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Coherent vibrational dynamics in molecular bond breaking: Methyl radical umbrella mode probed
by femtosecond x-ray spectroscopy
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We report on the observation of coherent molecular vibrations in the methyl radical, which is produced by
267 nm photodissociation of methyl iodide. The radical is excited to high levels in its ν2 “umbrella” vibrational
mode by the dissociation, and the ensuing coherent vibrational dynamics are observed by measuring ultrafast
time-dependent changes in the x-ray transition energy from the C 1s to the singly occupied valence orbital. Due
to symmetry, the real-space vibrational motion appears predominantly in the x-ray energy shift at the difference
frequencies of the ν2 progression, although the fundamental frequencies of the ν2 mode are also observed. By
constructing a quantum-mechanical model of the dynamics, the coherent superposition is characterized and
the real-space motion of the radicals is reconstructed. The retrieved trajectories are dominated by pronounced
quantum beating governed by the high degree of coherent excitation and the strong negative anharmonicity of
the ν2 mode.

DOI: 10.1103/32v3-tgfd

Introduction. Impulsive excitations regularly induce co-
herent vibrational dynamics in molecules. While such an
excitation is usually delivered to the system under study ar-
tificially, e.g., with a short laser pulse [1–4], it can occur
more indirectly. The required “kick” can be derived, e.g.,
from a rapid change in geometry as it is intrinsic to Jahn-
Teller distortion [5] or from the strong repulsive forces that
photofragments experience in the breaking of a chemical bond
(e.g., Refs. [6–8]). In this Letter, we address coherence in
bond breaking by reporting on the observation of coherent
activation of the ν2 “umbrella” vibration of the methyl radical
produced by the 267 nm photodissociation of methyl iodide,
probed by ultrafast x-ray spectroscopy (cf. Refs. [5,9,10]).
Previous ultrafast studies have approached the process from
the perspective of the iodine atom, focusing on resolving the
transition state region [11] or the conical intersection [1,12].
Selectively probing the methyl radical and its dynamics, this
experiment provides a complement to these previous studies
that allows vibrational coherence to be identified.

Experimental. The experimental apparatus is similar to
that reported in Ref. [13], modified to initiate dynamics with
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ultraviolet (UV) pump pulses. Briefly, we split off part of
the incoming 35 fs pulses centered at 800 nm in the pump
line and frequency double it to obtain 40μJ of 400 nm light
in a 200μm thick β-barium borate (BBO) crystal. This is
then recombined with 750μJ of 800 nm light in another BBO
crystal (50μm thick) in vacuum to generate UV pulses of up
to 20μJ pulse energy with a spectral width of 3 nm, centered
around 267 nm. Measured via a cross-correlation in argon
gas, the apparatus has a temporal instrument response of
36 ± 6 fs and its spectral resolution is ∼300 meV near 244 eV
as measured via the static absorption of argon gas at its L2,3

edge. Methyl iodide is obtained commercially at >98% purity
and is used without further purification. The liquid readily
forms sufficient vapor pressure for the experiment at room
temperature and is introduced into a 4 mm long gas cell with
200μm openings, which forms the interaction region. The
UV pump pulse and soft x-ray probe pulse cross in the gas
cell at a small angle (∼1◦). An iris is positioned after the
gas cell and set to block the UV light while transmitting the
soft x-ray beam into the spectrometer assembly. Sequences of
spectra are collected as a function of delay time, both with the
pump beam irradiating the sample and with it blocked. The
change in absorption due to the presence of the pump pulse is
calculated as �OD = − log10(Son/Soff ), where Son/off denotes
spectra taken with the pump beam on and off, respectively.
We chose time steps of �t = 10 fs and a delay time range of
approximately 2 ps. Individual delay scans recorded over the
course of multiple days are aligned in time and averaged.

Coherent vibrations in methyl iodide photodissociation. In
order to launch a coherent vibration, the excess kinetic energy
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FIG. 1. (a) Dissociation of methyl iodide probed with femtosecond x-ray spectroscopy. Excitation via 267 nm radiation will promote
the molecule onto its 3Q0 surface (blue curve) from where it will evolve toward a conical intersection with the 1Q1 surface (red). The two
ensembles of radicals that are produced from the dissociation are shown as ball-and-stick models with their vibrational excitation indicated.
(b) The first 100 fs of the transient absorption signal shows the radical peak initially appearing at 282.9 eV and moving to its dissociation
limit value of 281.7 eV. Black dots are the peak position. We determine a time constant of 20.7 ± 5.4 fs by fitting an exponential decay
convolved with a Gaussian function of 36 fs width for the instrument response (black curve). The depletion of the ground-state absorption near
286 eV is also visible. (c) Potential energy surfaces for the methyl radical along the ν2 umbrella vibrational motion for the ground state and
core-excited state as a function of the bending angle ϑg modeled here. (d) Energetic position of the radical peak as a function of pump-probe
delay time (black) decomposed into the difference frequency component due to radicals excited only along the umbrella mode (yellow) and
the fundamental frequencies (blue), which become visible due to symmetry breaking (see text). Beginning and end of the filtered data are
cropped as these contain the time-domain image of the filter windows. The blue and yellow curves have been shifted up in energy for visual
clarity. (e) Frequency-domain picture of what is shown in panel (d) with the filter windows indicated. A clear peak is seen in the region where
the difference frequencies are expected (yellow, dashed), as well as a series of peaks that increase in amplitude again and closely resemble the
fundamental ν2 vibrational progression (blue, dash-dotted). Other features in the low-frequency region are due to noise and not associated with
any significant signal.

in the dissociation has to be transferred to the emerging methyl
radicals on a timescale shorter than a vibrational period. Pho-
todissociation of methyl iodide in its A band near 270 nm
occurs either on the strongly repulsive 3Q0 surface (75%
yield), which is initially populated by the UV pump pulse,
or via a conical intersection to access the 1Q1 surface (25%
yield) that is approached within 15 ± 4 fs [1] [see Fig. 1(a)].
Radicals originating from the 3Q0 surface are vibrationally
excited up to ν2 = 2 and will leave behind electronically
excited iodine atoms in the 2P1

2
state (denoted as I∗ chan-

nel), while for those that emerge via the 1Q1 surface the
energy partitioning forms the iodine atom’s ground state (2P3

2
,

denoted I channel), and the radical is excited up to ν2 = 4
[14–17] [see Fig. 1(a)]. We can assign a time constant to
the dissociation process by tracking the initial energy shift of
the characteristic C 1s → SOMO (singly occupied molecular
orbital) x-ray absorption peak of the methyl radical and find
that it reaches its dissociation-limit value of 281.7 eV within
τd = 20.7 ± 5.4 fs [see Fig. 1(b) and Supplemental Mate-
rial [18]]. Together with the temporal instrument response
of τIRF = 36.0 ± 6.4 fs, this confines the duration of the im-
pulse delivered to the methyl radicals in the experiment to
an upper limit of 41.5 ± 6.2 fs or ∼75% of the oscillation
period of the ν2 = 1 → 0 transition (55 fs). This suggests that
coherent vibrational dynamics can in principle be induced via

bond breaking in the experiment. Ultrafast extreme-ultraviolet
or soft x-ray spectroscopy resolves coherent molecular vi-
brations by measuring time-dependent changes in the x-ray
transition energy as the molecule moves along a vibrational
coordinate on the respective potential energy surfaces (cf.
Refs. [1–4,12]). If the change in transition energy Ecx(q) as
a function of the reaction q coordinate can be approximated
well by a linear function, then the energy shift will be directly
proportional to the real-space motion along the trajectory
〈q(t )〉. The methyl radical’s umbrella vibration, however, is
completely symmetric with respect to its reaction coordinate
(the bending angle ϑg, referenced to the planar geometry).
As such, the change in transition energy Ecx(ϑg) ∝ ϑ2

g + · · ·
must be an even function of ϑg. The trajectory 〈ϑg(t )〉, which
oscillates at frequencies �ω1→0,�ω2→1,�ω3→2, . . . , if a co-
herent superposition of multiple vibrational states is formed,
will be mapped onto an energy shift that oscillates at the
sums and differences of these frequencies. Unless the sym-
metry of the radical’s motion or that of its mapping onto the
x-ray energy is broken, the fundamental frequencies will be
quenched in the energy shift’s frequency content. The impli-
cation for the experiment is that one signature of coherent ν2

activation is slow oscillatory motion of the C 1s → SOMO
energy with a period on the order of ∼400 fs (80 cm−1 in-
stead of 607 cm−1, 688 cm−1, . . . [19]) due to the difference
frequencies, superimposed with a rapid oscillation due to
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the sum frequencies with about 25 fs (∼1300 cm−1) period.
Similar arguments regarding symmetry and the detection of
mixing products of vibrational frequencies have been brought
forward by Yatsuhashi et al. [20] and Fuß et al. [21] (see
also references therein), but in the context of ultrafast mass
spectroscopy. Figures 1(d) and 1(e) show the evolution of
the radical peak’s position as a function of time after pho-
todissociation as measured in the experiment and its Fourier
transform, respectively. A broad feature with a strong peak
near 80 cm−1 that lines up exactly with the difference fre-
quency between the ν2 = 2 → 1 and 1 → 0 transitions is
clearly present [yellow shaded area in Fig. 1(e)], showing un-
ambiguously that vibrational coherence in the umbrella mode
up to at least ν2 = 2 is induced and is observable through the
difference frequency signal. The rapidly oscillating sum fre-
quencies, which would be found near 1300 cm−1 and above,
are not observed in the experiment due to insufficient temporal
resolution. Quite interestingly, there is also a series of peaks
that precisely match the ν2 umbrella progression at its funda-
mental frequency up to the ν2 = 3 → 2 transition (shaded in
blue). The appearance of these peaks requires the symmetry
assumed in the discussion above to be broken, which is elab-
orated upon further in Sec. III B.

Two-channel model of coherent vibrational dynamics. In
order to further corroborate that vibrational coherence is in-
duced in the experiment and extract phase information that
characterizes the quantum superpositions in which the um-
brella mode is populated in both the I and I∗ channels, we
construct a model based on a quartic vibrational potential
Vgs(ϑ ). The use of a quartic term was identified as an ap-
propriate description of the umbrella mode in early studies
of the methyl radical (e.g., Refs. [22–24]), as it captures
the pronounced negative anharmonicity of the ν2 mode well.
Following Ragni et al. [25], the umbrella motion is described
via the hyperangle ϑ that captures the motion along the true
ν2 bending angle ϑg and the small changes in the C–H bond
length rCH that accompany ν2 activation [see the Supplemental
Material [18] and Figs. 3(a) and 3(b)]. For the potential here,
Vgs(ϑ ) = Egs

1 ϑ2 + Egs
2 ϑ4, and the parameters Egs

1 and Egs
2 are

optimized such that the transition energies of the potential
match tabulated values [19]. It is shown as the blue curve in
Fig. 1(c). A coherent superposition

ψ (ϑ, t ) =
νmax∑

i=0

|ai|φi(ϑ )e−iωit e−iϕi (1)

of its eigenfunctions φi(ϑ ), where ai are the amplitudes, ωi are
the eigenenergies, and ϕi the individual phases, then describes
the microscopic dynamics of the methyl radicals in which
only the umbrella mode is activated. The displacement of the
hyperangle ϑd = ϑ − ϑ0 is

〈ϑd (t )〉 = 2
νmax∑

i=1

|ai||ai−1|μi,i−1 cos (�ωi→i−1t + �ϕi,i−1),

(2)

where μi, j = 〈φi|ϑd |φ j〉, �ωi→ j = ωi − ω j , �ϕi, j = ϕi −
ϕ j , and ϑ0 = π/2 is the equilibrium angle in the hyper-
spherical coordinate system. With the appropriate phases and
amplitudes, evaluating the energy of the core-excited state

FIG. 2. Application of the two-channel model to the experiment
using the populations reported by Cheng et al. [17]. The points in the
top panel are the experimental data, where adjacent points have been
binned for the fit. The bold red line is the fit of our model. In all pan-
els, blue dash-dotted and red dashed lines indicate results for the I∗

and I channels, respectively. The individual energy shifts in the I and
I∗ channels are also shown in the top panel on the detached gray set
of axes. Their weighted sum Eexp.(t ) ≈ σI∗ E I∗

cx (t ) + (1 − σI∗ )E I
cx(t )

yields the bold red line.

Ecx(〈ϑd (t )〉) = Vce(〈ϑd (t )〉) − Vgs(〈ϑd (t )〉) as a function of
the trajectory of 〈ϑd (t )〉 will describe the evolution of the en-
ergetic position of the radical peak in either the I or I∗ channel.
In the experiment, these signals overlap, but the overall ener-
getic position of the C 1s → SOMO peak moves as Eexp.(t ) ≈
σI∗E I∗

cx (t ) + (1 − σI∗ )E I
cx(t ), where σI∗ ≈ 0.75 is the branch-

ing ratio at the conical intersection [26,27]. We make the
simplifying assumption that Ecx(ϑd ) ≈ E cx

0 + E cx
1 ϑ2

d is a good
approximation for the dependency of the core-excited state
energy on the bending angle, which is justified by the success
of the model as seen below. The finite temporal resolution of
the experiment is incorporated into the model by convolving
Eexp.(t ) with a Gaussian function of 36 fs width. Using vibra-
tional population data reported in the literature [14–17], the
phases ϕi can then be determined via a nonlinear least-squares
fit, which is restricted to pump-probe delays τ > 75 fs, as the
initial energy shift during the bond breaking is not accounted
for in the model. In both channels, the phase ϕ0 is fixed
to ϕ0 = 0. Using the parameters E cx

0 and E cx
1 from the fit,

the core-excited potential energy surface Vce(ϑg) along the
umbrella motion is determined. It is shown in Fig. 1(c) as a
red curve. A more detailed account of the fitting procedure is
given in the Supplemental Material [18]. The result of this fit
is shown in Fig. 2 using the population data of Ref. [17], and
we find no significant differences using population data from
other studies (see Refs. [15,16,26] and the Supplemental Ma-
terial [18]). Despite its simplicity, the model captures the time
dependence of the radical’s x-ray absorption peak observed
in the experiment very well and over the entire range of time
delays. This confirms the model is an appropriate description
of the microscopic dynamics for t > 75 fs, further strengthen-
ing the claim that coherent vibrational dynamics are induced
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FIG. 3. (a), (b) Ground-state and core-excited state potential en-
ergy surfaces of Ekström et al. [28]. The path along which the
real-space motion takes place is shown as black dashed lines. (c),
(d) Reconstructed real-space motion of the methyl radicals with pure
ν2 activation along the angular coordinate ϑg. The radial coordinate
rCH follows from the black dashed lines in panels (a) and (b). The
energy shift (see also Fig. 2) closely follows the envelope of the
vibrational trajectory. The complex nature of the trajectory in the
I channel is due to the pronounced beating resulting from the high
degree of excitation. To a lesser, yet notable extent, such beating is
also present in the I∗ channel trajectory. The black dashed line in
panel (d) is a calculation by Hammerich et al. [29] for the I∗ channel
radicals, which shows excellent agreement with our model.

via the dissociation of the molecular bond. As now the phases
ϕi, the amplitudes ai, and the frequencies ωi are determined
(lower panels in Fig. 2), the vibrational wavefunction [Eq. (1)]
is characterized in its entirety for t > 75 fs in both dissociation
channels. Therefore, the real-space motion of the radicals can
be reconstructed.

We evaluate Eq. (2) and obtain the oscillatory trajectories
shown in Figs. 3(c) and 3(d). The signal in the I channel
is dominated by pronounced beating over the entire range
of delay times, leading to large excursions of the bending
angle near 250 fs, 830 fs, and 1.1 ps. While such beating is
present also in the I∗ channel, it is to a much lesser degree
and the angular displacement is overall smaller, in accord
with the lower degree of vibrational excitation. Comparison
with a calculation by Hammerich et al. [29] [black dashed
line in Fig. 3(d)] for the I∗ channel radicals shows excellent
agreement with the time dependency and magnitude of the an-
gular displacement determined using our model. As we have
approximated Ecx(ϑd ) ≈ E cx

0 + E cx
1 ϑ2

d , we can now compare
our value E cx

1 = −9.0 ± 2.2 eV/rad2 to quadratic expansions
of energy curves calculated from first principles along the
trajectory (〈ϑg(t )〉, 〈rCH(t )〉). For the surfaces calculated by
Ekström et al. [28], we find E cx

1 = −2.89 ± 0.01 eV/rad2,
which is significantly smaller in magnitude than the value
determined from the fit. Likewise, we find E cx

1 = −3.2 ±
0.1 eV/rad2 from a calculation of our own (see the Sup-
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FIG. 4. Direct observation of the ν2 vibrational progression me-
diated by symmetry breaking. The phase of this oscillation as
determined via the Fourier transform (red) is essentially flat across
this region. A slight detuning of the ν2 vibration, due to the concur-
rent activity in the ν1 mode, may be the reason for the third peak near
750 cm−1 to appear at a slightly higher frequency (see text).

plemental Material [18]), which compares well to the value
determined for the surfaces of Ekström et al. [28]. For all cited
population data though, we find E cx

1 to have a negative sign
from the fit, indicating that the core-excited state potential en-
ergy surface has a double-well structure as it was found in Ref.
[28]. The discrepancies between the value of E cx

1 determined
from the model fit and those determined from calculations
may be due to how the overall energy shift Eexp.(t ) is sampled
in the experiment; the signals from the I and I∗ channels
overlap energetically and cannot be accurately disentangled.
The expression Eexp.(t ) ≈ σI∗E I∗

cx (t ) + (1 − σI∗ )E I
cx(t ) we use

for the peak position is only approximate. Despite discrep-
ancies between the calculations and E cx

1 determined from the
experiment using our model, it captures the essential aspects
of the coherent dynamics of the methyl radical, i.e., the um-
brella mode’s pronounced anharmonicity, its symmetry, and
the resulting mapping of the real-space coherent vibrational
motion onto a slow oscillation of the observable energy shift.

Symmetry breaking and observation of fundamental fre-
quencies. In the (rCH, ϑg) plane, the methyl radical’s umbrella
mode moves along a trajectory of high symmetry [black
curves in Figs. 3(a) and 3(b)] leading to the difference fre-
quency signal discussed above, with expected quenching of
signal near the fundamental frequencies. The peaks in the
500–800 cm−1 region of the Fourier transform (Figs. 1(e)
and 4), however, indicate the presence of a mechanism that
breaks either the symmetry of the ν2 motion itself or that of
its mapping to the measured x-ray energy in either one or
both of the dissociation channels. Symmetry breaking of the
motion itself may be facilitated by the simultaneous activation
of another vibrational mode. The I channel produces a small
fraction [∼12% of its yield; see Fig. 1(a)] of radicals in which
the symmetric CH stretch ν1 mode is also activated [15] (albeit
possibly not coherently in this experiment due to its high
frequency and the timescale of bond breaking). If the resulting
composite motion distorts the ideal quartic potential of the
ν2 mode, it would break the symmetry and could account
for some of the observed fundamental vibrational progres-
sion, possibly with a slight detuning. The peak near 750 cm
is in fact slightly offset from the frequency determined by
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Oliveira et al. [19]. However, the comparably large magnitude
of these peaks despite the small fraction of radicals with ν1

activation is not accounted for. Another possible mechanism
of transient symmetry breaking has been identified by Kosma
et al. [30]. Briefly, the transition probability of the wave
packet from the electronic ground state to the core-excited
state may—depending on the launched wave packet phase—
be favorable for bending angles near one of the two minima
of the excited-state surface [Fig. 3(b)], if a small tunneling
splitting is present, effectively breaking the symmetry on the
timescale of the tunneling time. The splitting and associated
tunneling time for the core-excited state of the methyl radical
is 13.8 meV or 149 fs, respectively [28], i.e., roughly three
times the period of the fundamental ν2 vibration. Figure 4
shows the 500–800 cm−1 region of the x-ray energy shift’s
Fourier transform in more detail. Isolating the peaks with a
Gaussian filter [blue curve in Figs. 1(d) and 1(e)] reveals the
associated time-domain signal; the phase associated with it is
essentially flat (red curve in Fig. 4). While the current results
do not unambiguously identify the mechanism of symmetry
breaking, it is a promising avenue for future exploration.

Conclusion. In conclusion, the photodissociation of methyl
iodide is observed to produce methyl radicals with coherent
vibrational excitation in the ν2 umbrella mode. In our x-ray
spectroscopy experiment, the radicals report on these coherent
dynamics in a manner governed by their symmetry; the real-
space vibrational motion is mapped onto an observable energy
shift as slow oscillatory motion at the difference frequencies
of the vibrational progression. By constructing a model of the
coherent dynamics, the vibrational motion is retrieved. It is
dominated by strong quantum beating due to the high degree
of coherent vibrational excitation, albeit a detailed estimate
of the degree of coherence is not yet possible. Mechanisms
for symmetry breaking that facilitate the observation of the
fundamental vibrational progression are also discussed. While
the complex two-channel nature of methyl iodide photodisso-

ciation near the center of its A-band absorption is a challenge
for the analysis in this specific experiment, the modeling pre-
sented could be applied to infer the curvature of core-excited
potential energy surfaces in the future when the vibrational
populations and frequencies are known.
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