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State-resolved photodissociation dynamics of formaldehyde-d2, i.e., D2CO, at energies slightly above the
deuterium atom elimination channel have been studied both experimentally and theoretically. The results
showed a clear bimodal distribution of energy into molecular photofragments. Substantial translational excitation
of products at high rotational levels of CO was observed together with the D2 cofragment in moderately
excited vibrational levels, whereas rather small translational energy release of CO in low rotational levels
was matched by a large degree of vibrational excitation in the D2 molecule. An analogous distribution of
energy in two distinct channels has been recently observed under similar conditions in H2CO photolysis and
attributed to two different dissociation pathways, namely, a pathway via the conventional transition state
geometry and the previously unobserved pathway, deemed “roaming”. Our experimental and theoretical data
indicated that the same two dissociation pathways were responsible for the bimodal energy distribution into
the molecular fragments resulting from the photolysis of D2CO. Energy partitioning into molecular products
was compared between photolysis of H2CO and D2CO at energies slightly above the H/D atom abstraction
threshold.

I. Introduction

State-to-state dynamics of unimolecular decomposition of
formaldehyde and its isotopologue D2CO has been studied in
great detail by the Moore group in Berkeley.1-5 One of the most
intriguing phenomena that eventually captured our interest in
these molecular systems was the appearance of two distinct
pathways of energy partitioning into the molecular photofrag-
ments6 after excitation at or above the energy of the radical
channel (1) and subsequent fast internal conversion (IC):

The first molecular pathway is attributed to decomposition
of formaldehyde to closed shell molecular products (2) on the

ground state potential energy surface (PES) and is successfully
explained by transition state theory (TST).7 The geometry of
the transition state (TS) complex dictates the energy partitioning
into the molecular fragments leading to highly rotationally
excited CO and low degrees of vibrational excitation in H2. This
pathway opens at the excitation energies near or above the TS
barrier and, due to this rather high barrier, significant transla-
tional energy release is observed, characteristic of the dissocia-
tion of the closed shell precursor to the closed shell products.

Van Zee et al.6 were the first to report that at the excitation
energy roughly equal or above the opening of the radical channel
(1) a small shoulder at very low rotational levels appeared in
addition to the dominant highly excited CO rotational distribu-
tion originating from the “conventional” TST molecular channel
(2). The authors ascribed the observed bimodal energy distribu-
tion into CO fragments to either anharmonicity of the TS at the
energies near the opening of channel (1) or to the existence of
a second fragmentation path (3) accessed through the channel
(1). Recently, the Suits group8-15 examined this interesting
phenomenon using a DC-slice velocity map imaging approach
and achieved sufficiently resolved velocity distributions of each
quantum state of CO fragment to correlate it with fully resolved
vibrational and a partially rotationally resolved structure of the
H2 cofragment. The resulting state-correlated data revealed that,
in addition to drastically different rotational energy partitioning,
bimodality in overall translational energy of the photofragments
and, therefore, vibrational energy in the H2 cofragment was
always present once the excitation energy becomes comparable
to or higher than the H atom elimination channel (1). This data,
combined with the Bowman group’s QCT calculations8 served
as very compelling evidence of the non-TST photodissociation
pathway (3) of formaldehyde, where, in the course of hydrogen
atom elimination, some H atoms stay in the vicinity of HCO
fragment and “roam” on the flat ground state PES of formal-
dehyde until they find favorable geometry to abstract another
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hydrogen atom from HCO. Because of the nature of the long-
range interactions of the roaming H atom with HCO cofragment
and the strongly exoergic H abstraction reaction, the resulting
H2 is highly vibrationally excited, and the energy partitioned
into translational and rotational motions of the molecular
fragments is rather small.

There are no a priori criteria limiting roaming events to
relatively simple systems like formaldehyde or to the roaming
of an H atom only. Indeed, recent velocity map-imaging studies
of photodissociation dynamics in acetaldehyde16 and acetone17

also yielded bimodal distribution of molecular photofragments
closely resembling the one observed in the roaming behavior
of the formaldehyde system. In these cases it is the CH3 radical
that is speculated to participate in roaming events. However,
the complexity of the studied molecules precludes the possibility
of obtaining fully state-correlated data, so the evidence for
roaming dynamics is not as compelling as for formaldehyde.
Nevertheless, the latest experimental investigation of dissociation
dynamics of acetaldehyde by Heazlewood et al.18 revealed
additional evidence supporting the roaming mechanism. Their
FTIR emission spectra showed that the CH4 photofragment was
in highly vibrationally excited states, just like the H2 cofragment
resulting from roaming events in formaldehyde. Moreover, the
theoretical efforts of Heazlewood et al.18 indicated that roaming
was a major pathway leading to molecular products in
acetaldehyde.

In this combined experimental and theoretical study we
present strong evidence of D atom roaming events occurring
during the D2CO photodissociation at the energies slightly above
the opening of deuterium atom elimination channel.

II. Experimental Section

The DC slice19 velocity map imaging technique was employed
to acquire the translational energy distributions of rotational state
resolved CO fragments resulting from the photolysis of form-
aldehyde-d2. This approach permits one to record a narrow slice
through the center of a three-dimensional ion cloud, directly
yielding the product velocity distributions in real time.20

The velocity map imaging apparatus has been previously
described in great detail.11,19 Briefly, formaldehyde-d2 was
generated using the procedure reported by Terentis et al.,21

seeded in 1 atm of Ar and the resulting gas mixture was
introduced into the apparatus with a pulsed piezoelectric nozzle.
In a source chamber the molecular beam underwent supersonic
expansion into a velocity imaging chamber ensuing very low
rotational temperatures on the order of 10 K. D2CO was then
photolyzed by a 319 nm laser beam generated by doubling the
output of a dye laser (ScanMate, Lambda Physik) pumped by
the second harmonic of an Nd:YAG laser (Spectra-Physics,
DCR-3). The excitation wavelength was tuned to the rR1(1)
rotational level of the 2243 vibrational band of the S1 state of
formaldehyde-d2. Rapid internal conversion to the highly
vibrationally excited ground state of formaldehyde-d2 and
subsequent dissociation leads to molecular fragments D2 and
CO. A 230 nm laser beam was introduced to resonantly ionize
the CO photofragments via the Q-branch of the (2 + 1) REMPI
B 1Σ+ (υ′)0)r X 1Σ+ (υ″)0) transition. This wavelength was
achieved by sum frequency mixing of the fundamental output
of the third harmonic of seeded YAG laser (Spectra Physics,
Quanta-Ray PRO 250) and a fundamental output of a dye laser
(Sirah, PrecisionScan) pumped by the second harmonic of the
same YAG laser. A stack of velocity focusing plates was used
to send the resulting ions to an MCP detector with a phosphor
screen. The velocity distribution images of CO ions were

recorded with a standard video camera placed behind the
phosphor screen. The images on- and off-resonance with the
ionization laser were collected for the same amount of time
under identical conditions to subtract a strong background signal
of CO+, dependent on both photolysis and ionization lasers and
likely arising from the dissociative ionization of D2CO. The
background was resonant with the photolysis laser and present
for all the transitions of D2CO near the opening of the radical
channel and was independent of the ionization laser wavelength.
Introducing a delay of 300 ns between the photolysis and
ionization lasers greatly reduced the nonresonant CO+ contribu-
tion but also resulted in artificial anisotropy of the images as
some ions traveling perpendicular to the laser propagation
direction had enough time to leave the ionization volume.

III. Theoretical Section

To simulate the formaldehyde-d2 fragmentation reaction,
quasiclassical trajectory (QCT) calculations were done on the
D2CO potential energy surface. A sample of 10 000 trajectories
was run at each set of total energy levels. The simulations were
initiated in a configuration where all of the atoms are in
equilibrium geometry except for one of the H-C bonds, which
is stretched. This results in a system with 5 real normal modes
and one imaginary normal mode. The motion of the atoms was
initialized by adding zero point energy to each of the normal
modes and then randomizing the phases. Then the remaining
energy was added to the imaginary normal mode. A variety of
methods for initializing the calculation have been previously
investigated and the change in results was insignificant. So, we
used this method to localize the energy in the CH vibration
and shorten the calculation time.

The geometry of the molecule was analyzed at each time step,
and if the configuration matched one of the predefined dissocia-
tion configurations, then the calculation was stopped and the
position and velocity of each atom recorded. There was also an
upper limit set on the number of time steps. If a calculation
reached the limit without achieving any of the dissociation
criteria, then the trajectory was thrown away. The upper limit
was varied to ensure that the results were not being significantly
altered by premature stopping times. After all of the simulations
were run, the final states of the trajectories were analyzed. The
internal energies of the diatomic fragments were calculated and
if the total vibrational energy was below the zero-point energy
of the fragment, then the trajectory was discarded. (Very few
trajectories fall into this category.) The remaining trajectories
were binned into quantum states by standard methods. Namely,
the classical angular momentum of each diatom was determined
and rounded to the nearest integer. Then the vibrational quantum
number was assigned by comparing the total internal energy of
the diatom to a table of exact ro-vibrational energies obtained
by solving the ro-vibrational Schroedinger equation for the
separated diatom and assigning the vibrational quantum to the
closest ro-vibrational eigenvalue for the given rotational quan-
tum number.

IV. Results and Discussion

DC sliced velocity map images of CO product in several
degrees of rotational excitation: J′′ ) 23, 28, and 55 photof-
ragmented from D2CO are given in Figure 1. Corresponding
internal energies of D2 cofragment inferred from the velocity
map images of CO along with calculated internal energies of
D2 using QCT are shown in Figure 2. In this plot, internal energy
axis was chosen rather than a “conventional” translational energy
axis to show that the rovibrational structure of D2 was
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reproducible for J′′ ) 23 and 28 and to facilitate the comparison
of the internal energies of D2/H2 products from the photodis-
sociation of D2CO and H2CO. Figure 3 presents DC sliced
velocity map images of CO product at J′′(CO) ) 28 and 45
produced through the 2241 vibrational band of the S1 state of
H2CO. Resulting internal energies of the H2 cofragment are
depicted in Figure 4. The photolysis wavelengths were carefully
chosen to facilitate the comparison of the energy partitioning
in the H2CO and D2CO systems. In the case of the D2CO
photolysis, the excess energy above the radical threshold of
D2CO22 was ∼350 cm-1, so the 2241 vibrational band of H2CO
was chosen to match that excess energy. Figures 3 and 4 clearly
show that the available energy in both D2CO and H2CO is
partitioned into the photofragments in two distinct ways. The
larger translational energy release products, correlated with D2

in vibrational levels from 0 to 5, are associated with CO in
highly excited rotational states and can be detected above as
well as below the D atom elimination channel threshold. Energy
distribution for this pathway is closely resembling the one
observed for the H2CO photolysis through the molecular channel
pathway shown in Figure 4 and is successfully described by
the TS theory.7 At the excitation energies above the D atom
elimination threshold much smaller translational energy release
products, correlated with D2 in vibrational levels from 9 to 11,
are also detected for low degrees of rotational excitation of CO.
The way the available energy partitioned into the D2 and CO
products above the D atom abstraction channel is analogous to
the one in roaming mechanism for the H2CO photodissociation.
As expected, the peak of translational energy distribution
obtained at the same degree of rotational excitation of CO from
H2CO and D2CO for both pathways is shifted to higher
vibrational quanta for D2CO due to the fact that the vibrational
frequency of H2 is roughly 1.4 times larger than that of D2.
Nevertheless, as can be seen from Figures 2 and 4, the total
internal energies of H2 and D2 fragments are roughly the same.
This observation is in agreement with the Moore group5,6 LIF
studies of the D2CO and H2CO photolysis through the 2141 and
2243 vibrational bands. They also found that the average total
internal energies of H2 and D2 are about the same. In addition,
they detected a noticeable increase in the amount of rotational
excitation of CO produced from D2CO, which was fully

Figure 1. DC sliced velocity map images of CO fragments in several
degrees of rotational excitation: J′′ ) 23, 28, and 55 from the 327 nm
photolysis through the rR1(1) rotational level of the 2243 vibrational
band of the S1 state of D2CO.

Figure 2. (Top) Internal energies of D2 cofragment inferred from the
velocity map images of CO in the rotational level J′′ ) 23 (blue line),
28 (red line), and 55 (black line). (Bottom) Internal energies of D2

predicted using QCT calculations to correlate with CO in the rotational
levels from J′′ ) 21 to 25 (red line) and from J′′ ) 53 to 57 (black
line).
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compensated by the decrease in the translational energy release.
We also observed that the J′′(CO) peaks around 55 for D2CO,
whereas for H2CO the maximum of J′′(CO) is around 40. This
is in fair agreement with Schinke’s predictions23 using the
rotational reflection principle to show that the shift of the
maximum of J′′(CO) scales with the square root of the reduced
mass when H2 is substituted by D2.

One important question in comparing H2CO and D2CO is
the relative fraction of roaming events in these two systems.
In the previous study on H2CO, our group reported that 18% of
the total molecular products were formed via roaming on the
2143 transition, just above the radical threshold.12 This result
was obtained by measuring the roaming yield on many
individual rotational levels, then scaling the results by the
rotational distribution given by van Zee et al. However,
background interference in the D2CO system has precluded
similar measurements across many rotational levels in this
system. Nevertheless, we can still estimate a lower bound for
roaming events in D2CO simply on the basis of our observation

that at J′′(CO) ) 28, all of the detected yield corresponds to
roaming-type events. If we assume that all the events for J′′(CO)
) 28 and below are roaming, and all above 28 are not, we can
simply integrate the van Zee rotational distributions (topmost
plot of Figure 3 of ref 6) to get the roaming fraction. This
estimate gives a minimum of 15% branching to roaming for
D2CO on the 2243 band. This is quite similar to the 18% seen
for H2CO at a comparable energy, and suggests that the
increased mass does not inhibit roaming significantly.

V. Conclusion

The photolysis of formaldehyde-d2 at the energies slightly
above the D-atom elimination channel threshold results in
bimodal energy distribution into the molecular fragments. DC
sliced velocity map images along with quasi-classical trajectory
simulations provide compelling evidence for the existence of a
roaming pathway for the D2CO photodissociation. The partition-
ing of energy into the photofragments is very similar for the
photolysis of H2CO and D2CO. In particular, the internal energy
of H2 and D2 fragments are roughly the same. However, there
is a noticeable increase in the degree of the rotational excitation
of CO produced from D2CO, which is fully compensated by
the decrease in the translational energy release.
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