THE JOURNAL OF

PHYSICAL CHEMISTRY

pubs.acs.org/JPCA

Core Excitation, Specific Dissociation, and the Effect of the Size of
Aromatic Molecules Connected to Oxygen: Phenyl Ether and 1,3-

Diphenoxybenzene

Yi-Shiue Lin,” Shu-Yu Lin,”* Yuan T. Lee,* Chien-Ming Tseng,§ Chi-Kung Ni,i’” Chen-Lin Liu,*"

Cheng-Cheng Tsai,l Jien-Lian Chen,L and Wei-Ping Hu*t

TScientific Research Division, National Synchrotron Radiation Research Center, Hsinchu 30076, Taiwan

*Institute of Atomic and Molecular Sciences, Academia Sinica, P.O. Box 23-166, Taipei 10617, Taiwan

SDepartment of Applied Chemistry, National Chiao Tung University, Hsinchu 30010, Taiwan

“Department of Chemistry, National Tsing Hua University, Hsinchu 30013, Taiwan

lDepartment of Chemistry and Biochemistry, National Chung Cheng University, Chia-Yi 62102, Taiwan

© Supporting Information

ABSTRACT: Near-edge X-ray absorption fine structure (NEXAFS) spectra of phenyl
ether at the carbon K-edge and 1,3-diphenoxybenzene at both the carbon and oxygen K-
edges were measured in the total ion yield mode using X-rays from a synchrotron and a
reflectron time-of-flight mass spectrometer. Time-dependent density functional theory was
adopted to calculate the carbon and oxygen K-edge NEXAFS spectra of phenol, phenyl
ether, and 1,3-diphenoxybenzene. The assignments and a comparison of the experimental
and calculated spectra are presented. The mass spectra of ionic products formed after X-
ray absorption at various excitation energies are also reported. Specific dissociations were
observed for the 1s — #* transition of phenyl ether. In comparison with phenol and
phenyl ether, the dependence of the fragmentation on the excitation site and destination
state was weak in 1,3-diphenoxybenzene, likely as a result of delocalization of the valence
electrons and rapid randomization of energy.
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In the early 1920s, the wavelengths of the X-ray absorption
edge were discovered to depend on the chemical environment
of atoms of a given element."” Near-edge X-ray absorption fine
structure (NEXAFS) spectra have proved to be sensitive to the
electronic structure of materials and useful for chemical
analysis.>~® The shifts of soft X-ray absorption spectra for a
given element due to varied chemical environments range from
~02 eV to several eV. For example, the C 1s — nf_g
excitation for a carbonate is blue-shifted by ~4 eV relative to
that for an aldehyde.” Similarly, the absorption energies of the
carbon atom adjacent to the nitrogen atom in aniline and the
carbon atom adjacent to the oxygen atom in phenol are blue-
shifted by about 1.5 and 1.7 eV, respectively, relative to those of
other carbon atoms in aniline, phenol, and benzene.'®

When a molecule absorbs an X-ray photon, one core electron
of a particular atom is excited to an empty valence orbital or is
directly ionized, forming a hole in the inner shell of the atom.
Auger decay is a major channel following excitation of a core
electron. After emission of one or two electrons following
Auger decay, the resulting molecular ions are generally unstable
and dissociate into charged and neutral fragments. If the
excitation energy remains localized near the initial excited atom,
the chemical bonds around the atom might break easily.
Eberhardt and co-workers first observed site-specific fragmen-
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an excitation of an inner-shell electron of a chosen atom has
received increasing attention. Specific dissociation following
core-level excitation has been observed for molecules on
surfaces and in the gas phase.13_15 For instance, Baba and co-
workers observed CI* as the dominant product following
excitation of a core electron of the Cl atom in SiCl, in a
condensed phase. When one core electron of a carbon or
oxygen atom in Si(OCHj;), was excited, CH;" was the
dominant ionic product.'®"”

We recently studied the core excitation of phenol at both the
carbon and oxygen K-edges. Fragments generated from bond-
specific dissociation were observed. In particular, O—H bond
cleavage was clearly observed only at the oxygen K-edge. As the
molecular size increases, vibrational energy redistribution
becomes important. It is interesting to investigate the
competition between energy redistribution and bond-specific
dissociation in larger molecules. In the current study, we
investigated the core excitations of phenyl ether at the carbon
K-edge and 1,3-diphenoxybenzene at both the carbon and
oxygen K-edges. We recorded NEXAFS spectra and mass
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spectra of the ionic products formed following Auger decay.
Quantum-chemical calculations of the NEXAFS spectra for
both the oxygen and carbon K-edges were also performed. The
calculated and experimental spectra were compared to elucidate
the nature of the various core—electron transitions. From the
experimental profiles of ionic products as a function of photon
energy, we identified specific dissociations following core-level
excitation at specific photon energies. The size effects from the
results of the three molecules—phenol, phenyl ether, and 1,3-
diphenoxybenzene—were also discussed.

B EXPERIMENTAL SECTION

The experiment has been described elsewhere,'® and thus, only
brief details and variations from the reported procedures are
presented here. An orthogonal acceleration reflectron time-of-
flight mass spectrometer (OA-R-TOF MS), located at the
Taiwan Light Source at the National Synchrotron Radiation
Research Center, was utilized to measure the ion signals. The
experiments on ghenyl ether employed the same setup as in our
previous work.'® A diffusive molecular beam was generated in
the source chamber from a sample cell with an orifice with a
diameter of 0.15 mm. The sample cell was kept at 355 K, and
the pressure of phenyl ether inside the cell was measured as 1.3
Torr. The diffused molecular beam was collimated by a
skimmer (diameter 2 mm) located 8 mm downstream from the
sample cell before it entered the ionization chamber. The
pressures in the source, ionization, and detection chambers
during the experiment were 5.7 X 1075 8.6 X 107, and 5.5 X
107® Torr, respectively.

Soft X-rays from a synchrotron were directed into the
ionization chamber with two bendable refocusing Kirkpatrick—
Baez mirrors coated with Au. This beam crossed the diffusive
beam of phenyl ether 20 mm downstream from the skimmer.
Molecules ionized by X-ray photons dissociated into ionic
fragments because of the internal energy remaining after Auger
decay; these ionic fragments were collimated with ion lenses
when they were pushed into the region of ion acceleration in
the mass spectrometer'® >* in the detection chamber. When
this region was filled with the collimated ions, a pulsed voltage
was applied to drive these ions into the region of mass analysis.
For phenyl ether, the repetition rate of the pulsed voltage was
50 kHz. A rectangular hole (8.8 mm X 40 mm) separated the
ionization and detection chambers; its size was designed to
ensure that most of collimated ions could pass through it but
the pressure in the detection chamber would be !/, that in the
ionization chamber.

Ions were detected with a microchannel plate (MCP)
detector (95 mm X 42 mm). The output signal from this
detector was amplified and recorded with a time-of-flight
multiscaler (FAST ComTec, model P7888, bin width 2 ns). A
counting technique was utilized to accumulate the signal; a
discrimination level was set to optimize the signal-to-noise
ratio. The stated chemical compounds (Sigma-Aldrich, purity
99%) were used without further purification. The sample cell
was evacuated before experiments.

These experiments were performed at undulator beamline
BLOSB1 at the Taiwan Light Source, details of which have been
reported previously;>* only a brief description is presented here.
This beamline delivers >10'> photons s~ with energies of 60—
1400 eV. The relative energy resolution (E/AE) is as large as
20000, depending on the slit widths and the grating. In the
current study, the resolution was about 100 meV at the carbon
K-edge for phenyl ether and about 50 and 130 meV at the
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carbon and oxygen K-edges, respectively, for 1,3-diphenox-
ybenzene. The beam spot had a size of 0.4 mm X 0.2 mm at the
intersection with the diffusive molecular beam. The photon
energy was calibrated using absorption spectra of CO, for both
the carbon K-edge (290.77 eV) and the oxygen K-edge (535.4
eV).>*™° The scanning step was 150 meV, and the actual
energy resolution in the spectrum was larger than 150 meV.

The experimental conditions for 1,3-diphenoxybenzene
differed slightly from those for phenyl ether. Because the
vapor pressure is very low (estimated to be less than 0.1
mTorr), the sample cell containing 1,3-diphenoxybenzene was
kept at room temperature and directly loaded into the
ionization chamber. The exit port of the sample cell (2 mm
X 8 mm) was located 2 mm below the path of the synchrotron
radiation. The pressures were 4.1 X 1077 Torr in the ionization
chamber and 4.8 X 107® Torr in the detection chamber; the
repetition rate of the pulsed voltage was 40 kHz.

Both phenyl ether and 1,3-diphenoxybenzene are very sticky
molecules and not easy to remove. For each compound, we
used a completely new sample cell to avoid contamination. The
surface inside the vacuum chamber was wiped with methanol,
but contamination was still observed by mass spectrometry for
about 2 months. We waited until the contamination completely
disappeared before we started the next experiment.

B COMPUTATIONAL DETAILS

The molecular structures of phenyl ether and 1,3-diphenox-
ybenzene in their ground electronic states were calculated using
the B3LYP hybrid density functional with the 6-311+G(d,p)
basis set. Various theoretical methods for calculating NEXAFS
spectra with varied degrees of approximations have been
reported.”’ ™* The multiple-scattering X method®" and the
direct static exchange (STEX) method®*>*  were highly
approximate in nature. Their limitations were due to the
neglect of electron-correlation energy and the adoption of an
independent-channel approximation. Slater improved the
STEX approach to obtain the transition-potential method,****
in which the orbital binding energies are computed as the
derivatives of the total energy with respect to the orbital
occupation numbers. The excitation energies obtained were
typically too small, and the errors mainly arose from the higher-
order contributions to the core relaxation energies. In the
current study, we adopted time-dependent density functional
theory (TDDFT)*™* to calculate the carbon and oxygen K-
edge NEXAFS spectra of phenol, phenyl ether, and 1,3-
diphenoxybenzene. The core-excitation calculation was per-
formed within the subspace of single excitations involving
excitations from core orbitals with the Tamm-—Dancoff
approximation®® without relativistic corrections. Stener and
co-workers* ™! showed this approach to be satisfactory for X-
ray absorption spectroscopy using the LB94 functional,***>*
which produced reasonable results and had the correct
asymptotic behaviors. We used the standard Pople-type 6-
31+G(d,p) basis set in the calculations with the LB94
functional. The Dunning-type aug-cc-pCVTZ basis set>* >’
containing s- and p-type core polarization functions in addition
to the valence triple-{ basis set and diffuse functions was also
used for phenol and phenyl ether to assess the effect of the
basis set size. Molecular geometry calculations were performed
using the Gaussian 09 program,®® and the TDDFT calculations
for the NEXAFS spectra were performed with the Q-CHEM
4.1 program.59
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B RESULTS

A. Calculated and Experimental NEXAFS Spectra. The
NEXAFS spectrum of phenyl ether at the carbon K-edge from
284.3 t0 298.2 eV in the total ion yield (TIY) mode is shown in
Figure la, and the corresponding spectra of 1,3-diphenox-
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Figure 1. (a) Experimental NEXAFS spectrum in TIY mode
(intensity) at the carbon K-edge for phenyl ether excited from 284.3
to 2982 eV. (b) Calculated carbon K-edge NEXAFS spectrum
(oscillation strength) of phenyl ether at the LB94/6-31+G(d,p) level
without an energy shift; the line spectrum was convoluted with a
Lorentz function having a half-width of S0 meV. (c) Calculated oxygen
K-edge NEXAFS spectrum (oscillation strength) of phenyl ether at the
LB94/6-31+G(d,p) level without an energy shift; the line spectrum
was convoluted with a Lorentz function having a half-width of 200
meV.

ybenzene at the carbon and oxygen K-edges are shown in
Figure 2a,c, respectively. The measured signal-to-noise ratio of
the NEXAFS spectrum of phenyl ether at the oxygen K-edge
was poor, and thus, that spectrum is not presented in this
article.

Figure 3 shows the calculated molecular geometries of phenyl
ether and 1,3-diphenoxybenzene. Two conformers of 1,3-
diphenoxybenzene having similar energies and structures were
found. The energy of the conformer with C, symmetry was
predicted to be 0.2 kcal/mol lower at the M06-2X%°/6-
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C K-edge NEXAFS spectrum of 1,3-diphenoxybenzene
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Figure 2. (a) Experimental NEXAFS spectra in the TIY mode
(intensity) at the carbon K-edge for 1,3-diphenoxybenzene excited
from 284.3 to 2982 eV. (b) Calculated carbon K-edge NEXAFS
spectrum (oscillation strength) of 1,3-diphenoxybenzene at the LB94/
6-31+G(d,p) level without an energy shift. The line spectrum was
convoluted with a Lorentz function having a half-width of S0 meV. (c)
Experimental NEXAFS spectrum (intensity) at the oxygen K-edge for
1,3-diphenoxybenzene (measured with an energy resolution of 130
meV). (d) Calculated oxygen K-edge NEXAFS spectrum (oscillation
strength) of 1,3-diphenoxybenzene at the LB94/6-31+G(d,p) level
with an energy shift of +4.24 eV; the line spectrum was convoluted
with a Lorentz function having a half-width of 200 meV.

311+G(d,p) level. As the current TDDFT approximation did
not take into account the electronic states in the continuum,
the calculated transitions at lower energies would be more
reliable and more meaningful in comparison to the
experimental spectra. The NEXAFS spectra calculated with
the 6-31+G(d,p) and aug-cc-pCVTZ basis sets were
qualitatively similar. However, the spectra calculated with the
latter basis set required significantly larger energy shifts to
match the experimental spectra satisfactorily. The following
discussion is hence based on the LB94/6-31+G(d,p) results.
(The spectra of phenol and phenyl ether calculated using the
aug-cc-pCVTZ basis set are shown in Figures S1 and S2 in the
Supporting Information for comparison.) Figure 1b shows the
calculated carbon K-edge NEXAFS spectrum of phenyl ether.
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Figure 3. Calculated structures at the B3LYP/6-311+G(d,p) level: (a) phenyl ether; (b) 1,3-diphenoxybenzene with C, symmetry; (c) 1,3-

diphenoxybenzene with C, symmetry.

Table 1. Assignment of the NEXAFS Spectrum of Phenyl Ether at the C K-Edge”

@]

E

peak
17*
2*
3t
4m*
Sm*
1Rb
2Rb
3Rb
4Rb
SRb
6Rb
7Rb

excitation energy/eV

resonance LB94/6-31+G(d,p)
C2,2,44',5,5,66 — n* (V1, V2) 2849
C2,2'3,3,5,5,66 — n* (V3) 285.3
C22' 3,3 44,55 — ot (V4) 285.4
CLl' — % (V2) 286.6
CL1' — 7* (V4) 287.1
C2,2',3,3'44,5,5' — Rydberg (minor 6%, V8, V9) 287.8
C2,2',4,4,6,6 — Rydberg (V10, V11, V12) 288.1
C44',6,6' — Rydberg (V13, V14) 288.5
C3,3'44,6,6,11,11" — Rydberg (V12, V15) 2887
C2,2',3,3,44,55,6,6 — Rydberg (V16, V18) 289.1
CLI'2,2 4466 — Rydberg (V21, V22) 289.7
C1,1'2,2/,6,6' — Rydberg (V18, V28) 290.7

exptl
285.2
285.2
285.2
287.1
287.1
288.0
288.0
289.0
289.0
289.0
289.5
290.6

“The resonance C1,1’ — z* (V2) signifies that the 1s electron on carbon 1 or 1’ in phenyl ether is excited to a 7* orbital as the second virtual
(unoccupied) orbital. The atoms making the major contributions are labeled in italics. See Figure 3 for atom labeling. The calculated excitation
energies are unshifted.

As the calculated NEXAFS spectra of two conformers of 1,3-
diphenoxybenzene were almost identical, only that of the
conformer with C; symmetry is shown in Figure 2b. Tables 1
and 2 present the assignments of the absorption peaks. The

core-excited carbon atoms and the destination virtual orbitals
(labeled Vn) for the major transitions are indicated in these
tables. Some of the transition orbitals of phenyl ether are
presented in Figure 4, and some of the transition orbitals of 1,3-
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Table 2. Assignment of the NEXAFS Spectrum of 1,3-Diphenoxybenzene (C, Symmetry) at the C K-Edge”

excitation energy/eV

area peak resonance LB94/6-31+G(d,p) exptl
A Lo* C4,6,10,10',12,12" — 7* (V1, V2) 284.8 2854
2% C4,5,6,10,10,12,12' — 7* (V3, V4) 285.1 2854
3t C2,4,6,8,8',9,9',10,10°,11,11',12,12" — n* (V4, V5) 2852 2854
4% C4,5,6,8,8',9,9,10,10',11,11' — 7* (V5, V6) 285.5 2854
B S C1,37,7 — n* (V2) 286.5 2873
6n* C13,7,7 — n* (V4) 286.7 287.3
7 C7,7 — o* (V5) 286.9 287.3
8+ C7,7 — n* (V6, V8) 287.1 287.3
o C1,34,699 — 7* (V6,9) 2872 287.3
C 1Rb C4,6,9,9',11,11" — Rydberg (minor ¢*, V11, V13, V14) 287.8 288.0
2Rb C2/4,6,10,10',12,12" — Rydberg (minor ¢*, V15, V16) 288.1 288.0
3Rb C4,6,9,9',10,10',11,11" — Rydberg (V18, V19) 288.8 288.0
D 4Rb C4,5,6,8,8',9,9,10,10,11,11',12,12' — Rydberg (V18, V19, V21) 288.9 2892
SRb C2,4,5,6,8,8',10,10',12,12' — Rydberg (V20, V21) 2892 2892

“The resonance C7,7" — x* (VS) signifies that the 1s electron on carbon 7 or 7' in 1,3-diphenoxybenzene is excited to a 7* orbital as the fifth virtual
(unoccupied) orbital. The atoms making the major contributions are labeled in italics. See Figure 3 for atom labeling. The calculated excitation

energies are unshifted.

diphenoxybenzene are presented in Figure S; others are shown
in Figures S3—S6 in the Supporting Information.

The calculated carbon K-edge NEXAFS spectra of phenyl
ether and 1,3-diphenoxybenzene are roughly divisible into three
areas, designated as low-, moderate- and high-energy areas. All
of the transitions in the low-energy area (group A in Figures la

Figure 4. Calculated core-excitation transition orbitals for the carbon
K-edge NEXAFS spectrum of phenyl ether. The core orbitals shown in
(a) and (c) are linear combinations of 1s orbitals localized on carbons
not directly bound to oxygen; the destination orbitals shown in (b)
and (d) are delocalized z* orbitals on both phenyl rings. The
transitions (a) — (b) and (c) — (d) correspond to the two highest
signals in area A (27* and 37*, respectively) in Figure 1b. Panels (e)
and (f) show the destination orbitals with minor ¢* character along
C—H bonds for the transitions to 1Rb and 2Rb, respectively, in area C
of Figure 1b.
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Figure S. Calculated core-excitation orbitals of the carbon K-edge
NEXAFS spectrum of 1,3-diphenoxybenzene. Transitions (a) — (b)
and (c) — (d) correspond to the two strongest transitions, labeled as
37* and 47* in Figure 2b. The core orbitals shown in (a) and (c) are
carbon 1s orbitals localized on the various carbons; the destination
orbitals shown in (b) and (d) are delocalized 7* orbitals on the
benzene rings.

and 2a) were predicted to be of the type 1s — z*. As shown in
Figure 4a—d and Figures S, the starting 1s orbitals are localized
on carbon atoms not directly bonded to the oxygen atom, and
the destination 7* orbitals are delocalized over the phenyl rings.
The transitions in the moderate-energy area (groups B and C in
Figures la and 2a) were predicted to involve 1s — 7* and 1s —
Rydberg states. For the 1s — 7™ transitions in this area, the
initial 1s orbitals are localized on the carbon atoms directly
bonded to the oxygen atom. Most of the destination orbitals of
symmetry other than 7% in the moderate-energy area were
predicted to be diffuse (Rydberg) orbitals with only minor ¢*
character. The transitions in the high-energy area (groups D
and E in the NEXAFS spectra at the carbon K-edge) were
predicted to be only of the type 1s — Rydberg states. With a
transition-potential approach, Pettersson®" assigned some
signals in this area as 1s — o*. We found some destination
orbitals in this area that contain minor ¢* character, and they

dx.doi.org/10.1021/jp505949d | J. Phys. Chem. A 2014, 118, 7803—7815
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Table 3. Assignment of the NEXAFS Spectrum of Phenyl Ether at the O K-Edge®

area peak resonance LB94/6-31+G(d,p) excitation energy/eV
A Lz 01 - 7* (V2, V4) 532.2

B 1Rb 01 — Rydberg (minor 6%, VS, V6) 533.7

C 2Rb 01 — Rydberg (minor 6%, V11, V14) 535.1

D 3Rb O1 — Rydberg (V16, V17) 535.8

D 4Rb 01 — Rydberg (V19, V21) 5368

E SRb 01 — Rydberg (V27, V28) $37.3

“The resonance O1 — 7* (V2, V4) signifies that the 1s electron on the oxygen atom in phenyl ether is excited to two 7* orbitals as the second and

fourth virtual orbitals. The calculated excitation energies are unshifted.

Table 4. Assignment of the NEXAFS Spectrum of 1,3-Diphenoxybenzene (C, Symmetry) at the O K-Edge”

excitation energy/eV

area peak resonance LB94/6-31+G(d,p) exptl
A 17 OL1' — x* (V2, V4, V5, V6) 536.5 5365
B 1Rb 01,1’ - Rydberg (minor ¢*, V8, V9) 538.1 537.9
¢ 2Rb 01,1' — Rydberg (minor ¢*, V15, V16) 539.1 538.9
D 3Rb 01,1" — Rydberg (V36, V38) 541.5 541.5
E 4Rb 01,1 - Rydberg (V53, V57) 542.8 543.0

“The resonance 01,1’ — 7* (V2, V4, VS, V6) signifies that the 1s electron on O1 or O1’ in 1,3-diphenoxybenzene is excited to four 7* orbitals as
the second, fourth, fifth, and sixth virtual orbitals. The calculated excitation energies are shifted by 4.24 eV.

are shown in Figure 4e,f and Figure S4-3b in the Supporting
Information.

Figures 1c and 2d show the calculated oxygen K-edge
NEXAFS spectra of phenyl ether and 1,3-diphenoxybenzene.
The calculated oxygen NEXAFS spectra can similarly be
divided into three areas. The assignments of the absorption
peaks are shown in Tables 3 and 4. Two sets of destination
orbitals of phenyl ether were identical to those presented in
Figure 4b,d, and two sets of destination orbitals of 1,3-
diphenoxybenzne were identical to those presented in Figure
Sb,d; others are included in Figures S5 and S6 in the
Supporting Information. For phenyl ether, the transitions in
the low-energy area (group A) were found to be of the type
oxygen ls — n*, in which the destination 7™ orbitals are
delocalized over both phenyl rings as shown in Figure 4b,d. All
of the other peaks were found to correspond to oxygen 1s —
Rydberg state transitions. For 1,3-diphenoxybenzene, the
transitions in the low-energy area (group A) were found to
be of the type oxygen 1s — 7%, in which the destination 7*
orbitals were delocalized over the three benzene rings as shown
in Figure Sb,d. All of the other peaks were found to correspond
to oxygen ls — Rydberg state transitions (see Figures SS and
S6 in the Supporting Information.) For comparison, the
analysis of the NEXAFS spectra of phenol is shown in the
Supporting Information (see Figures S7—S9 and Tables S1 and
S2.) The assignments are very similar to those for phenyl ether
and 1,3-diphenoxybenzene. That is, in the carbon K-edge
spectrum, the low-energy 1s — #™ transitions originate from
the carbon atoms not directly bonded to the oxygen atom, and
the moderate-energy 1s — 7™ transitions originate from the
carbon atoms directly bonded to the oxygen atom; the high-
energy peaks were assigned as 1s — Rydberg states. In the
oxygen K-edge spectrum, the low-energy peak was assigned as a
1s — #* transition, and other peaks were assigned as 1ls —
Rydberg state transitions.

Both the calculated carbon and oxygen K-edge spectra of
phenyl ether and 1,3-diphenoxybenzene agree satisfactorily
with the experimental spectra after only minor energy shifts
(from 0.0 to 4.24 eV), which were necessary because of

systematic errors of the LB94 functional and the underlying
TDDEFT approximation. The line widths of the experimental
spectra are related to the experimental energy resolution and
the lifetimes of the excited states; they cannot be estimated
accurately in the current calculations. The vibrational motion of
molecules might affect the relative intensities and cause some
forbidden transitions to appear in the experimental results. The
calculation of the carbon K-edge spectra clearly showed that the
difference in the chemical environments of the carbon atoms
caused perceptible shifts in the NEXAFS spectra. For phenol,
phenyl ether, and 1,3-diphenoxybenzene, the core excitations to
the 7* orbitals of the carbon atoms bonded directly to the
oxygen atoms are approximately 2 eV higher in energy than the
core excitations of other carbon atoms.

B. Dissociation of Phenyl Ether. Figure 6 shows mass
spectra of phenyl ether excited at various photon energies at the
carbon K-edge. The major ionic products following core
excitation and Auger decay show peaks at m/z = 39, 50, 51, 63,
6S, 74, 77, 115, 139, and 141 u. The mass spectra at various
excitation energies are similar, although the relative intensities
of the ions vary. For example, the relative intensities of parent
ion (m/z = 170 u) and the ionic products (m/z = 141 and 77
u) are high at photon energies of 285.2 and 287.1 eV but small
at photon energies higher than 288 eV. The ionic product with
m/z = 50 u has the highest intensity only for photon energies
lower than 290.6 eV. The intensity of the ionic product with m/
z = 39 u becomes the highest for photon energies beyond 290.6
eV.

Figure 7a shows the ion intensities as a function of photon
energy for each major product ion. One clear feature shown
therein is the high intensity of absorption lines centered at
285.2, 287.1, and 289 eV. Another feature is the high intensity
for small product ions (e.g., those with m/z = 27, 39, 50, 63, 65,
and 74 u) at photon energies higher than 290 eV. To seek
possible dissociations specific to a bond or site following core
excitation and Auger decay, we plotted the intensity ratios
(defined as the intensity of each ion divided by the total ion
intensity at the same photon energy) of major product ions as a
function of photon energy (Figure 7b).
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Figure 6. Mass spectra of the dissociation of phenyl ether following
core excitation and Auger decay. These excitation energies were
chosen according to the absorption lines or broad lines in the carbon
NEXAFS spectrum of phenyl ether (Figure la). To obtain similar
signal-to-noise ratios, the periods of integration were varied as noted in
each mass spectrum.

The intensity ratio of parent ions (with m/z = 170 u) shows
two lines located at 285.2 and 287.1 eV, representing a high
probability that the ionization was not followed by fractionation
or ejection of a second electron. These two lines correspond to

the excitations 1s — 7* of C2—C6 and C2'—C6’ and 1s — #*
of C1 and C1’, respectively, followed by an ejection of an Auger
electron carrying away most of the energy. The energy left for
phenyl ether cations was so small that dissociation or ejection
of a second electron did not occur, resulting in parent ions. The
probability of producing singly charged parent ions was low for
photon energies higher than the direct ionization threshold
(about 290 eV). When the photon energy exceeded the direct
threshold of ionization, the first electron was ejected upon
radiative excitation. The ejection of a second electron occurred
after the Auger decay, resulting in doubly charged parent ions.
Most of the doubly charged parent ions dissociated into smaller
ionic fragments, and only a small fraction remained without
fractionation, resulting in ions with m/z = 85 u.

The intensity ratio of the ion with m/z = 141 u shows
features similar to those of the parent ions. The ionic product
with m/z = 141 u is greatly enhanced at photon energies of
285.2 and 287.1 eV. Possible compositions for m/z = 141 u are
C,H;O" and C; H,". The ionic fragment C;;H;O" can be
produced by breaking two C—C bonds in one aromatic ring,
eliminating C,H, with three additional H atoms or eliminating
C,H, and one H atom. Another possible path involves the
removal of CH from each aromatic ring with an additional
three hydrogen atoms. The other possible composition of an
ion with m/z = 141 u is C;;H,", which might be produced from
the elimination of CHO (or CO and H). Elimination of C,H,
or C,H, is a major dissociation channel of the benzene
cation;62’63 elimination of CO is a major dissociation channel of
the phenol cation,®> ™% but extensive isomerization (e.g, fusion
of two aromatic rings) is required before this elimination can
occur. An jonic fragment with m/z = 139 u might result from
elimination of an additional two H atoms from a fragment with
m/z = 141 u. The possible formulas and bond cleavages of
most of the major ionic products are organized in Table S3 in
Supporting Information.

The ions with m/z = 115 u are also greatly enhanced at
photon energies of 285.2 and 287.1 eV. This ionic product has
two possible compositions: CgH;O" and C,H,". The ionic
product CgH;O" might be produced by the elimination of four
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Figure 7. (a) Intensities of major product ions produced upon excitation of core electrons in carbon atoms of phenyl ether. The ratio of mass to
charge is indicated in each figure. (b) Intensity ratios (as percentages) of major ionic products.
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sets of fragments: C,H, with three additional hydrogen atoms;
two C,H, fragments with three additional hydrogen atoms;
C,H,, C,H,, and one H atom; and CH;, C;H;, and one H
atom. Eliminations of C,H,, C,H,, C,H,, C;H;, and CHj are all
major dissociation channels of the benzene cation.””®® The
other possible composition of an ion with m/z = 115 u, CoH,",
would require an elimination of fragments that contain an
oxygen atom; the possible fragments include CO, C,H,, and
one H atom. As mentioned above, an elimination of CO must
involve extensive isomerization.

Another major ionic product, with m/z = 77 u, likely is the
phenyl radical cation, C¢H;*, which is commonly associated
with the dissociation of an aromatic cation.*® The generation of
C4H;* requires cleavage of the C—O bond. The formation of
C¢H," is clearly enhanced following C 1s — 7™ excitation from
any carbon atom.

Other major products are ions with small m/z values,
including 65, 63, 51, 50, 39, and 27 u. These ions are also major
products of phenol cations following core excitation.'® The
possible compositions with m/z = 65 and 63 u are C;H;" and
C H;*, respectively, which might be produced from a path
analogous to the elimination of CO from the phenol cation
with additional elimination of H atoms. Another possible
composition with m/z = 65 u is C;HO", which would result
from elimination of C,H, and H atoms. The possible
compositions with m/z = 51, 50, 39, and 27 u are C,H;",
C,H,", C;H;", and C,H;", respectively, which can be produced
from paths analogous to the dissociation paths of the benzene
cation that generate C,;H,*, C,;H,*, C,H,*, and C;H;".> Most
of the intensities are greatly enhanced for photon energies
higher than the ionization threshold, indicating production
from doubly charged phenyl ether cations. One possible
explanation is that singly charged phenyl ether cations
produced only fragments with charge located mainly on the
larger fragment, such as those with m/z = 141 and 115 u.
Charges are located on both small and large fragments when
the parent ions are doubly charged.

C. Dissociation of 1,3-Diphenoxybenzene. Figure 8
shows the mass spectra of 1,3-diphenoxybenzene at the
resonance excitation energies at the carbon K-edge. The
major ionic products include those with m/z = 39, 51, 63, 77,
115, 128, 139, 141, 168, and 262 u (parent ions). The major
ions at various photon energies remain the same, but the
relative intensities vary. For example, ions with m/z = 77, 115,
139, 141, and 168 u and parent ions are the dominant products
for the transition 1s — #* (285.44 or 287.29 eV). As the
photon energy increases and the core electron become excited
to Rydberg states, the intensities of heavier ionic fragments with
m/z = 115, 139, 141, and 168 u and the parent ions decrease
significantly. Smaller ionic fragments with m/z = 77 and 51 u
become the dominant products at higher energies.

Figure 9 shows the intensity (panel a) and intensity ratio
(panel b) as functions of photon energy for major ionic
products. Unlike for phenol and phenyl ether, the enhancement
of the ion intensity ratio at resonance excitation energies of
285.44 and 287.29 eV was not evident. Smoother ion intensity
ratio curves that varied slowly with photon energy were
observed instead. The enhancement of the ion intensity ratio is
divisible approximately into three regions: (1) 1s — z* (lower-
energy region, below 288 eV), (2) 1s — Rydberg states (region
of moderate energy, between 288 and 291 eV), and (3) 1s —
above C 1s [ie, beyond the ionization energy of C 1s (291
eV)]. The parent ion and ionic fragments with m/z = 141 and
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Figure 8. Mass spectra of 1,3-diphenoxybenzene dissociation upon
core excitation and Auger decay. These excitation energies were
chosen according to the absorption lines or broad lines in the carbon
NEXAFS spectrum of 1,3-diphenoxybenzene (Figure 2a).

168 u showed high ion intensity ratios only in the first region;
the ionic fragments with m/z = 115 and 139 u showed high ion
intensity ratios in the first and second regions. Most of the
small fragment ions (with m/z = 39, 50, 51, 63, 64, and 77 u)
showed high ion intensity ratios in the second and third
regions. Three ionic products, with m/z = 127, 128, and 157 u,
were enhanced significantly only in the third region.

Because most of the ionic products (with m/z = 39, 51, 63,
77, 115, 139, and 141 u) have the same mass-to-charge ratio as
those of phenyl ether, the possible compositions of these
products are not repeated here. The dissociation mechanism
may not be the same. For example, the intensity ratio curve of
the ion with m/z = 139 u produced from 1,3-diphenox-
ybenzene is similar to that from phenyl ether, indicating that
the dissociation pathways may be similar. On the other hand,
the curves for the ion with m/z = 77 u are totally different for
phenyl ether and 1,3-diphenoxybenzene, indicating that the
dissociation pathways are very different. The ionic fragments
with m/z = 262, 168, 157, 128, and 127 u were not observed in
phenyl ether. Their compositions and dissociation pathways are
further discussed in the following paragraphs.

Similar to phenyl ether, the ion intensity ratio of the singly
charged parent ion of 1,3-diphenoxybenzene (m/z = 262 u) is
high only in the region of low energy (1s — #* transition). As
the photon energy increased, most of the singly charged parent
ions dissociated into smaller fragments or became doubly
charged parent ions. The relative ion intensities of m/z = 131
and 131.5 u are close to the natural abundances of the 2C and
3¢ isotopes. Therefore, we assigned ion with m/z = 131 u as
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mass to charge is indicated in each figure. (b) Intensity ratios (as percentages) of major ionic products.

the doubly charged parent ion. Unlike the case of phenol, for The possible compositions of a fragment with m/z = 169 u
which doubly charged parent ions were observed more in include C;,HyO" and C;;H;0,". The ionic fragment C,,Hs0"
is produced from the elimination of C{H;O upon cleavage of
the C—O bond. The elimination of an additional H atom
produces an ionic fragment with m/z = 168 u. The intensity
three energy regions. ratio curve for C;,HyO" (m/z = 169 u) is almost identical to

regions of moderate and high energy, the intensity ratios of the

doubly charged parent ion (m/z = 131 u) remain near 1% in all
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that of C;,HgO" (m/z = 168 u). Although these two fragments,
C,HyO" and C,HgO", result from cleavage of the C1-O1 or
C3—01’ bond, no clear enhancement from the excitation of C1
or C3 at 28729 eV was observed. The other possible
composition with m/z = 169 u is C;;H;O,". The probability
of this composition is low because extensive cleavage of
chemical bonds and isomerization would be required.

The possible compositions of the fragment with m/z = 157 u
are C;;H,0" and C,;H;0,". Cleavage of C7—0O1 or C7'-O1’
(elimination of C¢H;) followed by elimination of CO could
readily generate the C;;HyO" fragment, but no clear enhance-
ment from the excitation of C7 or C7' at 28729 eV was
observed. The other composition is unlikely because extensive
cleavage of bonds and isomerization would be required. The
intensity curve of the fragment with m/z = 157 u in Figure 9b is
almost the same as that of the product with m/z = 65 u from
phenyl ether in Figure 7b. The dissociation mechanisms for
these two ions are very possibly similar, so C;H,O" is
proposed as the formula of this ionic product.

The ion intensity ratio curves for the fragments with m/z =
127 and 128 u are identical, indicating that they were produced
in the same dissociation channel. The possible compositions
with m/z = 127 and 128 u are C,H;0" and CoH,O" or C, H,*
and C(Hg". CoH,O" can be generated by breaking the parent
molecule in half to produce C,OH,", followed by additional
elimination of H atoms. The most stable structure of the other
possible composition, C,oHg", is the naphthalene cation; its
generation would require the fusion of two aromatic rings and
the elimination of an oxygen atom connecting two aromatic
rings. This channel is enhanced in only the region of high
photon energy; it is unrelated to excitations of specific carbon
atoms.

One interesting observation is the relative ion intensity of m/
z =50 and 51 u. The relative ion intensity is 2:1 (m/z = S0 u to
m/z = S1 u) in phenol. The ratio changes to 1:2—1:3 in phenyl
ether and becomes 1:3 or 1:4 in 1,3-diphenoxybenzene. The
trend shows that additional H atom elimination from ionic
fragments occurs easily for small-sized molecules. It is likely
that the available energy is distributed over the entire molecule.
Additional H atom elimination is slow for large-sized molecules
because of the large number of vibrational degrees of freedom.

Figure S10 in the Supporting Information shows mass
spectra at resonant excitation energies of oxygen K-edge
excitation; the major ionic fragments are the same as those for
excitation at the carbon K-edge. The relative intensities are
similar to those in the mass spectra with carbon K-edge
excitation in the region of high energy (>290 eV): for example,
the intensities of ionic fragments with high masses and parent
ions are small. One major difference between the mass spectra
with C K-edge and O K-edge excitations is the relative
intensities of ions with m/z = 115, 139, 141, and 168 u, and
parent ions. High relative intensities of these ions were
observed only in the region of low energy at the C K-edge;
they became minute in the entire O K-edge region.

The ion intensity as a function of photon energy in oxygen
K-edge excitation (Figure 10 a) shows that all of the ionic
fragments have a broad line between 536 and 545 eV. Some
fragments (with m/z = 139, 115, 77, and 74 u) have an
additional line located at 536.54 eV. Figure 10b shows the ion
intensity ratios for various fragments. The fragments with m/z
= 139 and 115 u are much enhanced at an excitation energy
corresponding to the 1s — 1x* transition, and fragments with
m/z = 128 and 77 u are much enhanced at 1s — 3Rb and 1s —
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4Rb transitions, where nRb denotes a Rydberg orbital. No clear
enhancement was observed for smaller fragments.

Fragments resulting from cleavage of the C—O bond would
be expected to be much enhanced upon excitation at the
oxygen K-edge if the dissociation occurred at a specific site.
These fragments have m/z = 77 (C¢H;*), 157 (C;;H,0*), and
169 u (C;,Hy,O") according to the possible mechanism of
dissociation described above. The intensities of ions with m/z =
157 and 169 u were too small for further consideration.
Although the ion intensity ratio for m/z = 77 u was near 10%,
which is one of the highest among various fragments upon
excitation at the oxygen K-edge, the ratio was near that for m/z
=77 u upon excitation at the carbon K-edge, indicating that no
dissociation occurred at a specific site upon excitation at the
oxygen K-edge.

B DISCUSSION

Specific dissociations are generally classified as involving
elements and sites. This classification is attributed to the
excitation of atoms of different elements and atoms of the same
elements in varied chemical environments, respectively.'® A
possible mechanism leading to a specific dissociation is
localization of excitation and rapid dissociation following core
excitation and Auger decay. If the final state after Auger decay is
localized at a specific atom or chemical bond and the
dissociation is more rapid than energy redistribution,
dissociation is more likely to occur around this excited atom.
One example is the excitation to a ¢* orbital of a specific
chemical bond. If the electron is initially excited from a core
orbital to an antibonding orbital, or if it is redistributed to an
antibonding orbital after Auger decay, the antibonding
characteristic causes rapid dissociation along this chemical
bond. In contrast, if the intramolecular redistribution of energy
is more rapid than dissociation, the excess energy is distributed
among all of the degrees of freedom, resulting in dissociation
according to statistical predictions. The branching ratios among
various dissociation channels would consequently be expected
to vary slowly with the photon energy.

The branching ratios of the products corresponding to
dissociation at specific sites or elements are typically small. For
example, for 2-, 3-, and 4-methylpyridine, Okada and co-
workers found the branching ratios of specific dissociation to be
only 1.2—1.9%.%” For the specific bond dissociation of
CH;COOCD; at the O K-edge, Kawasaki et al.%® found the
branching ratio of the product CD;" to increase from 5.9%
(with excitation at 535.1 eV) to 12.8% (with excitation at 531.9
eV). For the products of methanol following core excitation at
the carbon and oxygen K-edges, Stolte and co-workers found
that the anionic product OH™ was produced at only the C K-
edge while O** was observed only at the O K-edge. Both OH™
and O?* are ionic products for which the branching ratios (not
available) vary with photon energy.ég_72 A large branching ratio
from dissociation at a specific bond has been observed; for
example, the branching ratios of the ionic products CI" from
SiCl, and CH;" from Si(OCHj;), are less than 5% and 20%,
respectively, following excitation of a Si core electron but
increase to 80% after core excitation of the Cl atom in SiCl, and
the O atom in Si(OCH,),.'%"”

The generation of ionic fragments with m/z = 141, 115, 77,
and 51 u from phenyl ether is enhanced at 285.2 and 287.1 eV.
The branching ratios increase from 3.7, 3.3, 3.9, and 5.2% to
8.2, 7, 8.7, and 13%, respectively. These two lines correspond
mainly to 1s — 7 excitation of C2—C6 or C2'—C6’ and 1s —
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7* excitation of C1 or C1'. Fragments with m/z = 141, 115,
and 51 u are produced by breaking two C—C bonds in one
aromatic ring or by eliminating CHO (or CO and H); they
involve the excitation of C2—C6 or C2'—C6’ and C1 or CI’,
respectively. The enhancements observed at 285.2 and 287.1
eV are hence reasonable, but the generation of a fragment with
m/z = 77 u requires the cleavage of a C—O bond, which is
expected to be enhanced only upon 1s — 7* excitation of C1
(at 287.1 eV). The formation of C¢H;* is enhanced following
excitation of every C atom. The branching ratios increased from
52% to 8.7% and 7.3% at 285.2 and 287.1 eV, respectively,
contrary to our expectation. This observed enhancement
represents a mechanism of specific dissociation, as this channel
fails to conform to dissociation at a specific site or for a specific
element.'®

The dissociation properties of 1,3-diphenoxybenzene differ
significantly from those of phenol and phenyl ether. Although
the ionic products from 1,3-diphenoxybenzene with m/z = 51,
77, 115, and 141 u are the same as those from phenyl ether, the
mechanisms of dissociation might vary. The generation of these
products in phenyl ether was greatly enhanced with the 1s —
7* transition at the C atom, but no clear enhancement of these
products in 1,3-diphenoxybenzene was observed at the
corresponding transition. Dissociation of phenol at a site-
specific bond was observed upon excitation of a core electron of
oxygen.'® In particular, fragments corresponding to the O—H
bond were much enhanced at 535.5 eV, observed only upon
excitation at the oxygen K-edge, but no analogous enhance-
ment in 1,3-diphenoxybenzene was observed. Although the
branching ratios of products with m/z = 139 and 115 u (related
to cleavage of the C—O bond) increase about 1% at 537 eV,
corresponding to the O1,1" — Rydberg state excitation, these
products were also observed at the C K-edge; the branching
ratios are much larger than those at the O K-edge.

In the dissociation of CH;OCOCN and CH;0COCH,CN
after excitation at the N and O K-edges, Ibuki and co-workers
investigated the effect of molecular size on the dissociation at
specific sites.”” In CH;OCOCN, fragmentation dependent on a
site or state was weak or negligible. The valence electrons are
delocalized over the entire molecule, so the site of positive
charge after an Auger decay would be random and an initial
memory of the molecule would be lost. In contrast,
CH;0COCH,CN clearly showed fragmentation at a specific
site and for a specific state. As in this molecule one CH, moiety
separates the CN and CO functional groups, the valence 7¢_g
and 7¢_y electrons are localized; dissociation at a specific site
was clearly observed in the cyanoacetate.

The destination orbitals for the transitions at the C and O K-
edges of phenol, phenyl ether, and 1,3-diphenoxybenzene are
highly delocalized, as shown in Figures 4b,d,f and Sb,d. Thus,
an effect of size similar to that found in methyl cyanoformate
and methyl cyanoacetate is not expected to occur in phenol,
phenyl ether, or 1,3-diphenoxybenzene. In contrast, less site-
specific dissociation was observed as the molecular size
increased in going from phenol to phenyl ether to 1,3-
diphenoxybenzene. A possible explanation is that the rate of
intramolecular vibrational redistribution increases with increas-
ing molecular size, as is commonly observed following UV
excitation.
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