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Introduction—— ..——..-—

As a rerult of Iecent work, gas-rhase metathctical reactions of formaldehyde replesent a
particularly well-studied group of chemical reactionsl-a. A wide variety of studies have
beou conducted including re~l-timel~a-a and I-elative-rate kineticse, product energy distri-
butions2’JO’11 and tlieuretical calculations12. The interest prompting these studies IS
two-fold. First, the removal of reactive species, such as atcmic chlorine, from the strat-
osphere via re~ction with formaldehyde could have a t~emendous impact on the eCO]OglCFIl
effects of anthropogcnically released substances. Secondly, these reactions are generdlly
quite fast and ate, of considerable interest from a dynamic point of view.

Other interest in formaldehyde chemistry concerns the microscopic details of its reac-
t]ons. Tt,e Ieactions of chlorine and fluorine atoms with formaldehyde are highly exotherm-
ic (AH = - 15 and -49 kcal mole-l, respectively) and the energy is rele~sed primarily as
~nLerrlal el]ergy in the produce hydrogen hallde.

c1 + H2CO_ HC1 + HCO (la)

F + H2C0 .4 HF + HCO (lb)

Cl + D2C ~ DC1 + DCO (lC)

F + DzCO— DF + Dco (id)

Detailed st_dtc dlstribuLions have been r.le(crmirled for the
I_r>rmed In lcacL]ufls

cxcitcd hydrqcn halide
(l)?’’’J*Il. The results of thvse cxpcrirncnts can bc summarized as

follows: the hjghcst obxcrvcd }IF cncrglcs coincide with the cxpcctcd t.hermochcmical limits
(v = 4, J ❑ 14) while LIIC m~xlnlwm popu)atiorl wns found In u ❑ 3; slgnif.~cant vibrational
excitation was also found III the VI mwdc of riCO; and vibra~iunal distributions were found
to yield liflca~- ~uI”pliKfils US1119 uiL)lur Lhruc-body models 01 Lho5e incorporat~ng WO rota-
tion, there.by pclmittlng JIJ estimate of the guownd statu population of thu pxoduct tha~ in
~r~itlally Iolmcd.

UC havu urldcrtlll:on a Z“tudy of 1“I!(ICL1OIIS (10) - (Id) us;ing infrared multiple photon
.Il!:l:ocl at ion (MPL)) to produce) f] Ilorinc .lLom.s, ,ll]d lnfrnxcd ch~, mil UIIIIIICSC(,IICC to men. tor the
111~.c of L’cilctAon. The rlbc in ln[r,lr,:d lumlllc::ccllcu with time duo t,, rvnctionu {1) is
folloucd by d decay duu to rndiat~ve dfld (prcduminantly) colli&lullal dc{lctivdtioll:

k
ll(L))X(u) + m -.2- II(D)X(U - II) + m 1 < 1) c ~J (2). .

WIIC!IC kt i!; a lW](!-frJ(:tlC)ll Wt!jyhtt!d ~ilt~ C:OII:I1.II)L, A dcrurwolutiolt 01 the I’itiing aIId
f“allllIg port.luns dllow~ indujjcndcut {l(!t.(’l-lnllll\Liorl[i of lIIC xnt-c ~~llst.ilr)t (la - id), and (2).
This tvcl]niquu VlI!; il~!.roduwd by FlyIIII’J, Whit.tig”, IIOUGLOII’L, and tkix tio-wo~kcrc, mId
)).1s~.)(’f:n(:xt-~!ll!:lvuly u!I(!(l by Ilouuton and I{(!ifltl(!r r! ,I,~lG. .rh~I-(!twtiwuCilfl k CilI”ricLl out
Ul)(lol’ ~Iw,,] 1.. ],. !;:;11 ~:i)lllli t iwl~;, U!:l IIY illt!rt fl[!l!
illl”rll]~’,l ld:lt~::; d:;

“i(lfilc,ll J)ll!cutsorll. I’urt]lcr, Lh12 UU(! 0[
t,)ItI phololytic uourcu pl-ovidl.:; Inor(! ,:humicnl 51wcificiLy t}llln dot:!;

Cullv[!lltjollal u~Lldviulot II)]ul.olyl;is. TIIIsru i~ U::ulllly lL!SG PIGlllwll uiLtl GimulL.lll{louu

.,
●
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photolysis of the reactant molecule, and neglj.gible likelihood of producing electronically
excited fragments from the photolysis.

Experimental

The experimental technique has been described previouslyi~i’ Briefly, the fluorine
atoms were produced via infrared multiphoton dissociation of a precursor molecule. The
photolysis source was a grhting tuned C02 TEA laser based on a Tachisto head. Tt,e output
was restrained to be approximately circular by an intracavity iris, and consistzd of a
45-ns spike (!WHM) containing ~80% of the pulse intensity, followed by a low intensity
tail of -0.5 ps (determined with a photon, drag detector). Repetition rates were typically
0.5 Hz, with pulse energies of -0.8 J atlA = 10.591 pm, and -0.2 J ●t A ❑ 9.201 pm. Shot
to shot energy fluctuations were & 5%.

A 700 MM AR-coated Ge lens was used to direct the beam into the photolysis cell, which
was a Pyrex flow tube (2.5 cm Q x 10 cm) equipped with O-ring mounted NaCl entrance and
exit windows, and epoxy mounted CaF2 viewing windows. Flow rate and pressure were con-
trolled by Teflon meterjng valves. Infrared fluroescence was viewed as right angles to the
laser beam by focusing (6 cm CaF2 lens) it onto an InSb (SBRC) detector cooled to 77 K.
Interference filters were used to increase S/N and to isolate the relevant signal. The
detector signal was coupled to a matched preamp (SBF!C) and fed into a Tektronix amplifier
(7A18) for further amplification. This signal was the~ dicjltized by a wavefom recorder
(Biomatiorl 805) and averaged on an interfaced z-80A based microcomputerla. Overall re-
sponse time of Lhe system was C 500 no. A schematic of the experimental apparatus is shown
xn Fig. 1.

FAqurc 1. Schumatic of L~w2experimental apparatus.

Snmpleu welu plcpnred by frerzilly the halugcn source (SFa or CC1F3) into an iSOldted
cold finger of a 3 Q PyIex bulb which hnd hen conditioned prior to uue. Formaldehyde and
buffer yuo (if any) were thun dddcd suqucntially and the SFc wa~ allowed to warm prior to
mixitlq, The ltirge volurnc to Hurfncc ratio of tt)c bulbu, and the colvlit~oning ptocedure—
[!x~usurc to hiqh form{lldt!hyrle prc~sul’cu.--if~nurcd that the tirn~unt of fu!maldehyde which
polymerized on the nurfdce was minimal. lxrivcd rate conntanta were found to bc independ-
ent of tlw timm between tiiim:)le mixing and the experiment~l determination, again indicating
tllllt formaldehyde polymerization was minimal. All gal; hnndliug was carried out on ●

[rua g lIJIJ Vi!CUUlll line capabla of Vilcuumn )JLI~teL’ Lha,l S x 10-a “r. Y
reaue

y~:ensuxeg werC mol, Lur@d
by a V,llidylw diffcl-ontinl pr{!unurv tr~nuducet in !lumple pzeparaticm ●nd ● Barucel cap4ci-
Liil)CU lllilllUMULCl 011 thC flUW CWllm



Results—.—- —

S F6 and CC13F were the primary fluorine and chlorine atom so~rces, respectively.
ccl F, was used to simultaneously produce chlorine and fluorine atoms. The primary and
secondary photolysis schemes are shown below:

SF6 =F + SF5 ~ F + SF4 ; = 944.2 CDJ-l

CC13F WC1 + CC12F —*&Cl + CCIF ~ = 1081.1 C171
-1

nhv+cl+cF mhv F+CFCC1F3 — i = 10d6.8 cm-1
3 2

(5)

(3)

(4)

plCVIL>uS l-esults have sho~ that the halogen atoms p:oduced
near thermal energy. Reactions la - Id are thus ca~ried out
lationai temperature (T 295 t 5 I().

in these processes to be of
very near the ambient trans-

Pseuto-first-order col,ditions ([F]O; [c1] << [H2CO]; [D2COj) were maintained through-
out all cxi>eriments. For SF6 it is estimated that < 1% dissociation occurred within tile
focal volume of the C02 laser:7. The amount of dissociation for the freon precursors is
expected to be IeGs. In all cases [H2cO]/[X]o ~ 15, thus, satisfying the criterion for
pseudo-first-o.-der behavior.

The rise and fall of the infrared emission signal from the excited hydrogen halide can
be shown to follow:

ck;
I(t) = ~r.-:-k; [cxp/-k;t) - CXP[- kit]] , (6)

r

where k! ❑ k[l{2CO] and k is Lhe bimolecular rate constant of the reaction being studied.
The risJng and decoying rates for t.hc ])ydrogen halide fluorescence can be obtained by
fitting Eq. (6) to the cxptrimcntal fluorescer,ce Lraccs using sL~ndard methods.

The experimental data is shown in :$igs. z - 5 for, Icspectivcly: c1 + H2C0, F + HzCO,
C] + DICO, and F + DZCO. The data is displayed ,~s k’ vs H(D)2C0 concentrations so the
slope yields the bimolecular ra:c constant. Absolute r,fte col~st.ants mcnsurcd in this study
arc shown i~ 7able 1, n)crrtg with picvious determinations of those and related (X + H(D)~CO)
rate constants,
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Discussion——

F.arlier experiments by this groupl il~volvifly reaction 1 resulted in e larger rate
coftstatlt than was dcduccd in the CU1-ICnL study. ‘1’hi6 di:+crepancy in most lik~ly due to
dlffelcllc.es in the cxpcrimcntal procedure of the two experimel;t6, The originall~tdg
ut~lized a simple 8tutic photolysie cell fittad with a eingle viewing window,
latter experimcnte, II flow cell was used with a back reflecting mirror for more efficient
colI(IcLIcN~ of the cmissionm Improv~ments in the latier produced much higher intensiti?si
Wit)lill the focal volume of the bum in the latter experimt!nte, thus achieving higher
lliylldl-Lo-noibe ratios,

In ,lddition, use of the sita”:ic photolysiis cell in the earlier experiments may have
Illt.uldllcud ~l~!cnnd,lry l,eac. tionu. Buildup of p~uduct Kpeciee, in particular HCICO, could
1(.!ild t.O ill] OVL!lI1ll fIll;t(!I rate of chlorine atom removal. The rate of hydrogen abstraction
[L-orn llCICcJ iti cxp{!ct,ud to be fil~t.~~ that) from [12C0 due to the wcakc~ C-ti bond; the ulectre-
l\I’(JAl:Iv:! ch]ori?lu dI’iJwM ul~!cLI”on d~!nuity ,IwiJy from the bond. Thisi trend iB Wis?l)ao ~h the

)Iydroycn abutrilction by chlorino atoms with L’H4 ~nd cHC.1 where kcH, Cl/kCl& ■ 5 at 298 K.
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HCICO call be formed by the reaction of HCO with the precursor, CC13F. HCICO has been ob-
served in the study of reaction (la) where molecular chlorine was used as the atom sources.
However, HCICO could not De detected by ir,frared spectroscopy in the present experiments
due to the low concentrations ([HC1CO]<[H2CO]O) which would be formed and short lifetime
(<1 hour).

The data for both the static and flow cell experiments are shown in Fig. 2. At 10H

H2C0 pressures (: 40 mtorr) the data are in agreement but at higher H2C0 pressures, and
presumably higher CHICO concentrations during the experiment,
senfed.

sevzre disagreement is ob-
Therefore the flow cell data are to be preferred C)vei the static cell data.

A point of greater interest is the variation of a measured rate constant with photoly-
SIS frequency. The rate constants obtained for the various halOgtll atom/formaldehyde
reactions by the lIU4PD/TRIRC technique and other methods are given in Table I. The differ-
ence between the photolysis frequency employed to dissociate the appropriate atom precursor
and the nearest vibrational absorption feature of formaldehyde (H2CO;
given.

D2cO}21 is also
It is evide,lt that for laser lines corresponding to near resonisnces (presumably

lrrdlcatillg a high degree of vibrational excitation in formaldehyde) there is a marked
decrease in the deriked rate constant relative to off-resonant experiments. This decrease
is particularly evident in the reaction of F + I+2C0 where 944.2 cm-l excitation is far off
I-esonance and produces a rate constant of 5.79 x 10-11 kma molec~le-ls-l while 1086.8 cm-l
excitation is only 7 cm -1 off resonance and yields a rate constant of 3.8 X 10-11 cn3
molecule-is-i The 7 cm-l is easily compensated by lzser power broadening22. or the “red
shl ft’1 effect which is likely if infrared multiphoton absorption is occurring. The de-
crease in rate constant with increasing reactant vibrational excitation can be explained
qualitatively in terms of simple arguments concerning the nature of the reactive potential
surface. A feature of attractive potential energy surfa~es is their ability to effectively
channel relative translational energy into the reactirn coordinate. That is, if the bar-
rier to reaction 1s along the approach coordinate, vibrational motion is roughly perpendic-
ular to the react~on coordinate and, therefore, vibratio,~al energy may trap reactants in
the potential ken prior to the transition state thereby inhibiting the reaction.

Table 1. AtlsJluLP rate :onslar,ts oktained for the reaction of halogen atoms with formaldehyde ●t T=295t5K
.: ...-,, ....=- .-: ,.=, ------.,..,. ., ._ -_:,... .,,,.=<..— --.-=-- :.- . ... - -=. :---..,-_.. ....= . , --.._.-,,,.-.=---- .._-——-. — .-:---.—-== --——-- -- ,_-& ~,.==.,,~

ReJction Ha]ogcn Atom .$ource

cl + I$CCI uv pt.oto]ysis of C12

. flash photolysis Of

C]*

flash photo ]ysls

of c1 2

IRfil)D Of CC13F

IHH1’lJ Of CC1F3

uv I)hotolysis of C12

lftHPI) Of CC13F

microwave fliscllJrUc

ill F
2

IRWD of SF6

IRHI’11 Of CCIFj

IItlipl) of SF’

mtvrow,lvr d:wrllmrgr

III lr 2

Detecti Jn Hethod A;(cm-])a k(lo-] ] .cro3 •olesuls-~>

FTIR

Cl resonance

fluorescence

Cl reson~ncc

fluorcacence

‘IR 1ffC

“rfiI uc

FTIR

‘I-AImc

bl%

TNIRC

TRIf/C

.rnlnc

EM

. .

. .

. .

12

7

. .

23

-.

7.8

7.68 f 0.50

7.18 t 0.61

3.29 A 2.13b

1.70 t o.37b

6

3.26 t o.19h

6.6 r 1.1

5.79 2 0.56

3.8 t 1.2b

5.22 i 0.37b

0.16 t 0.03

4-
AU = f(,{m.lld{,hy,lu .]llsorl}t ion - IIls,.r 1 iilr. FIII-nB,,l (la.lIy[lt. .ItI!. oI’l)t ImIs III, f!nm I,cft,r?nce >b.
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It is likely that with 1081.1 and 1086.6 cm ~ excitation for both H2C0 and DCO and
944.2 CM-l excitation for D2C0 there is a significant amount of vibrational energy depos-
ited in the formaldehyde. The effects of intense C02 laser radiation on H2C0 and D2C0 have
been studied and show absorption when the laser line is near resonant (-20 cm-l) with
formaldehyde transition22. The effect of vibrational excitation in the case of H2C0 at
944.2 cm-l photolysis is insignificant and the derived value is reported as the rate con-
stant at 295 * 5 K. The remaining rate constants were all obtained with some degree of
excess vibrational energy in the reactant formaldehyde. Therefore, these values should not
be regarded as thermal rate constants.

It may be possible to employ this techniq~e even though formaldehyde is a weak absorb-
er in this spectral region. If a sufficient quantity of buffer gas were used such that the
vibrational deactivation of formaldehyde was faster than che reaction of interest then the
measured rate should be unperturbed. However, one must be judicio~s in choosing a suitable
buffer gas. While it must efficiently deactivate vibrationally excited formaldehyde, it
should not deactivate either Che precursor molecule or the fluorescing hydrogen halide.

The study of the effect of internal energy of reactants on reaction rate is an ex-
panding field. Recent articles24 and a review2s indicate the current interest. in this
aspect of chemical dynamics. Perhaps the use of laser excitation to produce nonthermal
energy distributions in reactants will lead tri a deeper understanding in this area of
chemical kinetics.
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