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ABSTRACT: Formaldehyde (HCHO) is an important intermediate in the breakdown of organic molecules in the atmosphere. It is
the most abundant atmospheric carbonyl, and a major source of CO and H2 upon degradation. Isotopic analysis offers valuable
insights into molecular processes, deepening our understanding of atmospheric transformations. We present a model of the isotope-
dependent photolytic isotopic fractionation of formaldehyde incorporating Rice−Ramsperger−Kassel−Marcus (RRKM) analysis,
validate the model with new and pre-existing experimental data, and use it to describe photolytic kinetic isotope effects (KIEs) and
their pressure dependencies. RRKM theory was used to calculate decomposition rates of the S0, S1, and T1 states, using CCSD(T)/
aug-cc-pVTZ, ωB97X-D/aug-cc-pVTZ, and CASPT2/aug-cc-pVTZ, respectively. We considered isotopologues HCHO, DCHO,
DCDO, D13CHO, H13CHO, HCH17O, HCH18O, H13CH17O, and H13CH18O. We find that isotopic substitution notably affects the
density of states, influencing rates of unimolecular decomposition and collisional energy transfer. Experimental photolysis rates
ranged from j j/HCHO HCH O18 = 1.027 ± 0.006 at 50 mbar to jHCHO/jDCDO = 1.418 ± 0.108 at 1000 mbar using a xenon lamp. The
model accurately reproduced experimental pressure trends in KIEs, revealing that altitude-dependent deuterium enrichment in H2
cannot be explained by pressure effects alone and must also consider wavelength dependence.

■ INTRODUCTION
Formaldehyde (HCHO) is the most abundant carbonyl
compound in the atmosphere and is a key intermediate
produced in the oxidation of virtually all hydrocarbons. It is a
major in situ source of atmospheric molecular hydrogen and
carbon monoxide. In addition to photochemical production,
formaldehyde is emitted directly into the atmosphere from
combustion. Because formaldehyde is a reactive species and an
important part of both natural and anthropogenic atmospheric
chemistry, understanding its photochemistry is important for
regional air quality, global atmospheric composition and
climate change.1

The importance of HCHO is illustrated by the finding that
over half of atmospheric H2 is produced from the photolysis of
HCHO.2−5 Molecular hydrogen is the reduced gas in the
atmosphere with the largest turnover in moles and acts as an
indirect greenhouse gas.6 Interest in H2 has increased in recent

years due to its use as a carbon-free energy carrier. Widespread
adaptation would increase H2 emissions due to leaks in
production, storage, distribution and use.7−11 Understanding
the natural atmospheric H2 cycle in more detail is therefore
essential to assess the impact of a future hydrogen economy.12

Approximately half of tropospheric carbon monoxide (CO)
is produced from the oxidation of hydrocarbons, where
HCHO is the key intermediate.13,14 All reaction pathways for
HCHO with the exception of deposition lead to the formation
of CO. The reaction of CO with OH radicals accounts for 40%
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of the removal of OH in the troposphere.15 As such, HCHO
plays a key role in the oxidative capacity and HOx chemistry of
the atmosphere, and in modulating the indirect climate effect
of volatile organic compounds. Formaldehyde contributes to
secondary organic aerosol formation in reactions catalyzed by
sulfuric acid.16

The primary removal pathways for HCHO in the tropo-
sphere are reactions with photochemically produced radicals
(Reaction 1), photolysis (Reactions 2 and 3) and deposition. It
is estimated that during daytime, photolysis and the radical
reaction are of approximately equal importance, depending on
altitude and location. Globally, OH is by far the most
important radical, but Cl radicals can play an important role in
certain environments, such as the marine boundary layer.1,17

+ +HCHO OH HCO H O2 (1)

+ +hHCHO H HCO
330nm

(2)

+ +hHCHO H CO
361nm

2 (3)

The UV spectrum of formaldehyde is highly structured.18−21

The electronic dipole forbidden S1 ← S0 transition becomes
allowed through vibronic coupling at wavelengths starting at
380 nm.18 The quantum yields of the radical channel
(Reaction 2) and the molecular channel (Reaction 3) are
wavelength and pressure dependent. Under most tropospheric
conditions, the molecular channel is somewhat larger than the
radical channel.22

Figure 1 shows the key elementary processes for the
photoexcitation and photodissociation of formaldehyde.23−26

Reaction R1 is photoexcitation from the ground state S0 to the
singlet excited state S1. This state can undergo intersystem
crossing (ISC) to the triplet state T1 in R2, which can fall apart
into the radical products H and HCO in reaction R3.
Alternatively, S1 itself can fall apart into the radical products via
R4. The S1 state could undergo internal conversion (IC) to
form a vibrationally hot molecule on the ground state surface,

via R5, written S0(ν*). This state could decay into the radical
products in R6. Experiments have shown that the molecular
products CO and H2 are only produced from the S0 surface in
R7, at energies above a threshold corresponding to a photon
wavelength shorter than 360 nm. The molecular products can
also be formed in a process that begins in the radical channel.
A hydrogen atom travels around the carbonyl group and
abstracts hydrogen from the formyl radical, bypassing the
transition state for the molecular product.27 This minor path
has not been included in this study. Finally, the three processes
R8, R9, and R10 represent collisional quenching of S0(ν*), S1
and T1 respectively. The rate of energy transfer depends on the
density of states and therefore the isotopic composition and
internal energy, and for R10, the coupling between T1 and S0.

The model was run at 1030 mbar and average sea level
actinic flux at the coordinates of EUPHORE the 17-06-2007
from 8:00 to 12:00.

Isotopic analysis can provide insight into many atmospheric
mechanisms, as trace gas sources have distinguishable isotopic
abundances and production and loss mechanisms have unique
isotopic fractionations. Isotopic substitution changes vibra-
tional frequencies, thereby changing zero point energies,
impacting the activation energy, partition functions, the
probability of reaction and the density of states. Clearly,
there are also mass and symmetry dependent changes in
reaction dynamics. Isotopic substitution results in changed
rates of the elementary processes shown in Figure 1 and
thereby different lifetimes for the excited states of the
isotopologues. The kinetic isotope effects (KIEs) in the
photolysis of formaldehyde under ambient conditions, for
DCHO, DCDO, H13CHO and HCH18O, have been
determined in several studies and are summarized in Table
1. Gratien et al.19 found that the isotopic changes in the
integrated UV absorption cross sections of formaldehyde and
its deuterated species (i.e., positions and intensities of
vibrational structure components convoluted with the
excitation spectrum) are equal within the experimental
uncertainty; however, the differences in the vibronic structures
are large enough that this should be taken into account when
calculating the excitation rate (see Figure 2).

There is a significant body of research concerning the
chemical dynamics of formaldehyde photolysis. Many
processes are involved: intersystem crossing, internal con-
version, unimolecular dissociation, collisional quenching,
chemical reaction and direct dissociation.33 Initial experiments
by Houston and Moore34 indicated the presence of a long-
lived intermediate state between S1 and the CO and H2
products. However, subsequent work found that the delay
was in fact CO detection, not production. The CO product
was produced in a highly rotationally excited state, resulting in
a delay as the CO was slowly quenched.33,35 In the context of
this work, the excited state is nonetheless quite long-lived, long

Figure 1. Present understanding of the photolytic breakdown of
formaldehyde from the atmosphere. S0, S1 and T1 are electronic states,
S0(ν*) is the vibrationally excited ground state and R2 is ISC, R5 is
IC, and R8, R9, and R10 are collisional quenching.

Table 1. Summary of Previous Experimental Results for the Isotope Effects in Formaldehyde Photolysis at Atmospheric
Pressure and the Kinetic Isotope Effect, α = jlight/jheavy, Obtained Using the Model

model sunlight
Feilberg28,29

EUPHORE sunlight
Nilsson30

EURPHORE sunlight
Röckmann3

SAPHIRE Sunlight
Rhee5 Duran

sunlight model UVA
Nilsson31,32

quartz UVA

HCDO 1.319 ± 0.132 1.58 ± 0.03 1.63 ± 0.03 2.50 ± 0.17 1.383 ± 0.138 1.75 ± 0.1
DCHO 1.610 ± 0.161 1.735 ± 0.174
DCDO 2.186 ± 0.219 3.003 ± 0.607 3.15 ± 0.08 2.682 ± 0.268 3.16 ± 0.03
H13CHO 1.007 ± 0.101 1.195 ± 0.334 1.012 ± 0.101
HCH18O 0.999 ± 0.100 1.205 ± 0.338 0.999 ± 0.100
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enough for intersystem crossing and internal conversion to
take place. In their predissociation model, Yeung and Moore36

found the behavior of formaldehyde to be consistent with a
two-step process wherein the excited state is more strongly
coupled to the continuum than to the ground state. Using
Stark level-crossing spectroscopy, Polik et al.37 found that S1−
S0 coupling matrix elements vary from 3.5 × 10−7 to 4.7 × 10−5

cm−1 showing that the behavior of neighboring eigenstates can
vary dramatically. They found that the barrier height for
unimolecular dissociation on the S0 DCDO surface is 335 ±
3.4 kJ/mol (331 ± 3.3 kJ/mol for HCHO). In an analysis of
the thermal dissociation of formaldehyde, Troe found a barrier
of E0,1 = 342 ± 0.5 kJ/mol.38 A molecular beam experiment by
Ho et al.35 excited HCHO near the S1 origin. Detection of CO
gave strong support to the sequential coupling model for fast
nonradiative decay of S1 states through broadened S0 levels to
the continuum. Similarly, Weisshaar and Moore39 found that
the lifetimes of single rovibronic levels of S1 HCHO and
DCDO vary from 20 ns to 3.1 μs, which is explained using a
sequential decay mechanism, S1 → S0 → H2(D2) + CO. They
note that the last state could involve tunneling at lower
excitation energies. Recently, a new mechanism was described
in which vibrationally hot formaldehyde in the ground state
reacts with O2 to yield HCO and HO2.

40

Broadband photolysis, such as solar or lamp photolysis,
averages over a multitude of states. In previous work, the KIE
for broadband formaldehyde photolysis was calculated for the
S0 state using an RRKM model. This approach could only
explain roughly half of the observed isotope effect.32 In this
paper, we build a model based on elementary photochemical
processes to explain the photolytic KIE. The model predicts
the KIEs of a series of isotopologues as a function of energy,
pressure and temperature. We validate the model using all
available and new experiments, and use it to predict isotope
effects under a wide range of conditions.

In the following three sections, we provide the experimental,
computational and theoretical details. We then present the
results and discussion, followed by the prediction made with
the model, and finally, offer our conclusions.

■ EXPERIMENTAL DETAILS
Photolysis experiments were carried out in a multipass cell
from Infrared Analysis, Inc. with a volume of 2.3 L and an
analytical path length of 13.40 m. A UV-transparent window

was installed at the top of the cell where an Eimac xenon lamp
was mounted. The emission spectrum of the lamp is shown in
Figure 2 (dotted line). The cell was mounted in a Vertex 70
Fourier Transform Infrared (FTIR) spectrometer. The infrared
spectra were obtained by averaging 60 interferograms with a
spectral resolution of 0.50 cm−1, an aperture setting of 6 mm, a
scanner velocity of 60 kHz (9.5 mm/s) and a liquid-nitrogen-
cooled InSb detector.

The relative photolysis rates of HCHO versus DCHO,
DCDO, H13CHO or HCH18O were determined at nominal
total pressures of 50, 200, 500, and 1000 mbar using N2 as bath
gas. Gas-phase samples were prepared by heating paraformal-
dehyde, and transferred to the photolysis cell using a gas line.
Paraformaldehyde-18O was synthesized from paraformaldehyde
(natural isotopic abundance) and 18O-labeled water, using the
rapid exchange

+ FHCHO H O CH (OH)2 2 2 (4)

Paraformaldehyde and 18O-labeled water (Campro Scien-
tific, >95 atom % 18O) were attached to the gas line where the
18O-labeled water was placed in a cold trap containing liquid
nitrogen. The paraformaldehyde was heated, and the resulting
gas-phase formaldehyde was captured in the cold trap with the
18O-labeled water. The sample was closed off from the gas line,
the cold trap was removed and the solution was allowed to
equilibrate for 24 h, after which the water vapor was pumped
off, leaving 18O-labeled paraformaldehyde.

Approximately 0.7 mbar of HCHO and a substituted
isotopologue were introduced into the cell, which was then
filled with bath gas to the desired total pressure. The multipass
cell was closed off, and a spectrum was taken in the range
600−10,000 cm−1. The light source was then turned on in five-
minute intervals, followed by recording spectra for a total of at
least 45 min, except for HCHO/DCHO, which was
determined at a single point after 30 min of irradiation. The
peaks used for analysis were the C�O overtones located
between 3380 and 3540 cm−1. Using the subtraction tool in
the software program OPUS,41 the spectrum after light
exposure was manually subtracted from the spectrum before
exposure, yielding the extent of reaction. The relative rates
could thus be determined using

= [ ] [ ]
[ ] [ ]

j
j

R R
R R

ln( / )
ln( / )

t

t

0

0 (5)

Figure 2. Absorption cross-section, σ, of HCHO (green), DCHO (blue) and DCDO (red) from Gratien et al.,19 emission spectrum of Eimac
xenon lamp (dotted line), emission spectrum of UV-A Osram Eversun lamp (dashed line) used by Nilsson et al.,31,32 and solar spectrum at ground
level (black).
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where j and j′ are the photolysis rates of HCHO and an
isotopologue, [R]0 and [R]t are the concentrations of HCHO
at time 0 and at time t, and similarly for the isotopologue.

■ COMPUTATIONAL DETAILS
Geometry optimizations and frequency calculations were
performed for the reactants, transition states and products
for reactions R2−R7 (see Figure 3) for the following
isotopologues: HCHO, HCDO, DCHO, DCDO, H13CDO,
D13CHO, H13CHO, HCH17O, HCH18O, H13CH17O and
H13CH18O. Two distinct reaction pathways exist for the
monodeuterated isotopologues, where either the hydrogen
(HCDO/H13CDO) or the deuterium (DCHO/D13CHO)
dissociates or initiates the transition states and have thus
been treated as two distinct isotopologues. The frequencies
and zero-point vibrational energies of the S0 state were
calculated with CCSD(T)42/aug-cc-pVTZ,43,44 the S1 state
with ωB97X-D45/aug-cc-pVTZ and the T1 state with
CASPT246,47/aug-cc-pVTZ. The CCSD(T) and CASPT2
calculations were performed using Molpro, 2020.2,48 and the
density functional theory calculations were performed using
Gaussian 16.49 The vibrational frequencies for HCHO were in
good agreement with previous findings.23−26 The averages of
the excitation energies and energy barriers from the
literature23−27,33,50−58 were used and modified with the zero-
point vibrational energies for the isotopologues determined in
this study. Energy barriers, zero point energies, geometries and
vibrational frequencies are available as electronic Supporting
Information. The spin−orbit integrals were calculated for a
ωB97X-D3(BJ)59/cc-pVTZ-optimized geometry of formalde-
hyde in vacuum to obtain the relevant spin−orbit coupling
(SOC) value. The SOC was also computed using ωB97X-
D3(BJ)/cc-pVTZ and was determined to be 0.007605 eV.
Both the geometry optimization and SOC calculations were
performed using ORCA (Release 5.0.1).60

■ THEORY
The reaction rate coefficients for R3, R4, R6 and R7 (see
Figure 1) have been determined as functions of wavelength

using Rice−Ramsperger−Kassel−Marcus (RRKM)
theory.61−64 For a molecule with s oscillators with frequencies
νi, the sum of states, G(E), is given by65

= +
! =

G E
E aE

s h
( )

( )s

i
s

i

z

1 (6)

where Ez is the zero-point energy, and a has the limits of 0 and
1 for E → 0 and E → ∞, respectively. It is a function of E′ =
E/Ez and the dispersion in the molecular vibrational
frequencies

= =a E s
s

1 ( ),
1 2

2 (7)

where

= [ + + ]
< <

E E

E

5.00 2.73( ) 3.51

(0.1 1.0)

0.50 1

(8)

= [ ] < <E Eexp 2.4191( ) (1.0 8.0)0.25 (9)

The density of states, N(E), is obtained by differentiating the
sum of states G(E)

= +
! =

Ä
Ç
ÅÅÅÅÅÅÅÅÅ

É
Ö
ÑÑÑÑÑÑÑÑÑ

N E
E aE

s h
E

E
( )

( )
( 1)

1
d ( )

d

s

i
s

i

z
1

1 (10)

The RRKM rate coefficient K(E) is then given by

=k E
h

G E
N E

( )
1 ( )

( )v (11)

where G(E⧧) is the sum of states for the active degrees of
freedom in the transition state, excluding the reaction
coordinate, and N(Ev) is the density of states for the active
degrees of freedom in the reactant.

The relative rates of ISC (R2) and IC (R5) are determined
using Fermi’s Golden Rule,66 assuming that the coupling only
depends on the density of states. The density of states was
calculated for each isotopologue and used to correct
experimentally determined rates of ISC and IC67,68

Figure 3. Stationary state energies for HCHO, TS is “transition state”. The energies are averages from literature values.23−27,33,50−58 The S0(ν*)
state is marked with dashed lines, as the energy is dependent on the incoming energy. The yellow bars illustrate the energy of the light available in
the stratosphere and troposphere.
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= ×k k
N E

N E

( )

( )
v

v
model,isotopologue exp ,HCHO

heavy

light (12)

The tunneling coefficients for R3, R4 and R7 were calculated
using the 1D Eckart tunneling approach, where the
Schrödinger equation is solved for an asymmetric one-
dimensional Eckart potential.69 For R3 and R4, the imaginary
frequencies were calculated using ωB97X-D/aug-cc-pVTZ,
and the energy barriers were taken from the litera-
ture.23−26,33,50−55 The R7 tunneling coefficients were deter-
mined based on ωB97X-D/aug-cc-pVTZ intrinsic reaction
coordinate (IRC) path geometries and energies, and were
found to be insignificant. The tunneling coefficients were
calculated for each reaction and for each isotopologue at five
different temperatures: 288, 223, 218, 252, and 272 K,
corresponding to 0, 10, 20, 30, 40, and 50 km altitude.1

The collisional vibrational relaxation rates of the S0, S1 and
T1 states, kR8 − kR10, were determined as functions of altitude
by calculating the collision frequency. This involved assuming
perfect gas behavior, that HCHO and N2 have ellipsoidal
shapes, and that every collision will result in sufficient loss of
energy for the remaining reactions to be unable to occur.
These rates have all been adjusted according to the difference
in density of states relative to that of the ground state HCHO.
Thus

= × =
i
k
jjjj

y
{
zzzzz

N E

N E
p

kT
RT( )

( )
,

8

S

state,iso

,HCHO

rel
rel

1/2

0 (13)

where σ is the collision cross-section of the molecules, νrel is
the relative velocity and μ is the reduced mass of the
molecules. The ellipsoidal collision cross-section is related to
the spherical collision cross-section by

= ×
i
k
jjjjj

y
{
zzzzz

i
k
jjjjj

y
{
zzzzz

a
b

a
b

ln
2

ln
2spherical

ellipsoidal

1

1

2

2 (14)

where a1 and b1 are the length and width of HCHO and a2 and
b2 are the length and width of N2. These dimensions were
determined by calculating the electron density surfaces of the
molecules using Gaussian16 using ωB97X-D/aug-cc-pVTZ
and the keyword “pop = chelpg”. The collisional vibrational
relaxation rate of the T1 state was adjusted using Fermi’s
Golden Rule66 and the SOC between the T1 and S0 states

= ×k
kT

k
SOC

4 ( )
TS

R10

2

2 R8
1 0

(15)

The rates for each isotopologue and each reaction were
determined as a function of energy, corresponding to excitation
wavelengths from 250 to 360 nm. As R2−R4 require an
excitation to the S1 state prior to reaction, the excitation energy
of 337 kJ/mol was subtracted from the incoming energy. The
experimental IC and ISC rates were approximated as being
independent of energy, while the density of states was
determined as functions of energy and used to adjust the IC
and ISC rates. The unimolecular rates found for R7 are in
agreement with the range of values found by Troe.70

The quantum yields, Φ(E), of the entire process presented
in Figure 1 can then be determined for the radical and
molecular channels, as well as quenching to the S0 state. This is
done with the microcanonical reaction rates, k(E), where the
rates are functions of energy
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where

= + + [ ]*N k k k MS 6 7 80 (19)

= + + + [ ]N k k k k MS 2 4 5 91 (20)

= + [ ]N k k MT 3 101 (21)

The photolysis rate of an isotopologue is then found by
multiplying the combined quantum yields of the radical and
molecular channels with the absorption cross-section and light
flux and integrating over the entire wavelength range

= +j F( )( ( ) ( ))d
250

360

R M (22)

Gratien et al.19 have determined the absorption cross-section
for DCHO and DCDO and the absorption cross sections for
the remaining isotopologues have been approximated as that of
HCHO. Thus, the KIE, α, of each isotopologue can be
determined using the following equation

= j
j (23)

Figure 4. Relative rate experiments of HCHO versus DCDO, H13CHO and HCH18O at 50, 200, 500, and 1000 mbar pressure.
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where j is the photolysis rate of HCHO and j′ is the photolysis
rate of a given isotopologue. The solar fluxes used throughout
this paper have been modeled using the SMARTS2 (Version
2.9.2) Simple Model for Atmospheric Radiative Transmission
of Sunshine of Gueymard.71,72 All spectra are modeled under
the conditions of the Reference Air Mass 1.5 Spectra, unless
stated otherwise.

■ RESULTS AND DISCUSSION
Experiments. The experiments were repeated three times

at each pressure for DCDO, H13CHO and HCH18O. Less
sample was available for DCHO; so these experiments were
performed only once as single point determinations. The
relative reaction rates for each experiment as well as all
experiments at each pressure combined can be seen in Figure 4
and Table 2. For DCHO, jHCHO/jDCHO was determined to be

1.123 ± 0.030, 1.130 ± 0.020, 1.176 ± 0.011 and 1.166 ±
0.016 at 50, 200, 500, and 1000 mbar. The slopes and
uncertainties were determined using a bivariate method
presented by Cantrell,73 where the uncertainties of the x-
and y-values are based on the signal-to-noise ratio of the FTIR
spectra and error propagation methods.

Figure 4 shows a pressure dependence for all species, where
the KIEs increase with increasing pressure. However, this effect

is only statistically significant for all species when comparing
50 mbar to 500 and 1000 mbar, as well as for 200 mbar
compared to 1000 mbar for HCH18O, see Table 2. The
pressure dependence is smaller than that observed in previous
experiments, due to the difference in lamp emission
spectra.31,32 Residual plots were made for each pressure, as
well as each experiment for DCDO, H13CHO and HCH18O, to
investigate whether there are any systematic trends. No
systematic residuals were found, see Supporting Information.
RRKM Model. The RRKM model is validated by

comparison to experimental data from this study and from
Nilsson et al.,31,32 (see Figure 5), which cover different
excitation spectra and pressures, and using actinic flux at sea
level and atmospheric pressure (see Figure 6). The xenon lamp

allows investigation of high excitation energies, and the UVA
lamp, low excitation energies. For the monodeuterated
compounds, the model yields a range of KIEs, bounded by
hydrogen (1H) or deuterium (2H) transition states, see the two
dashed blue lines in Figure 5 A and the two dashed purple lines
in Figure 5 B. The uncertainty of the model is estimated to be
10% and is indicated by the shaded areas in Figure 5.

The model accurately predicts the KIEs for the deuterated
species for both high and low excitation energies, and the
results are within mutual uncertainties under most conditions.
Furthermore, it accurately simulates the pressure trends at
both high and low excitation energies. For an excitation
spectrum relatively stronger at high energies the model
systematically overestimates the KIEs (see Figure 5A). For

Table 2. Experimental Relative Rates, jHCHO/jDCDO, jHCHO/
jH13CHO and jHCHO/jHCH18O, at Different Total Pressures

pressure/mbar jHCHO/jDCDO jHCHO/jH13CHO jHCHO/jHCH18O

50 1.259 ± 0.075 1.044 ± 0.023 1.029 ± 0.011
50 1.268 ± 0.067 1.038 ± 0.012 1.022 ± 0.010
50 1.281 ± 0.035 1.044 ± 0.014 1.028 ± 0.010
50all 1.273 ± 0.034 1.042 ± 0.010 1.027 ± 0.006
200 1.386 ± 0.042 1.078 ± 0.016 1.043 ± 0.019
200 1.393 ± 0.300 1.072 ± 0.020 1.044 ± 0.021
200 1.404 ± 0.195 1.074 ± 0.030 1.043 ± 0.021
200all 1.388 ± 0.126 1.075 ± 0.012 1.044 ± 0.011
500 1.399 ± 0.067 1.087 ± 0.019 1.056 ± 0.018
500 1.396 ± 0.081 1.082 ± 0.023 1.052 ± 0.020
500 1.413 ± 0.196 1.085 ± 0.028 1.058 ± 0.008
500all 1.401 ± 0.051 1.085 ± 0.013 1.056 ± 0.009
1000 1.419 ± 0.087 1.114 ± 0.059 1.087 ± 0.034
1000 1.428 ± 0.181 1.096 ± 0.020 1.075 ± 0.020
1000 1.422 ± 0.249 1.097 ± 0.019 1.078 ± 0.024
1000all 1.418 ± 0.108 1.102 ± 0.022 1.080 ± 0.013

Figure 5. Modeled KIEs (dashed lines) compared to experimental KIEs (fully drawn lines) from this study, (A,C), and from Nilsson et al.,31,32 (B).
For DCHO the model will present a range for the KIE, where the lower boundary is the hydrogen (1H) dissociating or initiating transitions states
and the upper boundary is for deuterium (2H) as the active atom. The KIE of DCHO has only been determined experimentally as single points in
this study and is distinguished with an ×. The uncertainty of the model is estimated as 10% and is represented by the shaded areas.

Figure 6. Modeled (blue) and experimental KIEs (orange) for
DCHO, DCDO, H13CHO and HCH18O at 1030 mbar pressure and
sea level actinic flux and UVA lamp if indicated. Experimental values
are presented in Table 1.
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excitation biased to lower energies the model overestimates at
low pressure and underestimates at high pressure (see Figure
5B).

While the modeled KIEs for H13CHO and HCH18O are
consistently lower than the experimental values determined in
this study and by Feilberg et al.,29 they are within mutual
uncertainties (see Figures 5C and 6). The systematic
underestimation for these species could be due to non-
RRKM behavior. The RRKM model is a statistical model that
assumes that all states at a given energy are equally probable.
However, the initial excitation is limited to an area of phase
space corresponding to the Franck−Condon region and will
approach the stochastic limit at a rate that may be slow relative
to the lifetime of the species. The rate of randomization of the
energy will depend on the internal motion of the system, which
in turn is linked dynamically to the system’s vibrational
frequencies and symmetry. Clearly, isotopic substitution will
change the vibrational frequencies. A heavier system with lower
vibrational frequencies, higher vibrational quantum numbers
and higher density of states will typically have faster
randomization of the energy and will therefore have smaller
deviations from the RRKM limit. A greater degree of non-
RRKM behavior is expected for isotopically light systems. In
addition, monodeutero systems will be better at randomizing
energy than H2 or D2 isotopomers.

Inspection of the RRKM model results for the separate
reactions can show why the pressure trends occur and which
conditions will lead to the largest effects. Figure 7 shows the

calculated ranges of each reaction rate as functions of pressure,
excitation energy and isotopic composition, with the
competing reactions of the S1 state above the x-axis, the
competing reactions of the S0(ν*) state below the x-axis and
the collision rate for the S0 state in red, the S1 state in green
and the T1 state in blue. A low excitation energy will result in a
larger overlap between R6, R7 and R8. This will result in more
competition between collisional quenching and dissociation of
the S0(ν*) state, which explains why a larger pressure effect is
observed in Nilsson et al.,31,32 than in this study (see Figure 2
for the lamp emission spectra). Furthermore, a heavier
molecule will further increase the overlap between R6, R7
and R8, resulting in more competition, explaining the much
larger pressure effect for DCDO than for DCHO seen in
Figure 5 B.

This model is not suited to evaluate the wavelength
dependence of the radical and molecular quantum yields.
The system should be explored with reaction molecular
dynamics calculations to establish any missing parts of the
mechanism, as well as any other significant contributions to the
quantum yields. For these investigations, we plan to perform
ab initio multiple spawning (AIMS)74−76 interfaced with the
TeraChem electronic structure program.77−81

Predictions. Photochemical formation via formaldehyde is
an important source of CO and H2�the two molecules that
are formed in the molecular channel. Thus, isotope effects
associated with formaldehyde photolysis have implications for
the isotopic composition of these compounds; but the effects
for the reactant and the product combined have rarely been
studied together.

Having validated the model against all existing experimental
data, we use it to predict the KIEs for the single and doubly
deuterated species as functions of altitude (see Figure 8). As
the model has been validated against both variations in
pressure and light flux, it can be confidently used for this
purpose. Modeling studies and measurements show increasing
deuterium enrichment in molecular hydrogen with altitude,
apparently due to altitude-dependent deuterium fractionation
in the photochemical source of molecular hydrogen, i.e.,
formaldehyde photolysis.82−85 This is in line with the observed
pressure trends found in this study and by Nilsson et al.31,32

However, the model shows that while the pressure effect is the
main cause of the altitude dependence, observations at
altitudes greater than 20 km can only be explained by also
accounting for changes in the spectral distribution of sunlight.

Additionally, we suggest the model can be used to constrain
the fraction of formaldehyde that deposits. The IPCC’s Sixth
Assessment Report (AR6)13 reports the direct and indirect
radiative forcing of methane. The indirect radiative forcing is
calculated by taking into account consequences of methane to
atmospheric composition, such as formation of additional
photochemical ozone, and CO2 arising from CH4 oxidation.
The report assumes that 75% of methane is converted into
CO2, while 25% is lost for example via depostion of
formaldehyde, the important intermediate in the conversion
of CH4 to CO2. This approach builds on the Fifth Assessment
Report (AR5),86 which first included this indirect effect in its
Global Warming Potential (GWP) and Global Temperature
Potential (GTP) metrics for methane. If true, the deposition of
formaldehyde to the surface is potentially a large carbon sink
and one with important consequences. We note, however, that
most OH is produced (and so, most CH4 oxidized) in the
middle and upper troposphere near the equator, far from the
surface. This would suggest that 25% loss to deposition could
be too high. An additional factor could be the loss of
formaldehyde to aerosol particles, where it can become part of
organic polymers.87 A simple box model calculation with the
isotope effects identified in this study, combined with field
measurements of the abundance of 13C and 18O in carbon
monoxide, could be used as an independent means of
estimating the fraction of formaldehyde that is deposited.

■ CONCLUSIONS
The dependence of the relative rates of photolysis of H13CHO,
HCH18O, DCHO and DCDO on pressure has been
investigated experimentally. The trends due to pressure are
in agreement with previous studies31,32 but cannot be directly

Figure 7. Range of reaction rates for the individual elementary
reactions in formaldehyde photolysis. Competing reactions of S1
(above x-axis), S0(ν*) (below x-axis) and collisional quenching (S0
in red, S1 in green and T1 in blue). The rates have been determined as
functions of pressure (1−1030 mbar) and photon energy (250−360
nm). The extremes of the range of rates are found for DCDO and
HCHO with other isotopologues in between. The threshold energy
for each reaction is shown in kJ/mol for HCHO.

The Journal of Physical Chemistry A pubs.acs.org/JPCA Article

https://doi.org/10.1021/acs.jpca.4c07516
J. Phys. Chem. A XXXX, XXX, XXX−XXX

G

https://pubs.acs.org/doi/10.1021/acs.jpca.4c07516?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.4c07516?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.4c07516?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.4c07516?fig=fig7&ref=pdf
pubs.acs.org/JPCA?ref=pdf
https://doi.org/10.1021/acs.jpca.4c07516?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


compared due to the difference in spectral distribution of the
excitation sources.

The RRKM model is in excellent agreement with all
experimental values and is within mutual uncertainties under
most conditions. Furthermore, it accurately simulates the
pressure trends at both high and low excitation energies. To
further improve the model, the reaction paths need to be
examined in greater detail. We plan to do this by performing ab
initio multiple spawning trajectorie interfaced with the
TeraChem electronic structure program.

The model shows that the measured altitude-dependent
deuterium enrichment in molecular hydrogen cannot be
explained solely by the effect of pressure but must also include
the wavelength dependence, especially at altitudes higher than
20 km.
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