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Inner Shell Excitation Spectroscopy of Biphenyl and Substituted Biphenyls: Probing
Ring—Ring Delocalization
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Quantitative optical oscillator strength spectra for C 1s excitation and ionization of gas-phase biphenyl,
decafluorobiphenyl, and Z;bis(bromomethyl)-1,tbiphenyl have been derived from electron energy loss
spectroscopy recorded under electric dipole dominated conditions. The C 1s X-ray absorption spectrum of
hexaphenylbenzene has been recorded in the solid state. The C 1s spectral features are interpreted with the
aid of ab initio calculations for core excitation of benzene, biphenyl, hexafluorobenzene, and decafluorobiphenyl.

A weak feature at 287.7 eV in biphenyl is identifiesl@aC 1s— 7* geioc transition, characteristic of ringring
delocalization. Its intensity and position are shown to be related to the average torsion angle and thus the
extent of r—sm-interaction between adjacent aromatic rings. The effects of perfluoro substitution on core
excitation spectra are also characterized and discussed.

1. Introduction teractingz-systems would be more appropriate. The potential
to control electronic communication between adjacent aromatic

The geometric and electronic structure of biphenyl and rings in polyparaphenylene systems by conformational changes
substituted biphenyls has attracted much interest over the years, 9 bolyparapneny Y y 9

. L ; . at specific points along a string of aromatic rings linked by
The parent species was initially considered to be planar in the inal inale bonds is bei lored f
gas phase. In 1907, Kauflgoroposed a geometry in which the nominal C-C single bonds 1S being explored as a means 1ot
two rings Were rigialy orthogonal. Both of these early views conductance switching in organic electronitSurface-tethered
were disproved and the accepted geometry in which the rings biph(_anyl structures are bei?g dev_ised and investigated for
are twisted relative to each other with large amplitude torsional possible sensor applicatioffs:’ Experimental mgthods to _study
modes has been established by a number of techniquesthe glectronlc structure of such systems, particularly W|_th high
including studies of the optical activity of biphenyl derivatives. zgaga;(f;nggg; ?iroen c;]i‘ngeres?:ugtfrrees(hEO)?Angtrrwnei(s:folsscgear-
The most recent electron diffraction studies have shown that €99 y P by,

the mean dihedral angle of gas-phase biphenyl is 44142 3 as implemented in X-ray photoemission electron microscopy

. S : . (X-PEEM)!® or scanning transmission X-ray microscopy
hes been caried ot i the past decade n order 1o find a(STXM)32To optimize NEXAFS microscopy for studies of
consistent optimized torsional angle for biphefiyl However, systems involving Ilnke_d aromatic rings, fundamgntal studies
the theoretical results are in only semiquantitative agreementOf thg |nner.shell excitation spectroscopy of biphenyl and
with experiment; the best result gives a dihedral angle46° subst|tuted-b|phe.nyll mole.cules are required. )
in the ground state, with a barrier to rotation of about 1.5 kcal/  Inner shell excitation using X-ray absorptiér inner shell
mol 889 Calculations indicate that population of th& LUMO, electron energy loss spectroscopy (ISEEES)is a powerful
as in formation of the ground state of the anion, results in the Probe of electronic structure. Here we have used ISEELS to
planar conformation being the most stable, while ionization of récord the inner shell electron energy loss spectra of gaseous
the 7 HOMO reduces the average dihedral angle~0°.6 blphe_nyl @, decaﬂuoroblphenym, and 2,2-bis(bromomethyl)-
Moreover, the geometry of biphenyl in the gas phase, solution, 1,1-biphenyl @). In addition, we have measured the C 1s
and the solid state diffef8.1* Substituted biphenyls, particularly ~ NEXAFS spectrum of solid hexaphenylbenzedje With regard
ortho or ortho disubstituted species, have a significantly t0 closely related work, a high-resolution NEXAFS study of
increased dihedral ang@. gaseous biphenyl was reported re_ce?ftl"y’_hat study is comple-

Clearly, the preferred conformation of a biphenyl system is Mmentary to the present work, since it only dealt with the
determined by a delicate balance of a number of factors, andViPrational band structure of the lowest energy C-tsz*

thus it is strongly dependent on the local environment. Biphenyls fransition at 285 eV. Otherwise, to our knowledge, this is the
can be considered as a system of two interacting moieties with first report of the inner shell spectra of these four species. These

the electronic interactions between these two moieties beingMolecules were selected for study in order to investigate the
susceptible to modification by conformational chantfeBhus, effect on the C 1s spectrum of varying degreesrafelocal-

in the fully planar configuration one would expect full delo- iZation between two phenyl rings coupled by a nominal@
calization of thez-system over the two rings, whereas in the Single bond. The degree of delocalization is expected to change
90° twist conformation in which the two phenyl rings are fully Pecause these systems have different mean torsional angles. In

orthogonal, a description in terms of two independent, nonin- particular, species with bulky ortho substituents have a larger
torsional angle and thus are expected to have reduegelo-

* Corresponding author. Office: (905) 525-9140, Ext. 24749. Fax: (905) Calization. The theme of “geometric control of delocalization”
521-2773. E-mail: aph@mcmaster.ca. has been explored in core excitation studies of other systeths.
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Delocalization across the peptide bond may be an important clopentadienone and diphenylacety@nand the product was
determinant of peptide conformation, and thus an improved purified by recrystallization from dichloromethane. Its structure
understanding of the links between delocalization and core was confirmed by mass spectrometry. The STXM sample was
excitation spectra may assist development of core excitation asprepared by solvent casting from a millimolar toluene solution
a more powerful probe of proteins and peptides. of 4 on a 100 nm silicon nitride membrane window (Silson
Another theme of this study is the perfluoro effect, which plic). Rapid crystallization occurred as the solvent evaporated.
refers to the influence of extensive fluorine substitution in STXM was used to image and thus identify a crystal with
spectroscopies, in this case, core excitation spectroscopy, insuitable thickness. The X-ray absorption spectrunyafias
particular of aromatic species such as biphenyls. Fluorine recorded in transmission mode from very thin100 nm)
substitution causes large core level chemical shifts and alsocrystals using the scanning transmission X-ray microscope
characteristic shifts in the unoccupied electronic structure that (STXM)3¢ at beamline 5.3¥ at the Advanced Light Source.
are manifested in specific ways in C 1s spectra. This theme hasAcquisition and analysis procedures have been described in
been explored earlier in systematic studies of perfluorinated detail elsewheré® Spectra were acquired using the image
alkanes, alkene®,and benzene®. A better understanding of  sequence techniq#.The as-recorded transmitted signal was
the perfluoro effecP will assist analytical applications of inner  converted to optical density using the spectrum of the incident
shell excitation spectroscopies and associated spectromi-flux passing through an adjacent bare area of the silicon nitride
croscopies for studies of fluorinated organic materials. window. This spectrum was then converted to an absolute
The inner shell spectra are interpreted with the help of ab optical oscillator strength scale using the elemental response
initio GSCF3 calculationd-32 and experimentcalculation reported in the literaturé:
comparisons of biphenyl and decafluzgrobiphenyl with respect 5 3. Ap Initio Calculations. Calculations were performed
to benzen®& and hexafluorobenzer?é.. Calculations of the _using GSCF3 (Gaussian Self-Consistent Field, versich3),
dependence of the C 1s spectra on twist angle are used to predicfhic js an ab initio code designed specifically to predict inner
the spectral consequences of delocalization. Comparisons of theype| excitation and ionization spectra. The program uses the
experimental spectra of biphenyl and benzene are used t0 ShOW, 5 ree-Fock-SCF approach and explicit core holes to solve
that these signals actually exist. for the energies and molecular orbitals of the system under
2. Experimental Section investigation. There are three steps for the calculation. In step
one, the eigenvectors (MOs) and eigenvalues of the ground state
are calculated, and the core MO that will lose the electron is
identified. In the second step, the core ion state is computed by
removing the user-specified core electron and allowing the
system to relax and reorganize in the presence of the core hole.
The difference in the total energy of the core-ionized and ground
state ASCF) is the calculated core level ionization potential
(IP), which tracks chemical changes withif0.5 eV, but is
typically high by 2+ 1 eV. The third step computes excitation
energies and transition probabilities for all one-electron core
— valence excitations using the improved virtual orbital (IVO)
approximation. IVO assumes the energy of a core excited state
is given by the sum of the computedSCF IP plus the
gigenvalued) of the upper orbital in the core-ionized state. The
energies and optical oscillator strengths determined by the
GSCF3 calculation for a given core excitation site are used to
generate the simulated core excitation spectrum for that site by
summing Gaussian lines at an energy given by the term value
heating the collision cell to~80 °C. 2 is volatile so it was (1Y = IP — E= —¢), an area given by the oscillator strength
introduced through a leak valve. for excitation to _each improved virtual orb|ta! and a width
The ISEELS spectra were acquired using a@ttering angle chosen as a fun(_:tlon of the term value. For the simulated spectra,
(to avoid main beam background) and high electron impact the Gaussian widths used were 0.8 eV for T\2 eV, 2.0 eV
energy (2.5 ke energy loss), conditions under which electric  for2eV>TV > —2 eV, 4.0 eV for-2eV>TV > —10 eV,
dipole transitions are known to dominaéeThe energy resolu- ~ @nd 6.0 eV for TV < —10 eV. Since there are multiple
tion is dependent on the electron beam current and analyzerchemically distinct sites in the biphenyl species, the spectrum
pass energy. With the pass energy used, it was 0.9 eV full width for €ach site was computed, and then the spectrum of the full
at half-maximum (fwhm) at 2%A beam current and 0.5 eV~ Molecule was calculated from the stoichiometrically weighted
fwhm for 24A beam current. The energy scales were calibrated SUM. For instance, there are four carbon sites in biphenyl (see
by recording the spectrum of a mixture of the analyte and CO. Figure 1 for labeling). For each carbon site, the calculated IP
The C 1s spectra reported herein are combinations of low- andWas used to set the energy scale of the simulated C 1s oscillator
high-current spectra recorded between 278 and 325 eV. TheyStrength spectrum. The final calculated C 1s spectrum of
were background subtracted using a fit of the functégB— biphenyl was generated from the weighted sum of the computed
b)c to the preedge region. The so-isolated C 1s signal was thenspectra for all carbon sites, i.e., (€ 4(C, + Cs + C4)/12).
converted to a quantitative oscillator strength scale by matching The basis sets used in the calculations were those of Huzinaga
to the standard oscillator strength of a single carbon #éhi4 et al*® Specifically, the HTS6X (41121/2111) contracted
outside the structured near-edge region. Gaussian-type extended basis set was used for carbon and
2.2. X-ray Absorption Spectroscopy.Hexaphenylbenzene fluorine atoms with a localized core hole, while the HTS4X
(4) was prepared by DietsAlder reaction from tetraphenylcy-  (53/4) basis set was chosen for noncore hole carbon and fluorine

2.1. Inner Shell Electron Energy Loss Spectroscopy.
Biphenyl (1), decafluorobiphenyl2), and 2,2-bis(bromom-
ethyl)-1,2-biphenyl @) were obtained from Sigma Aldrich in
the form of white powder crystals fdrand3 and white needle
crystals for2, with stated purities of better than 99.5%, 97%,
and 99%, respectively. The samples were used without further
purification.

In ISEELS, core electronic excitation occurs by inelastic
collision of a high-energy electron beam (2.5 keV plus the
energy loss) with a molecule. An excited state is created by the
transfer of energy from the incident electron. By measuring the
distributions of energy losses of inelastically scattered electrons,
a spectrum is produced from which the characteristics of the
molecule can be deduced. The apparatus and techniques hav
been described elsewheéfdor the gas-phase ISEELS measure-
ments, sampled and 3 were introduced directly into the
collision chamber of the ISEELS spectrometer. Biphenyl gave
adequate vapor pressure at room temperature \Bhisguired
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A L LI B LR B TABLE 1: Selected Eigenvalues, Oscillator Strengths, and

0.01 Orbital Characters for Computed Core-Excited States of
(a) Calculated Spectra 45°-Twisted Biphenyl and Benzene
- site IP character € (eV) (1072
i Biphenyl Twisted 453
£ c1 293191  #*(by) —4.97 2.48
2 Benzene 17*(a) —-3.41 0.00
0 L*(b3) —-1.97 0.42
2 17*(b2) —-1.67 0.00
£ . 27* (by) 2.39 1.03
2 Bipheny! o*(C—C) (interring)  2.52 0.80
5 90 C2 292402  i*(by) -4.73 243
5 Lr*(a) —3.50 0.12
s 17*(by) -1.46 0.03
F Lr*(bs) —-1.32 0.04
o 27 (by) 2.66 0.85
C3 292.445 I*(by) —4.61 2.61
17*(a) -3.62 0.03
Lr*(bs) —-0.96 0.13
Lo e o b0 by a1y g 1.7'[*(b2) —0.94 0.01
285 200 295 300 305 27(bs) 258 0.92
L e e o e e N I e o e C4 292.338 I*(by) —4.72 2.34
0.01 (b) Biphenyl twisted 45° 1r*(a) -3.21 0.00
EC(C) C1s La*(bs) —-1.09 0.36
cHIf L*(bo) -0.96 0.00
= 27*(b1) 2.67 0.90
3 o*(C—H) 4.47 0.13
£ Benzene
© C 292.536 T*e,, —4.81 2.72
e ez, -352  0.00
8 0*(C—H) 1.14 1.38
§ 27*Dg 2.50 1.03
g . . . . .
& biphenyl are listed in Table 1, along with the computational
.2 results for benzene. The Supporting Information (Table S2) has
3 a more extensive listing of information from the GSCF3
S calculations. Since the mean torsional angle of biphenyl in the
gas phase is known to be 44#4 1.2°,3 the simulated C 1s
spectrum of 4%twisted biphenyl is used for further comparison
— DL with experimental results. This is considered meaningful since
285 290 295 300 305 tors'ion_al motion is much slo_vve_r than the time scale of core
Calculated energy (eV) excitation, and thus, the excitation takes place at the specific

Figure 1. (2) GSCF3-computed C 1s spectra of benzene and biphenyl cONformation a molecule has at the time of the electronic
with torsional angles varying fronf@o 9C°. The hatched lines indicate ~ €xcitation. Thus, although the most stable geometry of (C,1s
the computed IPs. The line indicates thieyeo: feature (see the text).  17*) excited states of biphenyl might be planar, the relevant
(b) Site specific components for the computed spectrum of tite 45 geometry for this spectroscopy is that of the ground state. These
conformation. biphenyl species have rather low torsional barriers (e@kJ/

. mol for biphenyt?) and thus an ensemble of molecules will have
atoms, and the HTS3X (6) basis set was used for hydrogeny gqjt;mann distribution of torsional angles characteristic of

atoms. Two-membered exponentS—p(olarlgatlon functions) the sample temperature-25 °C). The Boltzmann populations
were also used for core hole atoms to achieve better agreemenj,, 0°, 22.5, 45°, 67.5, and 90 conformations of bipheny! at
of the computational and experimental results. The geometries,s o 10 5.2%, 17.5%, 58.7%, 14.3%, and 4.3%, respectively.
of biphenyl, benzene, decafluorobiphenyl, and hexafluoroben- 1,5 the minimum energy conformation (3%ominates the
zene used in the calculation (listed in the Supporting Informa- istribution. For substituted biphenyls, which have a larger

tion, Table S1) were computed by energy minimization with @ y,5ional barrier, the fractional population in the minimum
6-31G* basis using Spartan 04 version 1.01. These calculatlonsenergy conformation will be even larger

indicate a planar conformation for all species. The twisted 1o computed spectrum of biphenyl is dominated by the
conformations of biphenyl and decafluorobiphenyl were derived strong C 1s— 17*(by) transition at 285.2 eV. (Note, for ease
from these planar geometries by rigidly twisting the dihedral j, o, rrelating to experimental energies, the shift used to align

angle of the two phenyl rings. the calculated and experimental spectra has been incorporated
into the energies cited in the text. The actual value for the
computed core excitation energy can be obtained by adding the
3.1. Calculated C 1s Spectrum of Biphenyl: Conforma- shift listed in the figure caption, or by adding the eigenvalues
tional Dependence.Figure la shows the calculated C 1s and the IP listed in Table 1. The symmetry labels are those for
spectrum of benzene in comparison to those of five different the molecular orbitals in the optimally twisted conformation if
conformations of biphenyl with torsional angles varying from not specified.) At somewhat higher energy there is a weak
0° to 9C°. Figure 1b presents the detailed site-by-site spectra feature at~288 eV arising from C 1s~ 1lx*(b3) excitation,
for the 45 conformation. The computed eigenvalues, IPs, and which is marked by a line in Figure 1a. The energy and intensity
oscillator strengths of selected transitions for°-#bisted of this feature is strongly dependent on the torsional angle. It

3. Results
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Figure 2. Energy level diagram and plots of ther*1(ez.-derived) molecular orbitals of the ground state of planaf;tébsted, and 90-twisted

biphenyl and benzene.

is strongest in the planar conformation and disappears in thesequence as that of the corresponding MOs in the ground state.

90°-twisted geometry. This feature is the “signature”motle-
localization.

Owing to ring—ring interaction and reduction of symmetry,
the two degeneratet¥(e,,) molecular orbitals (MO) in benzene
combine to form four Z* MOs in biphenyl. Figure 2 shows

This is a strong consequence of site-specific core hole localiza-
tion effects?l2842When a C 1lectron is excited, the localized

C 1s core hole pulls down the energy of the C 2p level of the
excited carbon atom by 2 eV relative to that for the 2p level

of other carbon atoms. Thus the lowest orbital becomes

the GSCF3-computed ground-state energy levels and MO plotsconcentrated at the core excited carbon atom. The energy of

for these four I* orbitals for planar, 45twisted, and 9%
twisted biphenyl. The energy and plots for the*(e,,) MO of

the lowest (C 1s!, 7*) state is determined by the electronic
structure at the core excited carbon atom and the relaxation of

benzene are also shown for reference. To avoid distortion of the rest of the valence electron distribution in the presence of
the ground-state MO energy levels and plots, we have removedthe localized core hole. The extent of core-hole relaxation is
the polarization functions and used a HTS4X (53/4) basis set site specific in aromatic system&.The transition intensity,

for the core hole atoms to get the results shown in Figure 2. which is largely determined by the contributions to the upper
Symmetry labels and correlation of the MOs between different MO of the 2pr* orbital on the core excited atom, is strongly
conformations are also indicated in Figure 2. Inspection of the concentrated in the lowest energy-tsz* transition. GSCF3
MO plots for the planar and 45conformations indicates that  core excitation calculations use an explicit localized core hole,
there is extensive interaction between the two rings due to allow the system to relax in its presence, and thus generally
delocalization across the inter-ring—C bond. For the 4% give good agreement with experiment. In contrast to the situation
twisted biphenyl, the transition oscillator strengths for different of fully or partially delocalized &* levels in the planar and
carbon sites are listed in Table 1, and also, in more detail, in 45°-twisted conformations of biphenyl, when the-C bond is
Table S2 (Supporting Information). Electric dipole excitations twisted 90, the Ir* MOs on each ring are energetically
are allowed from one or the other of the C 1s orbitals to the equivalent, resulting in energies and spatial distributions that

1*(by), L7*(bs), and Ir*(a) MOs, whereas all C 1s excitations
to Lr*(by) are forbidden. Thes*(b,) and Ir*(a) MOs are very

are very similar to those of benzene (Figure 2).
3.2. Experimental C 1s Spectrum of Biphenyl (Gas)rigure

close in energy and become almost degenerate at a torsionaB presents the oscillator spectrum for C 1s excitation of biphenyl

angle of 48. Of the four Ir* orbitals in 45-twisted biphenyl,

derived from dipole-regime ISEELS, compared to the experi-

mental spectrum of benzene. Figure 3 also plots the calculated
C 1s spectrum of benzene and°4®isted biphenyl. The

the lowest energy 7*(b;) level has some bonding character,
while the highest energys#(bs) level has some antibonding
character across the inter-ring-C bond. The energy separation energies, term values, and proposed assignments of the observed
of these two levels is clearly related to the extent of delocal- experimental spectral features are indicated in Table 2. To
ization, since the contributions on each ring and the energy compare the experimental and calculated spectra, the calculated
separation decrease systematically as the torsional angle in-C 1s spectrum was shifted to higher energy by 2.5 eV to obtain

creases. Overall the main effect of delocalization across the twothe best match in the low-energy region where the calcula-

rings is to split the two &* (ey,) levels in two noninteracting
benzenes into effectively three levels, with thef(b,) at lowest
energy, the Z*(bs) at highest energy, and the(b,) and Ir*-

tions are most meaningful. This shift reflects limitations of
GSCEF3 calculations, which typically overestimate core level IPs
by 2—3 eV. When this shift is applied, the peak positions and

(a) MOs at about the same energy as in the weakly interacting overall shapes of the computed spectra are reasonably close to

system. The dipole-allowed C s 17*(bs) transitions should
be seen-3 eV above the main C s 1z*(b4) transition. The
partly dipole-allowed C 1s> 1x7*(a) transition should create a
weak shoulder on the higher energy side of the mai()
feature, which may be too weak to see experimentally.
The energies for C 1s> 1z* transitions at different C 1s

the experimental spectra, although there are additional features
in the 287291 eV region in the experimental spectrum. The
latter are Rydberg excitations, which are not included in the
GSCF3 calculations reported in this work.

The GSCF3 calculations (Tables 1 and S2) provide informa-
tion about the principal character of the upper MO of each

sites (Tables 1 and S2) are not always in the same energetidransition. This information was used to support the spectral
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TABLE 2: Energies (E, eV), Term Values (TV, eV), and Assignments of C 1s Spectral Features of Benzene, Biphenyl (1),
2,2-Bis(bromomethyl)-1,1-biphenyl) (3), and Hexaphenylbenzene (4)

benzeng 1 3 4 assignments (final orbital)
E TV E TV E TV E TV C—H Cc—C
285.15 51 285.%% 4.7 285.24 4.8 285.18 4.8 In* 1m*
287.2 3.1 287.5 25 287.5 25 287.4 2.6 o36C—H) 3s
287.7 T* getod a)
289.1 12 289.2 0.8 289.4 0.6 289.0 1.0 4p12 4pl2m*
290.3 290.¢ 290.0 290.0 IP
290.3 290.3 290.3 IP
290.6 -0.3 290.7 -0.7 290.6 —0.6 290.1 -0.1
292.0 -2.0 o*
293.6 -33 293.8 -3.8 293.7 -3.7 293.5 -35 0*(C—C) (ring) 0*(C—C) (ring)
295.3 -5.0 0*(C—C)
299.3 -9.0 300.2 —10.2 300.4 -10.4 298.6 —8.6 0*(C—C) (ring) o*(C—C)
302.6 -12.3 303.2 —-13.2 302.8 —-12.8 303.4 —-13.4 0*(C—C) (ring)

2 Data also reported in ref 29 Calibration: biphenyk= —2.14(6) eV, 2,2bis(bromomethyl)-1,%biphenyl= —2.16(6) eV relative to the C 1s
— a* transition of CO (287.40(2) e¥). ¢Based on calibration of the STXM energy scale to Rydberg transitions in(&urate to 0.04 eV).
dlonization potential (IP) of €He is taken from X-ray photoelectron spectroscépyeIPs of biphenyl are taken from X-ray photoelectron
spectroscop¥* fIPs of 2,2-bis(bromomethyl)-1,tbiphenyl and hexaphenylbenzene (s) are assumed to be the same as those of biphenyl.

Experimental energy (eV) (ring) transition$® on the basis of bond length correlation
“ '??5” I??‘I" . '2?5' - ??‘3 . '?‘l’f' - consideratior® and the results of MS-X calculations’
0.01 | Eyperimental C1s Superficially, it appears that the C 1s spectra of biphenyl and
I benzene are very similar. However, a more careful examination

reveals the changes predicted by the calculations. Within the

building block approach, the spectrum of"@Wisted biphenyl

Benzene @ should be similar to Fhat of .benzene, gside perhaps fpr some
minor changes associated with converting twekCbonds into

a C-C bond. On the other hand, if there are spectral observables

Biphenyl associated withr*-delocalization, these should be discernible
in the differencebetween the spectra of planar biphenyl and
Calculated Biphenyl benzene. Figure 4a shows the difference between the experi-

mental spectrum of biphenyl and benzene and the difference
between the calculated spectrum of the 46nformation of
biphenyl and benzene. These difference signals are quite similar
in shape and relative positions of features. The large derivative
type signal at 285 eV is caused by a shift in energy of the main
C 1s— x* transitions between biphenyl and benzene. At about
3 eV higher energy, there is a peak (at 287.7 eV experimental

biphenyl compared to that of benzene. Both spectra are derived from .and 291.2 eV calculated, indicated by the dashed vertical line

dipole regime inner shell electron energy loss spectra recorded with N Figure 4a) that is attrlbgte([i_)ta C 1s— 7* gelods) transition,

2.5 keV impact energy and°2scattering angle. (Lower) GSCF3  Which reflects ther-delocalization between the two phenyl rings.
calculated spectra of benzene and-#&isted biphenyl. Offsets are  In the calculation, the position and intensity of this feature
used for clarity. The energy scale for the calculated spectrum has beenevolves systematically with the biphenyl twist angle, as shown
shifted by —2.5 eV to align the &* feature with its experimental in Figure 4b. Ther*geioc peak is strongest in the difference
counterpart. between the spectra of the planar and-8@isted biphenyl. It
assignments listed in Table 2. The main peak at 285 eV is the is not seen in the difference between the spectra dh@ted
lowest energy Component of thetﬂ_states’ the C 1s~> 11*- blphenyl and benzene. ACCOfding to the CalCU'ationS, the C 1s
(by) transition. The features at 287.5 and 289.2 eV are assigned ~ 7" deloc transition is in fact the C 1s~ 1z*(bs) excitation,

to C 1s— 3s and C 1s— 4p Rydberg transitions on the basis With that level arising from splitting of the# MO due to

of their term values and the assignment of similar features in delocalization over the two phenyl rings.

the C 1s spectrum of benzeffe?®3343While the Rydberg 3.3. C 1s Spectrum of Hexafluorobenzene and Decafluo-
features dominate, a close comparison of the spectra of biphenylrobiphenyl. The mean torsional angle of solid decafluorobi-
and benzene in the 28289 eV region indicates a difference phenyl was determined to be 5913y X-ray diffraction?® while

in spectral shape. In particular, biphenyl has an additional signal a mean torsional angle of 5Was calculated for the gas phdse.
at 287.7 eV, on the high energy side of the 3s Rydberg transition. When this information is combined with the electron diffraction
This is interpreted as the C s Lz*(bs) transition, which has result of a mean torsional angle of 6@r gas-phase 22
been identified in the torsion angle dependent calculations asdifluorobiphenyl¥” the estimated mean torsional angle of gas-
the C 1s— 7* gelocalfe@ture specific to the ringring z-interac- phase decafluorobiphenyl i860°, very similar to that of the
tion. The upper level of the transition C 4s3s may also have  solid. This is reasonable since the torsional angle is largely
some o*cy charactef? The peak at 289.2 eV may also be dependent on the ortho substituents for biphenyl systems.
assigned to C 1s> 27* transitions, as in benzerfé although Furthermore, calculations have predicted a rotation barrier of
the GSCF3 calculations give a larger term value for th& 2 25—30 kcal/mol for decafluorobiphenylwhich will make the
MOs, as did earlier ab initio calculations for benzéndhe lowest energy 60 conformation dominate the conformation
peaks at 294 and 300 eV are assigned to C-18*(C=C) distribution at room temperature.

Benzene (twisted 45°)

Oscillator Strength per C atom (ev")

s le v b oo b b aalaaaales
285 290 295 300 305 310
Calculated energy (eV)

Figure 3. (Upper) Experimental C 1s oscillator strength spectra of
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spectra of 45twisted biphenyl and benzene. (b) Difference of the
calculated spectrum of 9@wisted biphenyl with respect to those of
other conformations, as well as the difference of the calculated spectra
of 90°-twisted biphenyl and benzene.

Figure 5. (a) Computed spectra of hexafluorobenzene and decafluo-
robiphenyl with torsional angles varying front @ 90°. The hatched
lines indicate the computed IPs. The line indicatessthgioc feature

(see the text). (b) Site-specific components for the computed spectrum
of the 60 conformation of decafluorobiphenyl.

Figure 5a shows the calculated C 1s spectra of hexafluo-

robenzene and that of six conformations of decafluorobiphenyl rings reduces the*-delocalization, which appears as systematic
with torsional angles varying fron@o 90C°. Figure 5b presents  energy and intensity shifts in the computed spectra. The energies
the site-specific contributions to the computed spectrum of the of the C 1s(C-C) — 1n*geiodbs) and C 1s(§) — z*(a)

60° conformation. The computed eigenvalues, IPs, and oscillator transitions in the 6Btwisted conformation are calculated to be
strengths of selected transitions for°@Wisted decafluorobi- ~291 eV, corresponding t&289 eV experimentally. Relative
phenyl and hexafluorobenzene are listed in Table 3. Table S3to biphenyl, the C 1s spectrum of decafluorobiphenyl is
of the Supporting Information is a more extensive listing of complicated by the overlap of transitions associated with the C
the information from the GSCF3 calculations. Figure 6 displays 1s(C-F) and C 1s(G-C) core levels, which are separated by
the GSCF3-calculatedn¥ energies and MO plots of planar, ~1.5 eV. Thus the twor* 4eioc features that are expected will
60°-twisted, and 9Btwisted decafluorobiphenyl, as well as those be much harder to identify experimentally.

of hexafluorobenzene. These MO plots indicate that there is Figure 7 presents the experimental C 1s oscillator strength
extensive delocalization across the two rings through the inter- spectra of hexafluorbenzene and decafluorobiphenyl derived
ring C—C bond in the planar conformation. As in biphenyl, C from dipole-regime ISEELS. Figure 7 also plots the calculated
1s — 1x*(bs) transitions, overlapped with C 1s- 1z*(a) C 1s spectra of hexafluorbenzene and-&Gisted decafluoro-
transitions, create a* 4eioc feature~1.5 eV above the main C  biphenyl. The calculated C 1s spectrum of decafluorobiphenyl
1s— 1x* feature (indicated by the line in Figure 5a). When was shifted—2.0 eV to align the computed C s la*(by)
thesr*-delocalization between the two phenyl rings is disrupted, feature with its experimental counterpart. The computed MO
as in 90-twisted decafluorobiphenyl, this higher energy C 1s character of the upper orbitals of the transitions are used to help
— 7T* geloctransition disappears, exactly analogous to the situation assign the experimental C 1s ISEELS spectrum of decafluoro-
in biphenyl. Twisting about the €C bond between the two  biphenyl. The energies, term values, and proposed assignments
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Figure 6. Energy level diagram and plots of ther*l(ez-derived) molecular orbitals of the ground state of planaf;téfisted, and 98-twisted

decafluorobiphenyl and hexafluorobenzene.

TABLE 3: Selected Eigenvalues, Oscillator Strengths, and
Orbital Characters for Computed C 1s Core-excited States
of 60°-Twisted Decafluorobiphenyl and hexafluorobenzene

site IP character € (eV) (1072
Decafluorobiphenyl Twisted 60
C1 295.352 I*(by) —6.86 2.13
Lr*(a) —5.09 0.00
Lr*(bs) —4.33 0.23
Lr*(by) —-3.41 0.00
0*(C—C) (inter ring) —1.46 0.48
27*(by) 0.33 0.58
o*(C—F) 0.60 0.53
o*(C—F) 1.18 0.72
o*(C—F) 4.15 1.70
c2 296.822 T*(by) —6.84 2.52
Lr*(a) —5.42 0.13
Lr*(bs) —3.78 0.12
Lr*(by) —-3.14 0.01
o*(C—F) -2.19 1.67
27*(by) 0.32 0.81
o*(C—F) 1.09 0.81
o*(C—F) 4.28 1.22
o*(C—F) 4.80 0.51
C3 296.514 *(by) —6.53 2.18
Lr*(a) —5.56 0.07
Lr*(bs) —3.36 0.16
Lr*(by) —2.72 0.40
o*(C—F) —2.66 121
27*(by) 0.11 0.97
o*(C—F) 1.22 0.53
o*(C—F) 4.07 0.68
o*(C—F) 4.81 0.38
C4 296.823 *(by) —6.87 2.49
17*(a) -5.15 0.00
Lr*(bs) —3.38 0.17
o*(C—F) —2.78 1.70
Lr*(by) —2.72 0.07
27*(by) 0.20 1.01
o*(C—F) 1.13 0.53
o*(C—F) 2.66 0.36
0*(C—F) 4.29 1.45
Hexafluorobenzene
C 297.016 ey -7.11 2.50
Lr*eyy —5.72 0.00
o*(C—F) —4.01 1.69
o*(C—F) —0.29 0.99
27*Dog 0.02 0.95
o*(C—F) 0.33 0.10
o*(C—F) 3.39 1.62

Experimental energy (eV)
285 290 295 300 305

0.01
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Figure 7. (Upper) C 1s oscillator strength spectra of decafluorobiphenyl
compared to that of hexafluorobenzene. (Lower) GSCF3-calculated
spectra of hexafluorobenzene and thé-8@isted decafluorobiphenyl.
Offsets are used for clarity. The energy scale for the calculated spectrum
has been shifted by-2.0 eV to align the z* feature with its
experimental counterpart.

and relative position of the main spectral features. In particular,
the computed spectrum predicts the wesake|oc feature and

the o*(C—F) feature at~294 eV. The lowest energy feature at
286.0 eV is assigned to C 1s{C) — 1x*(b;) transitions at
site G. This feature is at low energy becausgi€only bonded

to other carbon atoms and thus its C 1s level is energetically
above that of the € Cs, and G carbon atoms, which are bonded
to a fluorine atom. The second feature at 287.8 eV is the main
C 1s(C-F) — 17*(b,) transitions at the & Cs, and G carbon
atoms. The third feature at 289 eV is assigned mainly to C 1s
— ¢*(C—F) transitions, as in hexafluorobenzefi¢dowever,

this feature may also be associated partly with C1&7* geioc
transitions associated with-delocalization between the two
rings, as discussed above. As demonstrated above for biphenyl
and benzene, subtraction of twice the C 1s spectrum of
hexafluorobenzene from that of decafluorobiphenyl gives a weak

of the experimental spectral features of these two species arepeak at 289.5 eV, which can be assigned to the €& 1Ist* ye|oc
summarized in Table 4. Comparing the experimental and the transition (result not shown). The computed oscillator strengths
60° computed spectra, there is good agreement in the shapefor 60°-twisted decafluorobiphenyl (Table 3) predict that C 1s
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TABLE 4: Energies (E, eV), Term Values (eV), and Experimental energy (eV)
Assignments of Features in the C 1s and F 1s ISEELS 685 690 695 700 705
Spectra of Hexafluorobenzene and Decafluorobiphenyl (2) 001 'é;l;e'ri'n";n't;l'

CsFe 2 assignment (final orbital) Hexafluorobenzene
E TV E TV C-F c-C £
Decafluoro-
Cls biphenyl
286.02 6.5 T+ Fis
2879 6.2 287.83 6.0 i ;{};
2890 51 2891 47 o*C—F) ~
289.5 7* delo P i
291.0 31 2019 19 & Caloulated

2924 1.7 293.4 0.4 3p

2936 0.5 4p

292.5 P
294.7 293.8 P

2940 0.2

2058 —1.7 2962 —24 ¢*C—C)(ring)
208.7 —4.6 2995 —57 ¢*C—C)(ring)
3049 —10.8 3052 -—11.4 o¢*C—C)(ring)

Fls Ja O
6870 73  I* =

Oscillator Strength per F atom (eV-')

Decafluorobiphenyl
(twisted 60°)
F2 b
1

689.2 50 6892 51  o*C—F) F P

692.0 2.2 692.1 2.2 O‘*(CfF)/Zﬂ* _|{I|\I 111 |.I sa el aa e

693.9 0.3 693.5 0.8 o*C—F) 690 695 700 705

694.2 694.3 IP Calculated energy (eV)

6974 -32 6975 -32 o*C-F) Figure 8. (Upper) F 1s oscillator strength spectra of hexafluorobenzene
a Calibration: —1.38(7) eV relative to the C 1s- z* transition of and decafluorobiphenyl derived from dipole regime ISEELS. (Lower)

CO (287.40(2) eV® bC 1s IP of GFs is taken from X-ray photo- Calculated F 1s spectra of hexafluorobenzene and tRevdsted
electron spectroscop§s? © C 1s(C-F) IP of CioF1o was estimated by conformation of decafluorobiphenyl. The hatched lines indicate the IPs.

adding, to the experimentakf; IP, the weighted average of the GSCF3  The energy scale for the calculated spectra has been shiftedt8/

computed shifts relative to the computegFEIP. The C 1s(G-C) IP to align the mairo*(C—F) feature with its experimental counterpart.
of CioF1 is estimated by adding the-€C to C—F computed shift to . .
the C 1s(C-F) IP. ¢ Calibration:—155.0(1) eV relative to the O ts calculated spectrum is a weighted sum of calculated spectra for
* transition of CO (534.21(9) e¥). ¢ F 1s IP of GoF1owas estimated each of the three chemically distinct fluorine sites. The
according to the same shift as calculations with respectsfa. The assignments of the spectral features are based on GSCF3
calculated F IP of GFo takes the weighted average of the values of calculations and comparison to those for the spectrum of
three different sites. hexafluorobenzen®. F 1s term values for experiment and

- . o calculations are similar, and the spectral assignments follow
— Lz transitions are intense for C 1s excitation ta*{b,), from the calculations. The F s 1z* transitions are symmetry

and there is some intensity for excitation ta*tbs), but the  gj1owed but are expected (and calculated) to be very weak due
excitations to &*(a) and 1*(b,) are relatively weak. As with  tg |imited spatial overlap of the F 1s and Cz2prbitals. They
biphenyl, the &*(b2) and Ir*(a) MOs are very close in energy.  probably give rise to the weak shoulder at 687 e\2jrsince

The calculations indicate that the,@C3, and G 1s core level  thjs feature is not observed in the spectrum of hexafluoroben-
IPs are similar. The induction effect from the other phenyl ring zene. The strong peak at 689.2 eV is attributed to F-1s*-

is not strong enough to separate thelS level from those of (C—F) transitions.

C, and G, so the C 1s— 1x* transitions associated with the 3.5. C 1s Spectrum of 2,2Bis(bromomethyl)-1,1-biphenyl.

Ca, Cs, and G sites overlap. Thus, sensitivity to the conforma-  The oscillator spectrum for C 1s excitation of 2t@s(bromom-

tion and the extent of ringring delocalization arises from ethyl)-1,2-biphenyl @) derived from dipole-regime ISEELS is
changes in the unoccupied energy levels and can be detectegyresented in Figure S1 of the Supporting Information. The
by ISEELS or NEXAFS, but core level photoelectron spectros- energies, term values, and proposed assignments for the spectral

copy is not expected to be very sensitive to rimgng delocal-  features are listed in Table 2. The mean torsional angle of this
Ization. _ _ molecule was determined to be 76i8 the solid phase by X-ray
The peak at 291.9 eV is assigned to C 1S — 27* diffraction#8 Since the bromomethyl substituents on the phenyl

transitions for decafluorobiphenyl and hexafluorobenZéne. rings are quite bulky, the molecule is strongly twisted in the
Other features in the C 1s spectrum of decafluorobiphenyl are gas phase and should have a similar torsional angle in the gas
assigned to excitations to Rydberg ant{C—C) (ring) states  and solid. The shapes and locations of the spectral features are
by comparison with the spectra of benzene, biphenyl, hexafluo- similar to those of biphenyl, so the spectral assignments parallel
robenzene, and to the GSCF3 calculations. those of biphenyl. The relative weakness for some low-intensity
3.4. F 1s Spectra of Hexafluorobenzene and Decafluoro- features and the broadening of the C-2s0*(C—C) features
biphenyl. Figure 8 presents the F 1s oscillator strength spectra for 2,2-bis(bromomethyl)-1,1biphenyl are probably due to the

of hexafluorobenzene and decafluorobiphe2ylderived from influence of the bromomethyl groups. The main C-2slz*
dipole-regime ISEELS. Figure 8 also presents for comparison, peak is broadened and shows a high-energy shoulder, reflecting
the calculated F 1s spectra of hexafluorobenzene ahthéSted contributions from C 1s(€ECH,Br) — 1xz* transitions, which

decafluorobiphenyl. The energies, term values, and proposedare shifted to slightly higher energy due to the electronegativity
assignments of the spectral features are presented in Table 3of the CHBr substituent. There are significant chemical shifts
Selected details of the F 1s calculations are presented in Tableamong the chemically distinct sites around the phenyl rings in
5. Table S4 of the Supporting Information is a more extensive 3, so there is extensive spectral overlap, and it is not possible
listing of the information from the GSCF3 calculations. The to identify an experimental signal associated with C18* geloc
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TABLE 5: Selected Eigenvalues, Oscillator Strengths, and LN L SRS WL R PR UL L 5 |
Orbital Characters for Computed F 1s Core-excited States ;
of 60°-Twisted Decafluorobiphenyl and Hexafluorobenzene Ul
site IP character € (eV) f(107?) %
Decafluorobiphenyl Twisted 60 £
F1 694.186 I*(by) —5.76 0.12 2
17*(a) —4.86 0.02 o
Lr*(bs) -3.51 0.01 =
17*(b>) —-3.09 0.01 o
o*(C—F) —2.39 1.26 =
27*(by) 1.06 0.03 <
o*(C—F) 1.35 0.16 z
o*(C—F) 3.57 0.04 - ISEELS (gas)
o*(C—F) 5.58 0.05 g crp Bipheny!
F2 694.176 *(by) —5.49 0.10 =
17*(a) —4.97 0.02 b
o*(C—F) -3.23 0.71 o Benzene
o*(C—F) -2.71 0.63
O-*(C_F) —2.44 0.01 OO I U T T N T T O O I A A O A1
27%(b4) 0.91 0.04 285 290 295 300 305
o*(C—F) 1.63 0.14 e —
o*(C—F) 3.90 0.05 | ()
0*(C—F) 5.78 0.05 i — Benzene
F3 694.372 I*(by) -5.83 0.12 g% — Biphenyl
17*(a) —4.55 0.00 = = Hexaphenylbenzene
o*(C—F) -3.11 1.38 ©
ai(C—C) —-2.93 0.01 g C1s
0*(C—F) -2.35 0.00 =
27%(by) 0.91 0.05 g
o*(C—F) 1.46 0.10 £
o*(C—F) 4.07 0.08 5
0*(C—F) 5.62 0.11 s
Hexafluorobenzene £
F 694.155 T e, —5.99 0.11 0 0y il s g Il sy bl eng) Il o ey
Lr*eay —5.14 0.00 284 286 288 290 292 294
o*(C—F) —4.42 1.33 Energy (eV)
‘7*(*C_F) 0.07 0.21 Figure 9. (a) The experimental C 1s NEXAFS spectrum of hexaphe-
2*” C(bjglz ggg 88@ nylbenzene(s) measured in STXM. The inset is an optical density image
U*(C—F) 2.36 0'12 recorded at 285.1 eV. The white circle is the area from which the
g*gc—F; 4'65 0'06 spectrum was recorded. The C 1s spectra of benzene(g) and biphenyl-

(g) are also plotted for comparison. The hatched lines indicate the IPs.
. . (b) An expanded, overlap plot of the discrete region of the C 1s spectra
transitions. In any case, these transitions are expected to be rathesf benzene, biphenyl, and hexaphenylbenzene.

weak due to the large torsion angle.

3.6. C 1s Spectrum of Hexaphenylbenzenelhe C 1s  tothe C 1s continuum intensity (see Figure 9b). The explanation
spectrum of solid hexaphenylbenzedg (ecorded with STXM,  for this may be linear dichroism, due to the linear polarization
is shown in Figure 9, in comparison to the C 1s spectra of of the light and the crystalline nature of the sample. The crystal
gaseous benzene and biphenyl. The insert is an optical densitystructure is such that the hexaphenylbenzene molecules form a
image at 285.1 eV of the region around the point from which |ayer arrangement, with molecules lying in or near the (200)
the spectrum was acquired. The specific location (white circle) planes®® Thus, the central rings are almost parallel to each other,
was selected as it is sufficiently thin so as to have an optical while the peripheral phenyl rings are twisted out from the central
density that avoids spectral distortion by absorption saturation. ring plane. In certain crystal orientations this could result in a
The slits used were such that the energy resolution is on thereduced intensity for C 1s> 1z* transitions relative to the
order of 0.2 eV. The single-crystal structure determined by X-ray continuum oro* excitations.
diffraction®® shows that the peripheral phenyl rings of hexaphe-
nylbenzene are twisted65” with respect to the central ring. 4 piscussion
Thus, the general shape and locations of the C 1s spectral
features are expected, and are found, to be similar to those of 4.1. Effect of Ring—Ring Delocalization. The spectra of
biphenyl. The spectral assignments (listed in Table 2) generally biphenyl and hexaphenylbiphenyl are slightly shifted to higher
follow those of biphenyl. In addition to features similar to those energy with respect to benzene (see Figure 9b). A more precise
of biphenyl, hexaphenylbenzene shows some extra features, inanalysis of this shift, which is most likely associated with ring
particular, enhanced peaks at 295.3 and 298.6 eV. These featuresng interaction (delocalization) can be obtained by considering
are most likely associated with C £s o*(C—C) transitions at the term values (see Table 2). The term values remove effects
the six C-C bonds connecting the rings. Since the number of of changes in core levels and allow the discussion to focus on
inter-ring carbons in hexaphenylbenzene (12/42) is almost twice changes in upper level energies, where the main effects of ring
that in biphenyl (2/12), spectral features associated with the ring delocalization are expected. The term values for the 1
inter-ring C-C bond should become more apparent. Another states of biphenyl, hexaphenylbenzene, and-tdstbromom-
major difference of the spectrum df compared to those of  ethyl)-1,X-biphenyl are lowered by 0-:30.4 eV compared to
biphenyl and benzene is the relatively lower intensity for the C those of benzene. This effect is also reproduced by the GSCF3
1s— 1xz* transition in solid hexaphenylbenzene, as compared calculations. The computedr1 term values of C(H) sites of
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45°-twisted biphenyl (see Table 1) are lower than those of  Acknowledgment. This research is supported financially by
benzene by 0:20.3 eV. NSERC (Canada) and the Canadian Research Chair program.

Further inspection of the term values and the magnifietl 1 ~ We thank Dr. Ignacio Vargas-Baca for provision of the biphenyl
spectral region for biphenyl and hexaphenylbenzene comparedsample. We thank Tolek Tyliszczak and David Kilcoyne for
to benzene (Figure 9) shows that these results are consistentheir excellent work in developing and maintaining STXM5.3.2
with the predicted torsional angle dependence of the spectralat the ALS. The Advanced Light Source is funded by the Basic
features. Biphenyl (torsional angle of3Sshows slightly lower Energy Sciences division of the U.S. Department of Energy
a* term values than those of hexaphenylbenzene (torsional angleunder contract DE-AC03-76SF00098.
of ~65°) and 2,2-bis(bromomethyl)-1,tbiphenyl (torsional
angle of~75°). The torsional angle of hexaphenylbenzene is ~ Supporting Information Available: Table S1 lists geom-
larger than that of biphenyl by20°, consistent with an increase ~ etries for core excitation GSCF3 calculations of biphenyl,
in term values. The above analysis indicates that, althoughkring decafluorobiphenyl, benzene, and hexafluorobenzene; Table S2
ring interaction is quite small in the twisted biphenyl systems, lists selected eigenvalues, oscillator strengths, and orbital
its effects are still detectable in inner shell excitation spectra. characters for computed core-excited states of-tdésted

Both the experimental and calculated C 1s spectra of biphenyl and benzene; Table S3 lists selected eigenvalues,
decafluorobipheny! shift to higher energy with respect to oscillator_ strength, and orbitgl characters for c_omputed C1s
hexafluorobenzene (Figure 7). A consideration of term values core-excited states of 6@wisted decafluorobiphenyl and
(Tables 3 and 4) indicates the features of decafluorobiphenyl ~ hexafluorobenzene; Table S4 lists selected eigenvalues, oscillator
are lowered by 0.21.2 eV. These shifts are consistent with strength, and orbital characters for computed F 1s core-excited
those predicted by the GSCF3 calculation (Table 3). states of 6&-twisted decafluorobiphenyl and hexafluorobenzene.

4.2. The Perfluoro Effect. A strong perfluoro effect was ~ Figure S1shows the C 1s oscillator strength spectrum of gaseous

observed in perfluorinated alkanes, alkenes, and ber@ées 2,Z-bis(bromomgthyl)-l,’1bipheny|. This meterial is available
relative to their nonfluorinated counterparts. The comparison f'e€ of charge via the Internet at http://pubs.acs.org.

of hexafluorobenzene and benzene (Tables 2 and 4) illustrates
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