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fragmentation of buckminsterfullerene following
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X-ray free-electron lasers have, over the past decade, opened up the possibility of understanding the ultrafast response of mat-
ter to intense X-ray pulses. In earlier research on atoms and small molecules, new aspects of this response were uncovered,
such as rapid sequences of inner-shell photoionization and Auger ionization. Here, we studied a larger molecule, buckmin-
sterfullerene (C,,), exposed to 640 eV X-rays, and examined the role of chemical effects, such as chemical bonds and charge
transfer, on the fragmentation following multiple ionization of the molecule. To provide time resolution, we performed femto-
second-resolved X-ray pump/X-ray probe measurements, which were accompanied by advanced simulations. The simulations
and experiment reveal that despite substantial ionization induced by the ultrashort (20 fs) X-ray pump pulse, the fragmenta-
tion of C, is considerably delayed. This work uncovers the persistence of the molecular structure of C,,, which hinders fragmen-
tation over a timescale of hundreds of femtoseconds. Furthermore, we demonstrate that a substantial fraction of the ejected
fragments are neutral carbon atoms. These findings provide insights into X-ray free-electron laser-induced radiation damage in

large molecules, including biomolecules.

launched a new scientific era with prospects for an impact

comparable to that of the ultrafast optical lasers revolu-
tion'. Photoionization and photon scattering studies using single,
intense X-ray pulses have yielded exciting results in this new regime
of ultrafast, intense X-ray-matter interactions. These investigations
with intense X-rays ranged from the response of atoms” and mol-
ecules’™ to the response of clusters®’. Intense, ultrafast X-rays were
further used to create and probe the physics of solid-density plas-
mas'’. The knowledge of how matter behaves under such conditions
is crucial for advancing fundamental understanding and is also key
for applications of XFEL-based coherent scattering studies that have
retrieved molecular structure from nanosized crystals'' and that
aspire to reveal the structure of individual biological molecules' at
(or close to) atomic resolution.

Recently, the generation of pairs of synchronized femtosecond
X-ray pulses'" has made it possible to carry out time-resolved stud-
ies that enable previously unexplored time-resolved tracking and
probing and that ultimately enable the understanding of the time
evolution of X-ray-induced photoprocesses. These investigations
are still in their infancy'*"” and are non-existent in the case of large
polyatomic molecules, which was a strong motivation for this work
on buckminsterfullerene. We chose this system because it is an

A decade ago, femtosecond X-ray free-electron lasers (XFELs)

excellent target to initially test our understanding of fundamen-
tal processes. The system’s simple atomic composition, symmetric
structure and bonding are directly amenable to our theoretical cal-
culations and to experimental measurements.

Pump-probe XFEL investigations of molecules allow the explo-
ration of charge and nuclear dynamics after inner-shell photoab-
sorption. The ionization mechanism is such that photons interact
directly with the electrons in the molecules, which couple to the
nuclei, initiating ultrafast and concerted motion of both the elec-
trons and the atoms forming the molecule. The photon-energy
conversion is determined by this motion, which takes femtosec-
onds to picoseconds. In the X-ray multiphoton regime, there is
so much ionization that the electrostatic repulsion energy stored
within the molecule becomes comparable to the total molecular
binding energy. Unravelling the subsequent dynamics presents
theorists with challenges because of the response of a large number
of degrees of freedom and the formation of highly excited states.
Our experimental work, which reveals new physical and chemical
processes, has validated state-of-the-art simulation methodology,
providing a solid basis for the reliable interpretation of processes
in systems even larger than Cg,. Future XFEL-based experimental
research into a wide range of systems will benefit from these theo-
retical advances.
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Fig. 1| Comparison between the experimental and theoretical data for the atomic carbon ion yields as a function of the time delay between the X-ray
pump and the X-ray probe. a-h, Experimental data (a-d) and modelling results (e-h) for C** (a,e), C** (b,f), C>* (c,g) and C** (d,h). The experimental error
bars correspond to one s.d. and originate from the error in ion counts estimated as the square root of the count within each data run. Error bars smaller
than the marker size are omitted. The simulation provides absolute yields, which are rescaled by applying the same constant factor to all curves to match
the experiment. Here, the constant scalar was chosen to match the maximum of the experimental C™* yield.

Here, we focus on the role of chemical effects by experimentally
and theoretically investigating the complex ionization and fragmen-
tation dynamics of gas-phase Cg,. We perform a pump-probe study
in which the X-ray pump pulse induces a substantial degree of ion-
ization. We then use an X-ray probe pulse to observe the dynamics
initiated by the pump pulse by detecting molecular and atomic frag-
ment ions. The time evolution of the experimentally observed frag-
ment ions is interpreted by numerical simulations. This investigation
gives new insight into the dynamics of molecular fragmentation of
a partially ionized system and reveals the importance of chemical
effects such as covalent bonding and charge transfer in stabilizing
the molecule against fragmentation over several hundred femto-
seconds after the X-ray pump pulse. Such detailed understanding
of X-ray-induced ionization dynamics and atomic motions in mol-
ecules is crucial for applications of high-intensity X-ray beams.

Results

In this investigation, C, fullerene was irradiated with 640eV pho-
tons, which was sufficient to K-shell ionize the carbon atoms, at the
Linac Coherent Light Source (LCLS) at SLAC National Accelerator
Laboratory. The time-resolved measurements were conducted using
two X-ray pulses” interacting with gas-phase Cg,. The pump and
probe pulses intersected the Cg, beam in the interaction region of
an ion time-of-flight (TOF) magnetic bottle spectrometer'®'” capa-
ble of detecting the generated ions (see Methods). In this experi-
ment, the pump pulse induced ionization and structural dynamics,
whereas the delayed probe pulse interrogated the transformation of
Cq and enabled the identification of the parent fragments created
by the pump. We varied the time delay between the pump and probe
pulses from 25 to 925 fs and recorded the evolution of the transfor-
mation of Cg, into fragment ions. The pulse durations of the first
and second pulses were 20fs and 10fs, respectively. The measured
total energy was 0.77 +0.01 mJ, while the estimated energy was 45%
for the pump pulse (peak intensity of 4X10°Wcm™) and 55%
for the probe pulse. For the theoretical modelling, we employed
XMDYN Rev. 2798'%, a molecular dynamics-based simulation tool
with recent additions that include the treatment of chemical bonds
via classical force fields'” and valence-electron charge transfer”"
(see Methods). With these experimental conditions, multiphoton
ionization and Auger decay lead to multiple charged C,, molecules,
which break into atomic and molecular fragments'>*. In this work,
we focus our investigation on the atomic C ion fragments, as their
yields show the strongest time-delay dependence for characterizing
the molecular time evolution.
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In Fig. 1 we compare the experimental and theoretical atomic ion
yields for C'* to C** as a function of pulse delay. The experimental
yields were determined by integrating the individual ion peaks in
the TOF spectra (see Methods) shown in Supplementary Fig. 1. All
measured signals are affected by the spatially non-uniform X-ray
intensity distribution. In the theoretical data, this is taken into con-
sideration through volume integration (see Methods). For both the
measurements and the calculations, the C'* jon yield changes little
as a function of time delay between 25 and 925fs. However, the
ion yields for C**-C*" increase steadily over a time-delay range of
approximately 600 fs, then flatten out at longer delays. The experi-
mental and modelling data are in good agreement.

We determined the charge state of the Cy, molecule after ion-
ization with the intense XFEL pump pulse, characteristic to our
experiment. We used the capability of our modelling to find that
the volume-integrated signals correspond, with good accuracy, to
the response of C, at a fixed X-ray fluence of ~6 X 10° photons um=2
(60Jcm™) (Supplementary Fig. 2). At this pump-only fluence,
the average of the total Cg, charge is ~13 with a standard devia-
tion of +5 due to the stochastic nature of the ionization processes
(Supplementary Fig. 3). A simple estimate for the total accumu-
lated electrostatic energy (representing the Cg'** ion by a sphere
possessing 13 positive charges spread uniformly over its surface)
yields approximately +350eV. By contrast, as a consequence of
chemical bonding, the bound molecule originally had a potential
energy on the order of —400eV (the average C-C bond dissocia-
tion energy in Cg, is 4.6eV; ref. ?'). Thus, a remarkable amount of
energy—more than 80% of the full binding energy—is available for
driving the fragmentation. In other words, strong fragmentation
can be expected in this regime. There is enough energy in the sys-
tem for the formation of a significant fraction of atomic fragments.
The details of the fragmentation dynamics can only be revealed by
a detailed, time-resolved experimental and simulation study, which
we undertook and report here.

We explain here the delay-dependent yields of C**, C** and C**
from the pump-probe data shown in Fig. 1 by identifying the par-
ent fragments generated with only the pump pulse. Figure 2a shows
the simulated real-time evolution of the parent fragments after
the pump pulse (the probe pulse is not used), demonstrating that
a substantial fraction of the ejected fragments subsequent to the
ionization of Cg, are neutral carbon atoms. In fact, beyond about
300fs, we calculate an even larger number of C-neutral than C'*
ions. Figure 2b, simulated at 925 fs, shows the fraction of pump and
probe ions with respect to the fragments after pump only, allowing
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Fig. 2 | Identification of the parent fragments responsible for the observed C ion charge states. a, Simulated real-time evolution of the volume-integrated
yield using only the pump pulse (probe pulse is not used) to identify the parent fragments (fragments that are responsible for the observed atomic ions

when the probe pulse is also applied), which are found to be neutral C and C™*i

on. The pump pulse is centred at t=0fs. b-e, On the basis of simulations,

the relative weight of the parent of the final C charge states, C'* (b), C?* (c), C3* (d) and C** (e) at a pump-probe time delay of 925fs.
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Fig. 3 | KE evolution of the ion charge states as a function of the pump-probe delay. a-h, Experimental data (a-d) and modelling results (e-h) for for
C* (ae), C** (bf), C** (c,g) and C** (d,h). The black dashed line indicates the peak position of the KE distribution at each delay. For the simulation we had

low statistics for C*+.

us to deduce that the probe pulse generates C** predominantly
through the ionization of neutral C by a photoionization and Auger
decay (P-A) sequence, while C** is created similarly after jonization
of C'* by a P-A sequence. C** is formed from neutral C via two P-A
sequences or from C'* by a P-A sequence and a valence ionization
or secondary ionization. Figure 2a also shows the timescales for the
formation of C and C'* parent ions, which correlate well with the
rise times seen in Fig. 1 for the appearance of C**, C** and C* pump
and probe ions, thus supporting this interpretation. On the basis of
the measurement and modelling, we conclude that the production
of C**, C** and C** is primarily due to the ionization of C and C'*
fragments by the probe pulse. Furthermore, we conclude that the
measurement confirms the finding in the modelling (Fig. 2) that
C and C'* fragment yields continue to rise steadily for several hun-
dred femtoseconds after the X-ray pulse has ended. Optical laser
experiments on Cg, have reported the ejection of neutral C frag-
ments under experimental conditions that differ from those used
in the current work—conditions that either consider a lower degree
of molecular ionization”” or use nanosecond laser pulses”. Our
work provides evidence of neutral atomic-fragment ejection under
intense, femtosecond XFEL pulses.

The Fig. 1 data and modelling support the argument that the
fragmentation dynamics of Cg, is due to multiple X-ray photons
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absorbed from the pump pulse. The simulation (Supplementary
Fig. 4) shows a clear correlation between the number of photons
absorbed per C4, and the atomic ion fragment yields; the appear-
ance of atomic fragments is negligible when only one photon is
absorbed by the fullerene molecule (see the inset of Supplementary
Fig. 4), while the number of atomic fragments increases when mul-
tiple photons are absorbed.

To investigate the importance of specific physical phenomena,
we used the ability to switch them on and off in the simulations. In
particular, we investigated the effect of chemical bonds and valence
charge transfer’. A straightforward consequence of charge transfer
is the energy redistribution among atomic sites, which is due not
only to molecular vibrations mediated by chemical bonds but also
to Coulomb interaction, even if only a fraction of the atoms are ion-
ized on average. Our modelling demonstrates that chemical bonds
and valence charge transfer are important in the photoionization
case of Cy, since we find no time-delay dependence in the yield of
the C**, C** and C** ions without inclusion of such chemical effects
(Supplementary Fig. 5). This finding helps us to better understand
how the probe pulse works: a multiply charged atomic fragment can
reach the ion detector unchanged only if it is formed at a sufficiently
large distance from other fragments to suppress valence charge
transfer. In our simulations, the critical distance’**** is between 5 A
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Fig. 4 | Real-space and real-time simulation dynamics of C,"** induced by a single XFEL pulse centred at t=0fs. a, the maximum C displacement for
two situations: (1) a model that does not include chemical effects such as bonds and charge transfer and (2) a full model that includes both chemical
bonds and charge transfer. We show the standard deviation of the maximum displacement across simulations (wider shaded band) and the standard error
of the average maximum displacement calculated using bootstrapping (very narrow shaded band). The inset represents a zoom of the first 30 fs real space
and real time dynamics. b, snapshots of a trajectory calculated with the full model with the colour-coded charged states. Since the underlying quantum
processes such as photoionization are stochastic in nature, the time evolution proceeds differently from pulse to pulse. The panels depict an exemplary
realization of these stochastic dynamics between O and 200 fs. The average final ionization state in the present study is equal to the ionization degree
reached in a biological sample during a 10 fs hard X-ray imaging pulse (see Methods).

and 8 A, depending on the charge state of the atomic ion fragment.
Hence, if the probe pulse arrives before fragmentation has evolved,
the formation of C**, C** and C** is suppressed.

To better understand the ionization and fragmentation mecha-
nisms, we examine the kinetic energy (KE) of the C fragment ions,
shown in Fig. 3, as a function of time delay (see Methods), providing
further support for the interpretation of our results. The main trends
observed in the experimental and theoretical data are in qualitative
agreement. The KEs of the C**-~C** charge states initially decrease,
consistent with an overall expansion, then the spectra converge at
long delays. The low KE values might indicate that the electrostatic
Coulomb energy added to Cg, via pump-induced ionization is not
converted primarily into the production of fast fragments but into
maximizing the number of fragments. The asymptotic KEs of the
detected C** and C** ions reflect the asymptotic KEs with which
C-neutral and C', respectively, are ejected after the pump pulse.
Thus, Fig. 3 indicates for both experiment and simulation that neu-
tral C atoms are born with noticeably lower KEs than the C'* ions.
The KEs are higher in the simulation than in the experiment. This
points to more efficient intramolecular energy redistribution in the
experiment, which might be a signature of electron delocalization
effects specific to the highly delocalized 7 electrons of the fullerene
molecule not captured by the model.

Discussion

With the experimental parameters used, the fragmentation dynam-
ics are characterized by a multistep process in which the pump pulse
does not induce a Coulomb explosion (supported by the observa-
tion of low-ion KEs) and bonds are still intact to a large degree, such
that the fragmentation is not barrierless. Thus, the system has time
to explore the high-dimensional configuration space to find a path-
way that takes the system to the dissociative side of the barrier. This
is similar to the reason why chemical reactions involving a barrier
appear to be slow; in most encounters of the reaction partners, there
is not enough energy to overcome the barrier. In rare cases in which
the energy is sufficient, the reaction is ultrafast. As a consequence,
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Cy with ~13 positive charges does not undergo instantaneous frag-
mentation; the fragmentation is delayed relative to the pump pulse
due to the still-existing chemical bonds. The probe pulse reveals that
the gradual increase of the C**-C** yield, as a function of the pump-
probe delay, is not a consequence of gradually increasing interatomic
distances. Indeed, Fig. 1 exposes the fact that it takes time for the
60-atom system to break up into smaller fragments, most of which
exist only transiently for several tens of femtoseconds. Furthermore,
during this structural transformation, it takes more time for those
fragments to eject neutral and singly charged atomic ion fragments
(Supplementary Fig. 6). Once the atoms (atomic ions) are on the
dissociative side of the potential energy surface, they separate from
the other fragments quickly enough such that this part of the pro-
cess is, for our purposes, practically instantaneous. Although there
is not enough time to reach strict thermal equilibrium within a frag-
ment, energy is transferred among the neutral C atoms, which is
ultimately responsible for the ejection of atomic fragments. Partially
thermalized larger units evaporate atomic neutral C and C'* 200 to
300fs after irradiation. These characteristic times agree well with
the rise times extracted from the delay-dependent experimental ion
yields of C** and C**, respectively, shown in Fig. 1. The key insight
that emerges from this time-resolved work is that the fragmentation
is not prompt but delayed relative to the pump pulse due to chemi-
cal effects such as charge transfer and still-existing chemical bonds.

We illustrate the impact of the chemical effects by showing
(Fig. 4a) the maximum atomic displacement, based on molecular
dynamics simulations, for two situations: (1) the chemical phe-
nomena (bonding and charge transfer) are removed and (2) the
full model, including both chemical bonding and charge transfer.
This is a real-time simulation using only one pulse. As can be seen,
chemical effects significantly minimize the maximum displace-
ment of C atoms. This clearly demonstrates that Cg, is structur-
ally resistant, on time scales of tens of femtoseconds, against the
impact of X-ray multiphoton ionization. Specifically, for up to 30fs
after the peak of the X-ray pulse, the maximum atomic displace-
ment does not exceed 2 A. This outcome reveals that during the
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entire 20fs X-ray pulse, the C, structural changes remain below
the critical resolution considered sufficient in biomolecular stud-
ies (for example, in the context of distinguishing peptides from a
protein or the bases of a nucleic acid*®). Therefore, this finding may
have implications regarding the role of chemical effects in reducing
radiation damage of biological systems imaged at XFELs. Proteins
have chemical bonds of similar strength? to C, and, under imag-
ing conditions, experience a similar degree of ionization as Cy, does
in our study (see Methods). Figure 4b shows simulation snapshots
of the real-time evolution of Cg,"** for the full model, illustrating
the ionization and fragmentation dynamics of Cg, irradiated by
femtosecond X-rays.

The implications to the field of femtosecond molecular imaging
are that charge transfer, nuclear arrangement, chemical bonds and
thus the chemical structure are resistant to the intense electromag-
netic environment created by XFEL irradiation. The outlook for the
field is that delayed fragmentation will play a critical role in most
other X-ray multiphoton ionization of molecules. With the advent
of several new FELs around the world, our results, which lay the
foundation for a deeper understanding and the quantitative model-
ling of XFEL-induced radiation damage, will have a strong impact
on biomolecular imaging.
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Methods

Experiment. The measurement of the ions resulting from the ionization and
fragmentation dynamics of C, under X-ray exposure was performed using

a magnetic bottle spectrometer'® operated as a TOF attached to the LAMP
instrument*® at the LCLS Atomic, Molecular and Optical Physics (AMO) hutch.
Since the method is described elsewhere'’, our description here is brief. The C,
sample was produced via a collimated molecular beam using an evaporative
oven and the introduction of gas-phase C, into the vacuum chamber. The
oven was resistively heated and had a nozzle with diameter of 1 mm and a
skimmer with diameter of 0.5 mm through which the Cg, molecules entered
the interaction region. The oven was heated to ~700-800 K and a dump cooled
by liquid nitrogen opposite the skimmer captured the residual target after it
passed through the interaction region'”. X-ray optics focused the incoming

640 eV X-ray pulses with a combined pulse energy of 0.77 m], shared 45%/55%
between the 20 fs pump and the 10 fs probe pulses, for a pump peak intensity
of 4X 10"* W cm™ (derived using Ar calibration measurements compared to
modelling) and a focal area of ~400 um?. The magnetic bottle spectrometer,
which was used as an ion TOF, consisted of a 2-m-long ion drift path providing
high ion mass-to-charge and KE resolutions. The two X-ray pulses were
created in the electron accelerator using the fresh-temporal slices technique'.
In this procedure, two slices of one electron bunch that lase independently

in separate undulators are used to introduce a delay between them through a
magnetic chicane®.

The pulse energies of the two beams, the centroid photon energy and the pulse
duration were recorded and used as statistical filters in the analysis. The interaction
region, defined by the intersection of the focused X-ray beam and the molecular
beam, covered a volume around the focus with an inhomogeneous X-ray spatial
fluence distribution. Therefore, the measured data contain contributions from a
wide range of fluences (volume-integrated signal), with a peak X-ray fluence only
at the centre of the focus. To model the interaction region, the X-ray spatial fluence
distribution was calibrated using ion yields from Ar, which has well understood
sequential multiphoton ionization behaviour”. This spatial fluence distribution
was then applied in the modelling of the X-ray interaction with Cg, to account for
low- and high-fluence regions, allowing quantitative comparison of theoretical
predictions with the experimental data.

Determination of KE from the TOF spectra. The KE of the C ion charge state
distributions is determined from the TOF profiles obtained for all of the X-ray
pump-probe delay events. These data display the TOF shapes used to retrieve the
KE distribution for all delay times. Simulations of the spectrometer were carried
out using ion trajectory simulation software (SIMION v. 7.0) to determine

the optimal positions of the lens elements and the corresponding voltages

needed for effective ion collection. In SIMION, each fragment ion flies from an
interaction volume defined by the molecular beam and the photon focal volume.
All fragments flew with randomized direction into 47 solid angles within KEs
ranging between 0 and 200 eV. Their trajectories were traced until they hit the
detector. To translate the ion TOF simulation to the real data, factors such as
transmission loss, acceptance angle and focal volume need to be incorporated.
These factors have strong dependence on the TOF signal shape given a certain ion
KE. Previously", the effect of transmission loss was considered by assuming an
isotropic ion distribution in the Coulomb explosion. However, due to lower photon
beam fluence in the current experiment compared with the experiment by
Murphy et al.”, such an assumption is no longer valid. Thus, to take all of these
factors into account, the spectrometer transfer function, H, is calculated from the
SIMION v. 7.0% simulation to model the relationship

t = HK

where t is the TOF of a particular ion species and K is the KE. K is a column matrix
of size nx 1 with » ranging from 0 to 200 eV at intervals of 1eV. The simulation is
performed for 1,000 ion species for each K to obtain the TOF information. Thus,

a transfer matrix H of size 1,000 X 201 is constructed. To obtain the KE of the
fragments in the experiment for a given TOF, the pseudoinverse (Moore-Penrose
inverse) of H can be computed™’. However, to avoid rank deficiency and over-
fitting of the data, we performed Tikhonov regularization® of the form

K= (H"H+1)"'H"t

where 4 is the regularization parameter, T is the transpose of H and I is the
identity matrix. The regularization parameter ensures that the data are not over-
fitted during the minimization process. According to the simulations, light ions
with low KE are collected with near 100% efficiency, while the transmission
declines for more energetic ions within each ion species, as shown in
Supplementary Fig. 7. Note that the transmission decreases faster for C'* than
for the other ions.

Spatial pulse intensity profile and volume integration. An unavoidable feature of
high-intensity measurements on molecules is that the detected signal accumulates
contributions from a wide range of spatial regions across the intensity profile of the
beam, meaning a range of fluences is sampled rather than a single fluence value.

This makes the interpretation of measured signals more difficult and can smear
some features. For a comparison between experimental and theoretical data, one
has to perform the same spatial accumulation (called ‘volume integration’) on

the calculated results. To do that, the spatial intensity profile, averaged over many
FEL pulses, has to be known. In our experiment we characterized the averaged
spatial profile using Ar ion charge-state distributions measured under the same
experimental conditions. We fitted the pulse profile parameters using the single-
pulse data with the newly developed tool XCALIB Rev. 2646”. This methodology
is similar to what was applied in previous work", but with automated optimization.
A single Gaussian spatial beam profile was used in the volume integration, and
we assumed perfect overlap between the pump and probe pulses when evaluating
the theoretical volume-integrated spectra. The temporal profile of the X-ray pulse
(intensity) was also assumed to be Gaussian.

Fragmentation modelling. For the simulations, we employed an extended
version’ of the tool XMDYN'4, which is a code for modelling the dynamics of
matter exposed to high-intensity X-ray radiation. In brief, it tracks the ionization
dynamics using a Monte Carlo scheme, while the real-space dynamics of the
particles are computed using the classical molecular dynamics technique.
The atoms of the originally neutral sample are described as classical particles
interacting via fullerene-specific (Brenner) classical force fields'”. The bound
electrons are assigned to atomic orbitals of the atomic sites (disregarding molecular
states). The stochastic ionization induces changes of the occupation numbers of
these orbitals, which are tracked in time. Probabilities of photoionization, Auger
and fluorescent events for a discrete time step are calculated from atomic cross-
section and rate data supplied by the ab initio tool XATOM Rev. 1582'%. Tonized
electrons are also treated as classical particles. All charged particles interact
via Coulomb forces. Bond breaking is treated as in Murphy et al."”- Other than
the inner-shell photoionization processes, the model also contains collisional
ionization and recombination. A new extension has been applied for describing
valence-to-valence electron transfer between atomic sites, based on an over-the-
barrier ionization picture””’, which replaced the ‘molecular description’ of the
Auger process that was used to redistribute accumulated charge among neighbours
at an Auger decay event'’.

We applied a multi-time-step position Verlet algorithm with 64 small steps
in a 50-as-long step. Trajectories were computed up to 3 ps after the pulse. The
volume-integrated signals were calculated based on spectra for 10 different fluence
values, calculating 200 realizations for each fluence value to sample the stochastic
ionization dynamics. A single Gaussian spatial beam profile was used in the
volume integration. The temporal profile of the X-ray pulse (intensity) was also
assumed to be Gaussian.

Accuracy of the applied force fields for highly excited Cq,. We have compared
the applied Brenner force fields in our work to a tight-binding model™ in terms of
fragmentation for vibronically highly excited C. In ref. %, the fragmentation of
neutral Cy, was investigated by assuming that it has an initially perfect buckyball
geometry and that a different amount of total KE is distributed among the site
according to thermal equilibrium. We found a good comparison between the
fragment distributions extracted from the two models. We used 300 eV and 400V
excitation energies because they surround the value of 350 eV, the electrostatic
potential energy for C,"** that drives the fragmentation. Supplementary Fig. 8
shows the good comparison between our work and the work from ref. . Thus, the
applicability of the applied force fields under the conditions in this study is not only
validated through our experiments but also with another computational method.

Bond dissociation energies of Cy, and some organic molecules. We compare
here the bond energies of Cq, with those of some biologically relevant organic
molecules, such as alanine dipeptide, based on the literature. A typical C-N amide
bond (peptide bonds belong to this class of bonds) has dissociation energies in the
range of 3 to 4eV, while the C-C bonds in C, have an average bond dissociation
energy of 4.6 eV (ref. *', we introduced the C-C bond dissociation energy in the
main text).

Furthermore, the C-N bond dissociation energies for various systems are*’
4.28eV for methyl isocyanide (CH,-NC), 4.28¢V for ethyl isocyanide (C,H,-NC) and
4.37 eV for N-methylacetamide (H,C(O)-NHCH,). We can thus conclude that the
bond energy is about 4.3 eV. We also note that in alanine dipeptide, the equilibrium
distance between the C and N atoms within a peptide bond is quite short™.

We conclude that the characteristic energies holding Cy, together are similar to
the dissociation energies associated with peptide bonds.

Hard X-ray imaging of a macromolecule. We compare our results to established
serial femtosecond crystallography experiments with hard X-ray light, using a
pump fluence that creates an equivalent degree of ionization to that encountered
in those short-pulse experiments. We explain our reasoning by describing the
relationship between the ionization state of a carbon bulk system (for example,
a protein crystal) by the end of a ~10fs hard X-ray imaging pulse and the state
reached during the current C,, experiment after the pump pulse.

A common set-up in serial femtosecond crystallography is to use 1 mJ XFEL
imaging pulses of 10keV photons, focused down to 1 um? such that a peak fluence
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of F=5.5x10" photonsum™ is reached. The fraction of atoms photoionized
during a pulse is 1 - exp(—oF)  0.002, where ¢ is the photoionization cross-

section (41X 107**cm?) of carbon at the photon energy 10keV. One photoelectron
of 10keV loses its energy due to collisional ionization within approximately

100fs, therefore with the rate of 100eV fs™! (ref. *. Shortly after most of the
photoionization events, a ~250 eV Auger electron is also released and is assumed to
promptly distribute its energy via collisional ionization. According to Ziaja et al.”,
~13.5eV energy is needed on average to create a secondary electron. Therefore, in
the case of T=10fs pulse duration, the average charge state per atom reached by
the end of the pulse is:

[(1— exp(—oF)] x (250eV + 100eV fs x 10fs)/13.5eV ~ 0.21

This value is approximately equal to the final average carbon charge observed
in the present experiment, 13/60=0.22, achieved because of the pump pulse. This
state is only transiently present for an imaging experiment, but in our spectroscopy
experiment this is the final ionization state existing over an extended time period,
allowing more detailed information on the ionization dynamics to be extracted, as
it was in this work.

In single-molecule imaging experiments, the targeted fluence regime requires
~100nm focusing (which is not the case in this study), when photoionization
alone ionizes ~20% of all atoms, leading to ionization of all atoms in the sample via
the secondary ionization processes. Under such conditions, chemical phenomena
disappear in the system and plasma dynamics becomes predominant.

Data availability
The data that support the findings of this study are available from the
corresponding author on reasonable request.
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Code availability

The released version of the software underlying the findings of this study is
available from Z.J. and R.S (at xraypac@mail.desy.de). and more information is
available at http://www.desy.de/~xraypac.
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