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The mechanism of formaldehyde photochemistry has been
investigated by monitoring the appearance rate, relative
yield, andbvibrational distribution of the CO photochemical

Q_ product deteeted either by its infrared fluorescence or by

its absorption of a cw CO laser. In the limit of low formal-
dehyde preseures the CO product appears w1th a rate more than
100 timesrslower than the decay rate of the formaldehyde first
excited'eihglet sfate. This fact indicates the presence of

a long—liVed intermediate state between Sl_and the molecular



)

producté. Collision—induced CO production following 337.1 nm

¥

formaldehyde excitation occurs with appearance rates of

2.7 x 10711 cms molec™! se_c_1 for D,CO and 4.7 x 10 1? cm®

2
molec-l sec™! for H,CO. After its productlon CO(v = 1)

relaxes to the ground vibrational state in collisions with

D,CO at a rate of 3.3 x 10712 cp’ molec-l sec_l

-14

and in

colllslons w1th H,CO at a rate of 3.7 x 10 cm3 molec_1 secnl.

2
These rates have-been confirmed by a separate measurement which
monitors_CO(V'= 1) fluorescence following exc1tat1on w1th a
Q-switched CO laser. The CO photolysis yleld decreases w1th
the addition_of argon, but increases dramatlcally for 305.5 nm
Phot01YSis upon_the addition of NO or 02. Vibrationalldistri-
butions of the CO product have_been measured:ae a function of
energy and-vibrational level of the formaldehyde slnglet state.
Although the ‘amount of energy appearing in CO vibrational
modes 1ncreases with increasing exc1tat1on energy, the CO
vibrational- energy accounts for only between 0.7 and 4.5% of

the energy . avallable to the products at the measured dissociation

wavelengthsff
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I.  INTRODUCTION
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The photochemistry of formaldehyde has received an in-
creasing amount of attention durihg the past five years for
a variety of reasons. First, formaldehyde is ‘the simplest
of the aldehyde'moleCules. As such, ah understanding of its
photochemlstryhand of the nonradietive trahsitidns which

cause that photochemistry should aid cOnsiderably in our

'attempté to'understand these'processes-in the higher aldehydes.

Experlmental stud1es of formaldehyde also form a basis for

testlng our current theor1es of nonradlatlve tran51t10ns

”Since formaldehyde is found in interstellar.space1 and. in

polluted'atmoSpheres,Z-there are a number of more practical

appllcatlons of its photochemlstry Recently, the photo-

‘chemistry of formaldehyde has also formed the basis for a

’vseparation prOcess for hydrogen and carbon isotopes

Desp1te the large number of mot1vat1ons for its study,

it is only w1th1n the last s1x years that a general understand-
ing for formaldehyde photochemlstry has begun to emerge.

McQUigg and:Calvert8.have demonstrated that the following

processes are important:

H,CO + hv ——H,CO(5,,v') . (1)
H,CO(S{,v') ——> H, + CO (2)
——5 H + HCO (3)

(4)

= H,C0(Sy,v") + hv!
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Following excitation (1), formaldehyde may dissociate into
either molécular (2) or radical (3) products. There is also

a small quantum yield for fluorescence (4). Generally, process

origin at 28,188 cm-l,

1
while process (S)Ipredominates for eﬁergies above 32,250»cm-1.8

(2) predominates for energies near the S

Yeung and:Mooreg_have-meésured collisionless lifetimes of
HZCO and'DéCOléxcited by a tunable ultravipiet“laser source.
The lifetime§>bf;specific vibronic states dééreases rapidly
with increaging energy abové the S1 origin.visﬁch studies have
led to calculétions of collisionless nonra&iétive 1ifétimes
based on a mbaél which assumes coupling between the originally
excitea singlet level and highly excited VibrétiOnal levels
of the ground singlet state. _These excited Sonlevels were
expeéted to~be broadened by rapid predissociation.to molecular
products; so fhat the diésociation.mechanism méy be represented
by 81~«a86¥¥>H2_+ Co. Calculations based on_this model10 are
generally in gOOd agreement with the reductién in‘lifetiﬁe as
energy.is ihcreased above the S1 origin and with the deuterium
‘isbtope efféct. Despite this agreement, a ﬁumber‘of queéfions
still remain concerning the photodissociation pathway\and
dynamics. | | |

One sucﬁ.question involves the possible role of the
triplet staté in formaldehyde dissociation.! Miller and Leel'1
have argued thét an alternative dissociationfmechanism, 51
;_CO, is also possible since éppreciable yieids

T,~~S.—H

1 0 2

of molecular products are observed from triplet benzene
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‘guish between the S

Duti}rﬁgﬁw"s&l

sénsitized décomposition of formaldehyde. Luntz and Maxsoniz
have obserVed relatively short lifetimes of triplef férmalde-
hyde fdlloﬁing direct optical excitation with a tunable laser.
They interprét these lifetimes to mean that TlfvaO intersystem
créssing is rapid and furthef conclude‘that collision-induced
Sln~¢Tl Croésing might also be important. An observationvof
the appearance rate for the molécular proddcfs might distin-

» . 1-7SO*—7H2 + CO pathway ahd'the S~ T~
Sd——?Hz + CQ pathway.- Assuming So——aH2'+ CQ to be fast, then

in the formef'tase_CO should appear with the décay time of Sl’

“while in the latter case it should appear with the decay time

of Tl,

A second question concerning the photodissociation of

formaldehyde involves the distribution of ‘energy among the molecular

degrees of-ffgedom of ﬁhe products. Figure 1 shows the rele-
vant energy-level diagram. The ground state of formaldehyde
has very near;y‘the same energy as thész(v = 0)' + CO( v =FO)
product chanﬁel, while the first excited fofmaidehyde singlet
lies at 28,188'cm—1. If dissociation takes place in the
absencevof cdllisions, then all of the S1 ehergy is partitioned'
among thé ﬁranslation, rotation and Vibratién-of the molecular
products. Determination of the distribution 6f the energy
among these various degrées of freedom might give'some ihforma—

tion about the SO surface in the region near .the saddle point

for dissociation. Furthermore, the relationship between

the Qriginally”excited vibrational level of Si and the
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vibfational distribution of the molecular_pfbducts@might
Yiéld infofmation about the nonradiative couplings involved.
In-order tq.inVestigate these questions, the present
study 1is focuséd,on the time-resolution and énergy-distribu—
tion of_thevCO‘photOChemical product. Apﬁearance rates,
relative yieids, ahd vibrational distributiohs of the CO
product have,been,measurédvusing elther absofption or
fluoresceﬂCé detection schemes followinglpdlsed iaéer
excifation:of'fdrmaldehyde. The experiméﬁtal:éppa}atus
which‘makes such én investigation possible isvdéscribed in
Section II}i Section III describes_measurements of vibrational
relaxation of CO. Data on the CO photochemical proauct are

presented in Section IV and discussed in Section V.

I1. EXPERIMENTAL

R R R R VIV VI VR VD U VR Y

The eXperiments of this sfudy employed a nﬁmber of
individuai'éxéitation and detection.componenfs combined
together to form,configuratidns which providéd information
“about the forﬁaldehyde photochémistry. The individual
excitatioﬁ aﬁd detection compbnents will be discussed in
Section IIA, while their combination into threé differént
experimental configurations will be described in Sections
1B, 1IC, and IID.

A.  Apparatus

There are two major requirements for any photochemical

study:v an excitation source for providing photons and a



detector_for_ﬁonitoying the formation of products. In order
to measure the temporal behavior of CO formed foliowing
formaldéhyde,excitation, an ultraviolet phlse was needed
whose duration was short compared to fhe dissociation process
of intérest.aéd whose peak power was highvénough to produce
observable quantities of product. These requirements led to
the selection of a laser as the excitation source.
Threévﬁltraviolet iasers were used during this investiga-
tion.v The first was a commefcial nitrogen iaser (Molectron,
'UV-IOOO) Whiéﬁ‘ emitted 6-10 mJ, 10 nsec pulsés at a>repétition
rate of 25.Hz; The ultraviolet output of this laser consisted
of a number of lines centered near 337.1 nm which overlap the
> _ d13"

formaldehydéjabsorptionvnear thé_234é ban with an absorption

coefficient of a = 4 x 10"% cm™! torr™!. A second excitation
soUréé coﬁsistéd of a:'Pockels éell Q-switched ruby laser
doubled in a 2-inch length of KDP crystal td'prdduce 50-100
va.at'347;2 ﬁm in a 10 nsec pulse. This iaser has been

9,14

described previously as a component of a tunable ultra-

Violet.lésérlsystem. In our study the 347;2 nm:harmonic was
used directiy_to excite formaldehyde to thev48 level of Si.
‘Although a large amount of excitation was obtained on each
.pulse, the 1ow.iaser repetition rate Qf Q§O5 Hz precluded
effective signél averaging. The‘third excitation source was
a commercial flashlamp—pumped dye 1aser,(Chromatix, CMX-4)
With'iﬁtracévity doubling and’ﬁarrowing accessoriés. This

laser,producedll usec (FWHM) pulses at 30 Hz. The output



frequency comld.be tuned over most of the formaldehyde absorp-
tion spectrum from 270-350 nm, but forithis'study ﬁhe laser
was operated in the.294—317 nm region mhere the average pulse
energy was roughly 0.2 mJ; Although the long pulse-width of
this laser made it difficult to study the aﬁpearance rate of
the CO product, its tunability made it possible to measure CO
product vibrational state distributions obtéined from excita-
tion at a variety of different formaldehyde absorption bands.

The second requirement er‘this study of formaldehyde
photochemiStry_was a method for observing the CO photochemical
product. Since the aim of this study was to‘monitor the
relative amount of CO, its appearance rate andbits_Vibra-‘
tional distribution, a method was needed for monitoring the
time-depenaent behavior of the CO immediately folloming the
excitation»bulse. Two methods were used, each of which had
a characteristic detection apparatus. -

If any of the CO product from formaldehyde photolysis is
produced in aevibrationally excited state;‘its infrared |
fluorescenceimay be used as a monitor of its time-dependent
concentratiom. In this case the detection apparatus is
simply a fast infrared detector. Detector elements were
35 x 10 mm of either Cu:Ge or Hg:Ge'(SBRC) cooled to liquid
helium temperature. Essential to the detection scheme was
the use of a cooled (77 K) interference filter which feduced
the background radiation but allowed CO fluorescence to pass

to the detector. These detectors have been described in
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greéfer'détail'elsewhere.ls The time constant for the
detector and ampiifier combination was typically 180 nsec;

For either of the detection methods used in this study,
signal avéraging was employed to enhaﬁce'the signal;to-noise
ratio. Signal traces were;digitized q;ing a_transient recor-
der (Biomation 8100, 2048 points, 10 nsec/point minimum) and
averaged in hafdfwired'signal analyser (Noftherﬁ 575).

Ih théﬂéécond method of pfoduct detéctibn; the CO was
monitored BY'iﬁs time-dependent absorptionyof.radiation from
a Co laser;_ The‘CO laser was similar to thdt described_by

7Djeu16 with fhe following two exceptions. tNo‘xenqn was
neéessary_ih,brder to obtain the 1 -~ 0 tranﬁistions, and
Q-swipched'as“well as cw opefation was possible. A schematic
diagram of the laser tube is shown in Fig; 2,1 The essential
features WHich distinguish this laser are that the entire
aétive length is cooled with liquid nitrogen and that CO ‘
diffusion to the ﬁnexcited regions at the*endé of the tube |
is prevented.by a double flow system. Pure helium entered the
ends of the tube, while an He/NZ/CO/air mixtu%e entered at
the electrodés. The flow of helium fhroﬁgh the‘end sections
helped to pfevent baék diffusion of the CO into the unexcited.
region where it would quench 1 +'0 1aser»a;tion. The entire
- mixture was pumped out through the cente;,ofvfhe'tube by a
7 1/s mechanical pump connected to the laser through 4 m of

30 mm I.D. pyrex tubing. Typical operating pressures were

3 torr of hélium from the outer ports angzi'torr df helium,



1 torr of N,, and less than 0.1 torr of a mixture of 1% air
in CO from the inner ports. Pressures were measured using an
oil manometer_conﬁected at the laser outlet. ' Because of the
presence of air in the discharge, some ozone was pfoduced. As
a precaution, all outlet tubing was made Qf glass or metal
and a small amount of Ag foil was containéd:in'the outlet tube to
cafalyze ozone decomposition. |

When the laser was operated in the cw mode, the cavity
was formed by a grating (Bausch and Lomb, 4u, 300 lines/mmj
and a 3-m radius-of-curvature output mirror coated for 98%
reflection'at54.8u (Coherent Radiation). A étébilization
scheme was employed to lock the laser to the peak of the
géin curve. Thé end mirror was modulated in'position‘albng.
the optical axis using a piezoelectric crystal (Burleigh,
PZ-80), and fhe portion of the laser output.from the zeroth
order of the grating was detected with a PbSe detector
(Optoelectronics). The signal from this detector, which is-
proportional to the slope of the gain curve, was monitored
with a lock-in amplifier (PAR, HR-Sj and used to position the
laser at the peak of the gain curve. Under these conditions,
the lasér amplitude étability was better than 1%. |

The Cw laser operated typically with 1?2'mW of power on
any one of 3 or 4 P-branch transitions.near P(ll) for each
of the vibrational transitions v - v - 1, where v = 1,2,3,... 10.
In the Q-switched mode of operation the grating was repiaCed

by a rotating gold-coated mirror of 10-m radius curvature.
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The laser then produced l‘usec (FWHM) pu1§e$ at 100-200 Hz
cbntaining'radiation from many vibration-rotation‘transitipns.
Of the totél péak power of >2.5 kW, at least 300 W was produced
on1l~+20 tréhsitions.

Gas handling was aécomplished in a standard glass aﬁd
grease vacuuh system, Backgrouﬁd préssures wére typically
< 10-6 torr and the leak rate was less than'l mtorr/hr. -
Pressﬁres were monitored either with a calibfated McLeod
gauge or w1th a capacitance manometer (Celesco, P7D with
CD-10 controler) callbrated against the McLeod gauge Formal-
‘dehydes were prepared as described prev1oUs1y9 and other gases
were obtained from Matheson Cé. with the fdlibwing specified
pércentlpurities:. Ar(99.9995), N2(99.995), 02(99.99), CO(99.99),
NO (99.0, 1purified further by trép-to-trapfdiétillation at
- 131°C from traps contalnlng glass wool).

The various exc1tat10n and detectlon components described
above were comblned_to do three basic typesvof exper;ments.
These three configurations are described in the following

sections.

B. Photochemical Product Detection by CO Fiuorescence

In this cbnfiguration either the nifrogen'or dye laser
excitation source was used t0'dissbciate“formaidehyde'in a .
10-cm long, 5-cm diameter quartz cell equipped with an
NaCl window for observing infrared fluorescénce. The excita-

tion laser Was passed 5 times through the quartz cell in
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6rder to incréase the signal-to-noise ratio. . Carboﬁ‘
monoxide Vibfational fluorescence was collected with -a
2", £/1 NaCi;lens, focused onto the element of one of the ‘ .
ihfrared detectors, and averagéd for 1000;8000 laser shots.
Fig.-S shows an averaged fluorescence traCé'for a pressure
of 5.29 torr of H2C0 excited by 1000 shots_ffbm the.nitrogen
laser. A single exponential decay waé obtaiﬁed..'By expan-
ding the timescale, the rise-time of the_CO'fiuoresceﬁce ’ ;
could also be obtained.

In addition to the CO appeérancg and decay times, some
measure of the vibrational distribution Qf‘the CO product is
available frbm this experiment. ' The fact-that_ | i
fluorescehcé is observed at all indicates that CQ is formed
in v 2 1. By interposing a 4 cm cell containing 5 torr of
CO between the fluqfescence cell and the detector, the
fluorescencé'from CO(v = 1) may be fiitered from hittingv
the detéctof. Thus, the relative contributions of v = 1

and v > 1 may easily be obtained.

C. Photocheﬁical Product Detection by CO Absorption

Although the experimental configuratibn 6ut1ined‘in : ;k
the preceding_éection is capable of providing‘mést of the
desired information about the CO product, it does noé givé
detailed information about the CO vibrational.distribution.
In ﬁarticuiar, it tells nothing about CO(v %'O) and is '

unable to distinguish among the levels with v > 1. In order



to overcome‘this difficulty, CO was also monitored by its
time-dependent absorption of CO laser radiation. Thé experi-
mental arrangement for this measurement is shdwn in Fig; 4.

| Thé cwlCO'laser beam and any one of the pulsed ultra-
violet laser beams Wefevmadé to overlap spatiélly in a 1-m
cell_containing formaldehyde. The uv 1asef wa§ collimated -
to a 5 mm dfémeter using a telescope .of two‘quartz lenses and
refléctedvinfp the cell by a mirror (Ml; Valpey) coated for
99% reflecfiﬁﬁ,in the near ultréviblet and_lOO% transmission
~in the infrared. The cw CO laser passed thrbugh mirror‘Mi,
through the ¢e11valong a path defined by irises I, and Ié, and

onto a deteéfor (SBRC, AuiGe, 77 K) with a lSO nsec response

) '_time. A mifrdr MZ’ identical to Ml; and a piece of germaniunm,

Gl’ prevented the ultraviolet pulse from reééhing the detector.
For anzultraviolet pulse of energy E in J, a formaldehyde

1

absorption coefficient of o in Cm-l torr  *, and a CO photo-

chemical qpahtum yield of ¢, it is possible to produce Ea¢ x

1.8 x 1018

,molecules of CO per cm of pathléngth per torr of
formaldehydeIStarting material,vassuming a sample which is
optically thin to the uv pulse. If the ultrafiolet beam area
is A in cmz, then the partial pressure of CO produced in the

beam per torr of formaldehyde starting matéfial is
P.. = EadA™ L x 50 torr (s
co v : |

For.either]the nitfogen laser or the tunable dye laser, PCO

is on the order of 0.1-1.0 m torr per torr of formaldehyde.'
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Roughly, 10-6_t0rr of CO per pulse could be'detectéd with a
signal—to-nbise of unity after averaging.
The présénce of CO in the path of the CO laser causes

a change in the intensity of the infrared 1ighf hitting the
' detector'which is given simply by Beer's Law. If the beam
diameters Of‘thevtwo lasers are comparable, and if they over-
lap for a'iength72; this change is |

ot : exp( - acy Peot ) | ()
where o, is ‘the absorption coefficient for mdlecules whose
vibrational state coincides with the lower CO laser level -and
it has been assumed that all of the CO molecules are produced
in that state. For bur-experiﬁents, a-qg is on the order oft?
1.0 em™ 1 ‘corr;1 and £ is 1 m so that the absolute magnitude of
the argumenf of the exponent is always 1less than 0.1. Conse-
quently, fhé error.in assuming a linear prbﬁd}tionality of
PCO and AI isiat most 5% and usually much 1es§. Experimentally
it was found that ATI/I was always less thaﬁ'0;1 and that the
signal heighf was linear in all experimental variables
(starting fdrﬁaldehyde pressure and laser power).which'might_
be relatedvlineafly to the CO pressure. |

Oﬁe further non-linearity may arise if signal averaging

is used. Aithough Eq. (6) is valid for the fifst laser pulse,
~ for CO(v = 0) measurements correction termé must be addéd for.
subsequent pulses due to the fact that there is a finite |

residual pressure of CO after CO from the previous pulses has



diffused to fill the cell. However, if the diameter of the
cell is made muCh larger than the diameter of the beam, this
effectvmay be‘minimized. For our experiments, the»diameter

of the cell was 76 mm while the diameter ef‘the beam was ~ 3 mm.
Calculations-show that for such an arrangement, many hundred |
shots may“be'averaged‘before correction. terms become signifi-
cant. In_eddition, it was experimentally verified that the
intensity/ofethe aeeumulated signal was_linearly proportional
~to the ndmbeyzef shots averaged{, )

' Figure_Slehows_typical averaged signals for CO detection -
.vvby the CO laser.ebsorption technique. .EngreIS(a) shows the
signal_obfained when the absorption waevpfobed_with a2 ~->1
Vibrationel.laser transition, while Fig. S(b) shows the |
result of abeerptiqn onal=->20 transitidq; In both cases

the nitrogen laser was used te disseciate‘HZCO. If it is
assumed thet'no CO was produced in v > 2, then Fig. 5(a) may
be interpreted as simply a rise in absorption due to pro-
duction of CO(V.= 1) followed by a decay.due to vibrational
relaxatioﬁ._:The signal in Fig. 5(b) then menitors the
differenee_befween molecules in v = 0 endiv = 1.

. Initially, more molecules are prpduced\in f'ﬁ 0 than in v = 1,
Zso that a rapid>increese in absorption ié.ebserved. This
rapid increaee gives the appearance time for the CO‘product.
Oh_the 200 ﬁsec timescale,eCO(V = 1) moleculee are vibrationally
relaxed_to_v:e 0, so that the absorption of fhe 1+ 0 CO laser
increases further-during‘this pefiod. Finaliy, on the 3 msec
timeseele;etﬁeaco meleculeg diffuse out of the probe beam‘aﬁd

i



the absorption disappears.
Using this method of detection, CO vibrational distribu-
tions and relative yields as well as CO appearance and decay

rates could be measured.

D. Apparétué for CO Relaxation Measurements.

The decay:curVes of Figﬂ 3 and Fig. S(a)ﬁﬁay be inter-
preted as_Vibfétional relaxation of CO(v = ij by.formaldehyde}
In order td-tést this assumption and in ordeffto test our -
uhderstanding“of the CO detection signals fdiiowing'formal-
dehyde diééociation, it was found desirable fd_have'an inde-‘
pendent meaéurement of the vibrational reléxéfioﬁ of CO by
formaldehyde;' This section describes the experimental
configuratibn for such a measureﬁent using the.technique of
'1aser-induéed Vibrationa1 fluorescence.18 |

The‘CO_laser was used in its Q-switched mode of opération
to éxcite}CO.to v .= 1 in a fluorescence cell‘formed of a
pyrex "T", 6.5 cm_long by 2 cm in diameter. Thelléser'beam
entered the ¢é11 through a salt window, struck a gold-coated
mirror at the rear end of the cell, and was'reflected back
along itS inéomiﬁg direction. Vibrafional'fiuorescente was
observed at'right aﬁgles to the beam through é:second salt
window. TypiCally, varying pressures of formaldehyde were
édded to a mixture of 50 mtofr of CO in 40 tofr of afgon.

The argon Was necessary to keep the temperatdre rise in the

beam to less than 1 K following the infrared éxcitatiqn pulse.'
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The fact.that the laser pulse contains radiation from
many_other.rotationévibration transitionslin.addition to
the 1 + 0 transitions causes two potential problems. The
first_problemvis that it is difficult to prevent scattered
light from reaching the detector element, Cu:Ge in this case.
'ThiS'difflculty wasvovercome”by the'use‘of:a'cooled (77 K)
‘circular variable interference‘filter (OCLI)'positioned to
.,pass fluorescence only on the coO1~ 0 R- branch The second
potent1al problem is that the presence of 2 > l radiation
'may excite v =1 molecules to v = 2; in Wthh case the
fluorescence decay would be a measure not’ only of v = lf
deact1vat1on but also of v = 2 relaxatlon. By using aLCO gas
f1lter in addition to the c1rcu1ar var1ab1e f11ter it was
found ‘that under our experlmental condltlons CO(V = Z)lfluo—
rescence contrlbuted less than 5% to the total fluorescence.

A typlcal averaged fluorescence trace is shown in
Fig. 6 for a: m1xture of 54 m torr of CO 41.5 torr of argon

2
exﬁonential for nearly two orders of magnitude'in intensity.

and 6.06 torr of H CO Fluorescence decayed with a single

Such traces were used ‘to determine the relaXation_of CoO(v = 1)
and to facilitate a comparlson of this rate‘to the CO deacti-
Vatlon observed follow1ng formaldehyde dissociation. The

results are dlscussed in the follow1ng section.



III. VIBRATIONAL RELAXATION OF CO

~~~~~~~~~~~~~~~~~~~~~ R e e VR

Vibrational relaxation of CO by.formaldehyde;has been
studied using three. different techniques which yield identical
results., In the - first technique, CO(v = 1):Was produced from
phot01y51s of formaldehyde in the apparatus.: of Section IIB.
Its fluorescence decay was then monltored as a function of
the original formaldehyde pressure. The second technique
was similar ‘to the first, except that the“decay of CO(v = 1)
was monltored by the change in - absorption of the 2 »'1 cw
CO laser 11ne as described in Sectlon IIC. Finally, in |
the third.technique, the Q-switched CO laserdWas used to
excite CO'aS’described in Section I1D. COfribrational
fluorescence'Was then monitored as a functiondof‘added HZCO,
. D,CO, or HDCO. ’

The rates‘for deactivation of CO by H,CO measured by

2
the first and third techniques are shown in Fig. 7. Inverse
deactivation times are plotted against the partial pressure

of HZCO The c1rc1es are for fluorescence detection follow1ng

dissoc1at10n of H,CO by the n1trogen 1aser, while the

2
triangles are for fluorescence detection following CO excita--
tion with the Q-switched CO laser. The two-types of measure-
ments agree with one another to give a relaxation'rate of
1.31 =+ .11 X'lO3 sec_l-torrfl, as measured by -the slopelof
the line in Fig. 7.

.A similar plot for D,CO deactivation of CO is shown in

Fig; 8. For 'this plot, the second and third measurement



methods are compared. The circles are for the décéy‘of the
CO(v - 1) abéorption signal fdllowing dissociatién of DZCO by
the nitrogen laser, while the triangleé again depict.fluores—
cence decay following CO excitation by the Q-switched CO laser.
A linear relafionship’is found whose slope yields é rate. of

1.15 + .10 x 10° sec™?

torr ! for the deactivation of CO(v = 1)

by D,CO.

2 .
DeaCtiVétion of CQ(V = 1) by HDCO is also shown in Fig. 8.
The sOlid’squaresvgive réciprocal relaxatioﬁ times as a
function of;HDCO pressure as obtained-froﬁ-the_Q-switched
laéer eXcitéd fluorescence method. The slope'of'the line
gives a raté”df 6.5 + .7 x 10% sec™? tbrr—1 f§r'fhe deactiva-
~tion of CO(V;; 1).by HDCO.

The results of thesé measuremen£s are'summariied in
Tabie I. It should be noted that the deuterated fbrmaldehydes
relax CO(v = 1) nearly‘two drders.of magnitude faster than
~does H2C0; This enhancement of the relaxation'fate is

probably due to near-resonant vibfation-toévibratioh-energy

CO, none of the fundamental'modes of vibra-
1 1.

transfer. -qu HZ

tion lies within 400 cm ~ of the CO fundamental at 2143 cm”

On the other hand, for D,CO and HDCO, the v asymmetric

2 5

stretch modes lie only ~20 cﬁ_l from the_CO(v'= l)'leVel.lg

Consequently, the following collisions are 1ike1y to causé
rapid deactivation of CO(v = 1):
CO(v = 1) + D,CO(vy = 0) —=>CO(V = 0) + D,CO(vy = 1)

Lo

-17 cm_



*

CO(v = 1) + HDCO(v. = 0) ——CO(v = 0) + HDCO(v, = 1)

;-23 em™ L (8)
Similar near-resonant vibrational energyvtransfer has been
observed previously for a variety of systéms;l8

Finaily;'the'deactivation rates bbtained'from CO(v = 1)
signals foliowing formaldehyde dissociation and following
Q-switched»CO‘excitatioﬁ are in excellent'ag}eement; This
‘fact strengthens the interpretatiqn of thé'diésociation

results presented in the following section.

Iv. CO PHOTOCHEMICAL PRODUCT RESULTS

L R e e e e R e e R e R T e e R R R R VR )

A. Appearahce Rate of the CO Product

The appearance rate of the Co product from '337.1 nm
.photoly51s of e1ther HZCO or DZCO was measured as a functlon
of pressure by the absorption technique. Increase in absorp-
tion on either a 2 » 1l or a 1l » 0 CO»iaser.tfansitiOn
typicallyfékhibited a double expoﬁential fiée. In most_céses
the slower:of these two rates for an i + i'+%i'tran$ition
corresponded to relaxation of CO(V = i + iy‘to CoO(v = 1),
while the.faster of the rates was assumed to‘correspOnd.to“
the aCtualvpfbduction of CO(v = i). However, the possibility
of a second and slower production rate on:the same timescale
as the &ibrational relaxation or on aflongéf timescale could
not be entirely eliminated. Tﬁe appearaﬁté rate ﬁas‘indepen-

dent of the intensity of either laser over a factor of five
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range in intensity and was also independent of the overlap
geometrytef the two beams.m ‘. | | |
Appearance rates varied 1iheariy with'pressure as
‘shown in Fig}'gL FigUre 9(5) showsvthe inverse'appeafanee
time as a function'of.pressure for photolfsis'of H,CO at
337.1 nm. The triangles represent the appearance rate of

0).

CO(V = 1), wh11e the squares represent the rate for CO(v
The correspondlng results for DZCO are shown in Fig. 9(b).

CO from either HZCO or DZCO was produced w1th_a collisionless
rate of 1ess than 0. 26 usec™! ‘and a cbilisieﬁ;iﬁduced'rate
glven by the slope of the correspondlng 11ne in Fig. 9. These

colllslon-lhduced rates are kH CO:= 1.65 i'.lz _11sec,1't'c>r1"-1

1 2 -1

_and kp = 0.96 + .07 usec’ ' torr . For either HZCO or

CO
DZCO ihe‘appearancefates fer CO (v = 1) ahd CO(v = 0) were
the same within experimental error. | o
| An attempt was also made to_measufe theurate of CO
appearahce'following HZCO dissociation at 305.5 hm using
the flashlaﬁpApumped dye 1aser and the absqrption technique.
| Although the:iong (1 usec) pulse dutatioﬁ ofvthe exCitatien
laser made it dlfflcult to determlne the appearance rate at.
higher pressures at 0.15 torr this rate was less than
0.3 usec 1;
| The effects of added argon and NO on the Co appearance
rates f0110w1ng 337 1 nm exc1tat10n were also measured. In

both cases CO was produced_w1th a rate which increased with

increaSingfpressure of the'added,gas.i For-l;SO tbrr'Of
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DZCO and 0-15. torr of argon this appearance rate was given by

D, CO 1

K, = 0;10 + .01 psec ! torr -, while for 0 50 ‘torr of H,CO
Ar H,CO
and 0-2 torr of NO the appearance rate was glven by kNg

1.9 £ .5 usec -1 torr 1.

B. Relative,Yield of the CO Product

The reiativevyield of CO was measured byﬂbOth fluorescence
.and absorption detection methods as a function>of,laser
.intensity, formaldehyde pressure, and pressnre.of_added
foreign gas:jdfor.example, with the flashlamp pumped dye 1laser,
the CO'absorptfon signal for'HZCO_dissociation:Was‘foundrto
vary 1inearly betWeen.laser pulse energiesloffZero and 300 uJ.
A linear relationship was also found between the CO absorption
or fluorescence signals and the formaldehyde'pressure as
shown in Fig. 10 for fluorescence detection of CO produced |
by HZCO photolysis at 337.1 nm. The zero-pressure_intercept
of the linear fit corresponds very closely toizero co
intensity;‘tcb(v = 0) yields were also.found,to be linear in
DZCO pressure;over the range 0-3 torr withiiero intercept |
using the absorptlon technlque | | |

The effect of added gases on the CO yleld was also
investigated. In addltlon to the possible klnetlc effects
of the addedvgas, two effects due to'pressure broadening
must be considered, The first is that pressure.broadening
may decreaSepformaldehyde absorption and, therefore;_decrease
the yield of”product. However, for the uv absorption, the

Doppler and.Lorentz widths become equal only at ~ 700 torr.



Consequently; measurements in the 0-15 torr range should

be quite free from pressure broadening effects.:lFurthermore,
since'any:of:the uv excitation lasers is‘spectrally broad
compared to the:formaldehyde linewidth, absorption should
‘not depend strongly on the 11new1dth .even 1f broadenlng were
present. The second effect of pressure broadenlng is more
serious, however. For detectlon by the absorptlon technlque
.the absorption of the CO laser by the CO product is assumed
to“be independent of the pressure of added fOre;gnjgases.

In reality, pressure hroadening‘decreases the ldne-center
Co-absorption atba rate Which;depends on thepratio‘of the

Lorentz to Doppler widths. For a =_AvL_(ln2)1/2

/bvy, the
ratio of theibroadened:absorption coefficient to the un-
broadened one,isngiven in Appendix IX of Ref;VZO . In the

present case, absorptlon is at 11ne center and a = 0.017 torr—l,

'so that the, absorptlon coeff1c1ent will be reduced by a factor20
of about 1.56 per torr in the 0-15 torr range.; The effects
reported below for the addition of NO and O2 gases are large
enough so that correction for pressure broadenlng is un-
necessary.. {'-For'-N2 and argon, however, these_COrrections
becomenimportant and have been incorporated_into.the analysis.
Figure.ll'shows the relative change,in,the CO(V évlj
absorption_signal for_addition of‘NZ, 92’,

,CO photolyzed atPSOS,S‘nm by the flashlamp pumped dye

laser. The'apparent:decrease in the relative CO yield with

and NO to 2 torr

of H

added N, may be entirely attributed to the effects of

pressure broadening as described above. 'However, it may be
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easily seen'from this figure that NO and O2 produce a drama-

tically different effect from N Similar effects were

2°
observed for all CO vibrational 1levels, although the magnitude
of the effect for NO and O2 depended somewhat on the partlcular
V1brat10na1 1eve1 Wthh was monltored For.example, |
the effect of 0,
production of CO(v = 0). The effect of NO on

was larger than that obeO_for the

the CQ(V ='1) absorption 51gna1 was found to decrease as the
exCitation'energy approached the S1 or1g1n.p.At 326.0 nm the
_effectvwastabout 60% of that at 305.5 nm,.while at 337.1 nm
the effect”was barely noticeable. 4 v

Thevetfect of argon on the CO(v = O):ahsorption signal
for dissociatiOn of 1.5 torr of DZCO at 337. IInm"was also
measured ' The CO yield in this case decreased roughly 11nearly
over the range of 0-15 torr at a rate of 4% per torr. Of

this decrease, 1.5% per torr may be attrlbuted to the effect

of pressure broadenlng on the CO absorptlon, assumlng

OCO"Ar = 3.6 &-

C. Vibrational Distribution of the CO Product'

The V1brat10na1 dlstrlbutlon of the CO photochemlcal
product was measured as a functlon of energy and v1brat10na1
level of the formaldehyde first excited 51ng1et state.
Relative CO populations were derived by measuring the:
absorptionfof cw CO laser lines following_formaldehyde
dissociation.- The apparatus described‘in Section IIC was
employedv‘ The co laser was tuned to succe351ve1y h1gher

vibrational. tran51t10ns unt11 no. 51gna1 was observed for
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CO in vibrational states higher than some maximum v = vmax.
If HV-+,1 denotes. the signal: ‘height for absorptlon of the
P(J), v+ 1 » v laser line, then, in the harmonic .oscillator

approximation, the relative.number density of CO in vibra-

tional level v is given.by

NI

Ny ~ i N vH L /v D (9a)
For v = vmax, N, +1 -0 so,rhat Nvmax is»eimp;yiproportional_
to vaax . 1/(Vmax + 1) QSolutionlof Eq.ﬁga)Awith thrs_
initial condition ylelds;

Voo iSvl2r-1) R . o

If there is .a random percent error in measuring the signal
heights of AH/H, then the error.in the fractional population.

of a vibrational level is given.by:

A = 2 fv'(l - £,) (AH/H) o | '“'_- - (%9)
The reproducibility of the distribotionsvmeaeured by this
method.implied that (AH/H)-= 0.2; In addition'to thiS'random
error, the use of the harmonlc 050111ator approx1mat10n in Eq. -
(9a) 1ncorporates a systematlc error into the calculatlon of
theydlstrlbutlons. However, the systemat;c.error, whlch

21

causes overestimation of fv by about 2.6% at v-= 6, 1is

mUch.smaller than the random error and has been neglected.



The numBer densities obtained using this method give an
accurate measurement of the relative populatlons provided
that the s;gnal height, H, is measured before any v1brat10na1
relaxation takes place. For the experiments reported here,
the measured éppearance rate of the CO product is'always more
than ten times faster than the observed rate_for‘any of the
CO vibrational deacfivations. Consequently, it is quite easy
" to ensure that the measured distribution cdrresponds to that
of the nasceht:Cb photochemical product. |

The results of such measurements are presented in Table
IT. The doubled ruby laser was used to obta1n the results at
347.2 nm; the nitrogen laser was used for photq1y51s at
337.1 nm; andifhe tunable dye‘laser was used for all of the
other bands;”:All distributions listed are foprhotolysis of
2 torr of H CO} Photolysis at 337.1 nm of D

_ 2 '2
same CO distribution as photolysis of H,CO within the experi-

CO yielded the
2
mentalserror,  Within this same uncertainty, the distribution
from 337.1 nﬁsphotolysis did not change as.abfunction of
pressure over the7range of 0.5 - 3.0 torr.

For the;photelysis at 337.1 nm, confirﬁation ef the CO
_dlstrlbutlon is obtalned from two further sources. Firstly,
when the apparatus of Sectlon IIB is used to detect CO

fluorescence followlng dlssoc1at10n of H,CO by the nltrogen

2
laser, >80% of the fluorescence is absorbed'by the CO gas
filter cell. This confirms that a smaller ffaction of CO

‘is produced in v 2 2 than in v = 1 for photolysis at 337.1 nm.



Secondly, a method of partial analysis using the 1 - 0
absorption 51gnal alone may be employed Such a signal 1is
shown in Fig. S(b) Whlle the initial dlfférénce in absorp-
tion is proportlonal to Ny - Nj, the extrapqiation of the
long<exponeﬂtiél decay back to the initial_tiﬁe yields a
height which is-préportionalvto Nf =N .. Consequently, the
(N, - N )/N'*ratio may be obtained very simply‘from such a
plot. This 51mp1e -method of ana1y51s ylelds (N - N )/NT = 0.778,
while the more compllcated method of Eq. (9b) ylelds
'(NO - Nl)/NT = 0.760. These values agree tQ within the

stated uncertainty (Eq. 9c¢).

V. Co PHOTOCHEMICAL PRODUCT: DISCUSSION
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The CO photochemical product results of Séction IV may be

related simply if the following kinetic schemefis assumed:

O _
I — CO(v = i) + H, (10)
[F] + K, [M] \.
> — CO(v = 1) +‘H2 (11)
K©
I r 5N _ (12a)
- products other than CO
: kr[.p] + k‘r'[M] _ S : - :
I — - > o (12b)

In these equations, I is a state whose decomposition is the

rate deteTmining step in CO production. -Equation (10)
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represents a zero-pressure production of COtV = 1) whilé

Eq. (11) repfesents collision-induced diésociation by formal-.
dehyde, F, énd foreign gases, M. _Equations'(lza) and (12b)
are similar tdrEqs. (10) and (11) with the exception that
these rates take I to photochemicél products other thaﬁ co,

e.g. H + HCO*Qr HZCO(SO). Let

A= Ty ok GIF] 4 KD M) e G0+ K [F] + KYMD) (1)
and S ' h

_ 4,0 . ' M o '
B —,km’i_+ km;iEF] + km’i[M] - (14)

where the summation is understood to be,overﬁthe index 1i.
Then it may be easily shown that the time depéndence of T

is»giveniby_

1(t) ¥.Ig.exb,(-At) o - as
and the'time depéndence of CO(v = i) is giVén by

CO (v f‘i) = (By/A) [1 - exp(-At)] ‘-, | (16)

By using Eqs.-(ls) and (16),'specific rate,édﬁbinations may

bé identified with each of the results of»SeCfion IV. The
appearance rate for CO in any vibrational state gives the

same Value,;Ai the relative yield 6f CO(v = i) at time zero
gives Bi/A;Aand the distribution among the various Vibra-
tional levelé gives-the ratios Bi/Bj' The ekpérimental results
are discussed below in terms of.this simple kinetic model..

It must be streésed that_this is not the only possibie modél.



A. Appearance Rate of the CO Product

_ The most important single conclusion from the present
study is that formaldehyde does not: dissociate directly
from the first excited singlet state into the molecular pro-

ducts, but; rather, proceeds'through some intermediate state.

Baronavski and Moore22 have recently reportéd_th¢ pressure

dependencé of the lifetimes for singlet formaldehydes
excited at'337.1 nm, The zero-pressure lifetimes are

Ty co zv870 nsec and Ty -4 = 46 nsec. At zero presSure:the

2 _ 2 : : .
CO molecular product from either HZCO orfDZCQ.is_produced '

with an appearance time in extess of 4 pusec and possibly
much longer. If the rate determining CO précursor, I, were

the S, singlet state excited by the nitrogen laser, then, -

1
by Eqs. (15) and (16), CO should appear with the same rate,

A, at which S :disappears. The fact that there is a delay

1

in the appearance of CO indicates that there is at least

one intermediate state in the dissociation path:

1 2
following HZCO photolysis at 305.5 nm is also quite slow

S, ~~7 1 —>CO0 + H,. Since the appearance rate for CO

(less than 0.3 uSec_l, Section IVAj and the deéay of 5,

at this wavelength is:expected23 to be muéﬁvfaster tﬁan that

at 337.1 nm, it seems likeiy that this intérmédiate also

plays.an important fole for.dissociatioh ét higher energies.
An intermediate state 1s also importaﬁt at pressures

for which both S, is removed and CO is produced by collisions.



The rate of CO appearance for 337.1 nm excitation obeys

Stern-Volmer kinetics for either HZCO or DZCO (Fig. 9):

_ a -1 -1 .
HpCO ~ 1.65 + ,12 usec torr and kDZCO
psec™t torrﬁl. The rate of S; decay is much faster and not

22

k = 0.96 + .07

The low pressure collision induced

i p N -1 -1
Sq dlsappearg?ce rates are kHZCO = 8 usec torr and
D,CO =1.5 useCflltorr~l. We conclude that neither collision-

linear with pressure.

k

less nor collision-induced deactivation takes S directly to

1
molecular products.
The results of the CO appearance rate measurements

(Sectlon IVA) ‘fit the kinetic scheme of Eqs. (10) - (12) with

2
(337.1 nm). For convenience, these rate constant summations

r

the follow1ng rate constants: 'Zk;,i + kg <‘0.18 usec_l and o vé
ka,i * k. o= 0.96 + .07 usec -1 torrf1 for QéCO; and R _ E
Tkp j * kJ < 0.26 usec™' and Tky ; * kp = 1.65 + .12 usec’!

torr 1 for H2C0. In addition, the rate constants for : é
removal of I by NO and argon are given by EkM’i + k¥_= 0.10 = o
0.01 usec-1 torr—1 for argon deactivating DZCO and km i +

M= 1.0 0.5 usec™ ! torr ! for NO deactivating H,CO

have been sﬁmmarized in Table III. A further identification : -
of the components of the summations may be made using the

distribution and yield results as shown below.:



B. Relative Quantum Yield of the CO Product

'Information on the relative quantum yield of the CO photo-
lysis product may be used to further 1solate many of the rate
constants 1n‘Eqs. (10) - (12) For a fixed intensity and for
the optically thin limit, the amount of light absorbed is
11near1y proportional to the pressure of formaldehyde There-.
fore, the slope of a plot of CO signal intensity vs formaldehyde
pressure is proportional to the CO quantum»yield.. The slope
of Fig. 10 is independent of pressure. McQuigg and Calvert
have obSerVedisimilar invariance of the molecular quantum yieid,
¢ with pressure in the range of 5-30 torr. The present
study extends this range to 0.1 torr., An important conside-
ration for comparison of onr results withrthose of McQuigg
and Calvert concerns the timescale:on which the CO is produced.
For our experiments, thevobserved CO comes directly from the
photodissociation of formaldehyde to molecular products.
Radical reconbination processeé at the concentrations present
in our experiments can take place only on msec:timescales
where‘diffusion of the products out of the probe beam would
obscure observation. In the study of McQuigg and Calvert,
on the othervhand, the final products of all possible
,reactiOns-were observed and an estimation of the importance
of radicalirecombination was obtained by measuring the‘extent
of 1sotop1c exchange following photoly51s of H CO/D CO

mixtures. ~Assuming that in our apparatus all the CcO produced



by molecular dissociation is observed and that radical
recombination is too slow to be observed, then:the quantum
yields reported by McQuigg and Calvert may_be used to
simplify the raté constant summations reported in‘Sectién VA,
In the high pressure limit, it may be seen from Fig. 9
that (km,i'+ k¥) [F] >> k;,i + k2. Therefore, for high B

pressures ¢m'EfZBi/A = £k ;/(Zk + k). The denominator
bl .

m,i
of this last expression is known (Section VA, Table III).

Taking the absolute quantum yields reported by McQuigg and
Calvert? o = 0.79 for H,CO and o = 0.35 for D2CO, then we
1

2

find that k_; = 0.34 + .02 usec’! torr™! and k_ = 0.62 * .05
b s .

CO; and tk . = 1.30 + .09 usec_1 torr 1
, .
1 1

usec’:-l_torri1 for D,
and k= 0;35 + .03 usec CO. According to

torr - for H

_ 2
McQuigg-and Ca1Vert, the sum of the quantum yields for the

molecular and radical paths is 1.0 for HZCO'and 0.39 for

D,CO. Thus",'kr takes I to radical products for H,

a combination df radicals (6%) and other products,'e,g,

CO énd to

D,CO(S,), (94%) for D,CO.

2
The effect of a foreign gas on the CO quantum yield-

using Eqs. (10) - (12) is given by

M
sk, S [F] + 2ky M
Yield with M (Zk_ . + kK )[F] + (KT . + K'Y [M]
. - m,i T m,i r (17)
Yleldiwithout M (ka,i)/(zkm’i + kr) .

when [F] is large enough to neglect zero pressure rates.

| Argon decreases the yield of CO from D

ZCO photolysis at 337.1 nm.
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The rate constants involving [F], 1.5 torr of DZCO in this

case, have been separately measured, and the addition of argon

yields (zk + K2 = 0.10 £ .01 pséc‘l’fdrr'l. The linear

decrease in CO yleld by 2.5% per ‘torr argon (Sectlon IVB) is
well-matched by Eq. (17) when kr ¥v9 Zkﬁ’i'j k?r < 4 Ekm i
gives:a pfessure“dependencé for the yieidehiéh is beyond
the.éxpefimentai errof 1imifs' In concluSioﬁ  it appearé
that quenchlng by argon takes DZCO to products other than CO.
The process may be deactivation of the 1ntermedlate to ground
state formaidehyde.

 The variation of CO yield'from H,CO dissotiation;as a
function-of:édded NO or O, ‘
using ‘Eq. (17).3 The increase in appeardnce raté, at nearly

pressure may also be interpreted

constant CO yield, with increasing‘NO pressufeAat‘337;1.nm

8

(Section IVA and B) is reproduced by (ZkNO + 1% = 1.9 4 s
IJsec-1 torr™ 1 for Zkﬁ ;S Zkio. At 305\nm.M¢Quigg-and Calvert

‘have found that thewmolecu1ar quantum yield in'pure HZCO is
0.36 compared to 0.79 at 337 nm. The shape of.the curves for

' Z'and NO in Fig. 11 may be roughly reproduced by Eq. (17) -if

it is assumed that Zkﬁo 02 is about gas kinétic and much larger
2
than kNO 02, The large effect on CO yield at 305 nm compared

to 337 nm.results from the increase in H.+ HCO yield in pure

HZCO betweeh'337 and 305 nm. In summary, the ‘increase 1in co

yield with NO:ahd O2 pressure may be caused by collisions
which take I mostly to CO + H2 rather than to H + HCO. A

p0551b1e alternatlve explanation that NO and O reactvwith HCO

2
to_produce‘CO24 cannot be ruled outa_



The poséibility that NO or O, might prevent the formation
of I by diféct collisional quenching-of Sllfd products may also
be ruled out. At 305.5 nm, the wavelength for the results
presented in Fig. 11, the zero pressure lifetimé of S1 is
estimated to be about 1 nsec.?> NO or Ozjwould have to
quench S1 HZCO_with a rate greater than 100 tihes gas kinetic
in order t6 compete with the spontaneous decay.

In conclﬁSion, the experimental'results‘for.the relative
CO yield are'COnsisteht with the mechanism proposed in Eqgs.
(10) - (12);;'However, mbre complicated schehes involving
additional rgutes of radical production or SUbsequeﬁt radical

reaction24

paths may noﬁ be ruled out on the basis of our
results. The rate constants deduced from the data using
the proposed mechanism are summarized in Table III. They may
be separated into ﬁontributions to eéch CO(v = i) channel

using the vibrational distribution measurements as shown in

the next section.



'C._ Vibrational Distribution of the CO Product.

Formaldehyde photolys1s y1e1ds COo pr1mar11y in its ground
vibrat1ona1 state. Between 0 7 and 4.5% of the exXcess energy

of a vibronic level of S1 HZCO above ground state H2 + €O is

- found in v1brat10n of the co product (Table II) If energy
"Were partltloned equally among the six 1nternal degrees of -

freedom of HZ and CO and the relat1ve translatlon, each would

receive 145 .As the V1brat10nal energy of S1 is 1ncreased
the fractlon of energy g01ng to CO product v1brat10n increases.

For example, exc1tat1on ‘of the 43 level glves ‘an average of
202 em”t
4 3

vihrational excitation per CO, whrlevexc1tat10n of
5100 cm. 1 more energy in Sl’ gives 1322'cm-1’in product
Co v1brat10n. The vibrational distribution of the CO product’
. shown 1n Table II does not exh1b1t any dependence on the
spec1f1c v1brat10nal modes of HZCO wh1ch are exc1ted Since
the 1ntermed1ate state has a lifetime of several collisions,
thls l1m1ted degree of correlation between spec1f1c S1
‘exc1tat10n and CO product dlstrlbutlon is not surprlslng.

The measurement of the v1bratlona1 d1str1but10n from
'337 1 nm photoly51s allows separat1on of the sum of rate
constants, ;kﬁ’i; into the component parts by use of the

equation'
Ckn,i T By i) f | - (18)
where fi is the fraction of CO produced in ‘state v = i from

Table II.



D. Dissociation Mechanisms

The discbvery of an intefmediate state énd'the observation
of some of ifs kinetic properties require a:f¢eVa1uation of |
previously_proposed mechanismé‘of fbrmaldehyde molecular
predissociation; The observations which any;propoéed mechanism
must account for fall into three pressure regimes. At Vhigh"

pressures S is coliisionally quenched9 to form I which is in

1
turn destroyed by collisions to yield products. In an
'intermediate;pressUre_range S1 decays spontaheouslyg’zz_to I

and I is again destroyed by collisions. At 1ow,pressures where

neither S1 nor I suffers collisions, there are no product

studies. We know oniy that I is formed andvthat its zero
pressure lifetime is longer than 5 usec. It is possible that
no H2 + COiiS produced in the absence of collisions. There is

a great deal knowh about the decay of S, in the absence of

1

collisions.9 The S1 lifetime decreases as its vibronic energy
is increased, ‘and the H,CO lifetime 1s shorter than that for

DZCO. VFor'cbllision-induced dissociation, any proposed mecha-

nism must account for -an increase in CO production upon addition

of NO or O and also must explain the large molecular

2,

yields'from‘triplet benzene sensitized HZCO de_composition.ll

Two mechanisms are discussed below.

3A

Triplet‘Formaldehyde, 5

One obvious candidate for the intermediate is the T,

triplet state. Dissociation mechanisms for more complicated
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26 27,28

systems such as acetaldehyde are known to

and glyoxal
proceed throﬁgh triplet intermediates. Avsimilar process

might also bécur‘in formaldehyde. For collision-induced disso-
ciatioh, the triplet appears capable‘of explaining mqst'of the
experimentél observations.' Triplef benzene:.sehsitization11
could easilf producerlarge cbncentrations of formaldehydé
triplet which might then collisionally de;ompbée_to"form_
molecular products. If the mechanism bf thcﬁvsi were

1 could maintain isotopic selectivity, and if

converted to T
triplet ehergy transfer were slow, then the triplet mechanism

might account for the lack of isotopic'scrambling377 Colli-
sional deactivation of DZCO(sAZ)vby NO is kn_own12 to be rapid
with k = 3;7'p$ec-l torr™!

so that the effect of NO and O2

presented ianig. 11 might easily bereXpléiﬁed by the ability

- of these molecules to promote spin—orbit coupling. Such an
interaction might preferentially Couple théftfiplet to regions
of the So'surface which produce molecules rather thaﬁvradicals.
The T,

'the’integrated absorption coefficient29 or from calculation;

lifetime is also much shorter than that predicted from
| B 30

1
could governithe lifetime. A possible weakfpoint of this pro-

“thus, nonradiative decay processes such as T

posal is that the self-quenching of DZCO(3A2) measured by
Luntz:and Makson12 for excitation near 390:hmfand - 78°C is
more thén two orders of magnitude slower in raté than the
:éollision-inducedipfoduction of CO at 337 nm and room tempe-

‘ratufe (0.96 + .07 sec” torr-l, Fig. 9). The most important
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drawback of the triplet model is the lack Qf a collisionless

9,10 31

mechanism for triplet production. Brand and Stevens

have extensively examined the formaldehydevspectrum for S1 - T1
perturbations; The sparsity of sﬁch perturbétions and the
sharp 1ihesﬁwhich'resu1t from those that occﬁr indicate that it
is extremely unlikely that the triplet, whose level density

' -1

at the S, origin is only ™ 0.02/cm

manifold for-Sl collision-free decay. The'triplet model,

, forms a dissipative

therefore, fails to provide an irreversib1e S_,1«~f~'7T1 decay

channel at‘zérp pressure or to explain the decrease in Sl
lifetime.with increasing energy or H - D §ubstitution.9

In conclusioh, although the triplet offers attractive
features in its candidacy for the observed ihtérmediate, the
absence of é mechanism for producing the triplet disqualifies
it in the 1ow and intermediate pressure ranges, while the
disagreement of the D CO( A ) self- quenchlng rate with the

CO appearance rate makes it unlikely in the 1ntermed1ate and

high pressure ranges.

Excited Vibrational Levels of Sy

Another candidate for the intermediate state is S0

itself. Neither S, nor T, correlates directly with molecular

1 1.

products (Pig; 1), whereas_S0 correlates with both moiecular'

and radical products. ThevS0 state then presénts itself as a

natural intermediate in formaldehyde decomposition. Calculated

Slﬂn*So(V)vintersystemAcrossing_rates match the observed life-
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time of Sl fairly weli.10 Whiie this agreement is based on the
| assumption of‘a rapid SO(V)”—'»-'H2 + CO ﬁredissociation, in order
for~§0(v) to be the observed‘intermédiate we must now suppose that
ithese highly eXcited vibrational levels of theigroundbsinglet
are so‘weakiy coupled to the coﬁtinuum that,they exist for
many microseconds before dissociation;_ S

B In the»collision-induced ptessure regiméiwe'would then
reoolre deactlvatlon of these high V1brat10na1 levels of S0
to occur w1th rates which agree with those found for co
appearance._ Tr1p1et benzene sen51tlzat10n 1 y1e1ds mlght
then'he'ekpiaihed by-a T1~¥?So(v) > H, + CO‘path. Isotopic
selectivity3f7lin the ooliision-induced-regime-could’be.
vﬁéintained'iflthe SlAwiSO(v) and SO(V)’+,D2 + CO processes
:were'fasterhthan_the comoeting exchange_meohahisms.'_Finally,
vthe_effect othO and 0, might be explaihed'hy,e possible
catalysis,reection_of these ﬁoleoules withv36(§) formaldehyde
~ to give molecuiar products.A By contrast, collisions.with
nitrogen must not show this effect For the:coilision-induoed
_pressure reglme then, although agreement, w1th the experlmental
iobservatlons requlres ‘much speculation, none of these observa-
tions rules out a mechanlsm 1nvolv1ng a long 1lved S (V)
1ntermed1ate; _

For the colllslon free reg1me,>however it is. more

.difflcult to reconc11e such a mechanism with the observed
phenoﬁehaQ Under-the‘present hyoothesis, in_Contrast to the

assumptionfof'Ref. 10, the SO(V) intermediate state. is long-



‘lived and,ltherefore, not appreciably broadened. For a long-
lived SO to form a dissipative manifold for“si.its level
density must be greater than 2lict, where 1t is the shorter of

the S and.S' lifetimes. For measured Vglues? of T(Sl),

1 0
this required density is much greater than that'calculated
for HZCO(SO),febout 10/<:vm_1 at the Sq origin;v:While there is
‘no evidencevfor much higher level densitiee; the possibility
cannot bebruied out. Perhaps a geometry Such'esvHCOH pleys
a reie. | | |

In summary,Aneither the triplet intermediatefnor the
SO(V) intermediate-provides a convincing ekplanation for the
available date. It seemsblikely that a coﬁbinatioﬁ of these -
and other ?receéses, such as collisien coﬁplexes, is'invoived.
The mechanism may well change witﬁ excitation wavelength.

Considerably more eXpefimental and theoretical work will be

required to establish a mechanism.

E. Dissociation Dynamics

If formaldehyde dissociates on the Solsufface following

a nonradiative transition from either S1 or Ti, then the

dissociatibnedynamies should be predicted by knowledge of the
ground state formaldehyde surface and of the nermal mode
amplitudes_aﬁd velocities at the geometry of the nonradiative

transition. Potential surfaces for SO,_Sl-and T, have been

calculated and examined for dissociation to eifher radicalsz'

33

or molecular”” products. For the case of molecular dissocia-



¥

33 have argued that, since" the saddle

tion on:SO;VJaffe et al.
p01nt H - H and C -0 dlstances are closer to the HZCO values
than to the Hz and‘CO yalues, large V1brat10nal exc1tat10n of
the product molecules shouldvbe obServed Powever it 1s clear
from the results presented in Table II that only a small
”fractlon (<5 ) of the available energy is: channeled into the

' €O Vlbratlonal mode., A closer examlnatlon of the potent1a1
surfacess-reveals that wh11e the C -0 distance at the HZCO
dlssoc1at10n saddle point corresponds to v ?'l.Qr‘V,= 2 for the
free CO the H - H d1stance at the saddlepo1nt corresponds to y
dy - 4 in the free H2 Therefore, it is p0551b1e that much
_ﬁof the avallable energy may be dep051ted in the H2 v1brat10n
rather than in the CO v1brat10n. C1a551ca1 traJectory calcu-

33 should

1at1ons on the surface calculateo by Jaffe et al.
‘prov1de a more accurate descr1pt1on of the p0551b1e f1na1

energy dlstrlbutlons

VI.: CONCLUSION

L R R R VR VRV VRV

The nresent study has examined the mechanism°of formalde-
hyde photochenistry by‘monitoringbthe relative quantum yield,
-appearance'rate,‘relaxation, andivibrational distribUtion of l
~ the CO.product. This product is:formed.primarily'in its
ground Vihrational“state (Table I1). Kineticfresults'(Table
IlI) Show that'formaldehyde'does not'dissociate to molecular
products d1rect1y from the f1rst ‘excited s1ng1et state, but,

rather proceeds through a 1ong 11ved 1ntermed1ate. A



H

,determinationvof the nature of this intermediate state requires

much more theoretical and experimental examination. Theoretical

0
molecular"disSociation, the extent of anharmonicity in and

investigations might focus on the height qf'the S. barrier to

anharmonlc coupllngs between high v1brat10nal levels of S0
and the v1brat10na1 product distributions predlcted by
classical traJectory studies on the S0 surface. Direct
spectroscoplc observation of the 1ntermed1ate state would -
be most Valaable. It would also be extremely interesting to
learn whecher radical products, H o+ HCO, are.producedvfrom
the same intermediate as is CO§or whether'fhef'are created
by an_ehtirely different mechanism.. The technique ef time-
resolved prqdﬁct detection presented hereimight easily be
extended feuinVestigation of the radical dissociation. It
shoﬁld be,pOSsible'to monitor the H-atomvproduct by its
absorption and subsequent fluorescence of'Lyman-a radiation.

The HCO product might be monitored by its visible absorption.
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TABLE I: Reiéxation of CO(v = 1) by Fbrmaldehydes

1
3

 Re1axing Species k(sec-lvtorr-l) uNﬁmber of Collisions
H,CO 1.31 + .11 x 10° 1 7340
HDCO 6.5 * .7 x 10° 148

D,CO 1.15 + .10 x 10> 84




TABLE II: CO Vibrational Distributions

A H,C0 Vibra- Product CO Fraction - - Percent of

(nm) ~ tional level  v=0 1 2 3 4 5 6 Available E

347.2 43. .900 .100 l ”   i;u 07
337.1  4i67 .870 .110 020 | 't; - 1.1
37,0 - 25431 731 .213 f049 ,oo5 ,002 ;    - 2.3
514.5 2341 S 663 .195 ;071 .032 ;021';0i2 .005 4.1
309.1 2353,2g4gﬁgf .607 .265 .092 078 .00$ }062 N 3
- 305.5 2348 '?}. .661 .242 .058 .026 .odéf;¢o4 : 3.2
303.6 . 204] j'i{__ 571 .262 +103 .037 015 608 004 4.5
295.0 '2343 .598 .255 4094 .034>.oi45;bos s
2040 2043 609 .264 .099 .024 .064; | 3.5
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TABLE III: Summary .of Rate Constants for Formaldehyde Photochemistry

at 3371 A, |
Rate Constant¥* - Rate (usec-1 torr-lj . Refer to Section
.HZCO. "" D, CO
Tkp 4+ KD | <0fz6 ) 2001 | IVA, VA, Fig. 9
zkm’i + ko | 7':1;65 s .12:»' 0.96 = .07 ,':  IVA, VA, Fig. 9
Zky 1.30 * .09 0.34 + .02 VB
»kr' ;q;;s.i .03 0.62 + .05 ..VB
Skply * Ky 0.10 + .01 '£- IVA,'VA
Qkﬁfi | - n0.01 . VB
Ky n0.09 o
zkﬁ?i * F?Q '  1.9 + .5 - IVA, VA
Zkﬁ?i | A3 | e ‘_._" &
K0 - 20.6 | | s

*As defined by Eqns. (10)-(12).
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Figure 1. Energy Level Diagram for Formaldehyde. The
dashed lines show the correlations of bound states to continua.

The barrier_heights areVunanwn.
Figure 2. Schematic diagram of the CO laser tube.

,Figﬁre'S._ CO fluorescence following.dissociation.of HZCO
at 337.14ﬁm; A formaldehydé pressure'of 5.29 torr was uéed and
the-fluoréScence was avéraged over.lOOO shots of the nitrogen
laser. o |
| Figufé‘4. Apparatus for deteétioﬁ of3C0.mole¢u1es by their

absorption of a cw CO laser. See text for description.

Figufe 5. Absorption of cw.CO 1as¢r:iine$ by CO produced
_from H2C05diSsqciatiQn at 337.1 nm.j (a) Abéofption of the-
P,(11) 1line using 3.33 torr of HZCO."The,fréée is the average:
of 208 laSér shots. (b) Absorption of'theiPl(IZ).laser line
using 4.55 toeréf HZCQ.v The trace is the averagevgf 102

. laser shots.

Figure 6. CO fluorescence foilowiﬁg-excitation of CO
to v ='1 by a Q-switched CO laser. The  trace is the average
of 3100 1aSéfxshots for a mixture of 54 mtorr of Cco, 41.5

torr of argon, and 6.06 torr ‘of HZCO.'

Figure 7. Vibrational Deactivation of CO by H,CO. The
_'qircles_arevfbr fluorescence detection folloWing dissdciation‘
of HZCQ’at'337.1 nm. The triangles are for fluorescence

detection_foilowing CO}excitation with ther}switched CO 1laser.
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The slope gives a rate of k = 1.31 * ,11 x 103 sec_l.torr—l.

Figure 8. Vibrational Deactivation of CO By ﬁZCO and
HDCO. The éifcles are for the decay of the CO(v = 1) absorp-
tion signéi féllowing DZCO dissociation at 337.1 nm. The
triangles énd‘squares are for fluorescence’décay following CO
‘excitation wiﬁh the Q-switched CO laser in mixtures with

D,CO and HDCO! respectively.

Figuréfg; Aﬁpearapce Rate of the CO Product from Hzcob(a)
and from DZCO (b). In both cases'dissociatibﬁ was at 337.1 nm.
The triangles represent the appearance rat¢$ for CO(v = 1),

while the squares represént the appearance rates for CO(v = 0).

'Figure710f CO .Fluorescence Intensity asfa Function of

HZCO Pressure for dissociation at 337.1 nmi7'

Figurelll. CO(v = 1) Absorption Signal as a Function of

Added Gas PfesSure for Dissociation of HZCO at.305.5 nm.
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Energy Research and Development Administration, nor any of
their employees, nor any of their contractors, subcontractors, or
their employees, makes any warranty, express or implied, or assumes
any legal liability or responsibility for the accuracy, completeness
or usefulness of any information, apparatus, product or process
disclosed, or represents that its use would not infringe privately
owned rights.
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