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ABSTRACT: Despite experimental efforts spanning more than 80 years, there has been no
direct observation of free ethylidene (CH3CH), the simplest alkyl-substituted carbene. Here,
we report that ethylidene is indefinitely stable in the absence of collisions if produced in the
triplet ground state at energies below the threshold for intersystem crossing. Near-UV
photolysis of gaseous methylketene, or propenal (followed by isomerization to methylketene),
leads to CO loss producing triplet ethylidene, which is detected by photoionization mass
spectrometry. Electronically excited singlet ethylidene is also produced, rapidly undergoing
isomerization by a 1,2-hydrogen atom shift, producing highly vibrationally excited ethylene.
The measured product translational energy distributions verify the theoretically calculated
enthalpy of formation of triplet ethylidene and are consistent with a singlet−triplet energy gap
of approximately 12.5 kJ/mol.

Chemists have long been fascinated by molecules
exhibiting extreme reactivity and unconventional bond-

ing. Among the most elusive organic molecules is ethylidene
(CH3CH), with a calculated enthalpy of formation about 300
kJ/mol (∼3 eV) above ethylene (CH2CH2).

1 An early
attempt at the production of ethylidene (also called
methylcarbene), by Rice and Glasebrook in 1934, involved
the thermal decomposition of diazoethane (CH3CHN2).

2

From their study, it was concluded that if formed, ethylidene is
a transient species “of exceedingly short life”, likely isomerizing
rapidly to ethylene. Despite many experiments over the next
eight decades, there remains no direct observation of
ethylidene in the gas, liquid, or solid phases.3−10

As the simplest carbene capable of isomerization by a 1,2-
hydrogen atom shift, ethylidene holds special importance as a
prototypical short-lived species in organic chemistry.3−11 It is
thought to be produced from reactions of oxygen atoms with
unsaturated hydrocarbons12 and is initially formed by insertion
of C(1D) into CH4.

13 Ethylidene has also been observed as a
chemically bound species in surface chemistry experiments14

and as a ligand in transition-metal complexes.15

The stability of ethylidene and the prospects for its
observation have been topics of considerable interest.3−10

Although early theoretical studies suggested an isomerization
barrier of 0 kJ/mol,1,16,17 i.e., that singlet ethylidene is a
transition state for hydrogen scrambling in ethylene, some
subsequent studies indicated that ethylidene represents a true
local minimum on the singlet C2H4 potential energy
surface.5−10

Several previous experiments have provided indirect
evidence for ethylidene’s existence. Seburg and McMahon

photolyzed diazoethane in low temperature (8 K) inert gas
matrices and suggested that a fraction of nascent ethylidene
could be trapped through reaction with CO, prior to
isomerization.3 Similarly, in experiments involving the
photolysis of deuterated 3-methyldiazirine in pentane solutions
containing pyridine, Modarelli and Platz observed an ethyl-
idene-d4-pyridine ylide formed through a bimolecular addition
reaction.4

Unlike most molecules, carbenes possess two nearby low-
lying electronic states of different spin multiplicities, singlet
and triplet, exhibiting distinct chemical and physical proper-
ties.18−20 Although no experimental values exist for the
enthalpies of formation for the singlet or triplet states of
ethylidene, theoretical calculations predict that the singlet lies
∼12.5 kJ/mol above the triplet ground state.1,21 In contrast to
electronically excited singlet ethylidene (1CH3CH), the height
of the potential energy barrier for 1,2-H atom migration in
triplet ethylidene (3CH3CH) to produce “twisted triplet
ethylene” has been calculated to be large (∼180 kJ/mol).1,22

However, due to the close energetic proximity of the excited
singlet state, it has been suggested that rapid intersystem
crossing to the singlet surface could render observation of
triplet ethylidene impossible.17

Received: October 31, 2020
Accepted: November 24, 2020
Published: December 3, 2020

Letterpubs.acs.org/JPCL

© 2020 American Chemical Society
10476

https://dx.doi.org/10.1021/acs.jpclett.0c03282
J. Phys. Chem. Lett. 2020, 11, 10476−10481

D
ow

nl
oa

de
d 

vi
a 

H
 D

av
is

 o
n 

A
ug

us
t 1

5,
 2

02
1 

at
 1

6:
43

:5
6 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sagnik+Datta"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="H.+Floyd+Davis"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpclett.0c03282&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c03282?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c03282?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c03282?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c03282?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c03282?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/jpclcd/11/24?ref=pdf
https://pubs.acs.org/toc/jpclcd/11/24?ref=pdf
https://pubs.acs.org/toc/jpclcd/11/24?ref=pdf
https://pubs.acs.org/toc/jpclcd/11/24?ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acs.jpclett.0c03282?ref=pdf
https://pubs.acs.org/JPCL?ref=pdf
https://pubs.acs.org/JPCL?ref=pdf


The near-UV photodissociation of ketene (CH2CO)
producing both singlet and triplet methylene (CH2) plus
carbon monoxide (CO) has been studied extensively, both
theoretically23 and experimentally.20,24 By analogy, electronic
excitation of methylketene might be expected to produce
CH3CH + CO. Early kinetics studies revealed that C2H4 + CO
were among the primary stable products and that ethylidene is
likely formed initially.25 Although methylketene can be readily
synthesized, it spontaneously dimerizes on a time scale of
hours at −60 °C, rendering experiments requiring long data
accumulation times quite difficult. This prompted our
investigation of the photodissociation of propenal (CH2
CHCHO, also known as acrolein), an isomer of methylketene,
which has only been studied previously at higher excitation
energies.26−30

We carried out parallel studies of the photodissociation of
gaseous methylketene and propenal, using photofragment
translational energy spectroscopy, at several UV excitation
wavelengths. The theoretically calculated adiabatic ionization
energy of ground state triplet ethylidene, yielding a parent ion
at m/e = 28, is 8.51 eV.21 This is much lower than the
ionization energies of ethylene (10.5 eV) or carbon monoxide
(14.0 eV), which also yield parent ion signals at m/e = 28.
A gaseous molecular beam, containing the parent molecule

diluted (∼2%) in helium, was crossed by a pulsed UV laser in a
rotatable source crossed molecular beams apparatus.31−33 The
neutral recoiling photofragments drift ∼15 cm out of the beam
to a mass spectrometer detector (P < 1 × 10−10 Torr), where
they are photoionized at either 8.8 or 9.9 eV using a high-
intensity pulsed laser, mass selected, and counted. This
provides a nearly background-free means for detection of
ethylidene.
In Figure 1, the time-of-flight (TOF) spectra for photo-

dissociation of methylketene at 355.1 nm, with the beam
source angle set at 10° from the detector axis, are shown as
solid dots. The superimposed solid lines are simulated TOF
spectra, calculated using the indicated translational energy
distributions [P(E)] and known apparatus parameters (see
Supporting Information). Applying the law of conservation of
energy to the photodissociation of methylketene, the total
energy of the excited parent molecule in excess of the
dissociation energy must be channeled into internal energy
(rotational, vibrational, and electronic) of the CH3CH + CO
products and into relative translational energy.20

As illustrated in Figure 2, electronically excited (S1)
methylketene can undergo intersystem crossing to the lowest
triplet state (T1), either directly or via S0, which dissociates
over a small potential energy barrier27 to produce 3CH3CH +
CO. The high translational energy component of the m/e = 28
TOF spectra (Figure 1, blue line) corresponds to stable
3CH3CH detected as the parent ion (CH3CH

+) at m/e = 28
using 8.8 or 9.9 eV photoionization, or to a very minor extent
as m/e = 26 (C2H2

+) daughter ions at 9.9 eV.
A second photodissociation channel was observed, yielding

products detected at m/e = 28 or 26 with lower translational
energies and distinctly different photoionization characteristics,
simulated with orange lines in Figure 1. Products from the
second channel are very weakly detectable at m/e = 28 using
8.8 eV photoionization, but they are observed at 9.9 eV at m/e
= 28 and also yield very strong daughter ion signals at m/e =
26. By analogy to the well-studied production of singlet
methylene from ketene photodissociation,23,24 this second
channel is attributed to formation of electronically excited

singlet ethylidene. The singlet and triplet ethylidene channels
both contribute to all of the TOF spectra in Figure 1; only the
relative contributions differ. The singlet ethylidene products
undergo a 1,2-H atom shift to form highly vibrationally excited
(∼3 eV) ethylene, which is the corresponding final product
detected in the experiment. Although the ionization energy of
vibrationally cold ethylene is 10.5 eV, due to the high level of
vibrational excitation (∼3 eV) imparted to ethylene from the
1,2-H atom shift, photoionization proceeds readily at 9.9 eV,
producing C2H4

+ parent ions detectable at m/e = 28 and a
significant yield of C2H2

+ secondary daughter ions (m/e = 26)

Figure 1. Upper: TOF spectra (10°) for indicated product masses
from 355.1 nm photodissociation of methylketene. Solid black dots
are experimental data; blue lines are calculated TOF spectra for
3CH3CH + CO, and orange lines are for 1CH3CH + CO channels.
Red lines are the overall calculated TOF spectra. Lower: P(E)
distributions for the two corresponding product channels that are
used to calculate the TOF spectra. Emax values are calculated
maximum translational energies based on known photon energy and
theoretically calculated enthalpies of formation of methylketene and
products.
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via H2 elimination. Photoionization of vibrationally excited
ethylene is relatively inefficient at 8.8 eV.
The maximum theoretical product translational energies

(Emax) for
3CH3CH + CO (34.5 kJ/mol) and 1CH3CH + CO

(22.0 kJ/mol) were calculated from the known photon energy
and theoretically calculated enthalpies of formation of
reactants and products.21 For the calculations we used ΔHf°
= 361.35 ± 0.76 kJ/mol (0 K) for triplet ethylidene, ΔHf° =
373.80 ± 0.87 kJ/mol (0 K) for singlet ethylidene, ΔHf° =
−55.3 ± 1.2 kJ/mol (0 K) for propenal, ΔHf° = −54.7 ± 1.1
kJ/mol (0 K) for methylketene, and ΔHf° = −113.803 ± 0.026
kJ/mol (0 K) for carbon monoxide.21 Since the internal
energies of the jet-cooled precursor molecules are negligible,
these Emax values correspond to the limiting cases in which the
rotational and vibrational energies of the triplet and singlet
ethylidene plus carbon monoxide products are zero. During the
analysis of the experimental data, we found that the maximum
translational energy used in each P(E) was in excellent
agreement with the calculated values for Emax. As a test of the
accuracy of the theoretically calculated enthalpies of formation
of singlet and triplet ethylidene, for each system studied, we set
the maximum energy in each P(E) to be equal to the calculated
Emax. As will be shown, our ability to accurately simulate TOF
spectra for methylketene photodissociation at 355.1 nm and
propenal photodissociation at 352.1 nm verifies the accuracy of
the theoretically derived dissociation enthalpies producing
triplet ethylidene plus carbon monoxide.1,21

Two plausible mechanisms have been discussed for the 1,2-
H atom shift in photogenerated alkyl-substituted carbenes. The
first is a sequential mechanism in which the H atom migrates
after the molecular counterfragment, here CO, has de-
parted.7,34 An alternative mechanism, termed reaction in
excited state (RIES), in this system would involve isomer-

ization of the carbene moiety within the parent methylketene
prior to ejection of CO.34 If RIES were to play a role, the very
large exothermicity (∼300 kJ/mol) of the 1,2-H atom shift
forming ethylene should lead to formation of a measurable
fraction of products with translational energies exceeding those
calculated for singlet ethylidene. Since the maximum product
relative translational energies agree with theoretical values
based on initial formation of singlet ethylidene, not ethylene,
the process observed in this experiment must be sequential,
with isomerization occurring after the CO has departed. We
note that vibrationally cold ethylene, if formed, cannot be
ionized at 9.9 eV.
In Figure 3, the TOF spectra and corresponding P(E)

distributions for the products from photodissociation of
propenal at 352.1 nm, corresponding to excitation of a strong
peak attributable to a spectroscopically assigned vibronic level
lying 2541 cm−1 above the S1 origin,

35 are illustrated. The most
remarkable observation is that the TOF data are nearly
identical to those from methylketene dissociation. The
differences are very minor, reflecting the slightly differing
photon energies and 0 K enthalpies of formation of propenal
(−55.3 ± 1.2 kJ/mol) and methylketene (−54.7 ± 1.1 kJ/
mol).21 We conclude that following near-UV electronic
excitation of propenal, isomerization to methylketene proceeds
readily via a 1,3-hydrogen atom shift, followed by CO
elimination producing ethylidene. Previous theoretical calcu-
lations revealed that the potential energy barrier for isomer-
ization lies energetically well below barriers for all other
competing propenal decomposition pathways.27,28 For ex-
citation at λ > 340 nm, isomerization to methylketene is
expected to be the only energetically accessible nonradiative
decay pathway.28

Figure 2. Schematic potential energy diagram for methylketene photodissociation producing ethylidene + carbon monoxide. Triplet ethylidene
(3CH3CH) is stable to intersystem crossing and isomerization if produced with internal energies below the singlet electronically excited state
(1CH3CH).
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For the propenal data shown in Figure 3, the calculated
values of Emax (here 36.8 and 24.3 kJ/mol for the triplet and
singlet channels, respectively) were used as maximum energies
in the P(E) distributions, as before. Our sensitivity to the
maximum product translational energy is greatest at large
angles between the beam and detector axis. In Figure 4, the
TOF spectrum for the triplet ethylidene products at 25° is
shown. The solid blue line corresponds to the calculated TOF
for 3CH3CH using the same P(E) as used in Figure 3, with
Emax = 36.8 kJ/mol.
Theoretical calculations are often considered to be of

chemical accuracy if they lie within ∼1 kcal/mol (4 kJ/mol) of

the true value. To assess the sensitivity of our TOF data to
Emax, we calculated TOF spectra using P(E) distributions for
the triplet ethylidene channel with maximum energies of 40.8
and 32.8 kJ/mol, i.e., for Emax ± 4 kJ/mol, shown as pink and
gray solid lines in Figure 4, respectively. Considerably poorer
agreements are observed for the earliest arrival times (60−75
μs), indicating that the calculated reaction enthalpy producing
3CH3CH + CO lies within 4 kJ/mol of the true value. Our
ability to model the singlet ethylidene TOF data for
photodissociation of methylketene at 355.1 nm and propenal
at 352.1 nm is consistent with the calculated singlet−triplet
gap of 12.5 kcal/mol. Because of overlap in the TOF spectra,
deconvolution of the singlet and triplet channels in our analysis
is not unique, so additional experiments are necessary before

Figure 3. Same as Figure 1, but for ethylidene plus carbon monoxide
product channels from 352.1 nm photodissociation of propenal.

Figure 4. Upper: Blue line shows the calculated TOF spectrum at 25°
for 352.1 nm photodissociation of propenal using optimized P(E),
superimposed on experimental TOF (black dots). Lower: Optimized
P(E) shown as blue line. Pink and gray lines in upper and lower
figures correspond to P(E) distributions with Emax ± 4 kJ/mol,
respectively.
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we can comment further on the accuracy of the calculated
singlet−triplet energy gap.
For excitation of methylketene or propenal at wavelengths

longer than 340 nm, the only energetically accessible two-body
photodissociation channels involve CO elimination producing
ethylidene or ethylene.27−29 Due to a relatively high potential
energy barrier, the three-body channel producing HCCH,
CO, and H2 is inaccessible.28 The excited state lifetime of
propenal, determined from absorption line width measure-
ments, is ∼2 ps.35 Since the absorption spectrum of
methylketene is unstructured, an even shorter excited state
lifetime is anticipated. Therefore, fluorescence or phosphor-
escence, which occurs on time scales of nanoseconds or longer,
must be negligible (<1%). Thus, CO elimination producing
triplet and singlet ethylidene are the primary channels in the
photodissociation of methylketene and propenal at λ > 340
nm.
An interesting question concerns the propensity for

vibrationally excited triplet ethylidene to undergo intersystem
crossing to the reactive singlet surface. Theoretical calculations
have revealed the existence of a low energy seam connecting
singlet and triplet ethylidene, lying only ∼4 kJ/mol above the
singlet (∼16.5 kJ above the triplet).36 Coincidentally, this
intersystem crossing seam lies very close to the calculated
potential energy barrier for the 1,2-H atom shift in singlet
ethylidene.9 Assuming a barrier height of 16.5 kJ/mol for
intersystem crossing/isomerization, any 3CH3CH from prope-
nal photodissociation at 352.1 nm (36.8 kJ/mol above
threshold) with relative translational energies greater than
20.3 kJ/mol is expected to be stable. The sharp decrease in
contributions to the P(E) for the triplet ethylidene channel at
translational energies below ∼20 kJ/mol, with a concomitant
rise for singlet ethylidene, might be taken as evidence of
intersystem crossing of triplet ethylidene, followed by 1,2-H
atom migration. Thus, in addition to direct formation of singlet
ethylidene by dissociation of methylketene on S0, a secondary
indirect source of singlet ethylidene can result from
intersystem crossing of nascent vibrationally excited triplet
ethylidene after the CO has departed. On the basis of our
experimental results, we are not able to assess the relative
importance of the two different sources of singlet ethylidene.
Also, since the relative photoionization cross sections for triplet
ethylidene and highly vibrationally excited ethylene are not
currently known, absolute branching ratios for these channels
cannot be derived from the present data.
Clearly, the key to the laboratory observation of ethylidene

is production of triplet ground state molecules at levels of
internal excitation lying below the energy of the excited singlet,
so that intersystem crossing is energetically closed. Since the
calculated potential energy barrier for the 1,2-H atom shift is
∼180 kJ/mol on the triplet PES,1 triplet ethylidene produced
in this manner is indefinitely stable in the absence of collisions.
The occurrence of intersystem crossing in the photo-

chemistry of the carbonyl-containing precursor molecules is of
critical importance in the production of stable triplet
ethylidene. In addition, the presence of a potential energy
barrier (see Figure 2) for dissociation of triplet methylketene27

apparently leads to efficient partitioning of excess energy into
product translational energy, thereby favoring production of
vibrationally cold triplet ethylidene. In contrast, intersystem
crossing does not play an important role in the photochemistry
of nitrogen-containing precursors such as diazoethane and
methyldiazirine.3,7 In retrospect, it is perhaps not surprising

that the previous attempts at production of stable ethylidene
employing these precursors were unsuccessful.
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