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Abstract

In many cases fragmentation of molecules upon inner-shell ionization is very un-

specific with respect to the initially localized ionization site. Often this finding is

interpreted in terms of an equilibration of internal energy into vibrational degrees of

freedom after Auger decay. Here we investigate the x-ray photofragmentation of ethyl

trifluoroacetate upon core electron ionization at environmentally distinct carbon sites

using photoelectron-photoion-photoion coincidence measurements and ab-initio elec-

tronic structure calculations. For all the 4 carbon ionization sites, the Auger decay

weakens the same bonds and transfers the two charges to opposite ends of the molecule,

which leads to a rapid dissociation into 3 fragments followed by further fragmentation

steps. The lack of site-specificity is attributed to the character of the dicationic elec-

tronic states after Auger decay, instead of a fast equilibration of internal energy.

Graphical TOC Entry

The ESCA molecule fragmenting after

carbon inner-shell photoionization.
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Understanding the consequences of photoabsorption, the dominant x-ray interaction with

matter, is the basis of radiation damage and is crucial for experiments at modern synchrotron

and free-electron laser light sources. Above the core electron ionization energy, the main

photoabsorption process ejects an electron from a core orbital, leaving behind a localized

inner-shell vacancy. The ensuing non-radiative decay is well characterized in atoms, but in

molecules there is a competition between charge delocalization, Auger cascade, and Coulomb

explosion where the underlying dissociation mechanism involves coupled nuclear and elec-

tronic motions.1–7 In low-Z molecular systems, the inner-shell hole decays predominantly by

Auger processes yielding electronic states with multiple valence holes. If the valence holes

remain localized near the initial core hole, the fragmentation may be “site-selective” and thus

provides a means to control chemical bond breakage. Site-selective photofragmentation has

been extensively studied since the first observation by Eberhardt and colleagues where soft

x-ray excitation of a core electron into an antibonding orbital in acetone resulted in prompt

site-selective fragmentation.8 Recently, fragmentation of a singly-ionized six-membered ring

molecule produced by resonant inner shell excitation was compared with direct valence pho-

toionization.9 The preferential production of certain fragments was found to depend upon

the population of the final states reached in the two situations, but a firm correlation between

the excitation site and bond breakage could not be established.

More generally, x-ray photoionization proceeds via electron promotion into the continuum

and relaxation by Auger decay. Experimentally this process has been studied10–26 with

electron-ion coincidence methods. Site-selectivity is obtained by exciting or ionizing atoms

of different elements10–12,22 or, for atoms of same elements, by using site-specific chemical

shifts in a variety of medium-sized carbon9,17,18,20,24,25 and silicon-containing13,16,19 molecules.

For most of these molecules only a relatively small fraction of the total ion yields is specific

to the ionization site. The situation is drastically different for dicationic states reached

after an Auger decay; in the classic case of CH
2

ClBr at low internal energies (high Auger

kinetic energy) a strong site-specific fragmentation was observed,11 and the key role of the
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internal energy—the excitation energy of the dicationic electronic state after Auger decay—

was identified via Auger-photoion-photoion coincidence studies.

A theoretical understanding of the underlying mechanism is still at an early stage. The

major role of the internal energy stems from the idea that fast conversion processes quickly

transfer electronic excitation energy of the dication into vibrational degrees of freedom.11

For example, the rich fragmentation patterns of the ring molecule thiophene (C
4

H
4

S) after

ejection of a sulfur 2p electron were modeled using molecular dynamics assuming a statistical

(thermal) distribution of the excitation energy into all vibrational degrees of freedom in the

lowest electronic state of the dication.27 In this model, the identities of the electronic states

populated via Auger decay become irrelevant and the only important parameter determining

the fragmentation remains the internal energy.

Other works that model x-ray photofragmentation also rely mainly on a statistical model,21,23,27–30

as a theoretical description addressing molecular dissociation after x-ray ionization is chal-

lenging. Recently, this statistical model has been challenged by experimental observation

that a site-specific fragmentation pattern persists at similar internal energy content20,24 and

that a seemingly minor substitution in a non-ionized site of the molecule can drastically

change the fragmentation pattern.23 Can we characterize the photoionization induced frag-

mentation dynamics with a purely statistical model, or is any memory of the core localization

retained? How can we model such behavior?

Here we address these questions by studying both experimentally and theoretically the

photofragmentation on the “ESCA” molecule, ethyl trifluoroacetate (CF
3

CO
2

CH
2

CH
3

), where

the core ionization of the chemically distinct carbon atoms can be identified through their

chemical shifts. Previously, Eland et al.20 found a site-specific trend in fragmentation for

some ion fragments (CF
3

+, CF
2

+, CF+). By detecting ion fragments in coincidence with fast

Auger electrons they showed that strong site-specificity occurs when one restricts oneself to

low internal energies. In another work Auger spectra for specific ionization sites have been

measured and analyzed.31 Here we reinspect the photofragmentation of CF
3

CO
2

CH
2

CH
3
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with a focus on the fragmentation mechanisms associated with initial ionization sites using

ion-ion coincidences and theoretical modelling of the observed trends.

Figure 1(a) shows the measured ion-mass spectra upon C1s ionization (h⌫ = 411 eV), in

coincidence with photoelectrons associated with each of the four ionization sites. The most

abundant ion fragments are mono- and di-carbon hydride ion fragments (CHn
+, n = 0, . . . , 3;

C
2

Hn
+, n = 2, . . . , 5), as well as carbon fluoride ions (CFm

+, m = 0, . . . , 3), and, much less

abundant, carbon dioxide ions (CO
2

+) and fluorine ions (F+). The unfragmented parent ion

(CF
3

CO
2

CH
2

CH
3

2+) and any doubly charged ions are not observed in the mass spectra. No

ion fragments containing a CO
2

or CO group are observed, apart from a tiny contribution of

CF
2

CO+. From the time-of-flight (ToF) correlation map (Figure S1), one can see that the

fragment pairs CF+

m+CH+

n and CF+

m+C
2

H+

n dominate the fragmentation channels, indicating

that the bonds connecting the central CO
2

moiety (CO
2

–CF
3

and CO
2

–CH
2

bonds) break

preferentially. Overall, the fragmentation pattern (Figure 1a) shows little site-dependence

(83% of the ion yield unaffected by the initial ionization site).

Subtle site-dependent effects are illustrated by branching ratios for coincident fragment

pairs containing CFm
+ (Figure 1b) or CHn

+/ C
2

Hn
+ (Figure 1c). The series CF

3

+, CF
2

+,

CF+ indicates a decreasing degree of cleavage of C–F bonds as the ionization site moves

further from the CF
3

group, as reported before.20 A similar but weaker trend is observed

for the ethyl and methyl fragments, where the production of C
2

Hn
+ increases and that of

CHn
+ decreases as the ionization site moves away from the ethyl tail. These trends are also

observed in the photoelectron spectrum coincident with ions and ion pairs (See section S2).

Details on the dissociation mechanism are revealed from the ion ToF correlation diagram,

based on momentum conservation.32,33 Since there is no significant difference in the ion-ion

correlation maps for the different sites, we consider them together in the following analysis.

For ABC2+

��! A+ + B+ + C, the momentum of the undetected neutral fragment C is

determined by momentum conservation from the momenta of the charged partner fragments

A+ and B+. We assume that scission of a neutral fragment from a charged parent fragment
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Figure 1: Ion-mass spectra in coincidence with photoelectrons from different carbon ioniza-
tion sites(CF

3

, CO
2

, CH
2

, CH
3

). Top left: the ion-mass spectra after site selection, based
on the electron energy. Top right: The photoelectron spectrum showing the chemical shift
of each photoelectron. The shaded areas indicate the selection range used in the ion-mass
spectra. Bottom: Branching ratios of fragment pairs containing a CFm

+ (b) or CHn
+ /

C
2

Hn
+ (c) fragment. The branching ratios are calculated from the measured abundance of

double coincidence pairs that correspond to a photoelectron within the energy ranges shown
in the top right.
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does not produce a significant amount of momentum and in this case the momentum of the

parent fragment is shared between neutral and charged products at the ratio of their masses.

For a concerted three particle break-up into two charged particles and a neutral partner, the

two charged fragments gain opposite momenta and the neutral fragment is left behind with

little momentum.

Figure 2: The momentum sharing map of two fragment pairs and the residual momentum
coincident with one carbon inner-shell photoelectron (any ionization site): CH

3

+ + CF
3

(a), C
2

H
3

+ + CF
3

+ (b) and C
2

H
3

+ + CF
2

+ (c). Each of three axis represents the absolute
momentum squared, normalized to the sum of absolute momenta squared

P
n | ~pn|

2.

Figure 2 displays momentum correlations in triangular Dalitz plots,34 where the absolute

momenta of two coincident fragments are plotted, normalized by the sum of the absolute

values of all momenta. This momentum sum indicates the missing momentum of undetected

neutral fragments, since the total momenta of all fragments should be close to zero. For three

specific fragment pairs, the Dalitz plots give a crucial insight into the fragmentation mecha-

nism. Figure 2b shows the dominantly detected fragment pair, C
2

H
3

+ +CF
3

+, indicating an

equal sharing of momenta on both ions, resulting in a small residual momentum. This indi-

cates that the momenta of the undetected CO
2

fragment and that of evaporated hydrogens

are very small. Because CO
2

is the central moiety in the molecule, we infer that the two

charged fragments fly off simultaneously in opposite directions due to Coulomb repulsion,

leaving the remaining CO
2

fragment at rest.
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The momentum sharing mechanism of the channels with CF
3

+ and CH
3

+ as final charged

products is very different, as shown in Figure 2a. In the Dalitz plot one clearly sees a tendency

for unequal momentum sharing. The absolute momentum of CH
3

+ is much lower that of the

corresponding CF
3

+ fragment partner. We ascribe the residual momentum to the undetected

neutral methylene that is created during a secondary break-up of C
2

Hn
+, after the initial

break-up of the ESCA molecule.

A similar observation is found for fluorine loss, CF
3

+

��! CF
2

+ +F, in Figure 2c. There

is a significant amount of residual momentum at the expense of momentum in the detected

CF
2

+ fragment. Following the same argument, the lost momentum is likely to be carried

away by the undetected fluorine atom that dissociates from CF
3

+ after the initial break-up

of the molecule.

The momentum correlations discussed above strongly indicate an initial concerted break-

up into C
2

Hn
+ and CF

3

+ fragments and a neutral CO
2

molecule. Afterwards, either charged

fragment can further break up. The ethyl fragment can split into two methyl/methylene

fragments, where one carries the charge, and the trifluoromethyl fragment can lose fluorine

atoms. In summary, the dominant break-up scheme is

C2H5�CO2�CF3
2+

��! C2Hn
+ + CO2 + CF3

+ + (5�n) H

in some cases: C2Hn
+
��! CHm

+ + CHn�m

in some cases: CF3
+
��! CFm

+ + (3�m) F.

This break-up scheme holds consistently for all four carbon ionization sites.

Since the site-selectivity of the fragmentation is so low, one might be tempted to think

that after Auger decay the internal energy in the dicationic molecule has equilibrated among

the molecular degrees of freedom resulting in a similar fragmentation path from each initial

C 1s vacancy such that any memory of the initial ionization site is lost. However, the initial
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simultaneous bond rupture and the strict sequence of bond breaking strongly indicate that

the creation of CF
3

+ and CH
2

CH
3

+ takes place directly after the Auger decay, leaving little

time for equilibration of the internal energy. At the same time, the observed small site-

specific fragmentation trends demonstrate that the memory on where the core-ionization

happened survives at least to a certain degree until the onset of secondary break-up. Thus,

our observations indicate that the bond breakage of the molecule is not governed by a

statistical mechanism in which the internal energy is equilibrated over the vibrational degrees

of freedom prior to fragmentation. Instead, we think that the fragmentation is determined

by the specific character of the electronic states populated after Auger decay as has been

suggested in Refs. 9,20,24.

To investigate this idea theoretically, we now consider the fragmentation dynamics in the

final states after Auger decay. For simplicity, we neglect double Auger/shake-off processes

and focus on the Auger process leading to two holes in the valence shells, which comprise

the dominant fraction (' 90%) of created ions. From molecular dynamics calculations in

the core ionized states we verified that the molecule does not undergo significant geome-

try rearrangements within the lifetime of the core hole (' 10 fs) (see section S5). In the

two-valence-hole state after Auger decay molecular bonds are weakened significantly. Ad-

ditionally, the molecule now carries two charges, which leads to strong Coulomb repulsion

of charged parts in the molecule. To investigate the trends for dissociation in the differ-

ent two-valence-hole states, we inspect the character of molecular bonds and how they are

weakened through Auger decay. We calculate the Auger rates for the many involved final

dicationic electronic states employing a methodology that is sufficiently accurate to describe

the relevant characteristics (see section S4). For these states, we evaluate the bond orders

of the chemical bonds35–37 and weight them with their respective Auger branching ratios.

Calculation details are given in the Methods section.

Figure 3 shows the histogram of bond order values after Auger decay for each selected

bond in the molecule. The atom labeling is shown on top of the figure. The different panels
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Figure 3: Bond order distribution after Auger decay at a given ionization site for specific
bonds (56% anti-anti, 44% anti-gauche conformer). The labeling of the bonds is given in the
structural formula above. The vertical lines in the plot indicate the bond order value of the
neutral state.
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indicate the different core ionization sites. The vertical lines indicate the bond order value

for the neutral state. As can be seen, for the neutral electronic configuration the bond order

is ' 1 for bonded atom pairs. The C
2

––O
1

double bond is the strongest with a value of

' 1.8. The bond connecting the fluoromethyl group and the carbonyl group (C
1

–C
2

) and

the oxygen-methylene bond (O
2

–C
3

) are the weakest with bond orders of ' 0.85 and ' 0.80,

respectively.

For the two-valence-hole states populated after Auger decay, the bond order distribu-

tion indicates that all considered are weakened compared to the neutral state. Overall,

no strong signal of ionization site-specificity is seen. The oxygen-methylene (O
2

–C
3

) and

the fluoromethyl-carbonyl (C
1

–C
2

) bonds remain the weakest. The methylene-methyl bond

(C
3

–C
4

) is less affected. Its bond order peaks at 0.9 and shows a distribution to weaker

bonds. For the CH
3

and CH
2

core holes the distribution is slightly shifted to lower values

compared to the CO
2

and CF
3

core holes. The C
1

–F bond is rather weakly affected and

peaked around 0.9. There is a clear trend for a weaker bond with ionization on the CF
3

site.

The bond C
2

–O
2

is weakly affected and its distribution is centered around 1 for all ioniza-

tion sites. The double bond C
2

––O
1

is strongly shifted but maintains its strong double-bond

character (bond order ' 1.5).

In order to understand the trends in charge distribution among the different molecular

fragments we inspect the distribution of Mulliken charges after Auger decay as shown in

Figure 4. The different panels describe the charge distributions for the different ionization

sites. Auger decay increases the charge of all moieties and the two charges are broadly

distributed over the molecule confirming previous observations.31 For all ionization sites, the

strongest shift in charge distribution appears in the fluoromethyl part, A, which also carries

the largest charge regardless of ionization site. In contrast, the CO
2

part, B, stays neutral

with values of �0.5 to 0.5. The charge of the methylene and methyl moieties, C and D, is

distributed in the range 0.0–1.0, respectively.

As can be seen from this analysis, the most abundant fragments as well as the low site-
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Figure 4: Distribution of Mulliken charges of constituents of the molecule after Auger decay
at a given ionization site (56% anti-anti, 44% anti-gauche conformer). The moieties of A,
B, C, and D are defined in the structural formula above. The vertical lines indicate the
Mulliken charge for the neutral state.
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specificity are explained by the trends in the bond order distribution in the final dicationic

states of the molecule. For all 4 ionization sites the weakest bonds, C
1

–C
2

and O
2

–C
3

, break.

The bonds of intermediate strength, C
3

–C
4

and C
1

–F, break only in some fragmentation

channels. The positive charge in the molecule is distributed in such a way that both CF
3

and

CH
2

CH
3

fragments carry away a positive charge, and the CO
2

fragment remains neutral. In

agreement with the distribution of bond order values, the site-specificity in the fragmentation

is low. The observed site-specific trends, the larger abundance of CF+ at the expense of CF
3

+

fragments for ionization on CF
3

and the more likely breaking of the C
3

–C
4

for ionization

on CH
2

or CH
3

, can be explained by the site-specific characteristics of the bond order

distributions. We note that, if one focuses on a specific range of internal energies (e.g.,

by filtering for specific Auger energies) stronger site-specificity in the fragmentation may be

seen (see section S6), as recently observed.20,24 It should be noted that double Auger/shake-

off processes neglected in our theoretical model may have an overall contribution of 10% or

more.38 The possibility exists that these processes might have a role on the site-specificity

of photofragmentation.

In summary, we have measured the photofragmentation of ethyl trifluoroacetate using

photoelectron-photoion-photoion coincidence (PEPIPICO) measurements after carbon 1s

ionization and analyzed the fragmentation mechanisms for the dominant fragmentation chan-

nels. We find that fragmentation is largely unspecific to the ionization site. Because the

initial fragmentation takes place quickly after Auger decay, it is very unlikely that the loss

of site-specificity is due to equilibration of the internal energy in the electronic ground state,

even if molecular dynamics simulations with internal energy as a determining parameter

have successfully modeled x-ray photofragmentation of some molecules.27,28 Here we have

used ab-initio electronic structure methods to investigate all the Auger decay channels for

each of the four carbon ionization sites. A bond order analysis for all the final electronic

states reproduces all of the trends shown in the ion mass spectra. In particular, for all

initial ionization sites the Auger decay populates dicationic electronic states in which the
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same specific bonds are weakened. Therefore, the fragmentation is not strongly correlated

with the initial ionization site. Additionally, we can demonstrate that the small site-specific

trends in the experimental ion yields are qualitatively rationalized by the calculated bond

order distribution after Auger decay. We conclude that it is not the internal energy left

in the molecule but the character of the two-valence hole states populated through Auger

decay that essentially determines the fragmentation pattern. Our theoretical approach may

present a route to efficient modeling of x-ray photofragmentation of molecules, which is

complementary to approaches that do not take into account the specificity of the excited

electronic states populated after Auger decay.21,23,27–30

Methods

Experimental methods

The experiment was carried out at the PLEIADES beamline at the SOLEIL synchrotron

radiation facility in Saint Aubin, France,39 using the EPICEA spectrometer described else-

where.40–43 In short, the EPICEA setup combines a double-toroidal electron-energy analyzer

and an ion ToF spectrometer, both equipped with time- and position-sensitive detectors.

The setup was used in coincidence mode, where the analyzer acceptance was maximized for

an energy resolution that is sufficient to resolve the chemically-shifted C 1s peaks in the

XPS spectrum; the pass energy of the analyzer was set to 120 eV, allowing to detect all four

C 1s electrons simultaneously. A three-dimensional focusing ion ToF spectrometer detects

molecular fragment ions using a delay-line anode detector. The ion extraction potential is

triggered by detection of an electron, and multiple ions may be detected for each electron

start signal. The relatively low electron collection efficiency (' 2%44) results in the detec-

tion of less electrons than ions, contributing to the measurement of false coincidences (see

supporting information section 1 for further discussion). We filter the data for those coin-

cidence events in which ions are detected with exactly one carbon 1s photoelectron. The
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measurements were carried out at 411 eV with a photon bandwidth of 40 meV. The resulting

electron rate was kept at 25 Hz.

The ion signals were filtered according to the radius of the electron signal, after cor-

rection for the angular variation of the detection radius, due to slight non-uniformities in

the electrostatic field and the multi-channel plates (MCP) in the detector. The conversion

of radial position to electron kinetic energy was performed as suggested in Ref. 44. The

position-sensitive detection allows to measure ion impact positions and to determine the

ion’s three-dimensional momentum.

In a previous study using a magnetic bottle spectrometer,20 the emitted Auger electrons,

photoelectrons, and ions are detected in coincidence, allowing for the selection of certain

Auger transitions. The EPICEA setup, used in the present experiment, allows efficient

simultaneous detection of multiple fragment ions in coincidence with a photoelectron, re-

gardless of the preceding Auger transition. Moreover, the coincidence position-sensitive ion

pair detection allows us to determine the ion three-dimensional linear momentum and kinetic

energy, which reveals the sequence of ionic breakup.

Computational methods

Geometry optimization

Ethyl trifluoroacetate is famous as a textbook example of a molecule with four carbon atoms

having distinct chemical shifts.45 It is also known as the ESCA (Electron Spectroscopy for

Chemical Analysis) molecule, celebrating the concept of Kai Siegbahn and coworkers to uti-

lize core-level chemical shifts for conducting chemical analysis.46 There exist two conformers

of CF
3

CO
2

CH
2

CH
3

, one with Cs symmetry (anti-anti conformer) and the other with C1

symmetry (anti-gauche conformer) that appear with 56% and 44% in equilibrium, respec-

tively.47 This population ratio of conformers is considered for all calculations. The geometries

of the two conformers that are used for the present calculations are obtained47 from a MP2

geometry optimization employing the 6-311G++(d,p) basis set using GAMESS48 and are
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illustrated in Figure S2.

Calculation of Auger decay rates

With the XMOLECULE49,50 toolkit we calculate the electronic structure of CF
3

CO
2

CH
2

CH
3

employing the 6-31G** basis set51,52 and the Hartree-Fock-Slater electronic structure model.

For efficient Gaussian integral evaluation we employ the libcint53 integral library. For each

of the four carbon core hole configurations in the two conformers, we perform electronic

structure calculations by optimizing the molecular orbitals in the presence of the respective

core hole. To calculate Auger decay rates we employ the methods described in Ref. 50. To

this end the molecular orbitals expressed in the 6-31G** basis are projected onto the minimal

basis set,54 in which the atomic radial matrix elements are provided by the XATOM toolkit.55

To describe the final doubly-ionized electronic states after Auger decay, we employ config-

uration interaction (CI) calculations using orbitals optimized for the doubly-ionized ground

state (employing a finite temperature distribution for the electronic occupation numbers of

kbT = 0.1 eV), taking into account the configuration space spanned by all two-valence-hole

combinations. The Auger rates for the individual CI states | fi are obtained by projecting

them onto the two-valence-hole space within the core-hole-optimized orbital set. Employing

this projection, the Auger rate for a final state | fi from the initial core hole state | ii is

calculated by

�i!f =

�����
X

a<b

h f |cbcac
†
c| ii h�c�✏|

1

r12
|�a�bi

�����

2

. (1)

The sum in Eq. 1 runs over all valence orbitals pairs �a and �b. The operators ca, cb and cc

are annihilation operators for electrons in the valence orbitals a, b, and the core orbital c,

respectively. The matrix element h�c�✏|1/r12|�a�bi is the electron interaction integral of the

two valence electrons �a and �b with the continuum electron �✏ and the core electron �c. In

our approach, this two-electron integral is evaluated using the one-center approximation.50

Because we use different sets of orbitals for the initial state | ii and the final states

| fi, evaluation of Eq. 1 involves an overlap of the CI state | fi with the two-valence-hole
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configurations cbcac†c| ii expressed with core-hole state optimized orbitals. For this overlap

we obtain a projection norm,
X

f

|h f |cbcac
†
c| ii|

2, (2)

that is in the range of 0.7–0.8 throughout all two-valence-hole configurations a,b. This value

shows that the two Fock-subspaces described by the two orbital sets are largely overlapping

and only a small quantity of a two-valence-hole configuration cannot be assigned to a final

CI vector. We have validated our electronic structure method by comparing calculated core

level shifts and Auger spectra with measurements (see supporting information section S3).

Bond Order Analysis

The bond order is a quantity that indicates how many bonding electrons are involved in

the respective molecular bond between two atoms and is therefore a measure for the bond

strength. To estimate bond order values, we perform Mayer’s bond order analysis56 based

on the above mentioned electronic structure calculations for each final electronic state after

Auger decay. In detail, from the one-particle density matrix D for each CI vector we calculate

the bond order values between neighboring atoms A and B,

BAB =
X

µ on atom A

X

⌫ on atom B

(DS)µ⌫(DS)⌫µ, (3)

where S is the overlap matrix of the basis functions and the sum µ and ⌫ runs over basis

functions centered on atom A and atom B, respectively. By weighting the bond order value

with the Auger decay branching ratio we obtain a distribution of bond order values after the

Auger decay from a specific core hole.
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S1 Time-of-flight correlation map (PEPIPICO)

Figure S1 shows the time-of-flight correlation map. Note the detection of implausible or

impossible combinations of fragments, such as CF2,3
+-CF2,3

+ and C2Hn
+-C2Hn

+, which

we assign to the detection of uncorrelated fragments (‘false coincidences’). Note also the

ambiguity in the masses of C2H4
+ and CO+, preventing us from identifying those fragments;

However, the pattern created at 26, 27 (C2H2,3
+) is very similar to that at 28 (C2H4

+ or

CO+) which suggests that CO+ is present in only small relative quantities.

Figure S1: Ion-ion mass correlation map (PEPIPICO) after core-ionization at 411 eV photon
energy. The corresponding fragment names are written on the top and right for the first
and second particle, respectively. The arrows indicate the fragment pairs that are studied
in a momentum analysis in Figure 2. The histogram only shows data that correspond to an
identified electron (within selection boxes shown in Figure 1, right), and reflections in the
ion signal (appearing at ToF differences below 100 ns) are cut out of the spectrum.
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S2 Ion-selected photolines
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Figure S2: Left: Photoelectron spectrum of all detected electrons (top), and electrons de-
tected in coincidence with specific ions. Right: Photoelectron spectrum of electrons detected
in coincidence with specific ion pairs CFm

+ (m = 1, 2, 3) + C2H3
+/CH3

+. The ion selection
is performed by a mass filter that spans one half atomic mass unit above and below the
nominal mass of the respective fragments. All spectra are normalized to the same total
intensity. The error bars indicate the statistical errors (standard error).

As an alternative presentation of the data shown in Figure 1 we show here photoelectron

spectra recorded in coincidence with ion fragments. Figure S2(left) shows the photoelectron

spectra for selected ion fragments. The plots resemble Figure 5 in Ref. 1 but with improved

statistics. They reveal a decreasing degree of cleavage of C–F bond when the ionization

site moves further away from the CF3 carbon. Figure S2(right) shows the photoelectron

spectra in coincidence with selected ion fragment pairs. In coincidence with C2H3
+ ions or

CH3
+ ions the same trend is seen in C–F bond cleavage as on the left spectrum with single
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ion coincidences. In coincidence with CF3
+ and CF2

+ fragments there is no significant

site-specific trend regarding the breakage of the ethyl part. In coincidence with CF+ ion

fragments, a small trend can be seen favoring the breaking of the ethyl bond, when the

ionization happens on CH2/CH3, whereas breaking of this bond is less likely when ionization

happens on CF3.

S3 Conformer geometries

The geometries for the two conformers used for the calculations are illustrated in Fig. S3.

Figure S3: Two conformers of ethyl trifluoroacetate. Left: anti-anti conformer, Right: anti-
gauche conformer.

S4 Calculated core level shifts and Auger spectra

To validate our electronic structure calculation, Table S1 compares the carbon K-shell chem-

ical shifts as calculated for the two conformers with experimental values. For the calculation

of the core level shifts we have used the �SCF energy value, where the energy was calcu-

lated using the exact expression for the exchange interaction. As one can see, the calculated

K-shell binding energies show expected trends in chemical shifts for the different core hole

configurations. The calculated chemical shifts are 0.5 eV–2 eV larger compared to the exper-

imental values.2 Also, the absolute K-shell binding energy for the CH3 core hole obtained

from the calculation is 1.6 eV larger compared to the measurement.2 These discrepancies can

be largely attributed to missing correlation contributions and finite basis set effects. From
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Table S1: Chemical shifts for the four carbon core hole states relative to the

chemical shift for the CH3 core hole. K-shell binding energy for the core hole

on CH3: E = 293.10 eV(calculation anti-anti conformer), E = 293.02 eV(calculation

anti-gauche conformer), E = 291.47 eV(experiment

2
).

Core hole calculation experiment2

anti-anti anti-gauche
CF3 9.21 eV 9.25 eV 7.46 eV
CO2 6.40 eV 6.43 eV 4.43 eV
CH2 2.00 eV 2.08 eV 1.72 eV
CH3 0.00 eV 0.0 eV 0.0 eV

this comparison, we consider that the employed electronic structure method is sufficiently

accurate for discussing the x-ray photofragmentation trends.

To further test our electronic structure model we compare the calculated Auger spectra

with those published in Ref. 3. To that end, the two-valence-electron binding energy is calcu-

lated from the difference between the neutral ground-state energy and the final configuration

interaction state energies. The obtained Auger spectra are shown in Fig. S4 for the different

K-shell vacancies. For a better comparison, the Auger transitions have been convoluted by

Gaussians of 5 eV width (FWHM) and shifted by a few eV (2 eV down for CH2; 3 eV down

for CH3). As can be seen, most features of the experimental spectra are reproduced by the

calculation. In agreement with the measured spectra, we see that the Auger spectrum for

the CF3 core hole is more diffuse than that for the CH3 core hole. Also, we can see the same

trend that the peak position shifts to larger binding energies when going from the CH3 core

hole to the CF3 core hole in both, experimental and calculated spectra. Deviations are seen

mostly for higher binding energies, where some of the spectral features seem to be shifted

considerably compared to the measured spectra. Nevertheless, the electronic structure model

reproduces the overall shape of the measured spectra well.

Altogether, the Auger spectra for the CH2, CH3, CO2, and CF3 core holes show some

site-specific features, while most of the populated final dicationic states lie within the same

energy span.
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Figure S4: Auger spectra for the different carbon K-hole configurations (56% anti-anti,
44% anti-gauche conformer) as a function of the binding energy of the dicationic final state
(E2h � Eneutral = E1s � Eneutral � ✏Auger, where Eneutral, E2h, and E1s are the energies of the
neutral, dicationic, and core ionized state, respectively, and ✏Auger is the energy of the Auger
electron). The vertical lines show the calculated transitions without convolution (anti-anti
conformer only). Experimental spectra are taken from Ref. 3.
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S5 Core-ionized state molecular dynamics

To understand the underlying mechanism of the fragmentation channels, we conduct elec-

tronic structure calculations for the core-ionized and the doubly valence-ionized states that

are populated after Auger decay. To assess the relevance of the few femtoseconds nuclear

dynamics in the specific core-hole states, we first consider molecular dynamics (MD) calcu-

lations in the respective core-ionized states. It has been noted that the optimized geometries

for the core-ionized states show some dramatic changes compared to the neutral-state geome-

try,2 which indicates that the core-ionized molecule is highly vibrationally excited. It has not

been clear, however, how much the molecular geometry changes and how much momentum

the nuclei gain during the short lifetime of the core vacancy of ' 10 fs. To investigate these

effects, we performed MD calculations for 20 fs in the core-ionized state with a carbon K-shell

vacancy, starting from zero initial velocities and the neutral state optimized geometry. In all

cases (two conformers and four different core-hole sites) the total kinetic energy of the nuclei

remained below 3.3 eV, which is similar to the vibrational zero point energy as calculated

with GAMESS4 (2.8 eV for the anti-anti conformer; 2.6 eV for the anti-gauche conformer).

The strongest bond deformation occurs with a CF3 core hole for the anti-gauche conformer,

where the C–CF3 bond is extended by 10% at ' 12 fs after ionization. Altogether, all the MD

trajectories show relatively small distortion of the molecular geometry within the core-hole

lifetime. We therefore focus on the optimized molecular geometries of the neutral molecule

only for our investigations of charge and bond order analysis.

Although the four carbon atoms in the ESCA molecule represent a broad variety of

chemical environments, one must take care when generalizing the observation that the core

ionized state dynamics have little impact on the molecular fragmentation. For example,

the promotion of a core electron to an anti-bonding orbital through core excitation can

result in a much steeper potential energy surface that can lead to rapid geometry changes

in the molecule already in the intermediate core-hole electronic state.5,6 This is also to be

expected for heavier atoms, where multiple charges are created through an Auger cascade
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and strong Coulomb forces can drive molecular fragments apart before the electronic decay

has completed.7 In these cases not only the final cationic states determine the fragmentation

of the molecule, but also the dynamics in intermediate electronic states play a role.

S6 Bond order energy distribution

Figure S5: Histogram of bond order values for different binding energies (1 eV bins) of the
respective two-valence-hole state for the ethyl bond CH2 �CH3. The four plots show values
for the different initial ionization sites indicated on the top (labeling as in Fig. 2).

To further elucidate the site-specific effects we also inspect the bond order distribution

as a function of the binding energy of the two-valence-hole states. As an example, the bond

order distribution for the C3 � C4 bond is shown in Fig. S5. One can see that this bond order

distribution at a fixed binding energy can be rather broad. This demonstrates that even at

similar internal energies many electronic states of different bond characteristics are involved

and give rise to different fragmentation patterns. As pointed out in the introduction, a rapid
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non-radiative decay to this multitude of electronic states “washes” out site-specific effects

in the fragmentation. The contributions at very high binding energies, which only appear

in the Auger spectrum for ionization on CF3 and CO2 (see Fig. S4), indicate rather large

bond order values. The bond seems to be particularly weak for some states at lower and

intermediate binding energies of 40 � 60 eV. Site-specific features show up particularly at

lower binding energies ' 40 eV, because for an initial hole at CH2 or CH3 the bond order

distribution has some significant contribution in low bond order values, while this is not the

case for a CF3 core hole.

Figure S6: Histogram of bond order values binding energies of the cationic states below
30 eV (56% anti-anti, 44% anti-gauche conformer). The labeling of the bonds is given in the
structural formula above. The vertical lines in the plot indicate the bond order value of the
neutral state.

In Ref. 1 the authors demonstrated that site-specific effect can be strong when selecting

only particular ranges of Auger electron energies. In their ion mass spectra for low internal

energies (high Auger energies) they show that CF2
+ and CF+ fragments are absent for these

selected channels (See Fig. 8 in Ref. 1). At the same time a strong site-specific trend in the ion

mass spectrum is observed showing more CH3
+ fragments, when ionization happens on the
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CH2,CH3, or CO2 site, whereas CH3
+ fragments are almost absent when ionization happens

on the CF3 site. The same trend can be observed when we inspect the calculated bond order

distribution for the few lowest energetic states, as shown in Figure ??. We consider here

the range of binding energy up to 30 eV that comprises the 11 energetically lowest dicationic

electronic states, which contribute less than 0.5% to the total Auger yield. Figure S6 shows

strong site specificity regarding the C3 –C4 bond that indicates. With ionization on the CH2,

CH3, or CO2 site, the bond order indicates a strong tendency to produce CH3
+ ions, while

this is very weak for the CF3 ionization site. Further, the fluorine bonds C1 –F are very

strong for these low energy states, regardless of the ionization site. This is well in line with

the findings in Ref. 1 showing absence of any CF2
+ and CF+ ions.
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