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Perfluorocarbons are a family of molecules consisting mainly of carbon and fluorine atoms. They have
interesting chemical properties and have diverse applications in biomedicine, physical chemistry and polymer

science. In this work, carbon K-edge absorption and emission spectra of liquid decalin are presented and
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compared to perfluorodecalin. A comprehensive picture of the electronic structure of decalin is provided
based on soft X-ray absorption and emission spectroscopies. Experimental data are compared to theoretical
time-dependent density functional theory for the hydrocarbon, the perfluorocarbon and the stepwise

fluorinated derivatives. We observed a molecular orbital change from unoccupied to occupied orbitals
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1 Introduction

The family of perfluorocarbons has a wide range of applications in
biomedicine and physical chemistry due to their extraordinary
properties.”” Many liquid perfluorocarbons are known to show high
density, high viscosity as well as an especially high gas solubility, and
are often chemically and biological inert.>* Their ability to dissolve
gases and their biological inertness are exploited in applications,
such as tissue oxygenation® or post-operative treatment.®°
The perfluoro effect, inherent to all perfluorocarbons, describes
the energetic shifts of the spectral features upon complete
fluorination of hydrocarbons.’®™? This also led to a general
rule for the dimensions of the energetic shifts depending on
- or n-character of the molecular orbitals (MO)."""*> Hence, this
effect can be used for experimental orbital classification. In this
context, a few experimental studies have already been performed in
the 1970s.""*> Many of them were based on photoelectron and X-ray
absorption (XA) spectroscopy.'®** Since then, more complex
theoretical models'® and the introduction of new experimental
techniques'®™® give opportunities to investigate perfluorocarbons.
Perfluorodecalin (PFD) is often studied as a general model
system for perfluorocarbons. It exhibits the special chemical
properties of perfluorocarbons®*'*'92% and is frequently used in
applications.>”~® In a previous study of the electronic structure
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for perfluorodecalin, which was induced through the fluorination process.

of PFD weak intermolecular interactions and high inertness
were traced back to a large energetic gap between the highest
occupied MO (HOMO) and the lowest unoccupied MO (LUMO)
and to the geometrical structure."®

Here we present experimental XA and X-ray emission (XE)
data of the parent hydrocarbon decalin and compare them to
former results for the perfluorocarbon PFD.'® A discussion of
the theoretically calculated absorption and emission spectra is
also presented. We reveal the energetic shift induced by the
perfluoro effect experimentally by XE measurements, which are
shown here to give complementary results to the XA spectra. In
addition, a systematic theoretical study for all stepwise fluorinated
decalin derivatives was performed with the aim to gain clear insight
into the mechanism of the perfluoro effect and the MO character of
decalin and PFD.

2 Experimental and theoretical details
2.1 Materials and methods

Perfluorodecalin (PFD) and Decalin were obtained from Alfa-Aeser
in a 50/50 cis/trans mixture with >95% purity for PFD and >98%
purity for Decalin. Resonant inelastic X-ray scattering (RIXS) and
XE spectra at the Decalin carbon K-edge were recorded using a
liquid microjet setup®"** at the U41-PGM undulator beamline of
BESSY II at Helmholtz-Zentrum Berlin'® with a microjet diameter
of around 14 pm. Detailed information about the end-station
(LiXEdrom) is presented elsewhere.””** The RIXS and XE
measurements were performed using a Rowland-circle geometry
spectrometer with a grating of 5 m radius of curvature and
1200 lines per mm. The detector, which is operated at a pressure
of 10~° mbar, consists of an MCP-stack, phosphorescent screen
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and a CCD camera. The pressure in the experimental chamber is
generally around 10~° mbar. The beamline U41-PGM provides an
excitation energy bandwidth of 0.1 eV at the energy of 300 eV for
carbon excitations. The energy calibration and alignment of the RIXS
and XE spectra was performed using the elastic scattering features.

XA spectra were measured by using a transmission-type
liquid flow cell connected at soft X-ray undulator beamline
BL3U at the UVSOR-III Synchrotron facility.>* The details of the
liquid flow cell are described elsewhere.>**® The liquid cell
consists of four regions, which are separated by 100 nm thick
SizN, membranes. Soft X-rays under vacuum (region I) pass
through the buffer region filled with helium gas (region II) and
the liquid thin layer (region III) and finally reach a photodiode
detector in the last region filled with helium gas (region IV). A
liquid sample is sandwiched between two Siz;N, membranes
with pressed Teflon spacers set between the window frames of
the membranes and can be substituted by other samples in
combination with a tubing pump system. The thickness of the
liquid layer can be controlled from 2000 to 20 nm by adjusting
the helium pressure in the regions II and IV. The energy
resolution of incident soft X-rays at C K-edge is set to 0.19 eV.
XA spectra are based on the Beer-Lambert law, In(Zy/I), where I, and
I are the detection current through the cell without and with
samples, respectively. The energetic alignhment of the spectrometer
was performed using CH, gas and its absorption line.

2.2 Theoretical methods

The presented theoretical calculations were carried out with the
ORCA program package.'® Molecular geometry optimizations
were performed using the B3LYP?”?® density functional method
with the def2-TZVP basis set.>**° During the optimization calcula-
tions, the resolution of identity approximation®>* was used
employing the def2-TZV/J basis set.>*® Due to the chiral character
of the calculated molecules an optimization for each respective
configuration was performed. The electron population was calcu-
lated using the Lowdin population analysis formalism. Transition
energies and moments for the K-edges of both cis and trans
configurations were calculated with time-dependent density func-
tional theory (TD-DFT). The core-hole excited state calculations are
based on the computation of the dipole length and dipole velocity
formalisms. Additionally no intermolecular interaction effects in
liquid phase are included. The presented X-ray emission spectra
were predicted with a one-electron approach, based on the above
described optimized geometries. K-edge absorption spectra were
obtained from the calculated transition moments from both chiral
contributions by applying a Gaussian type broadening of 0.8 eV.
The theory does not predict any significant difference between
the X-ray spectra of cis and trans forms of the molecule. All molecular
orbitals are subsequently shown from the trans configuration.

3 Results and discussion

The experimental carbon K-edge XA spectrum of decalin
(Fig. 1C) reveals two peaks at 287.2 eV and 288.7 eV followed
by a broad feature extending from 291 eV to 294 eV.
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The general spectral shape of the XA spectrum of decalin can
also be reproduced in shape and energetic position by theoretical
gas phase calculations for a single molecule employing the density
functional theory (DFT) algorithm for geometry optimizations and
TD-DFT for spectral calculations on single molecules (for details see
Theoretical methods). Nevertheless, the neglect of intermolecular
interactions inside the liquid probably leads to the different intensity
ratios for the two peaks at 287.2 €V and 288.7 eV by comparing
theoretical and experimental data.

In Fig. 1C, the theoretical spectrum for all C sites (red line) was
obtained through the sum of the spectra for the non-equivalent
carbon sites. Additional calculations for the different carbon atom
environments were derived in a similar manner as for PFD."® Note
that the two different carbon atom sites in decalin only differ by the
number of bound hydrogen atoms. Eight carbon atoms are bound
to two carbon and two hydrogen atoms as nearest neighbors (dC),
while the two carbon atoms connecting the rings (sC) are bound to
three carbon atoms and one hydrogen atom as nearest neighbors.
Hence, these two carbon sites should have a significantly different
chemical environment. The corresponding theoretical spectra were
obtained through the sum of the spectra for all dC and sC sites
respectively and are shown in Fig. 1C and depict surprisingly a
similar spectrum for dC and sC sites, in contrast to the findings
for PFD." In PFD the difference for the two carbon sites was
mainly attributed to the slight net charge difference for dC and
sC atoms (0.26-0.27 for dC and 0.16 for sC)."° In contrast, for
decalin the negative net charge on the carbon atoms is quite
similar (0.21-0.23 for dC and 0.20 for sC), resulting in almost
identical spectra. Additionally, we take note of the change from
negative net charge for decalin carbons to positive net charge for
PFD carbons, occurring due to the substitution of hydrogen to
highly electronegative fluorine.

The experimental carbon K-edge XE spectra (Fig. 1B) are in
good agreement with the calculated spectra (Fig. 1A). The
spectra in Fig. 1B reveal an excitation-energy dependence in
the range of 286.8-288.7 eV, where the high energy shoulder
(B4) at 279.6 eV emission energy gains intensity. Additionally, the
spectral structure remains unchanged for excitation energies
higher than 288.7 eV. This effect can be attributed to so-called
tail excitation and vibronic coupling.?”*

The XE spectrum of PFD reveals three peaks consisting of a
broad low energy peak around 275 eV and two high energy
peaks.” By comparing to XE spectra of rather simple fluoro-
methanes® an influence of fluorine atoms to the high energy
features were shown.'® Subsequently the carbon K-edge emission
spectrum of CH, should reveal similarities to decalin due to the
absence of fluorine atoms and the sp>hybridized carbon character.
Indeed, CH, shows one broad feature around 276.3 €V, which is an
indicator for sp® hybridized carbon.*® Furthermore, a glance at the
spectra of C,Hs and C;Hj reveals an additional shoulder compared
to the carbon XE spectra of CH, at around 274.8 eV.*° This shoulder
can be attributed to C-C bond interactions and coincides with the
decalin B, structure at 274.6 eV in this work.

As expected, the decalin spectrum is more complex than simple
fluorinated hydrocarbons, exhibiting a broad peak with two features
around 278 eV and small energetic shifts. Anyhow, due to the
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Fig. 1 Experimental and theoretical carbon K-edge X-ray emission (A, B) and X-ray absorption (C) data for decalin. Theoretically calculated data are
shown for different carbon sites. The highlighted edges in the RIXS spectra (B) indicate the excitation-energy dependent spectral features. Additional
information on the excitation processes for the different spectroscopies is provided (D).

phenomenological similarity to simple hydrocarbons, we can
assign B; and B, as sp® hybridized carbon structures and the
shoulder B, as resulting from C-C bond interactions.

Fig. 2A and 3A show the experimental carbon K-edge XA and
XE spectra, respectively, for decalin and PFD and the calculated
spectra for these molecules as well as for the stepwise fluorinated
decalin derivatives (see also ESIf). The figures also visualize the
shifts of the four main features for XA and the five main features
for XE spectra. As mentioned above, according to the dimensions of
the shifts for these features it is common to assign directly a 6- or
n-character for the participating orbitals (~2-4 eV corresponds to
G, ~0-0.5 eV corresponds to wt),"""'* where 1 is of out-of-plane and
diffuse (Rydberg-like) character, but not of anti-bonding character
like *. This is summarized in Table 1. We note that the XE spectra
of PFD and decalin are dominated by ¢ type orbitals and that the
first appreciable © contribution is in the XA region.

Features A and B, are special due to their disappearance in the
spectra of PFD. All other calculated fluorocarbons show these
features even though their intensity decreases with increasing
number of F atoms. Furthermore, these features do not have
corresponding PFD orbitals for the absorption process, but for the
emission process. We additionally note that B, only loses its dC
contribution to the spectrum, while the sC contribution remains of
the same intensity (see Fig. S1, ESIY).

This journal is © the Owner Societies 2015

Features B,, I and A; can only be assigned to both o- and
n-orbital character since the observed energetic shift is in the range
known for strong c-n-hybridization. According to the relative high
values of 1.3 eV and 1.4 eV for B, and A, respectively, a larger
contribution of o-character for these features can be assumed in
comparison to I" with a value of 0.9 eV for the energetic shift.

Complementary to the XA spectra, features 6 and € for the XE
spectra (Fig. 3A) require special attention. They do not exist in
decalin but appear upon fluorination. This coincides favorably
with the disappearance of the absorption features A and B,.
Simultaneously, both the XA features (A, B,) and the XE features
(9, €) originate from similar MOs and we can assume a switch
from unoccupied to occupied orbital region. The differences of
the MOs have to be taken into account under the assumption of
the intrinsic differences between occupied and unoccupied
orbitals, like the electronic nodal planes and electron distribu-
tion. Accordingly, the change from unoccupied to occupied
orbitals (A to  and B, to €) occurs due to the enormous number
of additional orbitals and the different partial charge distribu-
tions based on the substitution of hydrogen by electronegative
fluorine. The stronger electronegativity results in a depopula-
tion of most carbon orbitals (see the population analysis vide
supra), giving dominance to fluorine signals in the XE spectra."®
The transformation of the previous pure carbon orbitals with
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Fig. 2 (A) Experimental (black lines) and calculated (blue lines) carbon K-edge X-ray absorption spectra for decalin and PFD as well as calculated spectra

for stepwise fluorinated decalin derivatives. Dashed lines indicate the shifts of the spectral features. (B) MOs for decalin and PFD corresponding to the

shifting features are labeled in (A).

fluorine contribution can therefore lead to an energetic shift of
the occupied orbitals due to the increase in fluorine character.

In addition to the orbital change, a o-shifting effect is
observed. This o-shifting effect is known for hydrocarbons, where
a C-C bond length increase is accompanied by a shift of c-features
to lower energies.*"** The average C-C bond length was here
calculated to be 1.565 A for PFD and 1.533 A for decalin. Note,
the C-C bond length in partially fluorinated compounds is slightly
higher for bonds including fluorine substituted carbon atoms than
for only hydrogen substituted carbon atoms (around 1.545-1.565 A
vs. 1.529-1.534 A). Hence, the & shifting has only impact where
fluorine substituted carbon atoms are involved. Consequently, the
orbital change is strongly affected by o shifting, supporting and
strengthening the orbital rearrangement.

The aforementioned energetic shifts and assignments also
coincide with the observations of PFD RIXS measurements, in
which the feature ¢ is a mixture of sC and dC carbon sites and ¢
of only dC carbon sites."

As mentioned above, in a previous work'® we found that PFD
has a large HOMO-LUMO gap supposedly of importance for the

18340 | Phys. Chem. Chem. Phys., 2015, 17, 18337-18343

chemical inertness and properties of PFD. By our present data
on decalin and the partially fluorinated hydrocarbons, we gain
insight into the mechanism behind this. For a precise estimation of
the gap, the energetic alignment of the different experimental
spectra is crucial. A detailed description on the alignment can be
found under experimental methods. Our data supports a significant
increase of the gap for the last fluorination step (C;oF26H, to CyoFag)-
For this step, the gap increases by 1.2 eV due to the orbital change of
the features A and B, into the occupied orbital region additionally
to the systematic energy shift for these features. This increases the
relative inertness according to the frontier orbital model*® and
reveals the critical impact of the orbital change on the inertness of
the perfluorinated molecule.

Additionally, parallels between the observed orbital change and
molecule enhancement methods through fluorine treatment
should be discussed.***® The observations are similar with respect
to the observed changes in the MO structure and the resulting
changes in chemical character.**™*” To enhance the mechanistic
understanding and involvement of the orbital change in these
methods and molecules, further research on chain structured and

This journal is © the Owner Societies 2015
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Table 1 Energetic shifts and derived MO character for the XA and XE features

XA characters and shifts

XE characters and shifts

Energetic shift upon

Energetic shift upon

Feature complete fluorination [eV] Orbital character Feature complete fluorination [eV] Orbital character
A 1.8 c o 0.9 Not distinguishable
B, 0.3 T B 2.1 o
B, 1.3 Not distinguishable V1 0.7 o/not distinguishable
r 0.9 Not distinguishable V2 0.6 Not distinguishable
Ay 1.4 Not distinguishable V3 1.9 c
A, 0.1 T 4 0.2 c

€ 0.1 Not distinguishable

more complex perfluoro compounds is in progress and will hope-
fully deliver a more general understanding of these findings.

4 Conclusions

In summary, we presented fundamental insight into the energetic
shift induced by fluorination, the so-called perfluoro effect, and a

This journal is © the Owner Societies 2015

comprehensive picture of the electronic structure of decalin as the
parent hydrocarbon molecule for the recently investigated
perfluorodecalin®® based on XA, XE and RIXS spectroscopic
data. In addition, DFT calculations for decalin, perfluorodecalin
and stepwise fluorinated decalin derivatives were performed. We
observed a change in occupancy of MOs occurring for the
fluorinated hydrocarbons when reaching complete fluorination
in PFD. This MO alteration may be one of the main reasons for
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the chemical and biological inertness of the ring-shaped per-
fluorodecalin compared to decalin and the corresponding partially
fluorinated hydrocarbons.>* Interestingly, the orbital change
assigned to the A and B, feature in the XA spectra could also
be observed in the XE spectra for the features 6 and ¢ in a
complementary way. To the best of our knowledge, the observa-
bility of the perfluoro effect via XE spectra was confirmed for the
first time, and the orbital change originating from unoccupied
decalin to occupied PFD MOs was also discussed in relation to
the well-known high electronegativity of fluorine atoms. Hence,
the validity of this concept and its extension to linear and also
larger perfluoro systems is of particular interest for a better
understanding of the special properties of perfluoro compounds
and their application development.
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