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The relative photolysis rates of HCHO and HCDO have been studied in May 2004 at the European Photoreactor
Facility (EUPHORE) in Valencia, Spain. The photolytic loss of HCDO was measured relative to HCHO by
long path FT-IR and DOAS detection during the course of the experiment. The isotopic composition of the
reaction product Klwas determined by isotope ratio mass spectrometry (IRMS) on air samples taken during
the photolysis experiments. The relative photolysis rate obtained by FTig-§jrHcoo = 1.58+ 0.03. The

ratios of the photolysis rates for the molecular and the radical channels obtained from the IRMS data, in
combination with the quantum yield of the molecular channel in the photolysis of H@WQ40-H,+co (JPL
Publication 06-2), arejucro—H,+cdjHcoo—Ho+co = 1.82+ 0.07 andncro—H++co/ (jHcpo—H+pco + JHcpo—b+HCO)

= 1.10+ 0.06. The atmospheric implications of the large isotope effect in the relative rate of photolysis and
quantum vyield of the formaldehyde isotopologues are discussed in relation to the global hydrogen budget.

1. Introduction would have several consequences, including reduced emissions

Molecular hydrogen is the second most abundant reduced gasOf NO,, VOC, and CQ, lower concentrations of tropospheric

in the atmosphere, and its annual turnover in moles is larger 0zone, and ar.1 |ncre.ase n st.ratospherlc- water v%.@por. L
than that of the most abundant reduced gas, methane. It has a The use of |sotop|(? analysis has.prowded additional insight
lifetime of around 24 (and perhaps as little as 154)ears and  INto Many atmospheric systerifs.!’ Different trace gas sources

is closely connected to the carbon cycle. About half efisi often have different dlstln_gwshable isotopic signatures, and the
produced by photolysis of formaldehyde, produced in turn by r_emO\_/aI processes are likewise ass_omated _thh distinct fra_c-
the oxidation of methane and non-methane hydrocarb6hs. tionations for stable isotopes. Deuterium (D) isotope effects in

The photolysis of formaldehyde can proceed via two pathways Particular are special due to the largest relative change in mass
at atmospherically relevant wavelengths: for any pair of stable isotopes of a single element. Two of the

sources of atmospheric hydrogen, fossil fuel combustion and
biomass burning, are depleted in D, havidi(H,) values of
e <
HCHO+ fw —H + HCO (¢ = 330 nm) (12) —196 & 10 and—290 £ 60%. respectively® The processes
HCHO+ hv—H,+ CO (A < 361 nm) (1b) removing molecular hydrogen are much slower for HD than
for HH, with relative rates of 0.943 0.0248 and 0.595+

The quantum yield of the two pathways depends on wavelength0.043:2%%for soil uptake and OH reaction, respectively, and

and thus varies throughout the atmosphere. Under averagehus effectively enrich the remaining ;Heservoir in the

tropospheric conditions, the two photolysis pathways are of atmosphere. However, the fractionation in the removal process

roughly equal importance® is not sufficient to explain the high deuterium content of
The oxidation of H is an important source of water vapor in ~ tropospheric hydrogen 0bD(Hz) = 120 + 4%. (versus

the stratosphere. Also,Hs an indirect greenhouse gas, since VSMOW, Vienna standard mean ocean watéfand according

its addition to the atmosphere results in a decrease in the primant0 present understanding hydrogen produced photochemically

atmospheric oxidant OH and a corresponding increase in themust acquie a D enrichment relative to the source material

greenhouse gas GHP Several groups have investigated the methane or isoprene. The value @D(CHy) is —86 £ 3%o0.*

environmental impact of Hin the recent past, in part because T the best of our knowledge no measuremeniffor plant

of the anticipated increase in the use of hydrogen F&&i4 A isoprene has been made. However it is known that the

conversion from a carbon-based to a hydrogen-based economypiochemical synthesis of isoprenoids in plants produces com-
pounds depleted in deuterium by hundreds of23dlhe

*To whom correspondence should be addressed. c.j.nielsen@kjemi.uio.no.mechanism of the enrichment relative to precursors has yet to

T University of Copenhagen. be demonstrated.
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other hydrocarbons. Formaldehyde also reacts with OH, Cl, Br, (ca. 1 ppb), indicating that no significant heterogeneous (includ-
O(*D), and NQ: all these reactions are associated with kinetic ing wall) reactions of formaldehyde are taking place.

isotope effects (KIEs) which can be used to distinguish the  Air samples for isotopic analysis of the; Hroduct were taken
different reaction8:?® In most cases, the heavy isotopologue at various times during the photolysis experiment. Approxi-
reacts more slowly with the radical species than the most matey 8 L of air from the reaction chamber were compressed
abundant isotopologue leading to an enrichment of the heavyinto 2 L volume electro-polished stainless steel flasks with a
isotopologues in the remaining HCHO. We have previously membrane compressor (Vacuubrand model ME 4P) through a
shown that the formaldehyde reactions with OH, Br, Cl, and drying trap filled with Drierite. Water could otherwise produce
NOs radicals exhibit large hydrogen/deuterium fractionation hydrogen on the metal surfaces. One or two background samples
constants ranging from 300%o. for Cl to 7500%. for Br, whereas were taken in the dark reaction chamber before each experiment
the 13C fractionation constants are of the order-6£8 (for the to establish the initial conditions.

OH reaction) to+130%. (for the Br reaction}?2° Likewise, The relative rate method was used to extract the relative
the UV spectrum of formaldehyde is modified by isotopic photolysis rate of HCHO vs HCDO. The concentrations of the
substitutioA”?#and significant isotope effects in the tropospheric - species undergoing photolysis are measured simultaneously as

photolysis rates have been demonstréfeTine present work 3 function of reaction time. Consider two simultaneous pho-
extends the studies of isotope effects in the photolysis of tolysis processes with the ratpg:+o andjrcpo:

formaldehyde by addressing the central atmospheric HD
source: HCDO. jucHo
HCHO + hy —— products
2. Experimental Methods

jHCDO
2.1. Chemicals and SynthesisThe formaldehyde isotopo- HCDO+ hy products )

logues used were in the form of paraformaldehyde, AOH
The HCHO sample was a commercial product from Fluka (extra
pure); the monodeuterated formaldehyde was prepared in a
4-step synthesis (HCBr—~ DCBr; — HDCBr, — HDC(OAc)
— HCDO) as described previoust{the isotopic purity of the {

Assuming that there are no loss processes other than these
reactions and that there are no other processes producing the
reactants, the following relation is valid:

[HCHO],|  Jhcho, | [HCHO],
[HCHO], [HCDOJ,

(HCDO), product was determined by NMR to be 95.3%.
2.2. EUPHORE Experiments.The present experiments were
carried out in the period May 2428, 2004 in chamber A at

the European Photoreactor Facility (EUPHORE) in Valencia, where [HCHO}, [HCHO}, [HCDOJo, and [HCDO] denote the
Spain (longitude-0.5, latitude 39.5). A detailed description of  concentrations of the two isotopologues at times zero tand
the EUPHORE facility and the existing analytical instruments respectively. A plot of In([HCHQJ[HCHOY;) vs In(([HCDO}/

is available in the literatur& %> and the present experiments  [HCDO) will thus give the relative photolysis rate coefficient
are similar to those described in our recent report of the o = j,choljucoo as the slope, or in terms of the fractionation
photolysis study of other formaldehyde isotopologtfed\ constante = a. — 1.

typical experiment starts around 06:00 UT when reagents are | the present case, however, three loss processes for the
added to the chamber. The canopy of the chamber is openedormaldehyde isotopologues in the chamber have to be taken
after a few FTIR spectra of the dark chamber have been recordedpig account— photolysis, reaction with OH, and dilution. In
and the reagents are considered to be well-mixed. Dependingaqgition, there is a small HCHO production in the EUPHORE
on the photolysis rates of the reagents, the experiment lasts 2 chamber\Wicho, Which has been parametrized in termgaes

4 h after which the chamber is closed and flushed overnight 5ng temperatur®. Although the HCHO production in the
with scrubbed air. Typical variations in temperature, pressure, champer is small~1 ppb hZ, it is not negligible in the later

humidity, solar flux,jnoz, [Os], [NQ], [NO], and [CO] in the part of the experiments. The concentrations of the isotopologues
chamber during an experiment are documented for May 26, 2004, the chamber can then be described by:

in Figures SS9 (Supporting Information).

Approximately 100 mg of HCHO and 100 mg of HCDO were d[HCHO] _
added to the ca. 2005chamber in each experiment by heating —a ~(ucho T Kaiution T Korencno [OHD
the paraformaldehyde polymer and flushing it into the chamber.
The actinic flux (296-520 nm) was measured by a Bentham [HCHO] + Wiicno
DM300 spectroradiometer throughout the experiment, DOAS
spectra were recorded every 2 min and IR spectra were recordeo(w =—( + Kyiution T Ko -[OH])-
every 15 min by co-adding 520 interferograms obtained at a dt Hepo flution FrEHEDO
resolution of 0.5 cm? (Nicolet Magna 550 FTIR spectrometer [HCDO] (4)
coupled with a White-type multi-reflection mirror system with
an optical path length of 653.6 m). Unlike the typical laboratory ~ wherekgiution is the dilution rate (see above), akghHcro
smog chamber, purified air is constantly added to compensateandkop+Hcpo are the rate coefficients for the OH reaction with
for leakage, loss through connections and continuous samplingHCHO and HCDO, respectively. Although the actinic flux varies
by ozone and NOx monitors. This is corrected for in the data during the experiments, the daily variation is not large, Figure
analysis: Skwas added to measure the dilution rate. For each S4 (Supporting information). In addition, the variations are
experiment, the analysis of the gas mixture was started at leastnearly proportional for the 368400 nm region— the photo-
30 min before exposing the mixture to sunlight to check for active range for the two formaldehyde isotopologues. To a good
dark reactions. The loss of formaldehyde in the dark was approximationjucro and jucpo Will therefore have the same
measured relative to that of §FThe results showed that any implicit time dependency, and the above equations may be
difference between the two losses was below the detection limit solved to give the following relation:

®3)

JHepo
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[HCHO], " source. The detector was a liquid nitrogen g).Mooled InSb
n m — Kyiution't — j(; Kot+Hero [OH] - dt + semiconductor detector and 128 scans were co-added to achieve
t ] an acceptable signal/noise ratio in the resultant spectra. The
WO exp (LEt) —1 _ Jucro [HCDOJ, _ reference spectra were placed on an absolute scale by fitting
[HCHO], mo " Jucoo | [HCDOJ, the absolute cross-sections of HCHO and HCDO recently

obtained by Gratien et al. at 0.125 chresolution?8

Kiiution't — fot k0H+HCDo'[OH]t’dt) 5) 2.4. HD/H; Analysis. The deuterium content of molecular
hydrogen was determined on an analytical system based on the

in which we have introduced the loss rate coefficient for HCHO, concept of Rhee et & but including fully automated sample

L = jucro + Kaiion + Korsrcror[OH], made use of(t)/ processing. A sample of300 cn? of air is admitted to an

[HCHOJo < 1, and because the time dependencies ahdW evacuated sample volume where its pressure is determined

are complex but the functions well-behaved and bounded, Within +0.5 mbar. The bulk air and most trace gases are then

approximated them by their average values during the experi- condensed onto the cold head of a liquid helium compressor

ment, [L0and WL Typical values ofL0andWiare around 1~ Maintained at a temperature®80 K, within 3 min. The gases

x 104 s 1and 5x 104 ppb s, respectively. remaining in the headspace are then flushed to a preconcentra-
The dilution rate of the chambegiuion, Was determined for ~ tion trap using high-purity He at a flow rate of 20 &min.

each experiment by adding ca. 20 pphs §8s to the chamber ~ The preconcentration trap is filled with molecular sieve (5 A)

and monitoring its concentration by FTIR. The concentration @nd cooled to the triple point of nitrogen (63 K) by pumping

of SFs was determined from the integrated intensity ohigs ~ the gas phase from a closed 1 Rewar system. The precon-
(F1,) band around 947.5 cri: centration trap is in the sample loop position of a 6-port sampling
valve, and after preconcentration it is inserted into the analytical
In {[SF]/[SFd = Kyinuiion't (6) flow of ~1.5 cn? min~! He leading to the isotope ratio mass
Hnution

spectrometer. The trap is then lifted out of the Libath and
heated to release the hydrogen. Nevertheless, desorption of
hydrogen is not sufficiently fast to create a narrow peak, so the
effluent from the preconcentration trap is concentrated again
on the head of the molecular sieve analytical column immersed
in liquid nitrogen. In this case the LINNemperature appears to

The concentrations of formaldehyde isotopologues as abe sufficient for quantitative trapping at the low flow rat d
function of time were extracted from the experimental infrared o q apping atine low fow rate used.
To limit sample loss at the open split uftithe flow rate is

spectra by using a global FTIR nonlinear least-squares spectral . i
P y gag d P decreased te-0.3 cn? min~1, and the sample is sent through

fitting procedure developed by D. W. T. Griffifi This method th | d via th lit into th ¢ i
simulates the spectrum of the mixture of absorbing species from € column and via the open spiit into theé mass spectrometer,
where masses 2 and 3 are monitored simultaneously.

a set of initial concentrations and reference spectra and then
varies the concentrations iteratively to minimize the residual ~ 1he new automated system has not yet been tested and
between the measured and simulated spectrum. In the spectrur§alibrated as thoroughly as the previous manual sy$tafrhile
calculation, true absorption coefficients are used if available, iSotopic reproducibility at typical atmospheric D concentrations
otherwise high-resolution spectra can be used as a goodiS comparable to the original system3%. in the oD value),
approximation. The spectral features used in the analysis of thethe simultaneous measurement of the mixing ratio appears to
formaldehyde removal from the chamber were theHC be significantly worse. This is often related to large variations
stretching bands of HCHO and HCDO in the 267855 cnr?! in the retention time of the peak and we suspect that it is due
region. The spectral data needed in the fitting procedure wereto limitations in the reproducibility of the mass flow controller
taken from the HITRAN 2004 databasexp| CO, CQ, CH,);38 that delivers the very low flow rate of 0.3 émin~1. Additional
for HCHO and HCDO experimental high-resolution IR spectra effects may arise from incomplete trapping in the preconcen-
were used. The analysis of the FTIR spectra produced valuestration or focusing traps, although no problems could be
for the relative change in concentrations which were subse- positively identified. Since this issue has not yet been resolved,
quently analyzed according to eq 5 using a weighted least- reliable concentration measurements could not be obtained for
squares procedure including uncertainties in both the “depend-the samples measured here. Fortunately however, the varying
ent” and “independent” variablé8.The uncertainty assigned ~sample sizes do not compromise the isotope ratio, indicating
each data point includes a 5% relative error in the dilution thatthe loss process does not lead to isotopic fractionation. The
contribution, a conservative estimate based on the fit to the SF measurements are put on the international scale using measure-
absorption features, a 10% relative error in the calculated lossments of mixtures of Biwith known isotopic composition in
due to reaction with OH radicals, estimated by considering He or air and measurements of stratospheric air samples where
possible limitations of the model, and a 30% relative error in the relation between it8D(H.) value and the mixing ratio of
the calculated HCHO source term, a conservative estifiate. methane is precisely known. The former has the disadvantage
2.3. Reference Spectranfrared reference spectra of HCDO  that the analyzed mixtures are synthetic mixtures, the latter that
were recorded with a Bruker IFS 120 FTIR instrument at 0.01 it is not a very precise calibration. Both methods indicate an
cm! resolution h a 5 cmPyrex gas cell equipped with CaF  absolute offset of the raw data of 28 20%.. Given the
windows. The partial pressure of formaldehyde was in the range enormous enrichments that are measured in the samples, this
6—10 mbar and the cell was filled to 1013 mbar with synthetic does not produce a significant uncertainty. We have verified
air (Air Liquide, dry technical air). The gas cell was pretreated the absence of scale contraction using two isotope standards
with ammonia before use to minimize the acid-catalyzed with an isotope difference of 214%. (scale contractiof%).
polymerization of the compound on the walls. A Ge on KBr Although the measured samples have much higher enrichments,
beamsplitter and 18684000 cnt! band-pass filter were used isotope MS machines are highly linear and a stronger relative
in the interferometer and a globar was used as the MIR light scale contraction at higher enrichments is not expected.

where [Sk]o and [SK]; are the SEconcentrations at times zero
andt, respectively. Typical values dfion Of the EUPHORE
Chamber A during the present experiments are in the range of
3—4 x 105s™L,
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radicals are formed in the chamber as hydrogen atoms and
formyl radicals from the formaldehyde photolysis (eq 1) react
with O, to generate H@and eventually KO,, OH, and Q. As
there is always a small amount of N@resent, depending in Reaction with OH
part on outside conditions, these reactions could potentially L T

1.1 8x10°
1.0
1 7x10° [, 8
=] 0.9+ E .” n L]
O 4 ]
= 0.8 $, ?_ 6x10° o~ =
Q i [ ] o g [ ] m u
& 074 eo 8 . . "
2 %7 °o0 SF, 3 5010° . L) ~
= Chamber el @
c 0.6+ 2 n
g | opened e g .
c ° = ax10°
g 0.5- o° . = 4x10 a -.!'
2 0.4 ® o ° = A a
g *e ©_ HCDO 310" Ll
& 037 HCHO ® 4 © © ] -
T ® . 5 ’-
0.2 4 2x10 T T T T T T T T T T T T
09:00  10:00  11:00 1200  13:00 1400  15:00
T T M T T T T T ' T M T
08:00  09:00  10:00  11:00 12:00 1300  14:00 Time of day /nhh:mm
Time of day /hh:mm Figure 2. Calculated [OH] in the EUPHORE chamber A on May 26,
Figure 1. Relative concentration curves of ${), HCHO (@), and 2004. See text for description of the model.
HCDO (O) measured by FTIR during the photolysis experiment on 12
May 26, 2004. The full curve corresponds to a constant dilution of i}
(3.35+ 0.04) x 105s7L, 1
“w 104 Photolysis
3. Results and Discussion 2 4]
. . . c )
3.1. Relative Photolysis Ratedrigure 1 shows an example % 8 End of
of normalized concentration curves of SHCHO, and HCDO 2 71 it experiment
obtained by FTIR during a photolysis experiment. There are £ ] . Dilution
clearly different rates of loss for HCHO and HCDO in addition ©
to the dilution illustrated by the SFeoncentration curve. OH s 51
o
I
o
I

generate enough OH that the OH HCHO reaction would LA A i
compete with photolysis, see Figures S7 and S8 (Supporting 09:00 10:00 11:00 12:00 13:00 14:00
Information). It is obviously important to quantify the fraction Time of day /hh:mm

of HC_HO that rea_cts With OH as i? is not only a loss process, Figure 3. Loss and formation of HCHO in the EUPHORE chamber
but it is also associated with a kinetic isotope effect, which could A guring the photolysis experiment on May 26, 2004. The photolysis

influence the resuf® The reaction system was therefore |oss was calculated from the measured actinic flux, and the JPL
examined in a FACSIMILE kinetic model based on the Master recommended UV cross section and quantum yiel@lke loss rate
Chemical Mechanism and specially designed for the EUPHORE due to reaction with OH was calculated from a model of the chemistry
chamber to elucidate the extent of the competing chemical in the chamber, see text. The wall production of HCH®) vas
reaction of HCHO with OH?2 The model uses the temperature ~calculated from the parametrization given in ref 36.

and the photolysis rate of Nrecorded in the chamber, and  5rqund 79 of the total removal in all experiments. Further, there
the initial concentrations of NQOg, and. (in the present case) g g large labile hydrogen reservoir, around-5@ ppm HO
HCHO to simulate the OH concentration throughout the day j, the gas phase (Figure S3, Supporting Information) in addition

for each of the experiments. The model includes an auxiliary {4 a4sorbed surface water, and isotopic scrambling will ef-
OH chamber source determined in aromatic oxidation experi- tecively minimize the OD concentration. It is therefore ir-

ments?? The juo, Values are used to scale the photolysis rates rejevant to distinguish between loss due to OH and OD in the
of all species in the model to match the specific conditions of present analyses.

a given day. Figure 2 shows the calculated OH concentration ™ rigyre 4 shows plots according to eq 5 of the HCHO and
in the reaction chambgr during an experiment: it may reach ascpg josses as measured by FTIR during the 5 experiments,
much as 2x 10° cm™? in the middle of the day in some \j0reaq Figure 5 shows an example of the spectral fitting. The

experiments and IS used in thg relative photolysis rate eq 5 to results from the weighted least-squares analyses are summarized
make the appropriate correction. The modeled loss rates of.

e A : n Table 1. The average relative photolysis rate= jucno/
HCHO due to photolysis, dilution, OH reaction, as well as the : )
wall source of HCHO are illustrated in Figure 3. In the example, 1#cpo S 1.58+ 0.03, where the quoted error representsram

the accumulated loss due to photolysis is around 66% of the the stqtistical analysis. The larger variation between daily results
total, dilution accounts for 27% of the total loss, the OH reaction S€€n in the DOAS measurements, Table 1, showed that
for 7%, whereas wall production compensates for 3% of the technique was significantly less reliable tha_m FTIR._T_he results
total loss. The correction for dilution is large, but as the dilution from the analyses of the DOAS data vary with the initial HCHO
rate is constant (and non-fractionating) throughout each experi-and HCDO concentrations and much more from day to day than
ment, the correction does not have a large effect on the accuracythe FTIR results do. We therefore consider the present DOAS
of the result. In addition to generating OH radicals during the results as less reliable.

experiment, we also generate OD radicals. However, the total 3.2. Relative Absolute and Channel-Specific Photolysis
formaldehyde loss due to reaction with OH radicals is only Rates. The photolysis quantum yields for HCHO have been
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where we have introduced an effective, integrated quantum
yield, (pﬁféHoﬁcmHz, and the absorption rate:

Jfico® = [ Oucrold) FAD-d (9)

As shown in Figure S4 of the Supplimentary Information,
the spectral distribution does not change with the time of day
during the experiment, whereas the spectral intensity does
change. In a similar way, we define the effective, integrated
quantum yield for HD formation in the photolysis of HCDO
and relate this tojﬁ,bcsHo(t) by introducing the ratioQ =
jabs (025, t). The fine-structures of the rovibronic UV
spectra of HCHO and HCDO are obviously differéhtdow-
ever, the main progressions in the spectra are due to t#He C
stretching mode of the excited-state, which is nearly unaffected
by H/D substitutiorf® Further, the integrated band intensity of
an electronic ro-vibronic transition is unaffected by isotopic
substitution. Thus, Q is expected to be close to unity and to
show only a very small and negligible time dependence during
the experiments:

In{[HCHQO] /[HCHQ]} - Correction terms

0.0
' T T T T T T
0.0 0.2 04 06 0.8 1.0 :
j H=/ (1)*01cpol4) F(A.1)-dA
In{[HCDO]/[HCDOY} - Correction terms HEPO=COTHD ‘[ﬁ repoTeoT T HeRe
€ -aps

Figure 4. Relative concentration curves of HCDO versus HCHO _ %Hepo-cotHp JcpoV) - aps Q)
during photolysis experiments in the EUPHORE reactor as measured jﬁt(’:SHO(t) Jhcro

by FTIR. The data shown are corrected for loss due to dilution and
reaction with OH; error bars include thes Error from the spectral _eff .abs
analysis and the estimated uncertainties in the correction terms given = @rcoo—cortp” QlcHo(t)
in eq 5. The average relative photolysis rate from 4 independent

experiments is 1.58& 0.03 (&). Data offset by 0.2, 0.4, 0.6, and 0.8 Equation 7 may then be written:

for May 25-28, respectively.

(10)

the subject of several studies, and the results have been criticallyd[H2] - . eff .jabs . _
reviewed® Similar results for other formaldehyde isotopologues  dt Kiuion [Hzlo + Pricro-corn, Thono(t) [HCHO]
have not been reported. Measurements of the HD#to in Kgitution"[H2l — Kon + nepo'[H2l[OH]
the chamber air as a function of time in the HCHO/HCDO

experiments allow the values of the integrated quantum yield d[HD] off .abs

of HD for the tropospheric photolysis of HCDO to be estimated. ~— g Kaiuon'[MBlo + #ricoo-corrp QircHo()*
Assuming {) that diffusion of hydrogen into the chamber from N — . .

the outside is insignificant and can be ignored aiidtifat the (HCDOT = Kaiuion D] = Korrsicoo HDI-[OH] (11)
purified air added to compensate for loss (see Experimental
Section) has a constant hydrogen content and isotopic signatur
equal to those at the start of the experiment]{tand [HD),

the differential rate laws describingtdnd HD in the chamber

The UV absorption cross section and the quantum yield are
%movyn for HCHO® andjrcro, jficho(®): and@icno corn, are
readily calculated once the actinic flux is available. The reaction
rate coefficients of OH with Kland HD are 6.7« 1071 and

airare- 4.0 x 10715 cm® s71, respectivel\’. Therefore, even with OH
d[H,] concentrations around 4@m3, the loss rates of jHand HD
TR Kaitution'[H2lo + JheHo—co + 1, () [HCHO] — due to reaction with OH will be less than 0s™*, which is
several orders of magnitude less than the rates of dilution and
Kaitution'[H2] — Kor, [H2l*[OH] formation by photolysis of formaldehyde and can thus be

d[HD] neglected.
S Kyiution'[HD] o + Jhcno-co no (- [HCDO] — The content of Hand HD in the chamber air is then modeled

t by numerical integration of eq 11 for comparison with the

Kgitution"[HD] — Kopsnp*[HD]-[OH] (7) measurements:

where we have explicitly stressed that the photolysis rates, [H_],, .. = [H,], + (Kyiuion*((H2lo — [Ha]y) +
JHcHo~co+H, and jucpo—co+Hp, are time dependent. The pho- eff -abs A
tolysis rate of HCHO for COF H, formation, jrcho—-cotH, (t), Prcho—cotH, TrcHo(t) [HCHO]) - At

is related to the quantum yiel@ncrHo—co+H, the absorption .

cross sectiong(4), and the actinic fluxF(4,t): [HD] s or = [HD] tﬁ"‘ (Kgiution* ([HD] o — [HD]y) +
Phcoo-corHp Qifiano() [HCDO])-At (12)

incro—cor,® = J Pucriocorn, A rcro ) F(A.L)-di The concentrations of HCHO and HCDO, in tumn, are

_ _eff 435 (g modeled by eq 4 using the experimental valueki@fkion, jHcHo
_QOHCHO*CO+HZJHCH0() (®) jrel = jncHojucpo and taking the OH concentrations from
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Figure 5. FTIR spectra of formaldehyde isotopologues. (Top) Reference spectrum of HCDO (res 092 .aitm of N). Middle: Reference
spectrum of HCHO (res 0.02 crh 1 atm of Ny). (Bottom) HCHO/HCDO mixture obtained at EUPHORE (res 0.5t atm air) and the residual
from spectral fitting.

TABLE 1: Summary of Relative Photolysis Rates Measured by FTIR on Five Consecutive Days

Jrel = Jncro/Incoo

[HCHO]O/[HCDO]O kdilu'(ion
date of experiment /ppb /105571 FTIR DOAS \]HCHO—»CO+H2/-]HCDO—>CO+HD
24—05—2004 243/168 3.450.04 1.59+ 0.03 1.60+ 0.06 1.85+ 0.10
25—-05—-2004 240/162 3.25:0.04 1.77£0.20 - -
26—05—2004 224 /182 3.3%:0.04 1.54+ 0.04 1.50+ 0.04 1.90+ 0.12
27—05—-2004 244/93 3.8% 0.04 1.60+ 0.03 2.07£0.04 1.80+ 0.10
28—05—2004 275/81 3.5% 0.04 1.57+ 0.05 1.72+ 0.06 1.75+ 0.10
Weighted average 1.580.03 1.75+0.15 1.82+ 0.07

a Errors represent 2 sigma derived from the statistical analyses. Due to the onset of rain around noon, the result from May 25th is excluded from
the analysis.

separate FACSIMILE simulations of the chamber chemistry (see as a function of time according to eq 4. Figure 7 shows the
above). Figure 6 illustrates the close agreement betweenmodel results and experimental data for the isotopic composition
observed and modeled HCHO and HCDO losses in the reactorof the reaction productyD(H,). The model does not fit the
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— 1 : H _ ff ff
Q 08 JHCHO—CO+HIHEDO~CO+HD = PhicHo-corh,/(Q PHicpo—co+Hp)
) ] from the analyses of the H/D content on the individual days of
% 1.04 experiments are included in Table 1; data representations
- . equivalent to Figure 7 for the other days are given in Figures
1.2 S10-S12 (Supporting Information).
1 In the relation between the relative photolysis rate and the
149 effective quantum yields, eq 13, the two terms in the nominator
0936 10:48 12:00 can be calculated from the recommended absorption cross-
Time /hh:mm sections and photolysis quantum yields of HCHénd the

Figure 6. Observed and modeled loss of HCHO and HCDO in the
EUPHORE Chamber A during photolysis, see text for description of

the model. Data from May 26, 2004.
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Figure 7. Observed and calculatéd(H,) in the EUPHORE Chamber
A during photolysis of a HCHO/HCDO mixture, see text for description
of the model. Data from May 26, 20048 Measurements by isotope

11:00

measured actinic flux:

Jhcro JneHo—~cotH, T JHcHo-Heo+HH

rel - . - . + . + -
Jucoo  JHepo—co+Hp T JHepo—Hco+p T JHepo—Dco+H

eff eff
0 = 0o B PHCHO—CO+HH, *+ @ricHo—-HcotH
- eff eff eff
Q*(¢hcpo—~co+Hp T Prepo—-Hcorp T Prcpo-pcotH

(13)

jrel and the ratigncHo—co+H,/jHcoo—~co+HD = ¢ﬁ|féHo~co+H2/Q’

P o-cornp have been determined in the present experi-

ments. Rearranging eq 13, we may extract the ratio between
the photolysis rates of the radical channels in the two isotopo-

logues:

JHCHO—~HCO+H

Jhcpo—tcotp T Jicpo—bco+H

eff
PHCHO—~HCO+H

eff eff
Q*(¥hcpo—Heo+p T PHepo—~DCo+H

ratio mass spectrometry. The full curve correspondgidQo—cort,/ jHCHO—*CO+H2
jHcpo—corHp = jret = 1.54. The dotted curve correspondgiexo—-co Jpefm——
+ Hyljncpo-corrp = 1.90. The dashed curves represent the estimated — _ : JHcpo-co+tp :
1o confidence |nteryal. Results for the other days are shown in Figures JHCHO—-CO+H2 ]HCchmHZ ]HCHO—*CO—IrHZ
S10-S12 (Supporting Information). - - o

o o . . JHepo—co+HD JHcHO—~HCO+H JHcHO—~HCO+H
data whenpiicrio-corn,/(Q"@ricoo-co+Hp) 1S Set equal tgrel. (14)

In this case the HD vyield is far too high. This demonstrates

that the effective quantum yield of the molecular channel in The spectral intensity (but not the spectral distribution) varies
tropospheric HCHO photolysis must be significantly larger than through the experiment, Figure S4 (Supporting Informtion) and,
jrel times that of HCDO. In fact, the experimental data can be consequently, so do the photolyses rates. Figure 8 shows plots
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TABLE 2: Mechanism for the Production of Hydrogen in

the Oxidation of Methane, Including Propagation of

J. Phys. Chem. A, Vol. 111, No. 37, 2009041

cf Table 2. As shown in Scheme 1, the oxidation process occurs
in five stages involving the subsequent conversion of methane

Deuterium into CH;, CH30,, CH;0, HCHO, and finally, H.
R1 CH; + OH— CHz + H:0 At the first stage in the oxidation process:
R2a CHD + OH— CH; + HDO
R2b CHD + OH— CH,D + H,0 [CH,D] [CH.D]
R3 CHs+ O, + M — CH:0, + M 2= (15)
R4 CHD + O, + M — CH,DO, + M [CHgl [CH,]
R5a CH,OZ + HOZ i CH3OOH + 02
R5b CHO; + HO, — O, + HCHO + H,0 Similarly, at the second stage,
R6a CHDOZ + H02 i CHzDOOH + 02
R6b CHDO; + HO, — O, + HCDO + H,0
R6C CHDO, + HO, —~ O, + HCHO + HDO w =c Czw (16)
R7 CHO; + NO — CHsO + NO, [CH,0,] 172 [CH,]
RS CHDO; + NO — CH,DO + NO,
R9 CHO + O, —~HCHO + HO, o ; ; ;
R10a CHDO + O, — HCHO + DO, Qo'ntlnumg in this manner, for the entire process we may
R10b CHDO + 0, —~ HCDO + HO, write:
R11 HCHO— particle
R12 HCDO— particle [HD] [CHD]  [CHD]
R13 HCHO+ OH— CO + H;0 + HO, ™l C1C;C3C4Cs CHl c [CH] 17)
R14 HCDO+ OH — products
R15a HCHO+ hy — CO+ H, . . .
R15b HCHO+ hy — HCO + H Converting from concentrations to delta values using the
R16a HCDO+ hy — CO+ HD hydrogen numbeny, 6D(H2) = a 0D(CH,) wherea = ¢ x
R16b HCDO+ hy — radical channel NH(CHg)/ny(H2). We will proceed to derive the values and
Si; ||:|bD++OOHH:H +é"2? the value ofc for the entire mechanism in terms of rate
R19 H — soil procuess coefficients and concentrations. Methane is the longest lived
R20 HD— soil of the species occurring in the mechanism, and its atmospheric

of jucro—+co+H/(jHecpo—Hco+pHHepo—~peo+H) as a function of
time of day forjycro—co+H/iHcpbo—~co+Hp = 1.75, 1.82, and

concentration has achieved a steady state, approximately,
because its atmospheric concentration of 1750 ppb is increasing
by less than a percent per yé&ihe shorter-lived species will

1.89: the variation during the day is around 2% compared to also be in a dynamic steady state because their rates of formation
the 4% propagated uncertainty jAcio—-co-H/jHCDO-CO+HD- and loss are in balance. We will therefore use the steady state
The average value of the relative photolysis rate of the radical @PProximation in analyzing the mechanism. To illustrate the
channels ircho—Hco+Hl (iHcpo—-Heo+pHHepo—pcoth) = 1.10 concept, the mass balance equation for the methyl radical states
+ 0.06. AssumingQ = 1, the ratio between the effective that d[CH/dt will be equal to the rates of production minus
guantum vields of the radical channels in the two isotopologues the loss ratescf Scheme 1, Table 2) and in the steady state
is then also 1.16: 0.06. We stress that the resulting values for approximation d[CHJ/dt is set to zero:

jHcHO—cO+H,/jHcDO—~Cco+HD  and  jucHo—Hco+H/ [CH]
(jncpo—Hco+ptjHepo—pco+H) depend on the recommended = K.[OHI[CH.1 + k..[OHT-[CH.D1 — kJCH.1-
quantum yields for HCHO photolysfs. dt 1[OH]-[CH,] + koo OH][CHZD] — ke[CHl

McQuigg and Calveft conducted a pioneering study of [O,]:[M] =0 (18)
HCHO, DCDO, and HCDO photolysis and concluded that
@HCHO—~CO+H, + PHcHO—HCo+H ~ 1 over the entire absorption  This equation can be solved for [GH
band. For DCDO and HCDO, however, their experiments
showed that the sums of the quantum yields were less than unity [CHy = k [OH]-[CH,] + k; [OH]-[CH;D]
in the long wavelength region. In their analyses, they argued, ks[O,]+[M]
based upon unimolecular rate theory, that the ratios of the
quantum yields for photolysig{icHo—co+HJ¢PHcHo—~Hco+H and The ratio of [CH] to [CH3D] in the atmosphere is roughly 1800
@pcpo-—co+ddPpcpo—~peo+n) should be equal. Their data for  to 1, soki[OH][CH4] > ko)[OH][CH3D], and we can make the
HCDO were more uncertain, but apparently, this ratio was nearly approximation:
the same also in HCDO. The latter finding is clearly not in
agreement with the present results. k,[OH]-[CH,]
3.3. Propagation of Deuterium through the Oxidation [CH3l ZW (20)
Chain of Methane in the Troposphere.The previous section 8
shows how deute_rated formaldehyde is p_hotolyzed more slowly \y/e apply the same procedure to &M
than the parent isotopologue, and that it produces much less
molecular hydrogen. This may seem inconsistent with the facts, d[CH,D]
since it is known that overall deuterium must be enriched i — 5~ = 5lOH][CH3D] — k,[CH,D]-[O,]:[M] =0
the process converting GHo H, in the atmosphere. The (21)
purpose of this section is to show how this is possible and how
the depletion of deuterium in photolysis can work together with 91ving
the other steps in the process to produce an overall enrichment.
The concentration of deuterium in hydrogen produced by the [CH,D] =
e ; ; 2
oxidation of methane in the atmosphere will depend on the
concentration of deuterium in the methane, and on the rates of
the photochemical reactions involved in the oxidation process, From eqs 20 and 22 we get the ratio:

(19)

kap[OH][CH D]

K{OIM] 2)
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[CH,D]  Ky[OHJ[CHZD] KO, [M] Ky, k3 [CH;D] Substituting eq 26 into eq 33 yields:

[CHi — KJ[OJ‘M]  k[OHI[CH] ki k, [CH/] [HCDO]

(23) [HCHO]
kop {ks[HO] + krINOI} kgkygp { k11 + KigOH] + kyg} [CH3D]
Ky {ke[HO,] + kg[NOI}krkyo {kyz + ky[OH] + kigh [CHJ]

A similar procedure can be used on & giving:

[CHDO,] _ kap ks ky {k[HO,] + k7INOJ} [CH{D] (34)
[CH30, Ky Ky ks {kg[HO,] + kg[NOJ} [CH,] Finally, applying the steady-state approximation to that part of
Ky, {ks[HO,] + k;[NO]} [CH,D] the atmospheric molecular hydrogen reservoir which is produced

( by methane oxidation:

[HD] _ [HCDOJKyg, {ki/OH] + kio}

k; {kg[HO,] + k[NOJ} [CH,]

Here we have introduce#ls = ksa + ksp; this convention = (35)
regarding the name of the rate of the overall process will be [Ha]  [HCHOJKyg, { ki OH] + koot
used throughout the following derivation. Considering the o . )
methoxy radical, one can derive: Substituting eq 34 into eq 35 gives:
[CH,DO] _ kjCH,DO,][NO] kj[O,] _ kgk[CH,DO,] [HD] _
[CH;O] B kz{CH0,]:[NO] ki[O, a k7kio[CH30,] [H]
(25) Koy {Ke[HO,] + KINOJ} ke {Kas + ki OH] + kuh

ki {kHOZ] + KNOIFkyg (K + Ky fOH] + kg

Koea {karAOH] + ko) [CH;D]
[CH,DO] _ kg {HO,) + kINOJ}kgky [CH;D] Kusa (e OF] T kg [CHI )
[CHLO] ki {kHO,] + K{NOL} ok [CHJ

Substituting eq 24 into eq 25,

(26) We can now summarize the values of each of the constants

. . . From eq 23 we have:
The penultimate step involves applying the steady state

approximation to formaldehyde. Starting with the parent species Koy Ks
HCHO, CT ek (37)
1 ™
d[HCHO
% =Phcho — Lhco =0 (27) From eq 24 and 37 we extract

_ ki {kgHO,] + k[NOJ}

where the rate of production of formaldehyde is given by: c, = (38)
2 ke {kg[HO,] + ky[NOJ}
Phcro = Ksp[CH30,][HO,] + ke [CH,DO,]-[HO,] + kg o _
[CH,0]-[0,] + k,[CH,DO]-[NO] (28) Similarly, from eq 25 we can derive
We know that the second and fourth terms are minor Cy = @ (39)
compared to the first and third, because there is much less of k7kio
the deuterated, relative to the parent, species. In additien,
[CH:0][0Z] > ke[ CHAOAHOS. So, And from eq 33,
Prcro = kiCH50]*[0,] (29) o Kigp {Kyy + KifOH] + kyg} (40)
=
ki, + ki JOH] + k
The loss of formaldehyde involves several terms: Ko (ki F ko [OH] 16}
Lucrio = ki[HCHO] + kydHCHOJ-[OH] + k,HCHO] Finally from eq 35,
(30) Kyga {Ki7[OH] + ki g}
= o Ty (41)
Inserting eq 28 and 30 into eq 27 and solving for [HCHQ], 152 { K1 OH] + Kool
ks[CH;0]-[0,] The equations derived above under the assumption of
[HCHO] = (31) photochemical steady state for the short-lived species allow an

Ky + kg OH] + kys analysis of isotopic composition of hydrogen as it is transferred

through the short- and long-lived reservoirs in the conversion
sequence from methane to hydrogen.
k;u[CH,DO]:[O,] 3.4. Evaluation of the Fractionation ConstantsTo estimate
(32) the isotopic composition at each stage of the mechanism, it is
Kio + Ky [OH] + kyg useful to calculate the proportionality constants for some
assumed conditions that are representative for the oxidation of
methane in the troposphere as a whole. The temperature is
determined by observing that the predicted maximum in the
[HCDO] _ Kigy {ky * KiOH] + ki [CH,DO] (33) atmospheric OH concentration occurs at a pressure of 700
[HCHO] kg {ky, + ki [OH] + ki [CHSQ] mbar#® This corresponds to an altitude of 2.6 km. Taking an

The corresponding expression for HCDO is:

[HCDO] =

Combining eq 31 and 32, and simplifying,
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SCHEME 1: Diagram of the Methane Oxidation Mechanisnt

CH, CH,D
R1 R l R2b
CH; CH,D =075 =10
R3 l R4
Rsa . CH;0, CHD0, _ rg 6 =100 a;=1.0
— Rl \°%P rl \
CH,00H R6e R6b CH,DOOH
CH,0 ~10a_.CH,DO =141 055= 1.4
Deposition Rgl /Rmbl R12 _» Deposition
R11 /’
R‘13\ HCHO HCDOW. =091 ay5,=2.0

/
CO+2HO,” R1%b 1R15a R1eal % CO + HO,+DO,

y H, ﬁf’ Ty HD %‘
H,0 H,0/HDO

Soil
@ The c values of the individual steps are shown along with the cumulative alpha values.

c5=0.65 oo =13

average surface temperature at the equator of 295 K and the 3.4.4. Formaldehydeg,. The rate okgis 1.5x 10715 cm™3
lapse rate of the standard atmosphere of 6.5 K/km, the s™1.8 The rate ofk;q, can be calculated based on the arguments
temperature at which CHs most likely to be oxidized in the  presented in the previous section to be 2/&gHthat is, 1.0x
troposphere is about 280 K. Given this temperature and pressure10-1% cm?® s1. The rates of deposition, photolysis and OH
the number density of air is 1.8¢ 10" cm™3. reaction for formaldehyde are highly variable, depending on
3.4.1. The Methyl Radical,c;. The proportionality constant  local conditions. The rates of the photolysis and OH processes
for the first step depends on the rakgskon, ks, andks as shown are approximately equal. The rate of the OH reaction (R13) is
in eq 37. The rate of R2b (Scheme 1) is estimated by observing8.7 x 10712 cm?® s71,8 which combined with a global average
that the reactivity of the CH bond in GB toward hydrogen OH concentration of 1.2« 10° cm~2 gives a zero-order rate
abstraction by OH is nearly identical to that of the CH bond in constant for R13 of 1.& 107° s~ or a lifetime of about a day.
CHg;* using this argument, the rate for reaction R2His= For the purpose of illustration, we will assign the same value
(3/4) * k. to kis. The rates of deposition of the formaldehyde isotopologues
koa does not enter into the expression &ar To the best of will be about equal, sk, = kis; initially, they will both be set
our knowledge, no measurements have been made concerningo zero. However, in certain environments, the deposition rate
the absolute or relative rate of reaction of £LHwith O, in R4. will be significant. Therefore, we have also calculated the results
The deuterium atom is not directly involved in the reaction, for a deposition rate equal to the rates of photolysis and OH
and the isotope effect is expected to be small, and so we estimateeaction (see below). The rate constant for the reaction of OH
that ks and k4 are equal. Any error introduced by this ap- with HCDO in R14, ks, is 78% as fast as that of HCHO in
proximation will cancel in the end, sincg depends on the ratio  R1323 therefore kys = 6.8 x 10712 cm® s™1. As shown in the
of ks to ks whereasc, depends on the ratio & to ks. The final present study, the relative photolysis raieqo/jrcoo = 1.58,
result is that; = 0.75. In terms of delta value8D(CHz) = oy so if kis is 1.00 x 10°° s71, thenks is 6.76 x 1076 s71,

x OD(CHg) wherea; = 4/3 x ¢, = 1.0. Combining all of this information in eq 40, the value ©f is
3.4.2. The Methyl Peroxyl Radical,c,. As shown in eq 38, estimated to be 0.94. In terms of fractionation constants
the evaluation ot; involves the ratess, ks, ks, ks, k7, andks. (3/2) x ¢4 = 1.41.

The ratesks andks were discussed above. Measurements of the 3 4.5 Molecular Hydrogen,cs. Equation 41 will be used to
absolute or relative rates &§ andks are not available, however  cajculatecs based orkis, Kisa, Ki7, Kig, Kio, koo, ko1, andkop. As
the deuterium atom is only a spectator in R6 and R8 (R6c is a reported in this paper, the ratio kis to ki is 1.82. Using the
minor channel), and so only secondary effects are expected.jp| data compilatiofkyz is 4.3 x 10715 cmd s~1 andkgis 2.5
Therefore, the final result is that = 1.00, and becauses- x 10715 cmd s~ at T = 280 K. According to Novelli et alt,
(CHz) = nw(CH30y), 0z is also estimated to be 1.00. _ the rate of uptake of Hinto the soil is three times that of the
3.4.3. The_ Methoxy Radicalcs. The evaluatlon.of ISOtopIC  rate of loss through R17. Assuming the global average OH
enrichment in the methoxy stage of the degredation of methanecgncentration is 1.2 10f cm3, this means thag = 1.5 x
involves the rate coefficients, ks, ko, andkio. On the basis of  15-8 -1 Gerst and Quay have measured the rate of uptake of
the mechanism of the reaction, since only secondary isotopep into soil relative to H as 0.9438 which combined with
effects will take placek; and ks will be set to be equal.  the estimate oy implies thatkeo = 1.4 x 10-8 51, Substituting

Reactions R9 and R10 involve the abstraction of a hydrogen/ ihese numbers into eq 41, one finds tbgis 0.65, and because
deuterium atom from the methoxy radical, and therefore a large n,,(HCHO) = ny(H,), as = .

difference in reactivity is expected upon deuteration. In the
abstraction of hydrogen/deuterium from methane, théi®ond
reacts 8 times faster than the-O bond; applying this same
ratio to kg/kio, ONe would expect a relative rate of 3*8/(2*8

1) because CkD has 3 C-H bonds and CLDO has 2 C-H _ _ _

bonds and one €D bond. Therefore, using eq 44, the value of €= I G=0.75x 1.00x 1.41x 0.94x 0.65=0.65
Cs3 (equal toa) is estimated to be 1.41. (42)

3.4.6. Summary The overall proportionality factor can be
obtained from the product of the individual factors:

5



9044 J. Phys. Chem. A, Vol. 111, No. 37, 2007 Feilberg et al.

TABLE 3: Global Isotope Budget of Hydroger?

term strength /Tga isotopic signature

sources fossil fuel combustion 3510 —196+ 10%o

biomass burning 165 —290+ 60%o

photochemical production 4619 185+ 45%0°
sinks soil uptake 56 41 0.943+ 0.024

OH oxidation 19+ 9 0.606+ 0.019
tropospheric burden H 155Tg 130+ 4%o

(2 S0/3 S) — (2 Liel3 L) 154

aFrom Gerst and Quayexcept for photochemical isotopic signature, this wérkssumes thadD(isoprene), which has not been measured, is
the same a®D(methane).

600

7777 Section 3.4.6 is in good agreement with Rahn et al.’s value. In
Experimental range for the ] addition, Rhee et al. have modeled measurements,0€H,,
;g'ra*ﬂ"/‘ii B”S?JSTCKL?" 0D(H,), anddD(CHy) in the stratosphere to obtain the relative

2 ’ oxidation rate for the stratosphere. This number was then

adjusted for the troposphere by considering additional loss

processes and changes in the actinic flux; they found a value
of 1.30 + 0.056, also in agreement with the result reported
here®® In addition, the present results provide a mechanistic
basis for understanding variations seen depending on location
and time. For example, a recent study by Rice and Quay finds
variation indD(HCHO) between—296 and+210 for samples
05 obtained in Seattle, Washingtéh.

] BecausedD(CH,) in the troposphere is-86%., we have
. [CH3D)/[CH4 = 5.70 x 1074 Using eqg 17 anad = 0.65, we
p then get [HD]/[H] = 3.7 x 1074 Finally, asé = R/Rg — 1,

Heoo 0D(H,) for photochemical hydrogen produced from methane,
Ejggtri‘; n9-0 fatﬁéHf;I;?vrz muegzijnne] Oixejl(iiatfic())rnHiI'TDth?’C}(;?ngzglh;rethzs a based on the experiments and discussion that has been presented
photolysis of HCHO an(cj] HCD%gHwH2+c§JjHCD£HD+co. See text here, is 185%.. The estimated error‘]m?HQ*CO.*HZ/JHCDO*CO*HD
for description of the model. places the lower apd uppgn;larror !lmlts in cSD(Hz)_ at 140

and 230%o, respectively. This is in fair agreement with the range

This means that the ratio of deuterated to non-deuteratedOf 130—230%. derived from the stratospherig i8otope datd’
molecules in the Hproduct is approximate|y two-thirds as |arge It should be emphasized that this interval reported here does
as the one in the CHsubstrate. In terms of fractionation ot include the considerable uncertainties and approximations
constantst = (4/2) x ¢ = 1.3, that is, according to the steady introduced in the steady state approximation model. The relation
state approximation modedD(Hz) = 1.3 x SD(CHy). between théD(H.) for photochemical hydrogen produced from

3.5 Discussion.Scheme 1 summarizes the results of the Methane and the relative yield foroMiD production in the
calculation. It shows that the cumulative alpha value increasestropospheric - photolysis of formaldehydeJucro—2+col
from 1.0 to 2.0 through the first four steps of the oxidation, J+cpo—Hp+co, is shown in Figure 9.
and decreases to 1.3 at the final step. The reason that photolysis The global isotope budget of hydrogen, adopted from Gerst
of formaldehyde can deplete deuterium in the hydrogen productand Quayt is summarized in Table 3. Our steady-state model
without upsetting the overall budget is the extreme enrichment involves the kinetic isotope effects of many reactions and in
occurring in the steps leading up to its formation. some cases these were estimated, because they have not been

Several authors have investigated the isotopic budget of H determined in the laboratory, or investigated using theory. First,
and D in the stratosphefé’#8In addition to providing evidence  we have only considered methane as the tropospheric hydrogen
for the isotopic signature of thia situ photochemical source  precursor whereas in reality NMHC (mainly isoprene) oxidation
of hydrogen in the absence of surface processes, this approackccounts for an equal amount of hydrogen as methane'déés.
provides insight concerning stratospheric water v&gaérs® Second, the atmosphere is clearly much more complicated than
Stratospheric hydrogen is found mainly in three species: water,Scheme 1, and in particular formaldehyde deposition could
methane, and molecular hydrogen. At the tropical tropopause, potentially have a large effect on isotopic enrichment. For
O0D(Hy) is 120%.. This delta value increases dramatically as air example, the deposition velocity will be enhanced in the
ages in the stratosphere, reaching valed®0%o at 30 km in boundary layer and in the presence of particles. In a study of
mid latitudes and even lower altitudes in polar air. BiH,) the formaldehyde chemistry above a forest canopy, Sumner and
measurements show that stratosphericidiby far the most co-workers conclude that photolysis, dry deposition, and reaction
deuterium-enriched hydrogen-containing compound found in with OH are equally important loss processes during the daytime
natural materials on earth, only topped by some compoundsin mid July to mid Augus®? this will obviously change)D-
found in unusual meteorites. Rahn and co-workelerive a (Hy). To illustrate, if the rate of deposition of formaldehyde is
best fit value ofa. = 1.33 for the rate of production of HD to  set equal to the rates of photolysis and OH reaction, then

H, in the oxidation process for methane in the stratosphere, decreases from 0.94 to 0.83 amffom 0.65 to 0.57. The result
based on stratospheric measurements and modeling. This wouldf increased deposition is to decrease the calculaiHe,) by
produce H with 6D(H2) = 215%. from tropospheric CHJD- 140%.. To balance this non-fractionating loss the formaldehyde
(CH,) = —86%o0), whereas a value @D (H;) = (180 £ 50)%o originating from isoprene oxidation has to be highly enriched
was estimated for photochemical production at the tropopausein deuterium. As mentioned, there are at present no available
with a similar box modet” The factor ofa. = 1.3 derived in measurements of the D-content in atmospheric isoprene. Stable
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