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Abstract: Ultrafast UV-pump/soft-X-ray-probe spectroscopy
is a subject of great interest since it can provide detailed
information about dynamical photochemical processes with
ultrafast resolution and atomic specificity. Here, we focus on
the photodissociation of ICN in the 1P1 excited state, with
emphasis on the transient response in the soft-X-ray spectral
region as described by the ab initio spectral lineshape averaged
over the nuclear wavepacket probability density. We find that
the carbon K-edge spectral region reveals a rich transient
response that provides direct insights into the dynamics of
frontier orbitals during the I@CN bond cleavage process. The
simulated UV-pump/soft-X-ray-probe spectra exhibit detailed
dynamical information, including a time-domain signature for
coherent vibration associated with the photogenerated CN
fragment.

Introduction

In this study, we explore the potential of ultrafast UV-
pump/soft-X-ray-probe spectroscopy to gain fundamental
understanding of dynamical photochemical processes with
atomic specificity and ultrafast resolution. Ultrafast laser
technology has revolutionized the field of chemistry by
enabling powerful techniques to monitor elementary steps
of chemical reactions.[1] Pioneering UV/Vis electronic pump–
probe studies of small molecules in the gas-phase, including
the influential work of Zewail and co-workers,[1c] have
provided valuable insights into the interplay between vibra-
tional modes and chemical bond rearrangements. Photo-
induced chemical reactions in solution have also been studied
extensively,[2] where solute-solvent couplings and spectral
broadening typically limited the amount of structural infor-
mation that could be obtained from a cursory examination of
the spectroscopic signals. Ultrafast vibrational spectroscopy
allows probing specific vibrational modes of chemical bonds
in transient species, which provides dynamical information
about structural rearrangements.[2a,d] For delocalized vibra-
tional mode patterns, transient changes in the electronic
structure can only be obtained in terms of quantum chemical
calculations of the corresponding transient electronic states.[3]

Recent developments in ultrafast X-ray spectroscopy
open new opportunities to probe changes in transient
electronic structure during the course of a chemical reaction.
Ultrafast X-ray spectroscopies,[4] including X-ray absorption
spectroscopy (XAS),[3a, 5] X-ray emission spectroscopy (XES),
and resonant inelastic X-ray scattering (RIXS) can enable
a direct characterization of the valence electronic structure
dynamics.[6,7]

Recent results probing occupied (and unoccupied) orbi-
tals of organic and organometallic systems have provided key
insights into the electronic structural rearrangements of
a variety of molecular systems undergoing photoinduced
bond-breaking reactions.[2d,e, 8] In this study, we explore the
capabilities of ultrafast UV-pump/soft-X-ray-probe spectros-
copy to monitor the underlying dynamics of frontier molec-
ular orbitals during the photolysis reaction of ICN.[9]

Photoexcitation of the ICN continuum band with an
ultraviolet pump pulse induces ultrafast dissociation of ICN
into I and CN fragments (Figure 1). Previous studies have
determined that mainly two electronic states are involved in
the dissociation paths:[10] the 3P0+ state that forms the I*(2P1/2)
fragment, and the 1P1 state that correlates with the high
energy range of the band and dissociates into the I(2P3/2)
fragment.[9a,e] The two photofragmentation pathways branch
out at a conical intersection with branching ratios that change
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as a function of the photoexcitation wavelength, as in many
other photochemical reactions.[11]

In this study we focus on photoexcitation from the ground
state to the 1P1 state with negligible population transfer to the
3P1 state. We simulate the photoinduced transient dynamics
in the excited state to investigate the description that could be
obtained from UV-pump/soft-X-ray-probe spectroscopy us-
ing wavepacket propagation on accurate potential energy
surfaces[9a,e] and an electronic response evaluated with
a simple approach based on a combination of the maximum
overlap method (MOM)[12] and configuration interaction
singles (CIS)[13] (see the Supporting Information). While our
approach could also be implemented with more accurate
electronic structure schemes,[3h,i] we show the method pro-

vides the fundamental aspects of ICN photodissociation
dynamics that could be probed by UV-pump/soft-X-ray-
probe spectroscopy.

Our findings indicate that the femtosecond time resolu-
tion and atomic specificity of soft-X-ray spectroscopy[5,21]

enable a detailed molecular movie of the ICN photofrag-
mentation dynamics to be captured, including the production
of vibrationally hot CN fragments along the I@C dissociation
path during the ultrafast relaxation dynamics on the 1P1

excited electronic state. Furthermore, we show the spectral
signature can provide an unequivocal interpretation of the
changes in bond-order parameters induced by transient
electronic structure rearrangements responsible for the
photodissociation.

Results and Discussion

Figure 2 shows the predicted capabilities of UV-pump/
soft-X-ray-probe spectroscopy for characterization of time-
dependent changes in the electronic structure of ICN
triggered by photoexcitation to the 1P1 state. The transient
X-ray absorption spectrum (TRXAS) in the C K-edge region
was obtained by averaging the spectral lineshape over the
nuclear wavepacket probability density (see the Supporting
Information).[3e,14]

The computed transient spectrum (Figure 2B) provides
clear fingerprints of the nuclear and electronic dynamics in
the 1P1 excited state. The lower energy region of the spectrum
is characterized at early times by two broad peaks that branch
out into three bands within about 30 fs. Vibronic oscillations
are observed after about 20 fs in the central and higher
frequency bands. The oscillations correspond to the C@N
vibration, as shown by the agreement between the time-
dependent modulation of intensities in the TRXAS and the

Figure 1. The pump–probe UV/X-ray spectroscopy employed in this
study as applied to the photodissociation dynamics of the ICN
molecule. A UV pulse photoexcites the initial wavepacket according to
the 1P1

!1S+ transition, while a delayed carbon K-edge X-ray pulse
probes the transient vibronic dynamics. The figure illustrates the
potential energy surface along the C@I bond, where the photodissoci-
ation dynamics involves the breaking of the C@I bond coupled to the
rotational motion of the photogenerated CN fragment.

Figure 2. A) Time-dependent bond order of the dissociating I@C bond, computed as a function of time during the photodissociaton dynamics in
the 1P1 excited state probed by simulated UV/X-ray spectroscopy. B) Carbon K-edge transient X-ray spectrum of ICN following 1P1

!1S+

photoexcitation by the UV pulse. C) Time-dependent C@N bond length during the ICN photodissociation. Dashed lines indicate the time of
amplitude maxima (gray) and minima (black). D),E) Time-dependent ICN angle and I@C bond length during the ICN photodissociation dynamics.
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time-dependent expectation value of the C-N distance hrCNi
(Figure 2C). The oscillation period is about 16 fs (ca.
2085 cm@1), in close agreement with the vibrational frequency
of the CN radical.[15] These coherences will be revealed in the
experimental TRXAS spectrum so long as the durations of
the pump and probe pulses do not exceed the CN stretching
period.

Of note, the CN vibrations are also exhibited in the N K-
edge TRXAS (Supporting Information, Figure S1), although
just weakly observed in the I K-edge, which reflects atomic
specificity as an important advantage offered by ultrafast UV-
pump/soft-X-ray-probe spectroscopy. Given the non-bonded
nature of the 1s core electrons, the K-edge absorption bands
are typically separated by tens or hundreds of eV for different
atoms. The energy separation enables one to probe specific
atoms, with pulses tuned at their corresponding frequencies,
to monitor the local dynamics of individual fragments in the
system. In this context, we find that UV/X-ray pump-probe
spectroscopy can provide unique insights into the nuclear
motion of specific vibrations, as demonstrated here for the
ultrafast relaxation dynamics of ICN on the femtosecond time
scale.

The I@C bond dissociation is clearly observed in the
TRXAS (Figure 2B). During the first 30 fs after UV photo-
excitation the three bands in the spectrum display a significant
frequency shift. In particular, the lower energy signal
branches into two bands, one of which shows a very pro-
nounced red-shift of about 9 eV. These shifts are originated in
the rotation of the CN fragment (Figure 2 D) and elongation
of the I@C bond (Figure 2 E). Moreover, right before 30 fs,
when the X-ray absorption bands complete their branching
process and reach their asymptotic values, there is a significant
drop in the I@C bond order, consistent with the breaking of
the I@C bond (Figure 2A). This demonstrates that the
TRXAS provides direct information about the nature of
chemical bonding and the vibronic behavior of molecular
fragments photogenerated in the sub-100 femtosecond time
scale.

It is worth mentioning that the energy resolution of the
TRXAS, shown in Figure 2, is only limited by the intrinsic
core–hole lifetime, whereas in an experiment the signal would
have to be convoluted with the instrumental resolution. To
estimate the minimum spectral resolution needed for exper-
imental observation of such features, we convoluted the
original spectrum with a Gaussian pulse of varying full width
at half maximum (FWHM) (see the Supporting Information).
We observe that unequivocal signs of both the I@C dissoci-
ation dynamics and the CN vibrational motions are retained
by the broadened TRXAS with pulses of up to a FWHM of
about 3 eV (Supporting Information, Figure S2). Spectral
broadening with FWHM > 4.5 V masks the dynamical
information of the photodissociation process by merging all
peaks into a broad band centered at 295 eV. Since a spectral
resolution of , 1.2 eV at the carbon K-edge has already been
reported for current laser-based table-top UV/X-ray pump–
probe setups (utilizing extreme high-order harmonic radia-
tion and with clear options for further improvements)[16] and
resolution at large scale facilities is about an order of

magnitude better,[2b, 17] measuring the predicted oscillatory
features should be clearly within experimental reach.

The near-K-edge condition enables interpretation of the
TRXAS signals in terms of the ensuing dynamical evolution
of frontier orbitals induced by UV photoexcitation. The
natural transition orbitals (NTOs) of the carbon near-K-edge
excitations of ICN in the 1P1 excited state are the predom-
inant components of the state occupied by the 1s core
excitation. Hence, the NTOs provide a valuable description of
the frontier orbitals occupied upon X-ray absorption.

To clearly visualize the rich information on the electronic
structure dynamics that is encoded in the TRXAS, Figure 3
shows a simplified view of the spectral evolution, taking four
representative configurations of ICN along the photodissoci-
ation pathway (which correspond to the expectation values of
the nuclear coordinates obtained from the ICN time-depen-
dent wavepacket). Each peak is depicted with its correspond-
ing NTO to establish a connection between the electronic
rearrangements and the spectral changes.

The initial ICN configuration, corresponding to the
ground state equilibrium geometry, or a pump-probe delay
time of 0 fs, reveals a XAS spectrum composed of p*
antibonding frontier orbitals with X-ray absorption energies
in the 295–300 eV range and a s* antibonding orbital at
298 eV (Figure 3, bottom). All of these orbitals are signifi-
cantly affected by the photodissociation process, as evidenced
by their energy shifts towards the asymptotic values at t>

Figure 3. Carbon K-edge X-ray absorption spectra and natural transi-
tion orbitals (NTOs) associated with each group of transitions of ICN
from the 1P1 excited state at representative configurations during the
early-time photodissociation dynamics. Spectra at different times are
shifted vertically for clarity.
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30 fs. The carbon 1s!s* transition is distinct from the other
peaks in the TRXAS since the s* orbital has the symmetry of
the dissociating I@C bond, which explains its higher sensibility
to the dissociation process. The red-shift associated with this
transition is a consequence of the anti-bonding I@C character.
In contrast, during the photodissociation process, the CN
rotation breaks the p* character of the carbon 1s!p*
transitions, which evolve to be mainly localized on the CN
photofragment. As a consequence, the carbon 1s!p* tran-
sitions experience a small blue shift. These results show that
the XAS spectral shifts can be employed as a direct observ-
able of the symmetry of frontier orbitals.

The vibronic oscillation associated with the CN photo-
fragment is much more evident in the carbon 1s!p*
transitions. The vibrating CN triple bond has both the p

symmetry of the C1s!p* bands and the s symmetry of the
C1s!s* transition and therefore exhibits significant oscilla-
tions that correlate with the CN vibration. As discussed
above, the NTOs associated with the C1s!p* peaks are
mainly localized on the vibrating CN fragment, with a very
small delocalization on I, while for the C1s!s* transitions
the orbitals are spread over the entire ICN molecule. This is
reflected in the higher sensitivity to the CN vibrations
displayed by the C1s!p* bands in comparison with the
C1s!s* bands. Therefore, we find that the TRXAS provides
valuable information on both the vibronic dynamics and the
localization of the orbitals involved in the corresponding X-
ray absorption transitions.

Conclusion

We have shown the capabilities of UV-pump/soft-X-ray-
probe spectroscopy to monitor ultrafast nuclear dynamics and
transient electronic structure rearrangements during the
photodissociation of ICN in the 1P1 excited state. Our
findings suggest that currently available instrumental reso-
lution with pulses with FWHM , 1.2 eV of laser-based table-
top UV/X-ray pump-probe setups should be sufficient to
resolve the predicted oscillatory features and capture the
molecular movie of the ultrafast photodissociation process,
since the excited state dynamics can be clearly identified for
a spectral broadening below about 3 eV. The present work
reveals the potential of UV/soft-X-Ray pump-probe spec-
troscopy to resolve the dynamics of the frontier orbitals
responsible for chemical bonding and vibrational motions
with atomic specificity. These unique capabilities should
benefit the exploration of a plethora of chemical trans-
formations, including conformational changes associated with
isomerization reactions, bond dissociation, recombination
and charge transfer processes.

Future work will be focused on the extension of the
present computational scheme to analyze ultrafast dynamics
in more complex systems. Although the use of exact wave-
packet propagation is unfeasible for condensed phases,
despite recent numerical advances,[18] the development of
alternative dynamical representations, including semiclassical
approximations[19] and/or hybrid QM/MM Born-Oppenheim-
er schemes,[20] will enable exploration of the use of UV-pump/

soft-X-ray-probe spectroscopy to elucidate chemical dynam-
ics in condensed phases, such as biological systems or
processes in solution. In particular, the development of
proper modeling of rotational and vibrational cooling,
geminate recombination, isomerization to iodoisocyanide
(INC), hydrogen abstraction by the cyano radical fragment,
and coherent control of ICN in solution[9f, g,21] will be rich
topics for further exploration.

Acknowledgements

We acknowledge Prof. Anna Krylov and Dr. Atanu Acharya
for useful discussions on electronic structure methods and Dr.
Andreas Markmann for valuable discussions and preliminary
work at early stages of this project. V.S.B. acknowledges
support from the NSF Grant No. CHE-1900160, high-
performance computing time from the NERSC and the Yale
High Performance Computing Center. E.T.J.N. acknowledges
support from the European Research Council (ERC) under
the European UnionQs Horizon 2020 research and innovation
programme (ERC Grant Agreement No. 788704). M.B.S.
acknowledges funding from the Fulbright U.S. Student
Program, the NSF grant number DGE-1144152, and the Blue
Waters Graduate Research Fellowship supported by the NSF
(awards OCI-0725070 and ACI-1238993) and the State of
Illinois.

Conflict of interest

The authors declare no conflict of interest.

Keywords: ICN · pump–probe spectroscopy ·
quantum dynamics · time-resolved X-ray spectroscopy ·
ultrafast photochemistry

[1] a) A. H. Zewail, Science 1988, 242, 1645; b) M. Dantus, A.
Zewail, Chem. Rev. 2004, 104, 1717 – 1718; c) A. H. Zewail, J.
Phys. Chem. A 2000, 104, 5660 – 5694.

[2] a) E. T. J. Nibbering, H. Fidder, E. Pines, Annu. Rev. Phys.
Chem. 2005, 56, 337 – 367; b) P. Wernet, K. Kunnus, I. Josefsson,
I. Rajkovic, W. Quevedo, M. Beye, S. Schreck, S. Grgbel, M.
Scholz, D. Nordlund, W. Zhang, R. W. Hartsock, W. F. Schlotter,
J. J. Turner, B. Kennedy, F. Hennies, F. M. F. de Groot, K. J.
Gaffney, S. Techert, M. Odelius, A. Fçhlisch, Nature 2015, 520,
78 – 81; c) Y. Pertot, C. Schmidt, M. Matthews, A. Chauvet, M.
Huppert, V. Svoboda, A. von Conta, A. Tehlar, D. Baykusheva,
J.-P. Wolf, H. J. Wçrner, Science 2017, 355, 264; d) A. R. Attar,
A. Bhattacherjee, C. D. Pemmaraju, K. Schnorr, K. D. Closser,
D. Prendergast, S. R. Leone, Science 2017, 356, 54 – 59; e) Y.
Kobayashi, K. F. Chang, T. Zeng, D. M. Neumark, S. R. Leone,
Science 2019, 365, 79; f) K. Schnorr, A. Bhattacherjee, K. J.
Oosterbaan, M. G. Delcey, Z. Yang, T. Xue, A. R. Attar, A. S.
Chatterley, M. Head-Gordon, S. R. Leone, O. Gessner, J. Phys.
Chem. Lett. 2019, 10, 1382 – 1387; g) A. Bhattacherjee, S. R.
Leone, Acc. Chem. Res. 2018, 51, 3203 – 3211.

[3] a) G. Capano, C. J. Milne, M. Chergui, U. Rothlisberger, I.
Tavernelli, T. J. Penfold, J. Phys. B 2015, 48, 214001; b) T.
Northey, J. Duffield, T. J. Penfold, J. Chem. Phys. 2018, 149,
124107; c) T. Northey, J. Norell, A. E. A. Fouda, N. A. Besley, M.

Angewandte
ChemieResearch Articles

20047Angew. Chem. Int. Ed. 2020, 59, 20044 – 20048 T 2020 The Authors. Published by Wiley-VCH GmbH www.angewandte.org

https://doi.org/10.1126/science.242.4886.1645
https://doi.org/10.1021/cr020690k
https://doi.org/10.1021/jp001460h
https://doi.org/10.1021/jp001460h
https://doi.org/10.1146/annurev.physchem.56.092503.141314
https://doi.org/10.1146/annurev.physchem.56.092503.141314
https://doi.org/10.1038/nature14296
https://doi.org/10.1038/nature14296
https://doi.org/10.1126/science.aah6114
https://doi.org/10.1126/science.aaj2198
https://doi.org/10.1126/science.aax0076
https://doi.org/10.1021/acs.jpclett.9b00159
https://doi.org/10.1021/acs.jpclett.9b00159
https://doi.org/10.1021/acs.accounts.8b00462
https://doi.org/10.1088/0953-4075/48/21/214001
https://doi.org/10.1063/1.5047487
https://doi.org/10.1063/1.5047487
http://www.angewandte.org


Odelius, T. J. Penfold, Phys. Chem. Chem. Phys. 2020, 22, 2667 –
2676; d) T. J. Penfold, M. P#pai, T. Rozgonyi, K. B. Møller, G.
Vankl, Faraday Discuss. 2016, 194, 731 – 746; e) S. P. Neville, V.
Averbukh, S. Patchkovskii, M. Ruberti, R. Yun, M. Chergui, A.
Stolow, M. S. Schuurman, Faraday Discuss. 2016, 194, 117; f) S. P.
Neville, M. Chergui, A. Stolow, M. S. Schuurman, Phys. Rev.
Lett. 2018, 120, 243001; g) S. Tsuru, M. L. Vidal, M. P#pai, A. I.
Krylov, K. B. Møller, S. Coriani, J. Chem. Phys. 2019, 151,
124114; h) M. L. Vidal, X. Feng, E. Epifanovsky, A. I. Krylov, S.
Coriani, J. Chem. Theory Comput. 2019, 15, 3117 – 3133; i) M. L.
Vidal, A. I. Krylov, S. Coriani, Phys. Chem. Chem. Phys. 2020,
22, 2693 – 2703.

[4] a) I. V. Schweigert, Phys. Rev. A 2007, 76, 012504; b) S. Tanaka,
Phys. Rev. A 2001, 63, 063405.

[5] a) C. Bressler, M. Chergui, Chem. Rev. 2004, 104, 1781 – 1812;
b) W. Hua, S. Oesterling, J. D. Biggs, Y. Zhang, H. Ando, R.
de Vivie-Riedle, B. P. Fingerhut, S. Mukamel, Struct. Dyn. 2016,
3, 023601; c) A. Nenov, F. Segatta, A. Bruner, S. Mukamel, M.
Garavelli, J. Chem. Phys. 2019, 151, 114110; d) F. Segatta, A.
Nenov, S. Orlandi, A. Arcioni, S. Mukamel, M. Garavelli,
Faraday Discuss. 2020, 221, 245 – 264; e) A. El Nahhas, R. M.
van der Veen, T. J. Penfold, V. T. Pham, F. A. Lima, R. Abela,
A. M. Blanco-Rodriguez, S. Z#liš, A. Vlek, I. Tavernelli, U.
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