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Abstract. The photolysis of mono-deuterated formaldehyde, CHDO, is a critical process in the deuterium en-
richment of stratospheric hydrogen formed from methane. In this work, a consistent description of the quantum
yields of the molecular and radical channels of the CHDO photolysis is deduced from literature data. The fluo-
rescence measurements of Miller and Lee (1978) provided a first data set to deduce the product quantum yields.
An alternative analysis is based on the measured quantum-yield spectrum for the radical channel of the CD,O
photolysis by McQuigg and Calvert (1969), which is corrected for wavelength dependency and combined with
the CH,O quantum-yield spectrum to provide an approximation for CHDO. Both approaches provide consistent
results. Finally, the findings of Troe (1984, 2007) enable the specification of the pressure dependence of the
quantum yield for CH>O and CD,O and, hence, for CHDO. We find that the radical channel does not show a
pressure dependence, whereas the molecular channel is dominated by tunneling and quenching processes. Sim-
plified representations are given that are readily implemented in kinetic atmospheric models. As an example of
their application, the altitude dependence of the ratio of J(CHDO — HD + CO) and J(CH,O — H; + CO) is
provided. Also, the importance of the photolysis of formaldehyde on the yield of HD in the atmosphere is shown

through the altitudinal dependence of the isotopic fractionation.

1 Introduction

Measurements over the last few decades showed that molec-
ular hydrogen, Hj, in the stratosphere is enriched in deu-
terium compared to H» in the troposphere (see, e.g., Ehhalt
and Volz, 1976; Gerst and Quay, 2001; Rahn et al., 2003;
Rice et al., 2003; Rockmann et al., 2003; McCarthy et al.,
2004; Rhee et al., 2006). Gerst and Quay (2001) suggested
that this enrichment could be due to the differential isotope
fractionation in the photo-oxidation of methane. Measure-
ments of the vertical profiles of the isotope content in Hj
and CHy4, available from 2003, allowed the interpretation and
modeling of the observed enrichment (see, e.g., Pieterse et
al., 2011). The methane photo-oxidation consists of various
reaction steps, each of which contribute kinetic isotope ef-
fects, KIEs, that have to be considered (e.g., Feilberg et al.,
2005; Mar et al., 2007). The last and most critical step in the

reaction chain for producing the hydrogen isotope HD from
the mono-deuterated isotopologue of formaldehyde, CHDO,
is its photolysis.

Compared to CH,O, the available data for the mono-
deuterated isotopologue CHDO are scarce. Only its spectrum
was measured (MPI Mainz UV-VIS Spectral Atlas by Keller-
Rudek et al., 2022). The quantum yields for the molecular
and radical fragmentation branches of the CHDO photoly-
sis, as well as the rate constants for the quenching reactions,
were not measured at all or with insufficient accuracy. Thus,
despite its importance for the atmospheric production of HD,
the photolysis of CHDO is still poorly defined; at this time,
it is the most uncertain factor in the overall fractionation of
formaldehyde. For example, the measured or estimated frac-
tionation factors for the molecular channel range from 1.08
to 1.82 (e.g., Feilberg et al., 2005; Rhee et al., 2006, Mar
et al., 2007; Nilsson et al., 2009; Rockmann et al., 2010).
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Moreover, the measurements by Nilsson et al. (2009) are the
only ones considering the pressure dependence of the frac-
tionation factor due to Reactions (R3), (R4), and (R7) (see
Table 1).

In this work, we aim to provide information for the mod-
eling of CHDO photochemistry for atmospheric conditions,
i.e., for a limited domain of temperature and pressure, by de-
ducing the molecular and radical quantum yields ®™°' and
@™ for CHDO from literature information based on the
scant data available and supplemented by a number of plau-
sible assumptions. We do this based on two approaches: the
first is based on the fluorescence measurements of Miller and
Lee (1978) and literature data on energy transitions (e.g., Ye-
ung and Moore, 1973; Chuang et al., 1987; Osborn, 2008; Fu
etal., 2011). The second approach assumes that the measure-
ments of McQuigg and Calvert (1969) can be corrected via
the comparison of the CH,O measurement with later exper-
iments (see, e.g., the overview by Roth and Ehhalt, 2015).
The photochemistry derived thus is then used to assess the
altitudinal dependence of the CHDO isotopic fractionation.

2 Photolysis reaction mechanism

Based on the available literature (e.g., Aratjo et al., 2009;
Breuer and Lee, 1971; Chuang et al., 1987; Yamaguchi et al.,
1998), we propose a photolytic reaction scheme of CHDO
in Table 1, analogous to that of CH,O (Réth and Ehhalt,
2015). The scheme involves a cascading series of fragmen-
tation channels competing with stepwise quenching by col-
lisional energy loss, starting at the excited singlet state Sj.
Reactions via the triplet state of CHDO are not considered
here as they are only accessible at wavelengths below 300 nm
(Araujo et al., 2009), while we concentrate on wavelengths
above this limit in this work. Under atmospheric conditions,
which are considered here, the system is thermalized.

After excitation of the ground-state CHDO(Sg) (Reac-
tion RO) by a photon of a given wavelength, the excited re-
action product CHDO*(S;) decays by fluorescence (Reac-
tion R1) or transitions to the Sg ground-state surface as an
excited CHDO™* molecule with either all available energy
(Reaction R2) or a variable amount of energy —Aegl being
lost by quenching (Reaction R3). The excited CHDO*(Sg)
and CHDO*~2¢1(S) can, in turn, be quenched by the bath
gas in a cascading series (Reactions R2c, R3c, R6¢c), com-
peting at each energy level with fragmentation into radi-
cals H4CDO /D + CHO (Reactions R2a, R3a, R6a) or to
molecular products CO + HD (Reactions R2b, R3b, R6b), as
described for CH>O by Yeung and Moore (1973). Alterna-
tively, the excited CHDO*(S) can lose an amount of energy
by quenching but remain on the S; excited electronic sur-
face (Reaction R4). This state can then undergo processes as
above, i.e., decay by fluorescence (Reaction R5) and tran-
sitioning to the So ground state without (Reaction R6) or
with (Reaction R7) energy loss by quenching, where once
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again it can undergo further quenching (Reaction R6c) in
competition with fragmentation (Reactions R6a, R6b). Over-
all, this scheme represents a cascading series of quench-
ing steps competing against decomposition and fluorescence.
Only the first few steps in the cascade are represented, but
more cascading steps are possible at lower internal energies.
According to the analysis of the fluorescence measurements
by Miller and Lee (1978), these lower-energy reactions are
not critical and need not be considered in detail. Here, Reac-
tion (R7) simply represents the summation of all subsequent
cascades, from which negligible channels such as the fluores-
cence channels are omitted. Schematic energy diagrams for
this reaction mechanism were already depicted in the litera-
ture (e.g., Fig. 3 in Araujo et al., 2009, and Fig. 1 in Chuang
et al., 1987) and are not repeated here.

The quantum yield ®™ represents the combined frag-
mentation into radicals (Reactions R2a, R3a, R6a), while
summed fragmentation through the molecular branches (Re-
actions R2b, R3b, R6b) is described by the quantum yield
®™°! The total photolysis quantum yield ®'°., i.e., the decay
of excited formaldehyde into products other than its ground
state, can be experimentally derived from the observed CO
production, where CDO and CHO radical fragments react
with O to form CO and HO; /DO;. The quantum yield
of the fluorescence is always less than 1 % (Miller and Lee,
1978) and is omitted henceforth.

thOt — cbmol + q)rad (1)

Obviously, the sum of ®'° and dauench the summed yield of
the quenching reactions (R2c, R3c, R6c), must equal 1 at any
wavelength hv.

q)tol + quuench =1 (2)

3 Analysis of fluorescence measurements

From the fluorescence measurements of Miller and Lee
(1978), the quantum yields of both the fluorescence and the
total non-CHDO products can be derived. The contribution
of the second step in the reaction cascade is small at low
pressure (see later), so we assume that Table X provided by
these authors directly gives the reaction rate constants k; and
ko, where k1 equals the reciprocal lifetime 7yagjation listed, and
1/k> is the non-radiative lifetime. Similarly, the constants k5
and k¢ are determined by the lifetimes of the next lower vi-
brational level.

The reaction constants k3, k4, and k7 can be deduced from
the pressure dependence of the CHDO fluorescence quantum
yield in Table II of Miller and Lee (1978). In the present pa-
per, only the quantum yields at pressures above 1 Torr are
considered, where the Ar bath gas used is assumed to have
similar collisional properties to air (Hirschfelder et al., 1954).
For each wavelength, the pressure dependence of the data is
fitted by a simplex algorithm according to Nelder and Mead
(1965) using Eq. (3) for the fluorescence quantum yield ®g:
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Table 1. Reaction scheme of the photolysis of CHDO occurring over the S and Sy electronic singlet states. —Ae1 and —Aeg?2 indicate the
collisional energy losses to bath gas M in the respective reactions. This quenching is stepwise but is represented here for energies above
and/or below the threshold for dissociation; the asterisk * stands for excitations that are able to lead to bond breaking, whereas the index #

indicates lower energies that ultimately lead to thermalized CHDO.

CHDO(Sg) 4+ hv — CHDO*(S) (RO)
CHDO*(S{) — CHDO" + hv; (R1)
CHDO*(S;) — CHDO*(Sg) (R2)

CHDO*(S() — H+CDO /D + CHO (R2a)
CHDO*(Sg) — CO + HD (R2b)
CHDO*(Sg) + M — CHDO%*(Sp) + M (R2c)
CHDO*(S|) + M — CHDO*~2¢1(S)) + M (R3)
CHDO*~2¢1(S) - H+ CDO /D + CHO (R3a)
CHDO*~2¢1(5) > CO + HD (R3b)
CHDO*~2¢1(S) + M — CHDO*(S) + M (R3c)
CHDO*(S1) + M — CHDO* 2£2(S|)+ M (R4)
CHDO*~2¢2(S,) — CHDO"(S¢) + hvs (R5)
CHDO*~2¢2(S,) - CHDO*~2¢2(3) (R6)
CHDO*~2¢2(S) — H+ CDO /D + CHO (R6a)
CHDO*~2¢2(S4) - CO+ HD (R6b)
CHDO*~2¢2(S) + M — CHDO*(Sg) + M (R6C)
CHDO*~2¢2(S))+ M — ... (R7)

Table 2. Results of the least-square fit of the quantum yields of CHDO (Miller and Lee, 1978); k1, ko, k5, and kg are literature data (Miller

and Lee, 1978), and k3, k4, and k7 are deduced from these data.

Wavelength k1 ko k3 ky ks ke k7

[nm] [105s=11 0ds~ 11 o~ Mem3s~!] [o~Uemds~!] [109s71) [108s711 [10712emds1
314.0 3.03 1.79 29.7 4.59 2.78 0.50 0.57
318.3 2.50 1.32 15.4 3.48 2.50 0.40 1.15
325.7 2.78 0.50 10.9 1.77 3.57 0.22 1.79
330.8 2.50 0.40 4.81 1.05 2.44 0.13 1.35
338.6 3.57 0.22 4.89 0.84 3.45 0.07 0.77
344.4 2.44 0.13 5.95 2.78 2.40* 0.06* 1.39
352.9 3.45 0.07 2.38 0.76 4.00* 0.03* 1.24

* Estimated by extrapolation of the other values.

ks[M] ks

ﬂ 9
with & = ki +kp + k3[M] +k4[M] and g = ks + ke + k7[M].
For consistency, we only used the 2'4/ transitions.

The corresponding reaction constants are listed in Table 2.
With this data set, the experimental fluorescence measure-
ments are well fitted, as shown in Fig. 1, where, to improve
the clarity of the fit, only the pressure-dependent part (M)
of Eq. (3) is plotted vs. pressure:

ki
Sr(M) = - + (3)

ki

9M =
M $r(M)

— (k1 + ko). “

The energy transferred in Reaction (R2) is either quenched
to form a stable molecule CHDO®(Sg) or used to drive
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fragmentation into molecular (CO + HD) or radical prod-
ucts (H+CDO/D + CHO). Hence, Reactions (R2a) and
(R2b) form part of the product-forming channel. Analo-
gously, the secondary reactions of the pressure-dependent
Reactions (R3) and (R4) lead to products via Reactions (R3a)
and (R3b) and Reactions (R6a) and (R6b), respectively. With
this, the total-product quantum yield of the photolysis of
CHDO is the sum of the individual product quantum yields
across all channels k, where the index k = 2, 3, and 6 stands
for the non-radiative Reactions (R2), (R3), and (R6).

The individual product quantum yield can be approxi-
mated by

tot __
k

1
= - , (5)
1+a-exp(¥)-%

analogously to the publication by R6th and Ehhalt (2015) on
CH,O.

Atmos. Chem. Phys., 24, 2625-2638, 2024
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Figure 1. Comparison of the fluorescence quantum yield measured by Miller and Lee (1978) (full dots) with the fitted function ®gp(M) (see
Eq. 3) for different wavelengths (in nm) as indicated. To emphasize the quality of the fit, we depict only the pressure-dependent part 6(M),

as defined in Eq. (4).

In Eq. (5), &3 is the excitation energy of the photoly-
sis reaction. The energies €3 and &g are related to e by
the approximated energy transfer in a collision in relation
to the averaged width of the band intervals, given by 3 =
&2 —0.0124 eV (Troe, 2007) and g5 = g2 — 0.13eV (Miller
and Lee, 1978). The pivot wavelength 1/¢gq is 348.6 nm, as
published in Nilsson et al. (2014), based on quantum chem-
ical calculations of the barriers to dissociation of H-CHO,
H-CDO, D-CHO, and D-CDO.

The total quantum yield of the products (molecules plus
radicals) can be deduced from the rate constants of Table 2
and the measurements of Nilsson et al. (2010, 2014), who in-
vestigated the pressure dependence of the kinetic isotope ef-
fect, KIE, of the photolysis frequencies of CH,O and CHDO.

KIE = 2129 with j = f 410/ crpoo Fdi. (6)
JCHDO

As the quantum yield of CH,O is known from the literature
(see, e.g., Réth and Ehhalt, 2015), ®&f;, remains the only
unknown factor in Eq. (6). With the actinic flux density F
of the lamp used by Nilsson et al. (2014) and the absorption
spectra o, of CH>O and CHDO from Gratien et al. (2007),
the ratio KIE can be calculated with optimized values for
a and b in Eq. (5). Comparing the results of the simulation
with the measured data by Nilsson et al. (2010, 2014), the

constants a and b can be determined via a least-square fit.
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Figure 2 presents the result with optimized values a =2.94
and b =6.5 x 107> nm~! together with the measurements.
The data at 1000 hPa are included in the fit as their mean
value to accommodate the large variation in the data.

The total-product quantum yield, deduced from the reac-
tion scheme (Reactions RO to R7), is

ko

k3[M]
thOt — E . (DtZOt +

. @%0[ +

F . d>t60t, (7)

with & and B as defined in Eq. (3) and @}, the sub-product
yield, defined according to Eq. (5). The measured wavelength
dependence of ®'°! at 1000 hPa pressure is depicted in Fig. 3,
where the total quantum yield is calculated with the rate con-
stants from Table 2. The pressure dependence of the three
terms of ®'°! is illustrated in Fig. 4.

To obtain a continuous and smooth wavelength depen-
dence, the rate constants k| through k7 can be represented
by an approximation function:

ka[M] ke
o

k = Aexp(B(A —300nm)). ®)

The values for the parameters A and B are obtained from a
least-square fit to the data in Table 2 and listed in Table 3.
Wherever the value of B is less than 0.001, it is set to 0, and
A then corresponds directly to the mean of the respective rate
constant. The wavelength dependence of ®™' at 1000 hPa

https://doi.org/10.5194/acp-24-2625-2024
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Figure 2. The pressure dependence of the kinetic isotope effect (KIE) (i.e., the ratio of the CH,O / CHDO photolysis frequencies; see Eq. 6)
is compared to the measured data of Nilsson et al. (2010) (blue squares) and to Feilberg et al. (2007), Rhee et al. (2008), and Rockmann et
al. (2010) (red squares, “others”). The solid curve at 1000 hPa is included to accommodate the variation in the data.

I I | I | I | I |
10 L -

o Miler & Lee

— fit function

05 L

quantum vyield

0.0 | | | | | | | I
310 320 330 340 350 360

wavelength / nm

Figure 3. The total-product quantum yields &%t derived from the measured rate constants of Miller and Lee (1978) at 1000 hPa through
Eq. (7) (full circles) are well reproduced by the continuous @' function obtained after fitting the rate coefficients to function Eq. (8) (solid
curve).

Table 3. Parameters of the rate constants according to Eq. (8) (B in nm~ ! and A ins~! (k1, kp, ks, kg) or cm3s~! (k3, k4, k7)) as derived
from least-square fits.

ky ky k3 ks ks ke k7

A 290x10° 6.10x108 7.70x10719 130x10719 3.00x10° 1.50x10% 12x10712
B 0 0.086 0.069 0.071 0 0.075 0
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Figure 4. Wavelength dependence of the contributions of the three terms for ®X°t, <I>t3°t, and d>t6°t of Eq. (7) to the total quantum yield 't

of the CHDO photolysis at 10 (a) and 1030 hPa (b).

with these functions is presented by the solid line in Fig. 3.
The comparison to the experimental data by Miller and Lee
(1978) suggests a variance in the data of around 15 %.

For CHDO, the only quantitative indication for the quan-
tum yield of the radical channel in the literature is measure-
ments of the kinetic isotope effect (KIE) (Feilberg et al.,
2007; Rhee et al., 2008; Rockmann et al., 2010; Nilsson et
al., 2014). Following Eq. (5), simulating these KIE mea-
surements requires three parameters for the individual rad-
ical quantum yield CDZad, expressed in Eq. (9): the maximum
value @™ of the wavelength dependence, its curvature b,
and the pivot wavelength Ag. The parameter a is set to 1 as,

Atmos. Chem. Phys., 24, 2625-2638, 2024

for the radical quantum yield, no pressure dependence is as-
sumed, canceling the [M]/[My] factor.

max
rad __ D

C T T raexp(5)

Analogously to the analysis for CH,O (Ro6th and Ehbhalt,
2015), where the curvatures of the wavelength dependence
of @ and @™ are similar, b can be set t0 6.5 x 10~> nm ™!
for the radical quantum yield of CHDO. The maximum ™%
was varied in the interval [0.70, 0.78] around the correspond-
ing value for CH, O, but the resulting scattering is very small
(see shaded area in Fig. 5). Consequently, parameter ®™* is

€))
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set to 0.74, matching the value also used for CH,O (Ehhalt
and Roth, 2015).

With these parameters, the KIE of 1.63 as measured by
Rockmann et al. (2010) was fitted with the actinic flux den-
sity given by Rockmann et al. (2020) and the optical spectra
by Gratien et al. (2007). The best fit gave a pivot wavelength
Ao of 327 nm. This value lies in the middle of the bond en-
ergies of 362.63kJmol~! for C-H and 369.6kJmol~' for
C-D, calculated by Chuang et al. (1987). With the con-
stants @™ = 0.74,a =1,b=6.5x 10> nm~!, and 1 /g9 =
327.1nm, the quantum-yield function ®™¢ of the radical
channel of CHDO is analogous to Eq. (7):
rad _ % . CI)Ead + k3£lM] . (bgad + k4[M] % . q)rad’ (10)
where the radical quantum yields of the individual chan-
nels are given by Eq. (9) and with « and B as defined in
Eq. (3). Figure 5 depicts the wavelength dependence of the
total quantum yield together with that for the radicals. At at-
mospheric pressures, as considered in this paper, the contri-
butions of the individual quenching processes are insignifi-
cant with respect to the overall radical quantum yield.

To provide a more handy tool for atmospheric modeling,
we introduce an exponential function (Eq. 11), with only one
term and three parameters for the total and the radical quan-
tum yields of CHDO, similar to those deduced by Ehhalt and
Roth (2015) for CH; O, as a proxy for the three-term func-
tions (Egs. 7 and 10):

d = : an

The corresponding parameters for the total quantum yield of
CHDO area=1.0,b=7.7 x 1073 s7! and Lo = 336.2 nm.
For the radical channel, the factor [M]/[Mp] is set to 1
as the photolysis leading to the radicals is nearly pres-
sure independent. The respective parameters are a = 0.74,
bh=7.7x107>s"!, and A9 = 325.0 nm. Both approximation
curves are depicted in Fig. 5, and Fig. 6 shows the pressure-
dependent comparison with the measured data by Miller and
Lee (1978).

4 Analysis of the CHDO photo-decomposition

Our second approach to estimate the quantum yields for
the photolysis of CHDO is based on the experiments of
McQuigg and Calvert (1969), who measured the photo-
decomposition of CH,O, CHDO, and CD,0O. Unfortunately,
the authors only presented the quantum yields for the two
radical reaction channels of CH>O and CD,O. They further
assumed that the total quantum yield equals 1, independent of
wavelength. It appears, however, that these data have a bias
which becomes evident when the data for CH,O are com-
pared to more recent measurements.

https://doi.org/10.5194/acp-24-2625-2024

In Fig. 7, the dependence on the wavelength of ®™¢ of
CH>O by McQuigg and Calvert (1969) is depicted together
with a curve for CH,O, averaged over measured data from
the paper by Roth and Ehhalt (2015). The latter evaluation
showed no pressure dependence but indicated a weak tem-
perature effect which is neglected here. The curve is repre-
sented by the following function:

—__— 0.74 ~ 0.40
CH;0 — ,(l,#) %_271T0 .
1 +exp (ﬁ) l +eXp<5‘2x1o45)

Equation (12) exhibits a maximum in ®"¢ around 310 nm,
independent of the small temperature shift, whereas the ear-
lier values of McQuigg and Calvert (1969) exhibit a mono-
tonic decay with increasing wavelength above 280 nm, which
points to a bias in the latter. The second summand in Eq. (12)
is less than 1 % at wavelengths above 300 nm and, hence, can
be omitted in the present paper. Figure 7 also includes the
data of McQuigg and Calvert (1969) for CD,0, which show
a quite similar wavelength dependency to the data for CH,O.

Our first assumption is that the bias in the experiments
of McQuigg and Calvert (1969) extends equally to both iso-
topologues (CD,0 and CH,0) and that, therefore, the ratio
R of their quantum yields is correct. This ratio is displayed
in Fig. 8 and shows a mostly monotonic decrease with in-
creasing wavelength. In this context, it is interesting to note
that the ratio of the rate constants for the decomposition of
excited CH,O* and CD,O* into the respective radical chan-
nels, as calculated by Troe (1984) from theory, results in a
curve with a monotonic decrease with increasing wavelength
similar to that of the quantum-yield ratio (see Fig. 8).

Using ratio R together with the fit function (Eq. 12) for
CDE‘SIZO allows us to estimate CDS‘SZO for the radical channel
of CD;0, as shown in Fig. 8.

To calculate CDE?I(-jIDO’ we need one further assumption.
Our hypothesis is suggested by the results of Feilberg et al.
(2004), who found that the KIEs of the reactions of CHDO
with OH, CIl, and Br are arithmetic means of the KIE of
the reactions of CH,O and CD,0O with those radicals. This,
in turn, implies that the C—H bond strengths are similar in
the isotopologues, and the same is true for the C—D bond
strength. We, therefore, assume that CDg‘d o can be calcu-
lated from the average of quCaI(—iIzo and CIDg‘DZO at each wave-
length:

12)

lino(h) = (@800 + P01 /2. (13)

The resulting radical quantum yields are compared in Fig. 9.
qucaIC-llDo does not depend on pressure since neither @rcagzo

nor CDrCagzO is pressure dependent. The respective maxima

in ®24 on the other hand, decrease from 0.72 over 0.70
to 0.65 for increasing deuteration. Moreover, there is a blue
shift of 5nm to 10 nm in the decreasing part of the quantum-
yield spectra of CHDO and CD»O0, i.e., at wavelengths above

Atmos. Chem. Phys., 24, 2625-2638, 2024



2632

E.-P. Réth and L. Vereecken: Quantum yields of CHDO above 300 nm

radical

05 L

quantum yield

0.0 | | | |

| | | [
330 340 350 360

300 310 320

wavelength / nm

Figure 5. The total quantum yields ®'°! of the photolysis of CHDO and that of the radical channel @4, calculated with the three-term
functions of Eqgs. (7) and (10) (black curves). The blue-shaded area indicates the variation in parameter a within the interval [0.70, 0.78]. The
red curves, derived using the one-term approximation (Eq. 11), and the black curves fall within the variance of each other.
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Figure 6. Comparison of the one-term fit function (Eq. 11) (open circles on the solid line) with the measured data (Miller and Lee, 1978) of
the total photolytic quantum yields ! (full circles) at 1, 10, 200, and 1000 hPa.

315 nm. These blue shifts have the same tendency but do not
quite match the measured threshold energies of 362.3, 368 .4,
and 370.6kJmol~! for CH,0O, CHDO, and CD;O, respec-
tively (Chuang et al., 1987), which correspond to the wave-
lengths 330.9, 325.5, and 323.5 nm.

The one-term fit function for the radical channel of CHDO
is

0.72

d
PCHpo = TN
1 +exp <—_(A_323'0)>

(14)

7.7%107°
and it is also shown in Fig. 9. In Fig. 10 the result of the in-
terpretation of the measured photo-decomposition of CHDO

by McQuigg and Calvert (1969) is compared to the radical
quantum yield deduced from the fluorescence measurements

Atmos. Chem. Phys., 24, 2625-2638, 2024

of Miller and Lee (1978). Both estimations lead to a wave-
length dependence of q’?}‘-jmo’ which lies in both uncertainty
ranges. This is a strong hint that the deduced results are ro-
bust and represent the true quantum yield of the radical chan-
nel of the photolysis of CHDO.

5 The isotope fractionation during the photolysis of
formaldehyde

The photolysis frequency J; of the isotopologues CH>O and
CHDO is given by the integration of quantum yield ®, ab-
sorption cross-section o, and spectral actinic photon flux
density Fj (L) over the A wavelength domain:

Ji= / ®; () 030) - Fy(\dA, (15)

https://doi.org/10.5194/acp-24-2625-2024
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Figure 7. The original data of McQuigg and Calvert (1969) for CH,O (full red squares) and CD, O (open squares) for the photolytic quantum
yields of the radical channel are compared to the averaged function for CH,O by Réth and Ehhalt (2015).
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Figure 8. The ratio ®cp,0/ ®cH,0 of the McQuigg and Calvert
(1969) data shown in Fig. 7 and the corrected radical quantum yield
of CD;0, @8]%20 (black squares). The ratio of the respective reac-
tion constants (triangles) derived theoretically by Troe (1984) shows

the same tendency as the quantum-yield ratio.

where the quantum yield ®; ;(A) depends on the product
channel j, either molecular or radical, of isotopologue i,
and the absorption cross-section o;(A) is specific to the iso-
topologues i. For our calculations, the absorption spectra of
CH,0 and CHDO from Gratien et al. (2007) were applied.
We used these values instead of the JPL recommendation
(Burkholder et al., 2019) for consistency with the calcula-
tions in Sects. 2 and 3. The solar spectral actinic flux den-

https://doi.org/10.5194/acp-24-2625-2024
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Figure 9. Wavelength dependency of the quantum yields &4 for
the radical channel of the three isotopologues of formaldehyde. The
curves for CH,O (Ro6th and Ehhalt, 2015) and that for CD,O (cor-
rected data of McQuigg and Calvert, 1969) are used to calculate the
quantum yield of CHDO (black dots) according to their mean val-
iles. quéll(-ilDO is then fitted by the one-term function (Eq. 14) (black
ine).

sity F) was calculated from a quasi-spherical 1-D radiation
transfer model (Roth, 2002); the ®()) values are those from
Sect. 2. An example of the terms ®™°! (1), o'(1), and Fj (1)
for the molecular channel of CHDO is given in Fig. 11 for the
pressure and temperature at an altitude of 20 km. The product
of these terms, integrated over 5 nm intervals for better visi-
bility, is also displayed to demonstrate the spectrally resolved

Atmos. Chem. Phys., 24, 2625-2638, 2024
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Figure 10. The CHDO quantum yield d%‘l‘_jmo fit function deduced from the fluorescence measurements (blue line, Eq. 11) of Miller and
Lee (1978) and that from the interpretation of the photo-decomposition (red line, Eq. 14) measurements of McQuigg and Calvert (1969).
These lie within each other’s uncertainty ranges. Also depicted is the function for the total quantum yield ®°t (Eq. 11).
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Figure 11. The photolysis rate is the combination of the actinic
photon flux, the absorption cross-section, and the quantum yield.
Depicted are the contributions to the molecular channel of the pho-
tolysis rate of CHDO, Jg‘l%o, at 20km altitude and integrated
over 5nm wavelength: the actinic photon flux Fj(}), the absorp-
tion cross-section o (A) (Gratien et al., 2007), and the quantum yield
for the molecular channel ®™°l(1). The photolysis rate, the photon
flux, and the cross-section are multiplied by 2.5 x 105,2.5x 10719,
and 1.5 x 1019, respectively, to achieve comparability.

contributions to the photolysis frequency of the molecular
channel of CHDO.

The kinetic isotope effect for the molecular channel is
given by

mol
CH,;0

mol
J| CHDO

KIEmol = P ( 1 6)

Atmos. Chem. Phys., 24, 2625-2638, 2024

and for the radical channel it is given by

rad
CH,O

rad
‘,CHDO

KIEpq =

a7

For a quick overview, the dependence of KIE;,q and KIEp
on altitude for globally averaged conditions (equinox, 30° N)
is depicted in Fig. 12a and b. KIE,, decreases monotoni-
cally with decreasing pressure from 1.59 at 1000 hPa to 1.06
at 1 hPa. The radical channel, in contrast, shows hardly any
pressure dependency as the rate of this reaction is not influ-
enced by the quenching process. The marginal variation in
the kinetic isotope effect with altitude is caused by the altitu-
dinal increase in the photon flux and its differing contribution
to the photolysis frequency integrals of CH,O and CHDO.

To examine whether the quantum-yield functions for
CHDO deduced above are applicable for modeling purposes,
additional sensitivity studies were carried out, varying the
main features of the quantum-yield functions. With respect
to the fractionation factor, only the variations in those pa-
rameters are relevant, which alters the relation of the entirety
of the photolysis frequency integrals (Eq. 15) of the molec-
ular and radical channels. In Fig. 12a and b, we additionally
show the variances of the photolysis frequencies, as well as
of the fractionation factors. The shaded area is produced by
varying one parameter of the CHDO quantum yield as in-
dicated below. The photolysis frequency of CH,O remained
unchanged.

The sensitivity of the molecular branch of the photoly-
sis frequency of CHDO to the pre-exponential factor of the
quantum-yield function is roughly 10 % throughout the at-
mosphere if this value is varied by 10 %. All other parame-
ters do not alter the integral Eq. (15) significantly and only
produce variances of less than 1 % when changed by 10 %.
It can thus be concluded that the estimated equation param-
eters are good representations of the actual values. At higher

https://doi.org/10.5194/acp-24-2625-2024



E.-P. Réth and L. Vereecken: Quantum yields of CHDO above 300 nm

2635

60 | RN MR (RN S (R

50

40

ko] of

altitude / km

201

I I I

Jo(CH20)

J,(CHDO)

1
|
|
|
\
|

s0f
40

4
30 4.(CHDO) +10

altitude / km

20

J,0q(CH20)
J, oo(CHDO)

0 0.2 0.4 06

photolysis frequency / s~

08 10 12 14 16

1

Figure 12. The altitudinal dependence of the photolysis frequencies Jiy,o) of the molecular channels (a) of CH,O and CHDO is important
for the atmospheric production of HD. For comparison, the radical channels (b) are also depicted. The dependence on altitude of the kinetic
isotope effect, KIE = Jch,0/JcHDO- is more pronounced for the molecular channel than the radical channel. The shaded area indicates the

variance upon changing (a) the quantum yield mol by 10 % and (b) the radical threshold wavelength by 3 nm.

altitudes (< 10 hPa), cbgfill)o and @gﬁlzo are close to unity in
the wavelength regime 330 to 360 nm (see, e.g., Fig. 6). So
the photolysis frequency in the stratosphere does not change
much if the parameters of the respective functions are varied.
Therefore, the variance in the fractionation factor does not
decrease much above 30 km altitude. Here, measurements at
tropospheric pressures could be much more informative, as
becomes evident from Fig. 12.

The photolysis frequency of the radical channel of CHDO
is only sensitive to the maximum of the quantum yield and to
the threshold wavelength 323 nm. Shifting the latter value by
43 nm produces changes of about 20 % in the troposphere,
decreasing to 10 % at 50km altitude, as shown in Fig. 12.
This variation in the threshold produces an error bar of the
fractionation factor of the same magnitude.

https://doi.org/10.5194/acp-24-2625-2024

6 Discussion

Due to consecutive reactions, only the molecular channel
contributes to the HD production. Up to now, there has been a
handicap in the interpretation of stratospheric measurements
of the concentration of deuterated hydrogen HD due to the
lack of exact knowledge of the photolysis frequencies of
deuterated formaldehyde, resulting in an uncertainty in the
fractionation factor. There have been a number of experi-
mental approaches to deduce the fractionation factor, where,
e.g., Feilberg et al. (2005) measured a value of 1.82 +0.07
for oy, while Réckmann et al. (2010) found a value of
1.63 £0.03 for that ratio. In their modeling paper, Mar et
al. (2007) varied the fractionation factor between 1.2 and 1.5
for stratospheric conditions.

In all these studies, the pressure dependence of the pho-
tolysis frequencies could not be investigated. An interesting

Atmos. Chem. Phys., 24, 2625-2638, 2024
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on the photolysis frequency ratio of the molecular channel is nearly
constant. In contrast, at 0 km, the ratio increases significantly for
solar zenith angles above 30°.

experiment by Nilsson et al. (2009) addressed this problem.
Unfortunately, the spectral radiance of the light source used
did not resemble the sunlight well enough, and their findings
could not be transferred to the real atmosphere without infor-
mation on the quantum yield of CHDO.

Besides its pressure dependence, the variation in the pho-
tolytic fractionation factors can also be caused by differ-
ent actinic fluxes at the times and sites of the experiments.
The actinic fluxes in the numerator and denominator of
the fractionation factor in Eqgs. (16) and (17) do not can-
cel out, and, therefore, the factor is dependent on the local
insolation conditions. Calculations of the solar-zenith-angle
(SZA) dependency with the complex radiation transfer model
ART (Roth, 2002) result in values from 1.47 at overhead
sun to 1.95 at SZA = 83° for clear sky and free horizon at
ground level. This zenith angle dependency is less expressed
at 20km altitude and disappears at 50km, as depicted in
Fig. 13. This effect may explain the differences in the mea-
surements of the fractionation factors. To check the variance
with the solar zenith angle, the measured fractionation fac-
tor KIEy, (Eq. 16) is compared to model calculations. The
factor 1.63 4= 0.03 (Réckmann et al., 2010) was derived from
experimental studies in the atmospheric simulation chamber
SAPHIR between 60 and 70° SZA (Rockmann et al., 2010).
The absorption cross-sections by Gratien et al. (2007) and
the quantum yields derived above, together with the radiation
spectra, result in a fractionation factor of 1.54 for 60° SZA
and 1.70 for 70° SZA; these are in good agreement with the
measured value.

7 Conclusions

The current work derives a framework and set of equations
for describing the CHDO photolysis based on two different
approaches building on the available literature data, finding
a consistent result across all data sets. It could be shown that

Atmos. Chem. Phys., 24, 2625-2638, 2024
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the most influential parameters of the rates of photolysis of
CHDO are the absolute value and the threshold of the quan-
tum yield of the radical channel. The simplified parameter-
ized equations (Egs. 11 and 14) that are readily implemented
in kinetic models are provided for these quantities. Measure-
ments around 300 and 325 nm could help to further reduce
the uncertainty in the fractionation factor. Additional mea-
surements of the pressure dependence of the total quantum
yield, i.e., the quenching rate of excited CHDO*, would be
valuable to further test the assumptions made in this paper.

Code availability. The analysis in this work relies mostly on reg-
ular data fitting procedures, which are readily available in statistical
packages. The only other method used is wavelength-dependent in-
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