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Summary 

NO2 was photolyzed at 366 nm in the presence of CHSO at 296 K. 
Products of the reaction were CO and COz . Hz, HCOOH and NtO were not 
produced. The results establish that the reaction of HO with CHaO does not 
produce HCOOH, but there is evidence that about 50% of the HCO produced 
has sufficient excess energy to decompose spontaneously to H and CO. The 
reaction of HCO with NOa has two major (and probably exclusive) pathways: 

HCO + NO2 -, HCOz + NO (9c) 

* HC(O)ONO or HC(0)N02 @e) 

with k&k* = 1.14 f 0.13if km/k3 = 0, or k*/k& = 0.99 f 0.13 if k&k8 * 
0.30, where reactions (3) sre 

O(‘P) + CHsO --, HO + HCO (3a) 

-+C!Oz+2H I3b) 

1. Introduction 

Formaldehyde is present in polluted urban atmospheres and a complete 
understanding of its photooxidation is essential. There have been many 
recent studies involving the photooxidation of formaldehyde [ 1 - 5j. Formic 
acid has been observed as a product of CHaO oxidation [l, 4 - 91. Several 
reactions have been postulated to explain its production. They include the 
reaction of HCO with $Bz [ 11, the reaction of Oa with electronically excited 
CHaO or its isomer HFH [4] , and the reactions of HO and ,H02 with 
CHzO [2,5,9]. 

A main purpose of this study was to determine whether HO could react 
with CHzO to produce HCOOH directly. To do this HO was generated by 
photolyzing NOa to produce O(‘P) atoms in the presence of CH20. The 
O(‘P) atoms abstracted a hydrogen atom from CHaO to produce HO and 
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HCO. Thus we were also able to study the reactions of HCO with NOs to 
determine the importance of the various product pathways. 

The thermal reaction of CHsO and NOa was first studied by Pollard 
and Wyatt [lo] and Pollard and Woodward [11] . In their work they found 
that CO and CO* were produced in a ratio of about 3 :2 at 154 “C [IO] for 
a 2:1 [CHaO] /[NOa] ratio. This value increased slightly with temperature. 
They found no evidence for HCOOH production. They proposed that an 
intermediate CH20*NOa reacted with NOa to produce CO and COa. 
Thomas [ 121 has studied the thermal oxidation of glyoxal by NOs at 160 - 
210 “C. In his article the results of Pollard and Wyatt [lOI were explained 
by a different mechanism than the one originally proposed. This new mech- 
anism included the reaction of HCO with NOs to give the observed products, 
CO and CO2 , in a constant ratio. 

Barton [ 131 has investigated the thermal oxidation of the various 
deuterated isotopes of formaldehyde with NOz at 126 “C and has found that 
the ratio of CO to COa produced decreased as the [NO] /[ CHaO] ratio 
increased above unity. He concluded “that (a) some fraction of the CO is 
formed from an intermediate without reaction of the intermediate with NOa 
and (b) H abstraction is more important in the reaction controlling the rate 
of formation of CO than in the reaction controlling the rate of formation of 
coa .” 

2. Experimental 

The experimental apparatus and the purification of CHaO and helium 
have been described previously [4] . The reaction vessel was a long-path IR 
cell vertically mounted in a Beckman model 10 IR spectrophotometer. Thus 
HCOOH production and NOa decay could be monitored continuously by IR 
absorption spectroscopy during photolysis. The gases CO, COa, Hz and 
NaO were measured by gas chromatography after the photolysis had been 
terminated. 

A Coming O-52 filter was used to cut off radiation below 340 nm. This 
allowed the NOa molecule to absorb radiation from the 366 nm line pro- 
duced by a Hanovia 140 W medium pressure mercury lamp. At this wave- 
length no CO, CO2 or Ha were observed when pure CHzO was irradiated. 
The quantum yield for the removal of NOa in the absence of any added 
gases was taken to be 2. Actinometry was performed by monitoring the 
decay of the NOa absorbance as a function of time. 

The absorbance of NOz was measured in two different ways during this 
study. Initially the IR spectrum of the mixture was taken at several intervals 
during a reaction. The absorbance and hence the pressure of NOa could be 
determined from the spectrum. Subsequently an external recorder was 
connected to the IR spectrophotometer. This allowed the absorbance of 
NOa to be monitored continuously during an experiment. In this way more 
accurate pressures of NOa could be determined. 



191 

NOz was purified by mixing 100 Torr of NOs with 609 Torr 0s. The 
mixture was frozen at -196 “C and then warmed to room temperature. 
This procedure was repeated until the blue color of NzOs had disappeared 
and the frozen mixture was white. The NOz was then distilled from 43 to 
-130 “CL 

3. Results 

NOz was photolyzed at 296 K with 366 nm radiation in the presence of 
CHzO and in the presence of CH20 and helium. The CHsO pressure was 
varied from 0.020 Torr to 5.62 Torr and the NO2 p ressure ranged from 21.9 
mTorr to 388 mTorr. One series of reactions was performed at a constant 
CH20:N0s pressure ratio with the helium pressure varying from 46 Torr to 
750 Torr. In the dark no products formed, but the CHsO disappeared slowly 
by polymerization. Also NOs was present only as the monomer and no 
change in NO2 absorbance was observed. 

The products measured were CO and COs . The loss of NOz was also 
measured. Compounds not produced were H 2, HCOCH and NsO. These 
compounds would have been detected at quantum yields greater than 
0.08,O.lO and 0.06 respectively. From the absence of NzO it was concluded 
that no HNO was produced. NsO would have arisen from the reaction of 
HNO with itself. Because NO was difficult to analyze, its quantum yield was 
not determined for any of the experiments. In experiments with high NOz 
and high CHIO pressures, a broad band between 700 and 800 cm-’ grew in 
the IR spectrum, This is the region of nitrite and nitrate absorption. The 
band is therefore tentatively assigned to a compound with the formula 
HC(0)N02 or HC(O)ONO. 

Tables 1 and 2 give the quantum yields for CO and CO2 production and 
for NOz removal under various initial conditions. The quantities of interest 
for CO and COs are the measured quantum yields divided by the quantity 8, 
which is the fraction of O(sP) atoms that react with CH20. The adjusted 
quantum yields are scattered about a mean value for most of the conditions 
used in these experiments. Figure 1 is a plot of @(CO)& uersus log ( [CHzO] / 
[NOs] ). The average value for @(CO)/g is 3.12 * 0.53 (lo). Figure 2 is a plot 
of Q(COs)& versus log ([CHzO] /[NO,]). The mean value is 2.28 2 0.25 
(la). when NOs is in excess of CH20, the adjusted quantum yields of CO 
and COs are not in agreement with the average value. The small amounts of 
CO and COz produced under these conditions lead to large errors in measure- 
ment and the deviations are not considered meaningful. 

The average value for *(CO)/@(COs) of 1.37?s_Fs is in good agreement 
with the values found by Pollard and Wyatt [lo] at higher temperatures. 
In fact Shaw [X4] has shown that the data of Pollard and Wyatt give an 
activation energy of 650 cal -’ mol for the ratio. Thus, at 296 K their ratio 
would extrapolate to 1.07 which agrees with our value within experimental 
uncertainty. 
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The removal quantum yields of NOz are adjusted in a slightly different 
manner than those for * (CO) or + (CO=) (see Section 4). The adjusted ex- 
pression is {+D(NOs) - 2 + $}/E and represents the NOs loss as a result of 
the reaction of 0(3P) atoms with CHsO. These adjusted values are constant 
for a [CH20] /[NOa] ratio between 10 and 100, Below avalue of 10 the 
adjusted quantum yield tends to have more scatter, since -Q,(NOz) is close 
to 2 - 5 and the difference has a large percentage uncertainty. Figure 3 is 
a plot of {4(NOs) - 2 + E)/< versus log ([CHsO] /[NOs] ). The mean 
value for {4(NO,) - 2 + t}/k is 10.4 f 1.8 (la). The mean values for the 
adjusted quantum yields are summarized in Table 3. 

4.0 I I I1 ,lll, I I v III 
A 

0 
0 0 0 

B 

0 

0 O 0 
A 
P 

0 
00 *A 

0 0 
0 

0 0 
3.0 - 

0 O 
0 0 0 

T 

z 

A 
0 

a 
8 _ 0 0 P 

0 
0 

2.0 1 
0 0 

00 , , , , , , , , , , , , , , , , , , 
1.0 IO.0 100.0 

[C&O] 1 [Nod 

Fig. 1. A semilogarithmic plot of @(CO)/g vs. [CHzO] /[NO21 : 0, helium absent; *, 
helium present. 

1.0 10.0 100.0 
[cH&[NOZ] 

Fig. 2. A semilogarithmic plot of @(COa)/t us. [C!H2O]/[NOz] : 0, helium absent; a, 
helium present. 

Fig. 3. A semilogarithmic plot of (4(N02) - 2 + 4)/g US. [CH201/[ NO2 3 : 0, helium 
absent; A, helium present. 
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TABLE 3 

Summary of findings 

Function Value Unit% 

wcwt 3.12 + 0.63 None 

w7~2 ,R 2.28 f 0.26 None 

{-@‘(NOz) - 2 + f}/t 10.4 + 1.8 None 

4. Discussion 

The O(‘P) atoms generated in the photolysis of NO2 react with both 
NO2 and CH20. Those which react with CH20 generate a chain reaction. 
The complete mechanism is given as follows. Most of the reactions are those 
postulated by earlier workers 12,121. 

NO2 +hv 

0(3P) + NO2 

O(‘P) + CH20 

HO + CH20 

HCOf 

‘HCO# + M 

H+N02 

H + CH20 

HCO + NO2 

-+ NO + O(‘P) 

+ NO+02 

+HO+HCO 

+ CO2 +2H 

+ Hz0 + HCOf 

+ Hz0 + HCO 

+ HCOOH + H 

+ H+CO 

+HCO+M 

+HO+NO 

+H2+HC0 

+ CO+HO+NO 

+CO+HONO 

+HC02+N0 

+ HNO + CO2 

(1) 

(2) 

@a) 

@W 

Ma) 

(4b) 

(4c) 

(5) 

(6) 

(7) 

(8) 

@a) 

(gb) 

(9c) 

(9d) 
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+ HC(0)N02 or HC(O)ONO (9e) 

HCOs +H+COs (19) 

HCOs +I’402 -+HO+NO+CQ (lla) 

+ HONO + CO2 (lib) 

+ HC02N02 (llc) 

2HNO --, N20 + Hz0 (12) 

HO+N02 +M -*HONO* +M (13) 
Here HCO# is a vibrationally excited radical with enough energy to decom- 
pose spontaneously. Horowitz ef al. [ 2] have given evidence that such a 
species is produced in the reaction of HO with CH20. 

The complete mechanism leads to very complex rate laws. Fortunately, 
however, many simplifications can be made. As previously stated, one of the 
main purposes of this study was to determine whether HO could react with 
CH20 to produce HCOOH. The absence of HCOOH as a product eliminates 
reaction (4~). Likewise the absence of N20 as a product eliminates reactions 
(9d) and (12). Finally the failure to detect H2 eliminates reaction (8) as 
being important in this system. Reaction (8) is known to occur with a rate 
coefficient of 5.4 X lo-l4 cm3 s-l at 297 K [ 151. However, this reaction is 
too slow to compete with reaction (7) in our experiments since k, = 1.13 X 
10P1’ cm3 s- ’ at 298 K [ 151. Thus even under the most favorable condi- 
tions for reaction (8), i.e. when [CHsO] /[NOs] = 110, reaction (8) removes 
less than 0.05% of the hydrogen atoms. 

Reactions (6) and (13) can be eliminated because there is no effect 
of adding even an atmosphere of helium. Thus if HCOf is produced at 
all it decomposes 100% in our system. Further evidence that reaction 
(13) is unimportant comes from a comparison of rate coefficients. Since k* = 
1.4 X lo-l1 cm3 s-l at 296 K [15] and k13 = 8.8 X 10m31 cm6 s-l in the 
presence of helium at 296 K [ 151, then even under the most favorable con- 
ditions, i.e. high [M] and low [CH20] /[N02], reaction (13) accounts for 
less than 1.8% of the removal of HO atoms. Thus if reaction (13) was the 
important terminating step, then the adjusted quantum yields would exceed 
56, contrary to observation. Consequently reaction (13) can be neglected. 

Reactions (11) have not been postulated previously since HC02 is 
believed to be unstable, as are the analogous RCOz radicals. If reactions (llb) 
or (11~) occur, then reactions (11) must occur to the exclusion of reaction 
(lo), since the results are independent of [CH20] /[NO,]. (If only reaction 
(lla) occurs it makes no difference, since reaction (lla) is then kinetically 
indistinguishable from reaction (10) followed by reaction (7).) Thus even at 
20 mTorr N02, reactions (11), if they occur, must dominate reaction (10). 
Since kll cannot exceed 2 X 10A1’ cm3 s-l and probably would be at 
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least an order of magnitude smaller, klo must be less than 1.3.X lo5 s-l. 
The preexponential factor for klo should exceed lOI* s-l, so that the 
activation energy required would be greater than 14.7 kcal mol-l , which 
would have to be less than the H-CO2 bond dissociation energy. This is 
extremely unlikley and it can be concluded that reactions (11) are of no 
importance. 

The only evidence for reaction (3b) is a recent finding [lS] that it 
accounts for approximately 30% of the total reaction. It, and reaction (9~) 
followed by reaction (lo), are the only sources of COs . 

Application of the steady state hypothesis on O(‘P), HO, HCO’ , 
HCO, H and HCOe to the simplified mechanism consisting of reactions (l), 
(2), (3a), (3b), (4a), (4b), (5), (7), (9a), (9b), (9c), (9e) and (16) leads to the 
following rate laws: 

*(CO,)/g i k,/k, + 2&J/(&,,, + k,) (I) 

2(km + 'hb) + 
+(co)” = (kQb + km) 

2&a + h-d 
(km + be) 

WW'QA--++I _W,, +2(ks+W+k, 1+k,+W9a+kd 

E ks hB+hBe -1 - k4b ka hb +he) 

uw 

where 4‘ is the fraction of 0(3P) atoms that react with CHaO and is defined 
by 

ii = k2 N3201 l(k2[N021 + ks[C=HzOl) 

Thus the left-hand sides of eqns. (1) - (III) represent the adjusted quantum 
yields resulting only from the reactions of O(‘P) with CHgO. CO2 and CO 
can only be produced via these reactions (reactions (3)) but, for NO2 re- 
moval, corrections for loss due to reactions (1) and (2) have to be taken into 
account. The quantity f can be computed for each run from the known 
rate coefficients which are kz = 9 1 X 
cm3 s-l at room temperature [ I$]. 

lo-l2 cm’ 13-l and k3 = 1.5 X 10-i’ 

Equations (I) - (III) can be combined to give the following simpler and 
more useful expression: 

9 = {4(N02) -2 + E - 2@(C02) -@(CO)}& 

= 2&z/(&, + k,) WV) 

The magnitude of @ is 2.72 + 2.03 where the uncertainty is the sum of the 
uncertainties for {+D(NOs) - 2 + t}/g , O{CO)/t and twice that for 
@(COz)&. Thus the uncertainty is grossly exaggerated. Since 2ks,/(ksb + 
kae ) cannot exceed 2 .O and since d is not likely to be very much below 2.0, 
it can be concluded that reaction (9b) is unimportant and that reaction (9e) 
is the important terminating reaction. 
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Equations (I) and (II) now reduce to 

@(CO,)/$ = 2.28 f 0.25 = k&k9 + 2k&kee 

2ksa k4a 
@(CO)/5 = 3.12 f 0.53 = k + - 

km + 2(kaa + k,) 
1+- 

se k4b k3 k t (VI) 
OlS 

Since k&k3 cannot exceed 1.0, and in fact is either 0 or approximately 
0.30, then reaction (9c) must be an important chain-propagating step and is 
the main source of COa in our system. Furthermore k&/k% = 1.14 f 0.13 if 
ks&s =Oor k&k% = 0.99 f 0.13 ifksb/k3 = 0.30. 

A compound with the formula HC(O)NOs or HC(O)ONO has been 
postulated as a product in the chain-terminating reaction (9e). Topchiev 
et al. [ 171 have predicted that reaction (9) has two pathways. One is reaction 
(9c) followed by reaction (10). The other, which they felt would be dom- 
inant, is equivalent to reaction (9a) but proceeds through reaction (9e): 

Ho 0 0 

HCO + NOa + [H-C-C-NO] + [H&J + NO] + [&DH + NO] + 

CO + HO + NO (9a) 

Because their experiments were performed at about 700 K, any intermediate 
compound may not have been stable. At room temperature the compound 
HC(O)NOs or HC(O)ONO may be stable enough to exist in the system 
studied in this work. The work of Pollard and coworkers [ 10,111, Thomas 
[ 121 and Barton [ 131 was carried out at elevated temperatures. None of 
these workers has reported the existence of HC(O)NOa or HC(O)ONO. 

The CO must arise either from reaction (4a) or (9a) or from both. The 
results obtained here cannot distinguish amongst the possibilities, but there 
are other arguments which tend to favor reaction (4a) as being the important 
CO-producing step. These are the following. 

(1) Reaction (9a) should not be important when reaction (9b) is not 
important, since both reactions have the same activated complex and reaction 
(9b) is energetically more favorable. 

(2) Reactions (9a) and (9b) are unlikely since they require that NO2 
must react with the h+drogen atom of HCO rather than with the radical site 
on the carbon atom. Reactions (9c) and (9e), both of which do occur, involve 
reaction at the radical site. The similar reaction of HO2 with NOz occurs 
only at the radical site of HOa and does not lead to hydrogen atom abstrac- 
tion [18]. 

(3) There is evidence from the work of Horowitz et al. [ 21 that HCO# is 
produced by the reaction of HO with CHaO and that it dissociates spon- 
t aneously _ 

(4) Barton [ 131 has concluded that, in the thermal reaction between NOs 
and CHaO, at least some of the CO must be produced in a reaction not 
involving NOz _ 
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If we make the likely assumption, based on these arguments, that reaction 
(9a) is negligible, then eqns. (V) and (VI) combine to give 

WW/E = (&J&J (1 + wco2)/tl WI) 

so that k&k* = 0.49_ ‘$T$. This value is the upper limit that, can be obtained 
from our data, but it is smaller than that reported by Horowitz et al. [2] 
who concluded that reaction (4a) was much more important than reaction (4b). 
However, their analysis may be questioned since they also concluded that 
reaction (4~) was important. 
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