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Abstract

Time of flight mass spectrometry with multi-ion coincidence detection has been used to investigate ionic photofragmentation of four
isotopes of gaseous formic acid [HCOOH, HCOOD, DCOOH and DCOOD] following C 1s excitation and ionization. C 1s spectra,
branching ratios and quantitative yields of ions and ion pairs are reported. For equivalent ionic decay channels in the four isotopes
the partial ion and ion pair yield spectra are very similar. These gas phase results are compared to results from photon stimulated
ion desorption (PSID) of deuterated formate adsorbed on Si(100) [H. Ikeura-Sekiguchi, T. Sekiguchi, K. Tanaka, Phys. Rev. B 53
(1996) 12655] where there is a very strong enhancement of the D+ yield at C 1s! r�C�D resonance and the COD+ yield at the
C 1s! r�C–O resonance. Such enhancements were not observed in the fragmentation of gas phase formic acid. From this we conclude
that these very specific bond breaking processes in surface adsorbed formate are associated with a minority channel such as a (2h, 1e)
spectator Auger process, which becomes prominent through elimination of the dominant molecular fragmentation mechanisms by elec-
tronic recombination.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The binding of organic molecules to silicon surfaces and
their subsequent interactions with radiation are of consid-
erable interest, due to diverse applications such as molecu-
lar electronics, biosensors, nonlinear optics, etc. Formic
acid is the simplest carboxylic acid and serves as a model
for other organic acids with more complicated chemical
structures [1]. On most metal and semiconductor surfaces
including silicon, carboxylic acids adsorb dissociatively to
form bound carboxylate species [2] and thus DCOOH
binds to Si as the formate ion (DCOO�). In 1996, Ike-
ura-Sekiguchi et al. [3] reported measurements of photon
stimulated ion desorption (PSID) from a monolayer of
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deutero-formate chemisorbed on Si(100). They reported
partial ion yield spectra for the four dominant ions – D+,
CDO+, O+ and CD+. These spectra exhibited C 1s spectral
features which reflected the local bonding character of the
electronic states involved. In particular the D+ yield was
very enhanced at the C 1s! r�C–D transition (292 eV)
and the CDO+ yield was enhanced at the C 1s! r�C–O

transition (298 eV), suggesting that bond specific fragmen-
tation was occurring, perhaps through an ultrafast decay
process in which bond breaking occurs before core hole
decay [4,5]. These results were in strong contrast to many
other results for monolayer adsorbates on metals and semi-
conductors [6–9] where the partial yields of fragment ions
typically only appear far in the continuum since multiple
ionization shake-off processes are required to surmount
the strong tendency for reneutralization and either neutral
production or recombination of neutralized parent or
fragment ions with the surface. What is so special about
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Table 1
Energies, term values, and proposed assignments for features observed in
the C 1s total ion yield spectrum of formic acid

# E(±0.1 eV) TVa Assignment

1 288.2 7.6 p*(C@O)
2 291.8 4.0 3s/r*(HCO/DCO)
3 293.2 2.6 3p
4 (sh) 294.2 1.6 Higher Rydberg
IPb 295.8
5 297.1(3) �1.3 r*(C–OH/C–OD)
6 303(1) �7 r*(C@O)

a TV = IP–E.
b Ref. [31].
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the formate/Si(1 00) case? Could there be intrinsic molecu-
lar processes such as ultrafast dissociation that drive the
observed PSID [3]? In order to investigate this possibility,
we have examined the ionic photofragmentation of C 1s
excited and ionized formic acid in the gas phase. While it
would be preferable to study the free formate species, this
would require the capability to form a molecular beam of
formate radicals or formate negative ions. Experiments
on inner-shell photofragmentation of negative molecular
ions (e.g. B�2 , B�3 , Ni�x Þ have been reported recently [10]
but the technique was not accessible to us.

Inner-shell excitation and associated spectroscopies of
ionic fragmentation of inner-shell states are site specific
probes of electronic and geometrical structure and photo-
ionization dynamics [5,11]. The combination of tunable
synchrotron radiation and multi-ion coincidence time-of-
flight mass spectrometry enables studies of the excitation
and ionic fragmentation of inner-shell excited and ionized
molecules. Auger decay of these states is an efficient source
of multiply charged ions. The charge separation and
fragmentation of those species can be studied by photoelec-
tron–photoion coincidence (PEPICO), photoion–photoion
coincidence (PIPICO) and photoelectron–photoion–photo-
ion coincidence (PEPIPICO) techniques. Relative to exam-
ining individual time-of-flight mass spectra, partial ion
yield (PIY) and partial ion pair yield (PIPY) spectroscopies
can provide additional insights into ionic fragmentation
through increased spectroscopic selectivity [12]. PIY and
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Fig. 1. Comparison of photoabsorption (derived from ISEELS [26]) and
TIY spectra of HCOOH in the C 1s region. The top panel shows the
ionization efficiency, derived as described in the text.
PIPY spectra, typically derived from branching ratios
extracted from TOF mass spectra recorded at a sequence
of photon energies, give a broad overview of the fragmen-
tation of each state while multi-ion coincidence techniques
Fig. 2. Photoelectron–photoion coincidence (PEPICO) spectra for
HCOOH, HCOOD, DCOOH and DCOOD, acquired in maximum ion
mode at 250 eV (below any core level excitation) and at 307eV, in the C 1s
continuum. A = H or D.
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help identify in more detail the fragmentation mechanisms
involved.

In this study we have used a recently modified [13]
Wiley–McLaren [14] time-of-flight mass spectrometer
(TOF-MS) which incorporates an additional ion-focussing
lens [15,16] to improve its quantitative performance. Multi-
ion coincidence signals (PEPICO, PIPICO and PEPIPICO)
have been used to study the ionic fragmentation following
C 1s excitation and ionization of the four isotopes of for-
mic acid (HCOOH, DCOOH, HCOOD and DCOOD).
Other closely related studies include: NEXAFS, photo-
emission and ionic desorption studies of surface-adsorbed
formate [3,17–24]; NEXAFS and fragmentation studies
of gaseous and condensed methyl formate [25]; and gas
phase studies of formic acid by inner-shell electron energy
loss spectroscopy [26], valence shell photoionization [27]
and gas phase photo-fragmentation dynamics [28,29]. We
discuss our results in the context of these studies.
Table 2
Assignments for PEPICO signals based on flight time and mass-to-charge
ratio (m/e)

m/e Fragment

1 H+

2 D+

12 C+

13 HC+

14 DC+/CO++

16 O+

17 OH+

18 OD+/H2O+

28 CO+

29 HCO+

30 DCO+

44 COO+

45 HCOO+

46 DCOO+

47 DCOOH+

48 DCOOD+

Fig. 3. PEPICO spectra for HCOOH, acquired in maximum ion mode at
120, 250, 280, 290, 294, and 307 eV.
2. Experimental

The experiments were performed using the Mark II
grasshopper at the Synchrotron Radiation Center (SRC,
University of Wisconsin at Madison). This monochroma-
tor, which is equipped with a 1200 lines/mm grating, pro-
vides about 109 photons per second in a 2 · 1 mm spot
with a resolving power (DE/E) of about 500. For the C
1s measurements a 100 nm thin film of Ti was placed in
Fig. 4. Photoion–photoion coincidence (PIPICO) spectra for HCOOH,
HCOOD, DCOOH and DCOOD, acquired in maximum ion mode at
250 eV.
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the beam path, which reduced the second order radiation
by 70%. Even so, second order and stray light signals are
present at levels that are both difficult to estimate and
which change across the C 1s photon energy range due to
the effects of carbonaceous optics contamination.
Table 3
Assignments for PIPICO signals based on their difference flight time (Dt)

Dt-observed (ls) Dt-predicted (ls) Ion pair

0.09 0.09 (CD+,O+)/(O+,OD+)
0.15 0.15 (H+,D+)
0.19 0.19 (C+,O+)/(CD+,OD+)
0.42 0.41 (OD+,HCO+)
0.47 0.47 (O+,CO+)
0.52 0.51 (O+,HCO+)/(O+,DCO+)
0.75 0.74 (D+,C+)
0.85 0.84 (D+,CD+)
0.90 0.89 (H+,C+)
0.95 0.94 (H+,HC+)/(D+,O+)
1.00 1.00 (H+,CD+)/(H+,CO++)
1.03 1.02 (D+,OD+)
1.10 1.08 (H+,O+)/(H+,CD+)
1.14 1.14 (H+,OH+)
1.19 1.17 (H+,OD+)
1.42 1.40 (D+,CO+)
1.45 1.44 (D+,HCO+)
1.49 1.48 (D+,DCO+)
1.57 1.56 (H+,CO+)
1.60 1.59 (H+,HCO+)
1.64 1.63 (H+,DCO+)
1.91 1.89 (D+,COO+)
1.94 1.92 (D+,HCOO+)
1.96 1.94 (D+,COOD+)
2.06 2.04 (H+,COO+)
2.09 2.07 (H+,HCOO+)
2.12 2.10 (H+,COOD+)

Fig. 5. PIPICO spectra for HCOOH, acquired in maximum ion mode at
120, 250, 280, 290, 294, and 307 eV.
The isotopically substituted formic acids were obtained
commercially from Sigma–Aldrich (HCOOH P 96%;
HCOOD – 95 wt. % in deuterium oxide, 98 atom % D;
DCOOH – 95 wt. % in water, 98 atom % D; DCOOD –
approximately 90 atom % D at the hydroxy position; 98
atom % D) and purified by removing air and volatile impu-
rities by a series of freeze–pump–thaw cycles. The vapour
above the liquid at room temperature was introduced into
the ionization region of the time-of-flight apparatus
through a leak valve. The sample pressure in the ionization
region was maintained at �3 · 10�6 torr during data acqui-
sition. A low sample pressure was used in order to optimize
the signal rate while keeping false coincidences to a mini-
mum. The base pressure of the apparatus is �2 · 10�8 torr
without baking and �3 · 10�9 torr after a mild bake.
Unfortunately the sample inlet system was not conditioned
prior to introducing species with a labile OD group and
thus the data for the HCOOD and DCOOD samples are
Fig. 6. C 1s partial ion yield and the photoion branching ratio spectra
between 280 and 320 eV for H+, D+, CO+, and COO+ for all isotopes of
formic acid, acquired in focus mode. The top panels are the TIY spectrum
for comparison.
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distorted by contamination with the OH counterpart via
exchange with water on the walls of the inlet system. This
has been taken into account in the analysis as far as
possible.

The time-of-flight (TOF) apparatus has been described
earlier [5,13]. Briefly, it consists of a McLaren type space
charge focusing instrument [14] in which an electric field
of 1050 V/cm (±1000 V over 19 mm) was applied to extract
the photoelectrons and the parent and fragment ions into
opposing electron and ion detection channels. An addi-
tional lens [15,16] was installed between the drift tube
(DT) and the ion extraction grid. When operated in ‘focus’
mode (Vlens = �800 V for VDT = �3800 V) this lens
focuses all fragment ions with kinetic energy less than
20 eV onto a microchannel plate (MCP) detector, regard-
less of their initial direction within a small ionization vol-
ume [13]. The lens can also be operated in two other
modes, ‘defocus’ (Vlens = �3000 V for VDT = �3800 V),
in which maximum sensitivity to angular and kinetic
energy release distributions is achieved, and ‘maximum’
ion mode (Vlens = �2100 V for VDT = �3800 V) where
the ion signal is strongest since it integrates over a larger
volume, but there is residual kinetic energy and angular
Table 4
Branching ratios of single ions for corresponding ionic decay channels in isoto

Branching ratios – Single ions

Decay channel val�1

HCOOH HCOOD DCOOH DCO

H+ 50.3 35.9 17.7 14.0
D+ – 5.9 18.8 20.3
C+ 7.3 6.3 5.1 4.9
O+ 15.6 14.9 13.3 14.1
CO+ 8.6 9.6 9.1 9.3
COH+ 7.1 7.8 2.4 1.9
COD+ – 5.9 17.7 16.7
Others 11.1 13.7 15.9 18.8

r*(C–H) (292.0 eV)

HCOOH HCOOD DCOOH DCO

H+ 52.5 36.7 18.8 13.3
D+ – 6.9 19.3 22.6
C+ 8.9 7.1 6.0 6.4
O+ 17.8 15.7 14.8 14.2
CO+ 9.2 10.5 9.7 9.2
COH+ 4.4 6.0 2.3 1.4
COD+ – 5.8 15.8 15.8
Others 7.1 11.4 13.2 17.2

Continuum (320 eV)

HCOOH HCOOD

H+ 55.5 40.1
D+ – 7.7
C+ 8.2 8.2
O+ 17.8 17.3
CO+ 7.7 8.3
COH+ 3.6 4.3
COD+ – 4.5
Others 7.2 9.6
discrimination [13]. In this work we present results
acquired in all three modes.

The ionization efficiency is the number of ions pro-
duced per absorbed photon. This was estimated by com-
paring the total ion yield spectrum (TIY) with that from
photoabsorption, taken from the converted inner shell
electron energy loss spectrum (ISEELS) of formic acid
[26,30]. The branching ratio is defined as the ratio of the
yield of a specific ion or ion pair to the total ion yield.
The branching ratio spectra for each ion and ion pair were
derived from the peak areas in PEPICO and PEPIPICO
spectra measured at a series of energies, with high extrac-
tion fields and the maximum mode of the lens. After sub-
traction of the background of accidental coincidences, the
first stop and second stop PEPICO signals were summed
to generate the inputs to the branching ratio calculation.
The quantitative partial ion yield (PIY) spectra were then
derived by taking the product of the branching ratio and
the absolute total ion yield (TIY) signal. The partial ion
pair yield signals were derived by multiplying the TIY sig-
nal by the spectra for the branching ratio for each ion pair
production derived by integrating peaks in the PEPIPICO
signals.
pic formic acids (Focus Mode)

p* (288.2 eV)

OD HCOOH HCOOD DCOOH DCOOD

50.0 36.5 17.2 13.3
– 6.1 20.0 22.2
7.6 8.2 6.8 7.0

15.2 14.6 14.7 14.4
10.1 10.9 10.9 10.7
6.5 7.0 2.2 1.8

– 4.7 13.7 14.0
10.6 12.0 14.5 16.7

C 1s�1 (296.1 eV)

OD HCOOH HCOOD DCOOH DCOOD

52.9 38.2 19.0 14.2
– 7.1 20.1 23.4
7.2 8.2 6.3 6.6

17.9 16.6 16.2 16.3
8.5 9.2 9.0 8.9
4.9 5.1 2.2 1.6

– 5.4 13.4 14.3
8.7 10.1 13.7 14.8

DCOOH DCOOD

20.7 14.7
21.2 25.3
6.6 6.8

16.8 17.0
8.5 8.2
1.8 1,5

11.9 12.4
12.5 14.1



Fig. 7. Branching ion pair ratios (BIPR) and partial ion pair yield (PIPY)
spectra for several ion pairs in the C 1s region in maximum ion mode,
derived from PIPICO data.
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3. Results and discussion

3.1. Total ion yield and ionization efficiency

Fig. 1 presents the TIY spectrum of formic acid, which
is the average of data for HCCOH and DCOOD. There
were no detectable differences among the TIY spectra of
the four isotopic species. This TIY spectrum is at lower res-
olution, but otherwise similar to the inner shell excitation
spectrum as recorded by electron energy loss [26]. The ener-
gies and assignments of the spectral features are listed in
Table 1. The assignments have been discussed in detail else-
where [26]. Briefly, the intense low energy peak at 288.2 eV
arises from the C 1s! p�C@O transition, that at 291.8 eV is
the C 1s! r�CH transition of particular interest in this
work, the shoulder at 294.2 eV is unresolved Rydberg
states leading to the C 1s ionization continuum, and the
2 peaks in the ionization continuum at 297 and 303 eV
are the r�C–O and r�C@O resonances, respectively. Fig. 1 also
plots the photoabsorption spectrum of formic acid taken
from the literature [26,30]. The as-measured ISEELS spec-
trum [30] was re-processed to include the pre-edge signal on
an absolute oscillator strength scale. The intensity of the
TIY signal was set to an absolute oscillator strength scale
by requiring the ionization efficiency (g) between 310 and
320 eV to be have a value of 2. With this scaling the value
of g below the onset of core excitation is 1.2(1), with the
excess above 1 related to direct dissociative ionization.
The value of g is reduced in the region of both 1s! p*

and 1s! Rydberg excitations, and then approaches 2
above the C 1s ionization potential (IP) [31], although there
is a region of reduced g between 296 and 308 eV, probably
due to post-collision interaction. There also appears to be
some further increase in the value of g above 325 eV, which
could be due to shake-off processes leading to dissociative
triple ionization.

3.2. PEPICO and PIPICO signals

Fig. 2 presents the PEPICO time-of-flight mass spec-
trometry signals for HCOOH, HCOOD, DCOOH and
DCOOD, acquired in maximum ion mode at 250 eV
(below C 1s onset and O 1s second order) and 307 eV
(maximum of C 1s! r�C@O resonance). The H+ or
D+ ion (depending on the isotope) is the strongest peak
in these spectra at each energy, although its contribution
is relatively greater at 307 eV due to the higher extent of
fragmentation following inner-shell ionization. Four other
groups of ions can also be distinguished. They are AxC+

(C+, HC+, DC+), AxCO+ (CO+, HCO+, DCO+),
OAþx ðO

þ; OHþ; OHþ2 ; ODþÞ and the AxCOO+ group
(COO+, HCOO+, DCOO+), where A = H or D and
x = 0, 1. We note that significant H+ signal is observed
in the mass spectrum of DCOOD, whereas none would
be expected. Two effects could be the source of that signal:
the limited isotopic purity at the hydroxy position (�90%)
and H/D exchange with water coating the walls of the gas
inlet system. The very large H+ signal in the mass spectrum
of HCOOD may also be affected in the same way. In future
experiments of this type, the gas inlet system should be
completely saturated with D2O prior to introducing a sam-
ple deuterated at an exchangeable site.

Table 2 lists the assignments for the PEPICO signals
derived by converting the measured flight times to mass-
to-charge ratio (m/e). PEPICO mass spectra were measured
at many different photon energies between 120 and 307 eV.
Fig. 3 shows the PEPICO signals for HCOOH, acquired in
maximum ion mode at 120, 250, 280, 290, 294, and 307 eV.
Although a significant increase in fragmentation is
observed as the energy is increased, particularly when
going from below to above the C 1s ionization onset, over-
all the fragmentation pattern remains similar at all photon
energies.

Fig. 4 shows the photoion–photoion-coincidence (PIP-
ICO) signal for HCOOH, HCOOD, DCOOH and
DCOOD, acquired in maximum ion mode at 250 eV and
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at 307 eV. In PIPICO, only the time differences between
correlated ion pairs are measured, giving rise to ambiguities
in the identification of the participating ions. However the
major features can be identified by a careful comparison of
the predicted and observed flight time differences. In addi-
tion the assignments were verified by comparison to the
photoelectron–photoion–photoion-coincidence (PEPIP-
ICO) results, in which the peak assignments are totally
unambiguous (see below). Table 3 presents assignments
for the PIPICO signals based on the flight time differences
(Dt) for the component ions. Fig. 5 shows the PIPICO sig-
nals for HCOOH, acquired in maximum ion mode at 120,
250, 280, 290, 294 and 307 eV. As with the singles PEPICO
signals, the changes with increasing photon energy are rel-
atively minor.

3.3. Branching ratio (BR) and partial ion yield (PIY)

spectra

Fig. 6 presents the photoion branching ratios and the
associated partial ion yield spectra between 280 and
Table 5
Branching ratios of ion pairs for corresponding ionic decay channels in isotop

Branching ratios – Ion pairs

Decay channel val�1

HCOOH HCOOD DCOOH DCO

(H+,D+) – 10.6 12.3 10.3
(H+,C+) 18.0 18.5 2.6 5.3
(H+,O+) 48.1 37.0 12.1 13.4
(H+,CO+) 18.0 16.1 5.9 4.9
(C+,O+) 7.2 1.4 5.0 3.3
(D+,C+) – NC NC 5.3
(D+,O+) – 8.1 11.1 22.7
(D+,CO+) – NC 3.6 6.9
Others 8.7 8.3 47.4 27.9

r*(C–H) (292.0 eV)

HCOOH HCOOD DCOOH DCO

(H+,D+) – 11.3 10.8 9.3
(H+,C+) 23.2 18.5 5.7 4.4
(H+,O+) 45.2 40.1 12.3 10.1
(H+,CO+) 18.4 14.8 5.0 4.7
(C+,O+) 7.2 5.0 2.9 2.6
(D+,C+) – NC NC 9.3
(D+,O+) – 5.3 11.2 18.9
(D+,CO+) – NC 6.0 5.8
Others 6.0 5.0 46.1 34.9

Continuum (320 eV)

HCOOH HCOOD

(H+,D+) – 11.1
(H+,C+) 23.4 19.3
(H+,O+) 44.9 34.9
(H+,CO+) 18.9 19.2
(C+,O+) 6.2 3.2
(D+,C+) – NC
(D+,O+) – 7.3
(D+,CO+) – NC
Others 6.6 5.0
320 eV acquired in focus mode for the production of H+,
D+, CO+, and COO+ ions, which are the major ions gener-
ated by soft X-ray ionization of the four isotopes of formic
acid. The C 1s total ion yield (TIY) spectrum is also plotted
in the top panel to facilitate identification of possible state
specific fragmentation. Aside from small changes in the
shapes of the D+ and H+ yield spectra at 297 eV ðr�C–OÞ
and in the shapes of the CO+ and COO+ yield spectra at
291:8 eV ðr�C–HÞ, the results are similar for all isotopic
forms. Relative to the TIY spectrum, the singles yields of
the H+, D+ and COO+ ions are suppressed at
288:2 eV ðp�C@OÞ and at 291:8 eV ðr�C–HÞ, but the singles
CO+ yield is enhanced at 292 eV ðr�C–HÞ.

Table 4 presents branching ratios at selected energies
derived from the quantitative focus mode results. As seen
in Fig. 6, there is relatively little change in branching ratio
throughout the C 1s region. The largest changes are
between the pre-C 1s-onset and the C 1s continuum, in
the CO+ and COO+ yields, which is associated with the
greater extent of ionic fragmentation following production
of the C 1s core hole.
ic formic acids (Focus Mode)

p* (288.2 eV)

OD HCOOH HCOOD DCOOH DCOOD

– 10.9 11.7 6.4
23.9 18.1 4.4 4.0
40.6 34.7 12.9 12.4
22.1 19.5 6.4 5.0
5.2 3.1 4.5 2.8

– NC NC 10.7
– 6.6 10.9 20.1
– NC 7.1 7.2
8.2 7.1 42.1 31.4

C 1s�1 (296.1 eV)

OD HCOOH HCOOD DCOOH DCOOD

– 10.9 11.6 9.2
21.4 18.5 4.7 2.8
45.5 36.9 14.2 11.5
22.1 19.0 5.6 5.5
4.5 2.1 4.3 2.7

– NC NC 6.2
– 6.6 11.6 20.9
– NC 6.5 8.2
6.5 6.0 41.5 33.0

DCOOH DCOOD

12.7 9.7
4.7 4.0

14.3 11.6
6.3 4.4
5.2 4.8

NC 11.3
12.2 22.5
6.3 6.5

38.3 25.2
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3.4. Partial ion pair yield (PIPY) and branching ion pair

ratio (BIPR) spectra

Fig. 7 plots the branching ratios for ion pair produc-
tion and the partial ion pair yield spectra for several ion
pairs in the C 1s region, derived from PIPICO data
measured in maximum ion mode. The branching ratios
summed over groups of ions as identified earlier (AxC+

(C+, HC+, DC+), AxCO+ (CO+, HCO+, DCO+),
OAþx ðO

þ; OHþ; OHþ2 ; ODþÞ and the AxCOO+) are
summarized in Table 5. Aside from small changes in D+
Fig. 8. Photoelectron–photoion–photoion coincidence (PEPIPICO) spectra me
are: 1 – (H+,D+); 2 – (H+,C+); 3 – (H+,O+); 4 – (H+,CO+); 5 – (H+,COO+); 6 –
(O+,CO+).
and H+ ion line shapes at 297 eV ðr�C–OÞ and CO+ and
COO+ ion yield line shapes at 292 eV ðr�C�HÞ the results
are similar for all isotopic forms.

3.5. PEPIPICO

The photoelectron–photoion–photoion coincidence
(PEPIPICO) spectra of the four formic acid isotopes mea-
sured at 305 eV (near the C 1s! r* resonance maximum)
with the lens operated in defocus mode are presented in
Fig. 8. The relative ion pair yields in the PEPIPICO signals
asured at 305 eV with the lens operated in defocus mode. The assignments
(D+,C+); 7 – (D+,O+); 8 – (D+,CO+); 9 – (D+,COO+); 10 – (C+,O+); 11 –



Fig. 8 (continued)
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recorded in maximum ion mode were very similar, but the
defocus mode results are shown as they are of higher statis-
tical precision. They illustrate clearly the advantage of
PEPIPICO relative to PIPICO. In particular each ion of
the pair is explicitly defined by its flight time. Table 6 pre-
sents assignments for the PEPIPICO signals based on the
flight time differences (Dt) for the component ions.

3.6. Comparison of gas phase partial ion yields with formate/

Si(100) PSID yields

Fig. 9 shows the photon stimulated ion desorption
(PSID) yield curves of D+, CDO+, O+, and CD+ from
DCOO/Si(10 0) in the C 1s excitation region, along with
the Auger electron yield (AEY) curve, taken from Ref.
[3]. A strong enhancement of D+ is observed at the r�C�D

transition (292 eV), which was the motivation for this gas
phase study. Fig. 9 also shows the D+ ion yield spectrum
from DCOOH and the spectra for producing all ion pairs
from DCOOH which involve D+ – those in coincidence
with C+, O+, CO+, COH+ and COþ2 . If the D+ enhanced
yield seen in the X-ray stimulated desorption of deutero-
formate from Si(0 01) was a significant component of the
ionic fragmentation of the ðC 1s�1; r�C–HÞ state at
291.8 eV, then these are the possible channels which might
exhibit the gas phase counterpart signal. As Fig. 9 shows,



Fig. 9. (upper) Auger electron yield (AEY) and ion desorption yields from
DCOO�/Si(100) (taken from ref. 3). (middle) partial D+ ion yield, and
(lower) partial (D+, CO+) and [(D+,C+) (D+, O+), (D+,COO+),
(D+,COH+)] ion pair yields for C 1s excitation of gaseous DCOOH,
acquired in focus mode.

Table 6
Assignments for PEPIPICO signals based on their difference flight time
(Dt)

# Coincidence (ls) Ion pair

1 [0.35,0.50] (H+,D+)
2 [0.35,1.25] (H+,C+)
3 [0.35,1.44] (H+,O+)
4 [0.35,1.91] (H+,CO+)
5 [0.35,2.41] (H+,COO+)
6 [0.50,1.25] (D+,C+)
7 [0.50,1.44] (D+,O+)
8 [0.50,1.91] (D+,CO+)
9 [0.50,1.95] (D+,HCO+)

10 [0.50,2.41] (D+,COO+)
11 [1.25,1.44] (C+,O+)
12 [1.30,1.44] (HC+,O+)
13 [1.44,1.91] (O+,CO+)
14 [1.44,1.95] (O+,HCO+)
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none of these channels in the gas phase ionic fragmentation
have significant enhancements at 291.8 eV. Only the (D+,
O+) channel has a small peak, but it is �0.5 eV below the
position of the r�C–H resonance. This suggests that the
mechanism for producing D+ from PSID of DCOO/
Si(100) is either an extremely minor channel which we have
not been able to detect in the gas phase, or alternatively, it
arises from an ultrafast dissociation involving C–H or C–D
bond breaking and thus initial formation of neutral H and
D. If so, the channel leading to the observed enhanced D+

yield in the ionic desorption must involve a specific long-
range process in which the electron on the departing D
atom is involved in the autoionization of the core hole
[4,5]. This channel is detected only because most other ionic
species (in particular, other channels leading to D+) are
neutralized by electron transfer from the surface. The ultra-
fast decay producing D+ is likely to be relatively more vis-
ible in surface PSID due to suppression of other channels
by re-neutralization of ions produced in Auger decay while
the core excited species is still attached to the surface.

Fig. 9 also shows that the Auger electron yield (AEY)
spectrum of adsorbed formate is different from the TIY
spectrum of gas phase formic acid in two respects. The
p�C@O and rC–O resonances are at slightly different energies,
which is consistent with the modified bonding and geome-
try. Specifically, formate has two equal C–O bonds and
thus only a single r�C–O continuum resonance whereas for-
mic acid has two distinct C–O bonds so there are distinct
r�C�O and r�C@O resonances in the gas phase spectrum. Sec-
ond, the surface AEY spectrum has considerably enhanced
r�C–O and r�C�H intensities, and suppressed p�C@O intensity
relative to the gas phase formic acid spectrum. This indi-
cates there is a polarization effect in the surface PSID data,
with the in-plane r* resonances enhanced relative to the p*

resonance, on account of the highly aligned geometry of
the formate molecule perpendicular to the surface. The
NEXAFS signals have been interpreted to indicate a geom-
etry with the molecular plane of the adsorbed formate
group is tilted away from surface normal by an average
angle of 21 ± 2� [32]. This geometry has been confirmed
by ab initio calculations [33].

4. Summary

Multi-ion coincidence (PEPICO, PIPICO, PEPIPICO)
and partial ion and ion-pair yield spectra for all ions of gas-
eous formic acid in all four isotopically substituted forms
have been measured at the C 1s edge. Aside from small
changes in D+ and H+ ion line shapes at 297 eV ðr�C–OÞ
and CO+ and COO+ ion yield line shapes at
291:8 eV ðr�C–HÞ the results are similar for all isotopic
forms. In the gas phase, the H+, D+, COO+ single ion
yields are suppressed at 288.2 eV (p* C@O) and at
291.8 eV (r* C–H), but the singles CO+ yield and the
(X+, COO+) pair yields (X = H or D) are enhanced at
291.8 eV (r* C–H) In formate (DCOO) adsorbed on
Si(100), a strong enhancement of D+ was observed at
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291.8 eV, but there is no direct counterpart to this in the
gas phase. The enhanced D+ yield in PSID from surface
adsorbed DCOO�/Si(1 00) may arise from an ultrafast
decay involving neutral D* which is ionized at a distance
from the residual core excited fragment. It becomes visible
in the surface PSID due to re-neutralization of other ions
produced in Auger decay while the core excited species is
still attached to the surface.
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