings. The usual vibronic éouplings Zk az/an2~are
expected to dominate thé intramOiecular S1 5-50 perturbations
Vst,laithOugh,much smaller, inter-electronic Coriolis
couplings depending on K are present_28 Only fovibronic',
stéteé-of the same species_uﬁdef theifullvsymmetry-group of
the.Hamilfbniah can peftuib_eéChmother} (See Seétion‘IIIA);
Vibronit and D2 (rotatiohal sﬁbagroup) selection rulészg are

not rigorous, but -they are correct to-thevextént-that



‘vibronic couﬁling dominates V_,.

- The -total angular'momentuva_is conserVed in the non-
rédiativé process,'festricting the number of S0 rotational
stafes which can couple’to a given J'K' state. However, more
than one rotational state pér_éo vibrational state will inter-
act with each JiK'lstate because K-is not a good quantum -
 number. _The'asymmetric top,.figid rotof.wafefunctions;can

‘be expanded in a symmetfy-adapted symmetric top basistso

|JKe> = ] 'a'JK,' (|JK'> £ [T -K'>), @
v K ,
where  the parify of K gives the C; symmetry and the sign (&)
gives the Cg syﬁmetry. (See Section IIIAj; The éum is
restricted to K even or odd according to whether K is even
or odd. First-order perturbation theory shows that even
for so neafly é_Symmefric top as‘fqrmaldehyde, more than
one'aJK,-is.larger than 0.1 when J is larger than K + 3 or
nso, Consequently, the vibronic coupling connects more‘than
one IJHK""i ?‘with each |J Kk * > even though the selection
rule is AK = 0 in a symmetric topbbasis. Strong Coriolis
coupling of hearly degenerate, high energy rovibronic levels
of S0 will furtﬁer degrade K" aSté quantum number. A second-
order x- or y-axis coupling mixes states of AK = # 1; higher
ordef couplings may be quite important when many states |
of appfopriafé syﬁmetry_are available within a few ém_ .

Suéh considerations,could dilute the vibronic coupling

. - . 1 .
“among as many as (2J - + 1) rotational states per SO_Vibra-



tionalvstate. Extept for. resonance effects, the décay rate
‘nr - o o :
' rs' (Eq. 1) ;s unaffected,’because the dilution of lezlz»
~cancels the increase;in fhe nunber of |£> states contributihg.
Such éffects woﬁld hasten the'onset‘of a statistical 1imit
in a larger molecule, since for N mutually perturbed S0 levels
the ratiovV/é is proportiqnal tov/N,‘wherg‘V is an average
'(diluted)'matrix'element_éhd € is a typical’spaéing between
 coup1edl1eVe1s, ‘ |

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

K-doublet splitting A can be computed accuratély from the

31, 32

formula of Waﬁg,' - The calculated S1 splittings are

given in Table V. Corresponding S0 splittings are larger by
a facﬁor (1.08)%.  The 1ifétime behaViof of the two doublet
.components changesbqualitétivély as the S1 splitting A
decreases below about .5 x lO--4 cm—l.. For.K'_= 3, J' = 6

8.1 x 10f4 cm-l), the (+-) and (--) decay rates differ

(A
by a factor of three. In all eight cases of larger A for
which,both lifetimes were measured (Table I), the decay rates
are significantly different. In contrast, for K' = 4,

4 1),’th'e tWo-deéayjrates are

3 =10 (o= 1.7 x 107% en”
apparently»equal, since'the rR3(9) transition populates
both (++) and (-+) components yet the decay is a'single

~ exponential. ASingle expdnential decays nearly always occur
for A < 10-4‘cm_1,'aithough'both cdmponentsbaré‘excited
equally.. B ”

For evéry.debublet pair, each*state belongs to a



vdifferent_species of the full symmefry group, so that each
_finteracts With its own set of §, states. If the perfurbation
is Vibronic, then the Dzvsymmetry'willvbe conserved and Eq. (2)
shows that the pair |JfK',i > will have identical sets of
matrixbelements \' s2 with the appropriate set of S0 levels.
Bquatlon (2) further shows that (smaller) perturbatlons
allowing AK = f 1, + 2, etc. w111 also glve the same set of
matrix elements for |J K +> and |J K -> to first order, if
AK < K. Hence,_it is a good assumption that éééh level of a
K-doublet_éouples to its own set of SO levels, but that
:COrrespondiﬁg'VSK's are the.same.

There are then two possible explanatidns for the observed
:coalescence of the two lifetimes for & < 10°% cm™t. A small
‘piece of the Hamiltonian may thbroughly mix the two doublets
when they are so nearlyvdegenerate, causing ‘the lifetimes fo
become indistinguishable. Electronic-vibration-rotation in-
teractions can be rigorously rﬁled out by symmetry. ’(Sec;
IIIA) Nuclear spin-molecular rotation couplings are
apparently much too small; in the ground électronic state of
H,CO they are less than 1 kHz.>3 Alternatively, the S0
doublets coupled to S1 may have bécomevsufficiently degenerate
SO that each of the Sl'doublets»sées essentially the $ame S0
level structure. | L
Apparently for Az 5x 10 -4 cm_l,'the two S1 doublets levels
"are not strongly mlxed and see con51derab1y different S0 |

level structures. ThlS'lmplleS that either the S, doublets

or some of the impbrtant-S0 doublets have splittings comparable



- to typical Solspacings. (Ség Eq. 1). If K is a fairly good
.vquantum number in SO’ thié suggests'é Zero pressure density
~of coupled 1evels of 103 - 104 per cﬁ-l. On the other.haﬁd,
if K is“a poor‘quantum number in S, (aé érgued above), then
Kf =3 would 1nteract strongly w1th K = 2, whose doublet
vspllttlng is con51derably 1arger (Table V) In either event,
‘the suggestion is that the den51ty of interacting stateé is'
 1arger than the harmonic oscillator level deﬁsity of 10 pér
em 1, vait.ygzg as large as 103-; 10° per'cm_l, formalde-
hyde might be approaching a statistical limit, dependihg;on
typical VSL and.l‘Z valUés. A test of the level density might
come from studies’of the electric field deﬁendence of the
 f1uorescence‘decay. A Stark field will shift S1 and S0
levels relative fo each other because the_':SO dipole moment
is 1argef.‘ The smallest field required to sighificantly

affect the decay rate would indicate howblarge a relative

energy shift is important.

" C. Photochemlstry

N S A N R A e A

It must be emphasized that the sequential decay me-
chanism relies on the accessibility*o'fthevH2 + CO dissociative

continuum at zero pressure. - The -calculations of Heller, et

al.25 indicate,thatvsircan indeed decay with a several hundred

ns lifetime if the barrier to dissociation on S0 1ies below

the S origin,"The;calculated-appearance of H2 + CO is then

1
ratheruprompt. DZCQ merely radiates because its Sl_- SO



couplings are much smaller, essentially due to poorer vibra-

tional overlaps.- This may also explain the small DZCO_photo-

“'-chemiCaliquantum yield at high pressures near the Sl_origin.

If the barrier is above Sl’ then Heller,'et al.; conclude
that H2C0 and DZCO are small molecules that should decay ra-
diatively. It is cbhceivable that S H2C0'is slightly above

1
its effective’ barrler wh11e D2CO is below due to‘different
zero p01nt energy changes. Quantum mechan1ca1 tunneling
through the barrier may be quite rapid,as discussed below.v
It is of interest to learn whether oT not DZCO single rota-
tienal level decay‘rates begin to.fluctuatevstrongly'at
energies.similar to the threshold for D, + CO photochemistry.

The fate of S, molecules at zero pressure is not knbwn;‘sub—

1
,mtorr'photochemistry has not been demonstrated. Detection

of H2 or CO photofragments in a molecular beam or in a very

low pressure ‘gas would prov1de cen51derab1e ev1dence in favor

of the sequential decay model.

At_preSSures above 0.1 torr for energies near theisl'

36

origin, Houston and Moore35 and‘Zughul have shown that a

very different mechanism operates. 'CO appears much more

slowly than S decays, and product formation requires a

1
collision; i.e., the appearance rate 1is. linear'in pressure
and extrapolates to zero at zero pressure : The appearance
rate is roughly 1ndependent of formaldehyde 1sotope, eXcess
energy in S1 (frem 0 to 1500 cm ‘), and collision partner

5, 36

(formaldehyde, He, Ar,(Xe; NO)..3 Apparently the high

pressure behavior can be reconciled'with_fairly prompt zero

34



‘présSuré photoéhemistry only ifvlong'range collisions take-

1
fludresce,and which requires a further collision to dissociate.

~the S; molecule to an intermediate state which does not -

Above 0.1 torr, the collisional channel must dominate the
';zero'pressure photochemical channel. A rate of quenchingrto

1 torr;v1 (about 20 timeS'the'gas»'l o e

~ the intermediate'of ZOb_us'
- kinetié rate) would obscuréﬂan average ierO'pressure,decay
 rate of 6 usﬁl at.pTeSsurééfabove 0.1'tOrr. It is éignificantv‘f-
that such large ﬁuenchinglrates'haVe in fact been obéerved.lov

The identity of the intermediate state remains unkhown; al-

though non¥di550ciative Sy or Ty levels>> and the isomer
;HCOHSS’ 37.have'been mentioned as candidates. Ab initio

célculations”piace the barriers to HZ +_CO and to HCOH above

38? 39 ,Miller4-0 has cal-

th.'e__S1 Origin by a few kcal/mole.
culated collisionless S0 > H, + Co tunneling fates in a one-
'dimensional RRKM treatment at a given totalrenergY;USing'
the barrier height and'vibfationalvfrequencies of Goddard and

.Schaefer,sg; He obtains a rate of 6 x 106'15'_1 ét the energy

1

_of the S' origin, strongly suggesting that SO tan decay
rapidly to molecular prdects even at énergies“5~F'10 kcal/mole

below the'barrier.t.SOWDZCO is taiculatedvto dissdciate ébout

40 times slower.'
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Ve CONCLUSION
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The extreme variationvbf H,CO zero pressure non-radiative

‘de¢ay rates with rotational state in 4  of Sy has been well

documented. No Systematic quantum number dependence of the

rates is observed. The results can be qualitatively under-

._stdod in terms of a sequential decay thfough SO to H2’+ co

products, so that flucfuafions in decéy rate are largely due
to resonance effeCts ' The behavior of closely spaced K-
doublets suggests the p0551b111ty of a high den51ty of S0
levels interacting with S1 at zero pressure. It remains
difficult to feconCile‘the fast, collisiohless decay of S,

with'the delayed appearance of CO ét_higher pressures. The

. DZCO zéro pressure decay is dominated by the radiative rate.
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- TABLE 1I. » HZCO .si_nglle'exp‘on'entival_re.s_u.lts} for S1 40.

.' ’ " ’ S ‘ : ' ' - , . . C L ’ o N
CLine® v * 0 kP e B _° p. cs)® s

rRy(2)  27034.0 1 -~ 20 - 0.5  3.55 0.282
rP,(5)  013.3 1 £ 29 1.2 0.185 5.39
rQy(4)  026.6 30 0.4 4,17 0.240

rQy(5)  025.5 1 + 41 0.9  0.298  3.36

L NS B O O o
[
]

fQO(G) 0241 i - 58 0;6_‘ S 0.71 1.41
1Qy (M) | 022.6 7. 1 + 69 0.61 ~0.440 2.25
rQq(9) ©019.1 o 1+ 106 0.7  0.313 - 3.19
TR(9) ©034,3 10 1+ 122 0.6 0.334 2.99
rQ, (11) 014.9 11 1 + 152 0.7  0.528 1.89
rRO(lo) 033.2 11 1 - 144 0.7 ’0;298-, 3.35
rRy(11)  031.8 12 1 £ 169 0.3 0.64 1.5
rQo(IS)'v‘ 010.2 13 1+ 207 1.0 0.183 5.45
TR, (12) 03.1 13 1 - 196  0.9.  0.204 4.89
rRy(17)  018.1 18 1+ 360 0.8  0.427 2.34
rR,(19)  011.7 20 1+ 440 0.6  0.480 2.08
1Q,(6) 8 058.2 6 3 + 116 0.7 0.575  1.74
foécs)g 3 058{0 6 3 R 116 1.2 0.187 5.35
rQ(7)  0ss.9 7 3+ 131 1.2 0.168 5.96
rQ,(8)  053.9 8 3 o+ 148 0.9  0.435  2.30
 rQ,(8)  053.4 8 3 - 148 1.7  0.085 11.7
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_ TABLE I. 'HZCO single exponential results. (continued)

rR4(5)

113.0

. Linea "\?Va.ca .J' P Cg I'Of Pmlnd ' T(US)e‘ —1(US_1)e
(cmul) ,7 (cm_i' (mtorr)
er(é)ﬁ 27050.6 9 3 o+ 167 1.2 0.198 5.04
1Q,(9) 051.3 9 3 - 167 1.0 0.279 3.59
' 1Q, (10) 048.5 10 3+ 188 1.2 0.245 4.07
rQ, (11) 045.4 11 3 - 212 1.3 0.341 2.93
rQ, (12) 042.1 12 3+ 237 0.7 0.76 1.31
rQ,(12)  040.0 12 3 - 237 1.2 0.120 8.4
TR, (12) - 067.6 13 3 - 265 2.0 0.066 15.2
rR,(13)  065.4 14 3+ 295 0.8  0.207 4.83"
rQ, (14) 034.7 14 3 + 295 0.8  0.202 4,060
rRé(13) - 068.4 14 3 - 295 1.1 0.69 1.45
rR,(14)  066.8 15 3+ 327 1.1 0.364 2.74
rQ, (15) 030.6 15 3 - 327 0.8 0.174 5.75
IR, (15) 065.0 16 3 - 361 0.9  0.218 4.58
TR, (17) 060.6 18 3 = - 436 1.3 0.135 7.4
TR (3) 090.8 4 4 s 147 1.2 0.322 3.11P
rQ (4) 081.2 4 4 s 147 0.8  0.314 3.18"
rQ (). 079.7 5 4 + 158 1.0 0.137 7.3
TR, (5) 092.5 6 4 o+ 17 1.2 0.098  10.2
rQs(7) 075.9 7 4 + 186 1.6 0.190 5,25
rQ, (8) 073.5 8 4 & 203 1.6 0.284 3.51
rRy(9) 092.2. 10 4 £ 243 1.5 0.116 8.6
TR, (4) 112.3 5 5+ 229 1.9 0.098 10.2
6 s 242 1.7 0.085 11.7
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- TABLE I.  H,CO single exponential results. (continued)

Line?. ’v"vaca- . b C;: - Efotc - Pmind | cs)® o lsthye
o "(cm-_l) N (cm'lj - (mtorr)

TR,(9)  27112.7 10 s £ 314 1.7 0.113 8.8l
rQ (10)  088.5 10 5 & 314 1.5  0.109 9.2"
'tR4(12)""11b9;4 13 5 £ 391 1.6  0.163 6.2

TR, (13)  107.7 14 5 £ . 421 0.0 0.287  3.480

rQ,(14)  073.8 14 5+ 421 0.9 0.270 3.1
rR,(15)  103.4 16 5 .+ 487 1.8  0.242 . 4.14

"rR4(16)V_'_.100.8 17 _S + 523 1.4 0.236 4.24

"rks(sj 133.9 1,” o 6 380 2.0 0.123 8.2
rR (10)  132.5 11 6 £ 428 2.5 0.068  14.8

CrRg(11)  131.3 12 6 + 450 1.5 0.167 . 5.990
104 (12) 1022 12 6 .+ 450 2.2 0.170 5.900
TR, (13) 128.1 14 6 . 507 1.6 0.158  6.32
rR (14)  126.0 15 6 £ 539 2.0 0.106 9.4
rRc(16)  120.8 17 6 * 610 1.6  0.200 = 5.00

| rQ6(7)‘, 137.8 77 446 1.0  0.137 7.3
R (8)  154.5 9 7 + 482 0.7 0.200 . 5.00"
rQc(9)  132.7 9o 7 £ 482 . 1.4 0.187 5,340
tRg(9)  153.1 10 7 504 1.0 .0.088  11.3
rQg(11)  126.5 11 7 £ 527 2.9 0.079  12.6
rRﬁ(il) 151,912 7 + 553 1.1 0.156 o p.4b
Qe (12)  122.9 = 12 '7,_ + 553 1.8 0.1600  6.3"
TR (16) : ‘141.6 17 7 s 712 0.7 0.224 - 4.47

=+

R (17) 1386 18 7 750 1.4 0.139 7.18
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TABLE I. HZCO single exponential results. (continued)

v c a4

“.Linéa vvaca'. J' '.K CZ Erot Prin 'vI(“S)e' T-lcus—llé
(cm™ i' | 7. (cm-l) (mtorr)
rR7(7) - 27175.1 - 8 8- + '581 - 1.3 0.136 7.37
R (8)  174.8 o 8 + 601 1.7 0.179 5.58
rR,(9)  174.3% 10 8 + 622 0.8 0.200 5.00
R, (10) 173,41 11 8 : 645 1.0 0.244 4.09
CrR,(11) 172,212 8+ 671 1.5 0.111 9.0
tR7(12) 170,813 8 £+ 698 1.7 0.109 9.2
rR,(13) - 169.0 14 8 £ 728 1.8 0.113 8.85
TR, (16) 161.8 17 8 s+ 830 1.9 0.123  8.13
TRy (8) 1947 9 9 £ 735 0.6 0.452 2,210
rQg(9) 172,99 9 + 735 0.9 0.444 2.25P
rRg(9)  194.1 10 9+ 756 1.2 0.172 5.80"
rQ4 (10) 169.9 10 9 s 756 1.4 0.185  s.a1b
rRg (10) 193.2 11 9 & 779 1.0 0.200 5.00"
rQq (11) 166.6 11 9 £ 779 1.5 0.192 5.20"
rRy(11) 192.0 12 9 & 805 2.1 0.109 9.2P
rQq (12) 163.1 12 9 £+ 805 1.8  0.114 g.8"
TR (12) 1906 13 9 i 8335 1.7 0.109 9.2P
rQg (13) 159.2 13 9 & 833 1.7 0.118 g.s"
rRg(13)  188.8 14 9 . 862 2.0 0.118 8.5
rRg(14)  186.7 15 9 £ 894 1.4 0.173  5.79
rRg (15) 184.3 16 9 s 928 1.3 1 0.178 5.63"
rQg(16) 145.7 16 9 t 928 1.5 0.182 5.48"
| 9 £ 965 1.4 0.213  4.69"

rR8(16) ¢ 181.6 17
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:HZCO sing1e exponentia1 fésults.. (continued)
..Liné?. v.vaca g K'b (2: Ei‘ot(: nin T(us)e- -1(us_1)e
(cm_l) | (cm";) (mtorr)
'rQé(173 27140, 5 17 9 - 965 1.5 0.207 4.83"
N 538(17) 178.6 18 . 9 + 1003 1.8 0.138 7.3
rRg(18)  175.3 19 9 & 1043 1.4 0.187 5.34
CrRg(19) 1717 20 9 .+ 1086 2.0 0.098  10.2
TR, (20) 167.8 21 9 & 1131 2.3 0.086  11.6
 fR8(21)tf 163.5 22 9+ 1177 1.9 0.177 5.65
TRy (9) 213.4 10 10" : 906 1.2 0.217 4.60
TR (10) 212.5 11 10 & 929 1.9 0.074 13.5
rRg(11) 211.3 12 _io £ 955 1.8 0.169 5.93
-ngcls) 208.0 14 10 £ 1012 2.0 0.238 1 4.20
rR,(10)  231.1 11 11 £ 1095 2.1~ 0.081 12.3
.rRlo(il) 229.9 12 11 = 1120 1.9 0.104 9.6
erlo(iz) 228.4 13 11 + 1148 2.5 0.106 9.4
TRy ((13) 226.6 14 11 £ 1178 2.0 0.128 7.8
Ry (14)  224.5 15 11 £ 1210 2.0 0.115 8.7




.o

Footnotes for Table 1I.

‘a

h

The assignments are those ofiSethuramah, et al., Ref. (13).

The transition fréquency_vvac has been rounded to the nearest

0.1 cen L. see Seé;.III—A_of the text for an explanation

of the notation.

-Thé“rotationalvsymmetry species of the excited state under

the D, rotational sub-group. See Sec. IIIA of the text.

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

label (even + +, odd - -) and the entry under Cg' gives the

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

were excited equally.

The rigid rotor energies obtained by interpolation in

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

The minimum pressure studied, in mtorr. See Sec. IIIB of

the text.

Lifetimes and decay rates at the lowest pressure studied.

Accuracy is * 5% (* 20).

These T—l’Werevobtained by'extrapolating'a»Stern-Volmer plot

to zero pressure.

The rQ2(6),doub1ets Were’on1y~partially'resolved. See Sec.

I1IC of the text.

Thesé_states were excited via two different transitions, so

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

i_TherrR7(9}'and rR7(;O) lines did not match the trahSitioﬂ 
‘frequen;ieé given in Ref. (13),:which were 27174,6'and'.' |
27174;0 cm'l,‘respectiy¢1y5 No lines appearéd.at fhose
‘freQUencies.A The @bserved-lines are strong, and allifhe
vébSvaed frequéncies'fit a parabblic function of J'vbetﬁef»_
":[;hah[those.Of ﬁef,,cis);_suggestiﬁg,that‘the assignment

here is correct.



- 43 -

Co lifetimes for Sp 4°.

27438.1-

TABLE II. D,
-1.2 b a
_\)»\'rac(cm ) | T (us) Line(s)
o o TR, (14) 15 2 +
27375.5 5.87 | |
| - Q4 (13) 13 4 "
27376.8 7.6 IR, (13) 14 2 -
, ’rRl(lz) 13 2 +
27378.0 8.1 JrQ2(7) 7 3 .
rQ, (12) 13 4 -
| ; [r,(6) 6 3 -
27379.7 5.81
| rQ,(11) 11 4 -
- ;'rRl(s) 4 2 -
27380.9 7.5 TR, (9) 10 2 -
LrQiz(S)' 5 3 *
27383.7 6.6 TR (4) 5 2 -
27430.1 8.1 _rR7(18)  19 8 +
27431.6 6.2 TRe(13) 14 10 t
27435.0 7.2 TR, (15) 16 8 *




3“Fdotn0té$ fdrvTabie II,

:1a_Thé_assighMénts ére.thosefof Ofr) Ref._(14). The

"*_tranSitipnrenergy'vvaC has been rounded to the nearest

LB

 b Liféfimeﬁaf'~’8 xflO_Sftorfbof DZCQ; Accuracy is # 5%
(= Zb);.'Thesevlifetimés“hrewprobably.qoliisionless to

. “better- than 10%.

C Seé_footﬁdfe(b)oijable I.

b
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TABLE III. HZCO non-éxponential‘resulté.

Linea VVacav J'_~vK' :"Pminb _rf(nS)C Ts(né)c_ If/ISC
'(cm;l) | (mtorr)‘
rP (6)  27009.2 5 1 Co1.00 210 ~900 4
rQZ(S). 062.5  3 3 . 1.6 50  ~160 3
1Q,(4) . 0613 4 3 1.0 330 1300 3
rQ4(7)' : 096{4 7 5'  '  1.3= S 70:. 290 4
rQ,(8)  094.1 8 5 1.1 130 370 3
TR, (10) 111.9 11 s 1.1 130 565 10
R, (11) 110.8 12 5 1.7 30 130 10
rQ, (12) 081.8 12 5 . l 2.0 25 -~ ~80 10
rRG(iS) 148.7 14 7 ‘1.s 60 ~150 3
R, (14)  146.6 15 7 1.5 50 ~160 7
rR, (15) 144.3 16 7 1.5 75230 3

2 See footnote (a) of TablévI;

b See footnote (b) of Table 1.

€ The non—expohentiai decaysiWere fit to a sum of a fast (Tf)‘and

a slow (Té)-exponential,decay in all cases. 1f/IS is the t = 0
amplitude ratio, accurate to # 30%. The uncertainties in Tg

and T, are + 15% unless preceded by ‘a "~" in which cases T, Was

weak and was detefmined only to *50%.
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TABLE 1IV. Comparison of high resolution HZCO_lifetimés with those of

" Luntz.
This work ..
Lunti" ‘ |
rR Head T(us)? Line® v, P p . © T (us) :
T s ' o vac min ,
_(cm-ll (mtorr)
o S , ST _' : 4
K =1 "~ 3.6 + 0.3 rRO(Z) 27034.0 0.5 3.55 + 0.18".
| R, | N o
K =73 2.6 + 0.3 - 27071.0 0.5 . 1.80 £ 0.09
rRz(ll) _ '
K =5 0.7 * 0.3 rR4(10) . 27111.9 1.1 ~0.565 * 0.028

a.T;’,'Lken‘ from Ref. (9).

See foofnote'@)of Table I. .

See‘footnote(b)of Table I.

~Zero pressure extrapolation of 0.5 to 10 mtorr Stefn~Volmer'plot.v

The excitation is impure and the 1.8 us decay is the slow component

of a biexponential decay. ‘A correction  for the finite pressure

would 1engthen'the’ierobpreSSufe 1ifetime to about 2.0 us,‘
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0

TABLE V. Splitting of Kédoublétsa for 4° of S H,CO, 4 in cm™ ',
J' X K =2 K =3 x' =4 K =5
3 0. 6.8(-3) 9.7(-6)
4 1.2 2.0(-2) 6;8(-5) 5.7(-8)
5 1. 4.8(-2) 2.7(-4) 5.1(-7) 3.0(-10)
6 2.5 9.5(-2) 8.1(-4) 2.6(-6) 3.3(-9)
7 3. 0.17 2.0(-3) 9.4(-6) 2.0(-8)
8 s d.zg_p 4.5(-3) 2.8(-5) 8.7(-8)
9 5. 0.45 8.9(-3) 7.3(-5) 3.0(-7)
10 6. 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, 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. 3.24 0.18 4.3(-3) 5.6(-5)
20 24, 9.95 0.92 0.12 9.9(-4)

a Computed from Wang's formUla_(Réf. 31):

A =

b+ 11 7 {82 [(K - 1)1}

(J - K)1}, where

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

for so nearly'Symmetrig'a top. CorrespondingvSO;A's can be ob-

:tained by'multiplying-each eﬁtfy‘by_(l.OS)K.

-~
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Flgure 1. A 10 c:m-1 Segment of ‘the 2 torr fluorescence

exc1tat10n spectrum of the 4 band of H,CO. iThe'apparent

_ 1aser 11new1dth is about 0. 15 em™ 1 FWHM. - The rotationalb

symmetrles are those of ‘the upper 1eve1 L7

Figure 2 Decay of total fluorescence after 42 excita* 3
.tlon of H ,CO to the J = 12;,Kr~= 3; (+ ) and to the J = 10,f )
eK' 5 levels Both K-doublets are exc1ted in the latter
vcase. The pressures are 0.7 mtorr and 1.5 mtorr, respectlvely.d

‘The lifetimes are 760 ns and 110 ns, respectively.

Figure 3. Distribution of decay rates over 1 usfl inter-.
vals for the 90 HZCO rdtationallstates'for'which a single ex-

ponential decay:was observed (Table I).

Figure‘4. Detailedrp10t of the'HZCO single exponential
o v 2 , ‘
decay rates (Table I) vs J for various K . ‘Individual
K-doublet rates are shown whenever selectiVe excitation was

possible.

Figure 5. Plot‘of'HZCO decay rates averaged over'J'
for eaCh K', “The Vertical“Bars'indicate the range of rates:.
included in each'average, While-the numbers in parentheses
indicate how.many'individual rates were included.'.There is

, - . . o . []
a modest trend of increasing average rate with K .
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