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The reaction of fluorine and chlorine atoms with formaldehyde and deutero-!ormaldehyde'

N. §. Nogar
Chemistry Division
Los Alamos National Laboratory
Los Alamos, New Mexico 87545

I 3
D. M. Fasano

Department of Chemistry
Univirsity of Nebraska
Lincoln, Nebraska 68588

Introduction

As a result of i1ecent work, gas-fhase metathetical reactions of formaldehyde represent a
particularly well-studied group of chemical reactions!~8. A wide variety of studies have
becen conducted including real-time's?°? and relative-rate kinetics?, product energy distri-
butions?* 19!  3nd theoretical calculations!?. The interest prompting these studies 1s
two-fold. First, the rcmoval of reactive species, such as atcmic chlorine, from the strat-
osphere via reection with formaldehyde could have a tremendous impact on the ecological
effects of anthropogenically released substances. Secondly, these reactions are generally
quite fast and are of considerable interest from a dynamic point of view.

Other interest in formaldehyde chemistry concerns the microscopic details of its reac-
tions. The reactions of chlorine and fluorine atoms with formaldehyde are highly exotherm-
ic (AH = - 15 and -49 kcal mole-!, respectively) and the energy is released primarily as
internal energy in the produce hydrogen halide.

Cl + HZCO-—o HCl + HCO (la)
F + HZCO -— RF + HCO (1b)
Cl + ch —= DC1 + DCO (1c)
F + DZCO——o DF + DCO (1d)

Detailed stdate distributions have been determined for the cexcited hydrogen halide

formed in reactions (1)2»10.11 The results of these experiments cah be summarized as
follows: the highest observed HF energies coincide with the expected thermochemical limits
(v = 4, J = 14) while the maximum population was found 1n v = 3; significant vibrational

cxciltation was aiso found in the v, mode of nCO; and vibrational distributions were found
to yield lincar surptisals using either threve-body models or those incorporating HCO rota-
tion, thercby permitting ar estimate of the grnund state population of the product that is
1initially foimed.

We have undertaken a study of reactions (la) = (1d) using infrared multiple photon
disrociation (MPD) to produce fluorine atomsg, and 1nfrared chemiluminescence to mon.tor the
rate of rcaction. The rise in infrared luminescence with time due to reactions (1) is
followed by a decay due to radiative and (predominantly) collisional deactivation:

K.
H(D)X(v) + m - %= H(D)X(v = n) +m 1 ¢ nev (2)

where Kk is a mole-fraction weighted rate conntant., A deconvolution of the rijsing and
falling portions allows independent determinations of Lhe rate constant (la - 1d), and (2).
This technique was introduced by Flynn!?, whittig'?, Houston'®, and their co-workers, and
has been extensively used by Houston and Heidner et all®.  The reactiont can be carried out
under "wall-less” conditions, using inert free radical precursors. Further, the use of
infrared lanms as the photolytic source provides more -hemical specificity than does
conventaonal ustiaviolet photolynis. There s unually less preblem with simultancous

[ ]
wWork poerformed under the aunpices ol US DOE.

(W]
tCurrent Addiesg:  Rohm & Haays Co.
NHortritntown & Mohean Rds
Spring Noune, PA 19477



38u; .

photolysis of the reactant molecule, and negligible likelihcod of producing electronically
excited fragments from the photolysis.

Experimental

The experimental technique has been described previouslyls!? Briefly, the fluorine
atoms were produced via infrared multiphoton dissociation of a precursor molecule. The
photolysis source was a grating tuned CO, TEA laser based on a Tachisto head. The output
was restrained to be approximately circular by an intracavity iris, and consist>d of a
45-ns spike (FWHM) containing 280% of the pulse intensity, followed by a low intensity
tail of ~0.5 pe (determined with a photon drag detector). Repetition rates were typically
0.5 Hz, with pulse energies of ~0.8 J at’/A = 10.591 pm, and ~0.2 J at A = 9.201 um. Shot
to shot energy fluctuations were 1t 5%.

A 200 mm AR-coated Ge iens was used to direct the beam into the photolysis cell, which
was a Pyrex flow tube (2.5 cm ¢ x 10 cm) equipped with O-ring mounted NaCl entrance and
exit windows, and epoxy mounted CaF, viewing windows. Flow rate and pressure were con-
trolled by Trflon metering valves. Infrared fluroescence was viewed as right angles to the
laser beam by focusing (6 cm CaF; 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 (SBPC) and fed into a Tektronix amplifier
{7A18) for further amplification. This signal was then digitized by a waveform recorder
(Biomation BO5) and averaged on an interfaced 2-80A based microcomputer!®. Overall re-
sponse time of the system was < 500 na@. A schematic of the experimental apparatus is shown
in Fig. 1.

o
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Figure 1. Schematic of Lae cxperimental apparatus.

Samples were prepared by freezing the halovgen source (SFa or CClF;) into an lsolated
cold finger of a 3 & Pyrex bulb which had been conditioned prior to use. Fermaldehyde and
butfer yas (if any) were then added suquentially and the $¥F; was allowed to warm prior to
mixing. The large volume to surface ratic of the bulbs, and the conditioning procedure—
exposure to high formaldehyde precsures---ingured that the amount of formaldehyde which
polymerized on the surface was minimal. Derived rvate constants were found to be independ-
ent of the timm between sample mixing and the caperimantsl determination, again indicating
that formaldchyde polymerization was minimal. All gars handling was catried out on a grease
free g wn vaguum line capable of vacuumn better t‘han 5 x 10°% T, Prensures were monitored
by a Validyne differvential pregsure transducer in nample preparation and a Barocel capaci-
Lancyd manomoter on the {low cell.

The monomoric formaldehyde was prepeaved from the isotopic paraformaldehyde (H,CO=-
Aldrich, L,CO-Merck, 98% D) by the method of Spence and wild. 'Y  The formaldehyde monomer
wat then purified by vacuum diat illation from 174 K to 77 K. Storage at 77 K pravented
polymerization. N, and Ar (Matheson) were usead without further purification. CClFy and
5l (PCR) were sub)ectud to reputitive troeze-pump-thav cycles.
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Results

SFg and CCl,F were the primary fluorine and chlorine atom sources, respectively.
CClF, was used to simultaneously produce chlorine and fluorine atoms. The primary and
secondary photolysis schemes are shown below:

sF, MW p , gp MW _ £, op 7 = 944.2 ca’! (3)

6 5 4
cclF ey 4 ocolF Y ) 4 CCLF 5 = 1081.1 cm ! (8)
cclF, ey CF4 mhv_ g, cF, v = 1086.8 cm } (5)

Pievious results have sho~wn that the halogen atoms produced in these processes to be of
near thermal energy. Reactions la - 1d are thus cairied out very near the ambient trans-
lationai temperature (T 295 t S «).

Pseuco-first-order conditions ([Flp; [Cl]) << [H;CO}; [D,CO}) were maintained through-
out all experiments. For SFg it is estimated that < 1% dissociation occurred within the
focal volume of the CO; laser!?. The amount of dissociation for the freon precursors is
expected to be less. 1n all cases [H;C0]/[X]o > 15, thus, satisfying the criterion for
psevdo-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) = gr 2 gr lexol-kyt) - exp{- k t}] . (6)
r 2
where k! = k[H;C0) and X is the bimolecular rate constant of the reaction being studied.

The }1ssng and decaying rates for the hydrogen halide fluorescence can be obtained by
fitting Eq. (6) to the cxperimental fluorescence traces using standard methods.

The cxperimental data is thown in Figs. 2 - 5 for, tespectively: Cl ¢ H,CO, F + HaCV,
Cl + D,CO, and F + D.CO. The data is displayed as k' vs H(D),CO concentiations so the
slope yields the bimolecular rate constant. Absolute rfte constants measured in this study
are shown in Table 1, along with picvious determinations of those and related (X + H(D),CO)

rate constants.
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Figure 2. Plot of k. vi HCO pressure for the r1eaction €1 + HaC0; o indicate CClyF as pre-
cursor; 8 indicate CCIFy a5 precwisor and U indicates static cell with CCl,F as

plrecurnor.
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Figure 3. Plot of k' vs H,CO pressure for the reaction F + H,CO; open symbols indicate SFg
and CC1F," precursor, respectively. Circles indicate no buffer gas, ¥ - 5 torr
N, 4 - 5 torr Ar and 0 - 10 torr Ar.
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Figure 4. ké vs D,CO for the reaction Figure. 5. k; vé D;CO for the reaction
Cl + DycoO. F + D,CO.
Discussion

Farlier cexperiments by this group! involviny reaction 1 resulted in a larger rate
constant than was deduced in the current study. This discrepancy is most likely due to
differences in the experimental procedure of the two experimernts, The original study
utilized a simple static photolysis cell fitted with a single viewing window. In the
latter experiments, a flow cell was used with a back reflecting mirror for more efficient
coliection of the emission. Improvements in the laser produced much higher intensitiaes
within the focal volume of the becam in the latter experiments, thus achieving higher
signal-to-noive ratios.

In onddition, use of the sta%ic photolysis cell in the earlier experiments may have
introduced secondary reactions. Builldup of prouduct species, in particular MC1CO, could
lead to an overall faster rate of chlorine atom removal. The rate of hydrogen abstraction
from HC!CU is cexpected to be faster than from H;CO due to the weaker C-H bond; the electro-
negative chlorine draws electron density away from the bond. This tirend {8 seen?® in the
hydrogen abstraction by chlorine atoms with CHy and CHCl where kcH;Cl/kCH. = 5 at 298 K.
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HCl1CO can be formed by the reaction of HCO with the precursor, CCl,F. HCLCO has been ob-
served in the study of reaction (lz) vhere molecular chlorine was used as the atom source®.
However, HCICO could not be detected by infrared spectroscopy in the present experiments

due to the low concentrations ([HC1CO]<[H,CO],) 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 low
HpCO pressures (< 40 mtorr) the data are in agreement but at higher H,CO pressures, and
presumably higher CH1CO concentrations during the experiment, sevare disagreement is ob-
served. Therefore the flow cell data are to be preferred over the static cell data.

A point of greater interest is the variation of a measured rate constant with photoly-
s1s frequency. The rate constants obtained for the various halogen atom/formaldehyde
reactions by the IRMPD/TRIRC technique and other methods are given in Table I. The diffar-
ence between the photolysis frequency employed to dissociate the appropriate atom precursor
and the nearest vibrational absorption feature of formaldehyde (H,CO; D,CO)2! is also
given. It is evideat that for laser lines corresponding to near resonances (presumably
indicating a high degree of vibrational excitation in formaldehyde) there is a marked
decrease in the derived rate constant relative to off-resonant experiments. This decrease
is particularly evident in the reactinn of F + H,CO where 94%4.2 cm-! excitation is far off
resonance and produces a rate constant of 5.79 x 10°!! (m? molecule-!s-! while 1086.8 cm-!
excitation is only 7 cm-! off resonance and yields a rate constant of 3.8 x 10-!! cm?
molecule-'s=!. The 7 cm-! is easily compensated by laser power broadening??. or the "red
shi1ft" 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 surfares is their ability to effectively
channel relative translational energy into the reactien coordinate. That is, if the ber-
rier to reaction 1s along the approach coordinate, vibrational motion is roughly perpendic-
ular to the reaction coordinate and, therefore, vibrational energy may trap reactants in
the potential wcll prior to the transition state thereby inhibiting the reaction.

Table 1. Absolute rate constants ottained for the reaction of halogen atoms with formaldehyde at T=295#5K

WTUTEEIUTAIL ST SR AT TN ITIETIIS e e LT i Sl Ll T SRS TTAT TR IlTL T AT T TR ST S m — ST —emAms T TmSrTmmL TS aTS
-1

_Reaction _Halogen Atom Source  Detection Method Ad(ca’')® k(10"'! ca® molecule™'s”!) Reference
Cl ¢ HZCO uv photolysis of Clz FTIR -- 7.8 9

flash photolysis of Cl resonance -- 7.48 £ 0.50 3

Cl2 fluorescence --

flash photolysis Cl resonance -- 7.18 ¢ 0.61 4

of Cl2 fluorescence

IRHPD of CCl.F TRIKC 12 3.29 + 2.15° this vork

IRMPD of CClFJ TRIRC 7 1.70 £ 0.J7h this wvork
Cl o+ DZCU uv photolysis of Cl2 FTIR .- [ 9

LRHPD) of CCIJF TRIRC 2] 3.26 ¢ 0.19h this work
F ¢ H2C0 microwave dischsrge cPR .- 6.6 2 1.] 5

in F2

1RMID of SF6 TRIRC A3 5.79 % 0.56 this work

IRHPD of CCIF, TRIRC 7 3.8 ¢1.2° this work
F ¢ D,LO IRNMD of SF, TRIKC 14 5.22 ¢ 0.37° this work
Br ¢ HzCO microwave discharge EPR -- 0.16 ¢t 0.03 5

in Hr2
1av é-fulmdldvhydv ;6surpliun = laser line, Formaldehyde J“h;;;;l;"ﬁ.;;;m}1;m-}ﬂréf!"C; 2b.

hTh:ie rale constanls may not represent thermal reaction; see text for explanation.
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It is likely that with 1081.1 and 1086.6 cm ! excitation for both H,CO and DCO and
944.2 cm*' ercitation for D,CO there is a sign:ficant amount of vibrational energy cepos-
ited in the formaldehyde. The effects of intense CO, laser radiation on H,CO and D,CO have
been studied and sihow absorption when the laser line is near resonant (~20 cm-!) with
formaldehyde transition2?. The effect of vibrational excitation in the cise of H;CO at
944.2 cm"! photolysis is insignificant and the derived value is reported as the rate con-
stant at 295 1 5 K. The remaining rate constants were all obtained with some degree of
excess vibrational enerqgy in the reactant formaldehyde. Therefore, these values should not
be regarded as thermal rate constants.

It may be poscsible to employ this technique even though formaldehyde is a weak absorb-
er in this spectral region. If a sufiicient quantity of buffer gas were used such that the
vibrational deactivation of formaldehyde was faster than the reaction of interest then the
measured rate should be unperturbed. However, one must be judicious in choosing a suitable
buffer gas. While it must efficiently deactivate vibrationally excited formaldenyde, it
should not deactivate either the 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 articles?Y and a review?® 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 tc a deeper understanding in this area of
chemical kinetics.

References
l. D. M. Fasano and N. S. Nogar, Int. J. Chem. Kin., 13, 325 (1981).
2. D. J. Bogan, D. W. Setser, and J. P. Sung, J. ihys. Chem., 81, 888 (1977).

3. J. V. Michael, D. F. Nava, W. A. Payne, and L. J. Stief, J. Chem. Phys., 70, 1147

(1979).
4. 2. C. Anderson and M. J. Kurylo, J. Phys. Chem., £3, 2055 (1979).

LeBras, R. Foon, and J. Combourieu, Chem. Phys. Lett., 73, 357 (1980).
B. Kiemm, J. Chem, Phys., 71, 1987 (1979).

G
R

7. R. R. Baldwin and D. W. Cowe, Trans. farad. Soc., 58, 1768 (1962).
A. H. Dean, R. L. Johnson, and D. C. Steiner, Combust. Flame, 37, 41 (1980).
H
(

. Kiki, P. D. Maker, L. P. Breitenbach, and C. M. Savage, Chem. Phys. Lett., 57, 596
1978).
10. G. Macbhonald and J. J. Sloan, Chem. Phys., 31, 165 (1978).

11. Beadle, M. R. Dunn, N. B. H. Jonathan, J. P. Liddy, J. C. Naylor, and S. Okuda,

R
P
J. Chem. Soc. Faraday 11, 74, 2158 (1978).
12. L. B Harding and G. C. Schatz, J Chem. Phys., 76, 4296 (1982).
13. J. M. Presses, R. E. Weston, Jr., and G. W. Flynn, Chem. Phys. Lett., 48, 425 (1977).
14. R. Quick and C. wittig, Chem. Phys. Lett., 48, 420 (1977).
15. E. WlUrzberg and P. L. Houston, J. Chem. Phya., 72, 4811 (1980);
E. Wirzberg, A. J. Grimley, and P. L. Houston, Chem. Phys. Lett., 57, 373 (1978),
E. Wuizberg and P. L. Houston, J. Chem., Phye. 72, 5915 (1980);
E. Wlrzberg, L. J. Kovalenko, and P. L. Houston, Chem. Phys., 35, 317 (1979).

16. [. F. Heisdaer 111, J. F. Bott, C. £. Gardner, and J. E. Melzer, J. Chem. Phys., 70,
4509 (1979);

R. F. Meidner IIl, J. F. Batt, C. E. Gardner, and J. E. Melzer, J. Chem. Phys., 172,
4815 (1980).

17. D. M. Fasano and M. §. Noger, Chum. Phys. Lett., 92, 411 (1982).



18.
19.
20.

21.

22.

23.
24.
25.

3801y=

D. M. Fesano and N. S. Nogar., Chem. Biomed., and Environ. lnstr., 11, 33i (1981).
R. Spence and W. Wild, J. Chem. Soc., 338 (1933).

J.P.L. Publication JPL B87-57. "“Chemical Kinetic and Photochemical Data for Use in
Stratospheric Modeling Evaluation," 5 (1982).

E. S. Ebers and H. H. Nielson, J. Chem. Phys., 5, 822 (1937); ibid., J. Chem. Phys.,
6, 311 (1938); T. Nakanaga, §. Kondo, and S. saéki, J. chem. Phys., 75, 3860 (1982).

G. Koren, U. P. Oppenheim, D. Tal, M. Okow, and R. Weil, Appl. Phys. Lett., 29, 40
(1976);

G. Xoren, Appl. Phys., 21, 65 (1980).
J. C. Polanyi, Accts. Chem. Res., 5, 161 (1972).
H. Horiguchi and S. Tsuchiya, Int. J. Chem. Kin., i3, 1085 (1981).

C. B. Moore and I. W. M. Smith, Farad. Disc. Chem. Soc., 67, 146 (1979).



