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Abstract

The energies of electron attachment associated with temporary occupation of the
lower-lying virtual orbitals of cyanoacetic acid (CAA), proposed as a possible com-
ponent of dye-sensitized solar cells, and its derivative methyl cyanoacetate (MCA)
are measured in the gas phase with electron transmission spectroscopy (ETS). The
corresponding orbital energies of the neutral molecule, supplied by B3LYP/6-31G(d)
calculations and scaled using an empirically calibrated linear equation, are compared
with the experimental vertical attachment energies (VAEs). The vertical and adia-
batic electron affinities are also evaluated at the B3LYP/6-31+G(d) level as the an-
ion/neutral total energy difference. Dissociative electron attachment spectroscopy
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(DEAS) is used to measure the total anion current as a function of the incident
electron energy in the 0-4 eV energy range, and the negative fragments generated
through the dissociative decay channels of the molecular anion are detected with a
mass filter. In both compounds only two intense fragment anion currents are ob-
served, that due to loss of a hydrogen atom from the molecular anion ([M - H]™)
and that due to formation of CN~. In CAA the former signal displays a very sharp
feature at 0.68 eV, assigned to a vibrational Feshbach resonance arising from cou-
pling between a dipole bound anion state and a temporary o* anion state.

Introduction

Solar energy is the most abundant source of energy on earth, and
its conversion into electrical energy is, therefore, seen as one of the
most promising solutions for the replacement of fossil fuels. Inorganic
semiconductors are being increasingly employed in photovoltaic con-
version,! but organic alternatives, although their performance is still
worse, are less expensive and may show advantages in their manu-
facturing and employment.2 Within this context, dye-sensitized so-
lar cells have received considerable attention over the past decade.?~7
Generation of an electric current involves a complex sequence of pro-
cesses. A key step of the mechanism is electron injection from a pho-
toexcited state of the dye into the conduction band of a nanocrys-
talline TiO, or ZnO film. In addition to good conversion efficiency,
long-term stability of the whole system is an important requirement.
Metal-free organic dyes generally consist of conjugated oligomers with
reduced band gaps> or large m-systems combining donor and accep-
tor blocks.”~1! Recently, encouraging results were obtained using dyes
comprising triphenylamine®'° or phenothiazine!* moieties (as the elec-
tron donor) connected through one or two ethene bridges to rhoda-
nine-3-acetic acid® or cyanoacetic acid!®-* moieties (as the electron
acceptor). Light absorption causes an intramolecular charge transfer
from the donor to the acceptor block, anchored to the TiO, film via
its carboxyl group.

The gas-phase empty-level electronic structure of the acceptor mol-
ecule rhodanine-3-acetic acid has recently been studied!>'3 using elec-
tron transmission spectroscopy (ETS),'4 dissociative electron attach-
ment spectroscopy (DEAS)'516 and theoretical calculations. The ETS
technique devised by Sanche and Schulz4 is still one of the most suit-
able means for observing the formation of temporary anions in the gas
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phase. Since electron attachment is rapid with respect to nuclear mo-
tion, temporary anions are formed in the equilibrium geometry of the
neutral molecule. The measured vertical attachment energies (VAEs)
are thus the negative of the vertical electron affinities (EAs). Addi-
tional information on the fate of the molecular anions observed in ETS
can be supplied by DEAS which measures the yield of mass-selected
negative ions as a function of electron impact energy. Under suitable
energetic conditions, the decay of unstable molecular anions formed
by resonant electron attachment can follow a dissociative channel
which generates negative and neutral fragments, in kinetic competi-
tion with simple re-emission of the extra electron.

In connection with its use in dyes for solar cells, rhodanine-3- acetic
acid was found?!? to be a good electron acceptor due to the large EA of
the m(C=S) functional group. The DEA spectra, however, showed that
the bonds of both the rhodanine pentacyclic ring and its carboxylic
substituent are prone to cleavage upon addition of low-energy elec-
trons. Although in the condensed phase, interactions with neighboring
molecules stabilize the molecular anions, likely reducing their disso-
ciative cross section,'” the occurrence of decomposition under condi-
tions of excess negative charge would, of course, damage the dye and
reduce the long-term stability of the whole device.

Park et al.’* compared the performances of dye-sensitized solar cells
based on phenothiazine as the donor moiety, connected via an eth-
ene double bond to rhodanine-3-acetic acid or cyanoacetic acid (CAA).
They found that the organic dyes with CAA gave a notably higher ef-
ficiency. This finding was not attributed to poorer electron-accep-
tor properties of the rhodanine derivative, but to lack of conjugation
(caused by the intermediate CH,, group) between its carboxylic group
anchored to TiO, and the dye 7-system.

Here we apply the ETS and DEAS techniques to CAA (see Chart 1)
to characterize its empty-level electronic structure and evaluate its
possible tendency to dissociate upon electron addition.

H
O o) H\c\\ 0
/CHz% CH24< c4<
//C O—H /c/ O—CHjs /c/ O0—H
%
N N 7 N//
CAA MCA CACRA

Chart 1
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According to the literature, the most intense signal in the DEA spec-
tra of small organic acids,'® amino acids,'9 and alcohols2° at low ener-
gies is associated with the production of the fragment anion [M - H]~
generated by loss of a hydrogen atom. To elucidate the role of the OH
bond in CAA in this regard, we also compare our results with those
obtained for its derivative methyl cyanoacetate (MCA, see Chart 1).

The density functional theory (DFT) method with the B3LYP hybrid
functional?*22 is employed to reproduce the VAEs measured in the ET
spectra, describe the localization properties of the corresponding an-
ion states, and evaluate the thermodynamic energy thresholds for pro-
duction of the fragment anions detected in the DEA spectra.

Experimental methods

Our electron transmission apparatus is in the format devised by
Sanche and Schulz*4 and has been previously described.?3 The ETS
technique takes advantage of the sharp variations in the total elec-
tron-molecule scattering cross section caused by resonance processes,
namely, temporary capture of electrons with appropriate energy and
angular momentum into empty MOs.*> To enhance the visibility of the
sharp resonance structures, the impact energy of the electron beam
is modulated with a small ac voltage, and the derivative of the elec-
tron current transmitted through the gas sample is measured directly
by a synchronous lock-in amplifier. Each resonance is characterized
by a minimum and a maximum in the derivative signal. The energy
of the midpoint between these features is assigned as the VAE. The
spectra of CAA and MCA were obtained using the apparatus in the
“high-rejection” mode?4 and are, therefore, related to the nearly total
scattering cross sections. The electron beam resolution was about 50
meV (fwhm). The energy scale was calibrated with reference to the
(1s'2s2)2S anion state of He. The estimated accuracy is £0.05 eV. The
cyanoacetic acid and methyl cyanoacetate samples were commercially
available, and the collision chamber was heated to about 60 and 40
°C, respectively, to obtain a suitable vapor pressure.

The collision chamber of our ETS apparatus has been modified?>
to allow for ion extraction at 90° with respect to the incident elec-
tron beam direction. Ions are then accelerated and focused toward
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the entrance of a quadrupole mass filter. Alternatively, the total an-
ion current can be collected and measured with a picoammeter at the
walls of the collision chamber (about 0.8 cm from the electron beam).
Measurements of the total and mass-selected anion currents were ob-
tained with an incident electron beam current about twice as large as
that used for the ET experiment. The energy spread of the electron
beam increased to about 110 meV, as evaluated from the width of the
SF,~ signal at zero energy used for calibration of the energy scales.

Calculations were performed with the Gaussian 03 set of pro-
grams.2® Evaluation of the virtual orbital energies (VOEs) of the neu-
tral molecule was performed at the B3LYP/6-31G(d) level.?* The verti-
cal electron affinity (EA,) was calculated as the difference between the
total energy (only electronic contributions) of the neutral and the low-
est anion state, both in the optimized geometry of the neutral state,
using the B3LYP hybrid functional with the standard 6-31+G(d) basis
set. The adiabatic electron affinity (EA,) was obtained as the energy
difference between the neutral and the lowest anion state, each in its
optimized geometry.

Results and discussion

Empty Level Structure: ET Spectra of CAA and MCA, Calculated
VAEs and EAs

CAA and MCA possess an empty 7* molecular orbital (MO) with
primarily carbonyl character and two perpendicular (degenerate in
energy in HCN) n* MOs mainly localized on the C—N triple bond.
Because of the intervening CH, group, the two 7-systems are not
conjugated, so their mutual perturbations are expected to occur
mainly through inductive effects and, to some extent, hyperconju-
gation mediated by the CH, group itself. The 7*.5 MO (VAE = 1.31
eV in (CH,),C0%*” and 1.73 eV in HCOOH?8) is destabilized by mixing
with the oxygen lone pair of the hydroxyl group, whereas the elec-
tron-withdrawing inductive effect of the cyano group acts in the op-
posite direction. The VAE of the 7* - MOs is 2.3 eV in HCN29 and
2.82 eV in CH,CN.3¢

The ET spectra of CAA and MCA in the 0-6 eV energy range are re-
ported in Figure 1. Two distinct resonances are displayed, centered
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Figure 1. Derivative of transmitted current, as a function of electron energy, in gas-
phase cyanoacetic acid (CAA) and methyl cyanoacetate (MCA). Vertical lines locate
the VAEs.

at 1.11 and 2.56 eV in the former and 1.21 and 2.60 eV in the latter, in
line with the above qualitative predictions.

For a more accurate interpretation of the spectral features, theoret-
ical calculations were carried out. An adequate approach for describ-
ing unstable anion states involves difficulties not encountered for neu-
tral or cation states.3'~34 The most correct method is, in principle, the
calculation of the total scattering cross section with the use of contin-
uum functions, but complications arise from the lack of an accurate
description of the electron-molecule interaction.35 However, it has
been demonstrated3®33 that good linear correlations can be obtained
between the 7* .. VAEs measured in unsaturated hydrocarbons and
the corresponding virtual orbital energies (VOEs) of the neutral mole-
cules obtained with simple Hartree-Fock (HF) calculations, using basis
sets that do not include diffuse functions. More recently, it has been
showns3® that the neutral-state 7* VOEs obtained with DFT B3LYP/6-
31G(d) calculations also supply a good linear correlation with the cor-
responding VAEs measured over a variety of different families of un-
saturated compounds. A more accurate correlation is expected if the
scaling equation is calibrated with “training” compounds structurally
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Figure 2. Geometrical structures of the three most stable conformers of cyanoace-
tic acid (CAA), as supplied by B3LYP/6-31+G(d) calculations.

close to the subject molecule. For this reason, here we use an empir-
ical linear correlation (VAE (eV) = 1.112 VOE + 1.631; 2 = 0.963) ob-
tained from the experimental 1* VAEs of selected small 7- systems
containing carbonyl or cyano groups (cyclobutanone, 2-oxacyclobu-
tanone, 3-oxacyclobutanone, tetramethyl-1,3-cyclobutandione, cyclo-
pentanone, acetone, HCN, CH,CN) and the corresponding VOEs sup-
plied by B3LYP/6-31G(d) calculations.

For the ground neutral state of CAA three local minima, correspond-
ing to different conformers (see Figure 2), are calculated. According to
the total energies (only electronic contributions) supplied by B3LYP/6-
31G(d) calculations, conformer 1 is the most stable, conformers 2 and
3 lying, respectively, 0.155 eV (3.6 kcal/mol) and 0.314 eV (7.2 kcal/
mol) higher in energy (0.160 and 0.318 eV with the 6-31+G(d) basis
set). Accounting for zero-point vibrational energy corrections, the en-
ergies of conformers 2 and 3 relative to that of conformer 1 (0.148 and
0.300 eV, respectively) are slightly reduced. The calculations predict
the dipole moment of conformer 3 (6.18 D) to be much larger than
those of conformers 1 (2.48 D) and 2 (1.96 D). However, the relative
energies given above lead to a very small population (0.003%) of con-
former 3 at 60 °C.

The B3LYP/6-31G(d) energies of the first four empty MOs of CAA
(conformer 1) and MCA are given in Table 1, together with the scaled
* VOEs and the VAEs measured in the ET spectra. Similar energy se-
quence and localization properties are supplied by HF calculations
with the same basis set. Figure 3 shows the HF/6-31G(d)//MP2/6-
31G(d) representation of the localization properties of these MOs in
CAA. The B3LYP/6-31G(d) MOs are predicted to be somewhat more
localized on both the carboxyl and cyano moieties. The scaled B3LYP
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Table 1. B3LYP/6-31G(d) VOEs (eV), Scaled VOEs (See Text), and Measured VAEs
of CAA and MCA

B3LYP/6-31G(d)

expt
orbital VOE scaled VOE VAE
CAA
0*on 1.392
T* oy 0.748 2.46
T* oy (0) 0.543 2.24 2.56
™0 -0.523 1.05 1.11
MCA
G*CH/CO 2.162
T* N 0.866 2.59
T* oy (0) 0.664 2.37 2.60
T* 0 -0.346 1.25 1.21

LUMO+2

\. l
LUMO 9 LUMO+1 ¢

Figure 3. Representation of the four lowest-lying empty MOs of cyanoacetic acid
(CAA), as supplied by HF/6-31G(d) calculations for the geometry optimized with
the MP2/6-31G(d) method.

VOEs of the 7* -, and 7* -y MOs nicely match the measured VAEs (see
Table 1). According to the calculations, the two perpendicular MOs
with mainly 77* . character are split by only 0.2 eV, the lower one ly-
ing in the plane of the o framework. Consistently, the two contribu-
tions are not resolved in the ET spectrum because of their natural
breadths.
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In contrast to resonances associated with occupation of 7* MOs,
low-lying o* resonances in molecules containing second row elements
are hardly visible in ETS, primarily because of their short lifetimes but
also because they may be obscured by intense 7* resonances. Due to
the absence of experimental VAEs with which to form a correlation,
scaling is often problematic for o* resonances, as in the case of the
0* oy MO (LUMO + 3 in Figure 3). Using the HF/6-31G(d) VOE (5.696
eV) and the same scaling found37 for ¢* (C—Cl) MOs in chloroalkanes,
the 0*, resonance would lie at 2.58 eV, i.e., at about the same en-
ergy of the 7* -\ resonance, although this estimate is very rough. It
can also be noted that the minimum addition of diffuse functions to
the basis set stabilizes the 0*,;; MO more than the 7* MOs. B3LYP/6-
31+G(d) calculations, in fact, locate the energy of the o*,; MO (with
rather large contributions from diffuse functions) about midway be-
tween the energies of the 71* ., and 7* - MOs.

EAs can be obtained as the difference between the total energies
of the ground anion state and the neutral state, both at the optimized
geometry of the neutral species (EA,) or each with its optimized ge-
ometry (EA,). A proper description of the spatially diffuse electron
distributions of anions normally requires a basis set with diffuse func-
tions.38:39 However, calculated anion state energies decrease as the ba-
sis set is expanded so that the choice of a basis set that gives a satis-
factory description of the energy and nature of the anion is a priori
not obvious.4° Moreover, when basis sets that include diffuse functions
are used, one has to ascertain that the singly occupied MO (SOMO)
of the anion is not described as a diffuse function having no physical
significance with respect to anion formation3%32:36:4° The more un-
stable the anion state, the larger is the need to augment the basis set
with diffuse functions, but the larger is the probability that the extra
electron is accommodated in an unphysically diffuse function. On the
other hand, basis sets without diffuse functions largely overestimate
the anion energies.

We illustrate this with a brief digression. Table 2 reports the en-
ergies (only electronic contributions) of the lowest vertical and adi-
abatic anion states of CAA and MCA relative to their neutral ground
states, obtained using a basis set (6-31G(d)) without diffuse func-
tions and a basis set (6-31+G(d)) with the smallest addition of diffuse
functions (s- and p-type diffuse functions at the nonhydrogen atoms).
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Table 2. B3LYP Total Electronic Energies (eV) of the Anion States of CAA, MCA, and
CACRA Relative to Their Ground Neutral States

6-31G(d) 6-31+G(d)

CAA

vertical anion 2.043 0.6422
adiabatic anion 1.122 0.233
MCA

vertical anion 2.052 0.8672
adiabatic anion 1.132 0.351
CACRA

vertical anion -0.179 -0.835
adiabatic anion -0.543 -1.169

a. The SOMO is described as a diffuse o* function.

As expected, the minimal basis set greatly overestimates (by about 1
eV) the energy of the lowest vertical anion state of both compounds,
whereas the energies obtained with the 6-31+G(d) basis set are about
0.4 eV lower than the corresponding experimental VAEs. However, in-
spection of the MO localization properties reveals that although the
expanded basis set correctly describes the LUMO of the neutral states
and the SOMO of the adiabatic anion states as valence 7*.5 MOs, the
SOMOs of the vertical anions of both compounds are diffuse o* func-
tions. We can recover an approximation to the location of the 7* VAE
by calculating the excitation energies of the vertical anions of CAA
and MCA with the TD-DFT method.4! In both compounds, the first ex-
cited state of the vertical anion accommodates the extra electron in an
MO of mainly 71* -, character. The B3LYP/6-31+G(d) excitation ener-
gies are found to be 0.436 eV (CAA) and 0.302 eV (MCA), and, when
added to the vertical anion energies reported in Table 2, lead to val-
ues of the first VAE of 1.08 eV for CAA and 1.17 eV for MCA, in good
agreement with experiment and with the corresponding scaled VOEs.
Thus, in this case the 6-31+G(d) basis set is an adequate choice, while
tests with an additionally expanded basis set indicate that the VAEs
predicted with the same approach continue to decline in energy. This
example illustrates some of the above-mentioned problems that arise
with the use of diffuse basis sets for the description of unstable an-
ion state.
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Figure 4. Representation of the LUMO of cyanoacrylic acid (CACRA), as supplied
by B3LYP/6-31G(d) calculations.

Finally, it can be noted that because of the lack of conjugation be-
tween the cyano and carbonyl 7-systems, the EA, of CAA is sizably
negative, implying that this compound would not be a good choice as
an electron acceptor. In fact, in the dye used for solar cells, CAA is con-
nected to the donor block by replacement of its CH, group with an eth-
ene group. The electron-acceptor molecule can thus be considered to
be cyanoacrylic acid (CACRA, see Chart 1), where the cyano, ethene,
and carbonyl s-systems are conjugated between them and, in the dye,
with the donor block via the ethene bridge. The EA, calculated for CA-
CRA is appreciably positive (0.835 eV, see Table 2), and the LUMO is
localized over the entire molecule (see Figure 4), thus favoring elec-
tron transfer from the donor block to the TiO,, film.

Dissociative Electron Attachment to CAA and MCA

Figure 5 reports the total anion current (top curve) measured in
gas-phase CAA at the walls of the collision chamber (0.8 cm from the
electron beam) and the two most intense mass-selected fragment an-
ion currents, as a function of the incident electron energy, in the 0-4
eV energy range. The peak energies are given in Table 3, together with
the relative intensities of the fragment anion currents, as evaluated
from the peak heights. The total anion current displays two broad,
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Figure 5. Total anion current and mass-selected anion currents, as a function of the
incident electron energy, measured in gas-phase cyanoacetic acid (CAA).

Table 3. Peak Energies (eV) of the Total and Mass-Selected Negative Currents and
Relative Intensities (from Peak Heights) Measured in the DEA Spectra of Cyanoace-
tic Acid (CAA)

Mass-selected

Total
peak energy peak energy fragment rel int
CAA
0.34 0.68 [M-H]™ 100
0.68 1.1 [M - H]™ 76
1.2 2.3 [M-H]~ 26
2.4 1.3 CN—
2.4 CN— 3
MCA
1.2 1.2 [M-H]™ 100
2.3 2.3 [M-H]™ 50
1.2 CN— 15

2.3 CN— 6
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overlapping signals peaking at 1.2 and ~2.4 eV, energies very close to
the 1* VAEs measured in the ET spectrum. The vertical lines in Fig-
ure 5 locate the 7* VAEs measured in ETS. The most striking features
displayed by the total anion current are two sharp structures peaking
at 0.34 and 0.68 + 0.05 eV, whose widths are limited by the electron
beam resolution. The latter peak also appears prominently in the pro-
duction of [M - H]".

An estimate for the absolute cross section for production of the to-
tal anion current can be obtained from comparison of absolute cross
sections reported in the literature with our measurements on the same
compounds (see ref 42 for more details). Although application of this
procedure to CAA and rhodanine-3-acetic acid'? is problematic be-
cause of their relatively low volatility and the fact that, in the appa-
ratus employed, the sample vapor pressure is measured outside the
collision chamber, as a rough evaluation the maximum absolute DEA
cross section of CAA (10~'7-10716 cm?) seems to be at least 1 order of
magnitude smaller than that of rhodanine-3-acetic acid.

The broad features with maxima at 1.2 and ~2.4 eV in the total an-
ion current are accounted for by the two most intense mass-selected
fragment anion currents, detected at m/e = 84 and m/e = 26 and as-
signed, respectively, to loss of a hydrogen atom from the molecular an-
ion ([M - H]™) and to CN~. Each of the two negative fragments is pro-
duced at energies corresponding to the locations of both the 7* -, and
the 7* - resonances observed in ETS, the CN~ current being about 12
times less intense than the [M - H]~ current. No signals at m/e = 85
(corresponding to the parent molecular anion) were detected.

The calculated thermodynamic energy thresholds for the loss of a
hydrogen atom from the molecular anion and for production of the
CN~ fragment are given in Table 4. To verify that the 6-31+G(d) ba-
sis set is not too small, we calculated the energy threshold for CN—
production from CAA including more diffuse functions (6-31++G(d,p)
basis set). The value obtained (0.839 eV) is quite close to that (0.844
eV) supplied by the 6-31+G(d) basis set.

The B3LYP/6-31+G(d) thresholds are about 0.8 eV for production
of the cyanide anion, and 0.7 and 1.1 eV, respectively, for the loss of
a hydrogen atom from the O-H and CH,, groups. A calculation at the
same level for H loss from the OH group of HCOOH yields 1.328 eV,
compared to the experimental onset observed by Pelc et al.’8 of 1.15
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Table 4. B3LYP Energies (Only Electronic Contributions, eV) Relative to the
Ground Neutral States of CAA and MCA

6-31G(d) 6-31+G(d)
CAA
NCCH,C(O)O~ + H* 1.321 0.702
NCCHC(O)OH™ + H* 1.682 1.089
*H,CC(O)OH + CN~— 1.905 0.844
MCA
NCCH2C(0O)OCH,~ + H* 4.308 3.563
NCCHC(O)OCH{ + H* 1.776 1.257
*HZCC(O)OCH3 + CN™ 1.934 0.884

+ 0.1 eV. Incorporating this difference, we thus expect the [M - H]~
threshold in CAA to lie at 0.5 ( 0.1 eV. This value falls just below the
sharp peak in [M - H]~ current in Figure 5.

Because of the close proximity of the broad DEA peaks to the 7*
resonances determined by ETS, the major contribution to cleavage of
these bonds of (local) o symmetry likely stems from initial electron
occupation of the empty 7* MOs. In the case of CN—, this must arise
through an out-of-plane distortion of this group.43

To distinguish between the mechanisms for H atoms leaving from
the OH and CH,, groups in CAA, we show in Figure 6 the DEA spec-
tra of the methyl derivative (MCA) of cyanoacetic acid in which OH
has been replaced by OCH,. The total and mass-selected anion cur-
rents are qualitatively similar to those recorded in CAA, except for
the absence of the two low lying sharp structures. From a quantita-
tive point of view, the intensity ratio between the [M - H]~ and CN~—
currents (about 12 in CAA) is reduced to about 6 (see Table 3) due to
replacement of the hydroxyl group by a methoxy group. Because the
energy threshold calculated for the loss of a methyl H atom is approx-
imately 3.6 eV (Table 4), it is clear that the MCA molecular anion can
lose a H atom only from the CH,, group over the energy range shown.
It is informative to make a closer comparison of the production of
[M - H]™ in CAA and MCA, and to this end we show in Figure 7
the two curves plotted together. To emphasize the similarity in the
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Anion Current (Arb. Units)

Incident Electron Energy (eV)

Figure 6. Total anion current and mass-selected anion currents, as a function of
the incident electron energy, measured in gas-phase methyl cyanoacetate (MCA).

[M-H] Anion Current (Arb. Units)

Incident Electron Energy (eV)

Figure 7. Comparison between the [M - H]~ fragment currents in CAA and MCA,
with intensities normalized at 1.2 eV.
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structure arising from the C=0 x* resonance, we have shifted the
MCA curve higher by 0.1 eV and normalized it to that of CAA. Over
the range 1.4-2.2 eV, the curves are essentially identical. This figure
clearly shows that a different mechanism prevails for the sharp peak
and a portion of the low energy side of the broad 1.1 eV feature which
must arise from the OH group, and the remainder of the broad peak
produced by H departure from the CH, group. The latter process can
clearly occur through the C=0 7* resonance as the H atoms are out
of the COO plane, thus allowing for CH o*/n* coupling. By subtracting
the MCA current from that of CAA over the range 0.1-1.3 eV in Figure
7, we can approximate the contribution to the [M - H]~ signal arising
from the OH group of CAA, and this result is shown in Figure 8. The
sharp peak at 0.68 eV is accompanied by a broad and weak peak cen-
tered approximately at 0.9 eV.

Such features resemble closely the sharp structures in DEA spec-
tra previously observed44—47 in the [M - H]~ current from the DNA/
RNA bases uracil, thymine, and cytosine. The latter have been as-
signed47-48 to vibrational Feshbach resonances (VFRs)49 arising from
coupling between the stable dipole bound anion state and the tempo-
rary anion state associated with the lowest o* MO, which has strongly

[M-H]~ Anion Current (Arb. Units)

0.0 0.5 1.0 1.5
Electron Energy (eV)

Figure 8. Contribution to [M - H]~ current from the OH group of CAA as a func-
tion of electron energy, obtained by subtraction of the component due to the CH,
group as it appears in MCA.
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antibonding N—H character. The VFR peaks are found to lie at the en-
ergies of the N—H stretching modes of the dipole bound anion state.

Because CAA has a much smaller dipole moment, calculated to be
2.48 D with the 6-31+G(d) basis set for the most stable conformer (1),
CAA is more analogous to the ~-COOH bearing compounds HCOOH
(formic acid), glycine, and other amino acids. Sharp structures in the
yields of [M - H]~ from these compounds have also been observed.
The results obtained by Abouaf>° display these structures with the
highest energy resolution to date. The essential features have been
replicated in calculations by Gallup et al.>! in formic acid and glycine.
In these examples with subcritical dipole moments, the sharp features
are closely tied to the locations of the OH stretching mode of the neu-
tral molecule. If CAA is, in fact, supercritical then the peaks may be
shifted slightly lower.

Consistent with the mechanisms discussed previously, the vibra-
tional modes of the neutral that could give rise to VFR structures in
the yield of [M - H]~ will be those that are excited by electron occu-
pation of the empty o*(OH) orbital (LUMO + 3) because of its strongly
antibonding OH character. Thus, we expect structure near the en-
ergies of v(OH) = 1 and 2, falling near 0.44 and 0.88 eV. The first
of these falls below the estimated threshold energy for formation of
[M - H]~ given earlier. The second is consistent with the energy of
the weak feature shown in Figure 8 at ~0.9 eV. Neither is consistent
with the sharp peak at 0.68 eV.

Close examination of LUMO + 3 shows that a portion of the wave
function lies on the in-plane component of the CN s* resonance. Thus,
it is not unreasonable to expect that excitation of the CN stretching
mode could also occur, with quanta of 0.28 eV. The combination mode
v(OH) =1 + v(CN) = 1 lies at 0.72 eV, which, within the energy calibra-
tion error, agrees with the peak at 0.68 eV. Such combination modes
were observed previously in thymine and uracil4® although they were
much smaller in amplitude than the dominant N—H stretching mode.
While it is puzzling that v = 2 of the OH stretch is not strong, calcu-
lations by Gallup and Fabrikant5? have shown that the relative ampli-
tudes of VFR structures are very sensitive to the crossing point of the
neutral and o* anionic potential curves.

As a final comment on the observed [M - H]~ currents, their con-
nection with gas-phase acidities can be noted. To the extent to which
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the threshold energy (E,;,) can be measured, the GPA is given experi-
mentally by the ionization energy of H plus E,; . In CAA, the threshold
is estimated to lie at 0.5 + 0.1 eV, leading to a GPA of 324 kcal/mol. Ex-
trapolating the anion current of MCA in Figure 7 to threshold yields a
value about 0.3 eV higher than that of CAA and thus a GPA less acidic
by 6.9 kcal/mol. The B3LYP/6-31+G(d) calculations predict an energy
threshold (only electronic contributions) of 344.5 kcal/mol for pro-
duction of HCOO~ and H* from HCOOH, in close agreement with the
measured>3 gas-phase acidity (345.3 + 2.2 kcal/mol). According to the
same calculations, the gas-phase acidity of CAA and MCA are 330.0
and 342.9 kcal/mol, respectively, and the former is only 8.9 kcal/mol
less acidic than HBr.

The sharp structure displayed at 0.34 eV by the total anion current
in CAA lies below the threshold for [M - H]~ production and is not
observed in the other mass-selected partial anion currents. Although
this peak lies about 100 meV below the OH v = 1 vibrational level, we
tentatively propose that it could be a VFR associated with this mode.
If this energy is below any possible fragmentation process, its pres-
ence in the total anion current but absence in the mass resolved data
at the parent anion mass suggests that it could have a lifetime long
enough to be detected at the walls of the collision chamber, but not
sufficiently long (about 30 us) for detection though the mass filter. A
portion of the disparity in its energy may arise from the +0.05 cali-
bration error. More rapid autodetachment of the higher energy side
of the feature may also contribute to an apparent shift to lower en-
ergy. We note that further support for association with the v(OH) =
1 level is also given by the absence of this feature in the total current
collected in MCA, which lacks the OH group.

Conclusions

The empty-level electronic structures of cyanoacetic acid (CAA) and
its derivative methyl cyanoacetate (MCA) were investigated by means
of electron transmission and dissociative electron attachment (DEA)
spectroscopies, with the support of B3LYP and HF calculations, in con-
nection with the possible use of CAA as an electron-acceptor anchored
to TiO, in dye-sensitized solar cells. In these dyes CAA is connected to
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the donor block by replacement of its CH, group with an ethene group,
so that the electron-acceptor molecule can be considered to be cyano-
acrylic acid, a conjugated 7-system for which the calculations predict
a largely positive electron affinity.

Measurements of the total anion current at the walls of the col-
lision chamber and mass-selected fragment negative currents, as a
function of the incident electron energy, show that in the 0-4 eV en-
ergy range the total anion current is essentially accounted for only
by the [M - H]~ (loss of a hydrogen atom from the molecular anion)
and, with a sizably smaller intensity, the CN— species. Given that in
the dye the hydrogen atoms of the CH, group (replaced with an eth-
ene double bond) are not present and the carboxyl group is anchored
to TiO,, the DEA spectra indicate that the acceptor derived from CAA
has a small (if any in the condensed phase) tendency to dissociation
under conditions of excess negative charge. In fact, interactions with
neighboring molecules in the condensed phase are likely to stabilize
the molecular anion and prevent dissociation, as recently found in
trinitrotoluene embedded into helium droplets.44 Therefore, not only
were the organic dyes with CAA as an acceptor found to give much
higher efficiencies compared to those with rhodanine,!* but the pres-
ent DEA data indicate that they should also achieve the important re-
quirement of long-term stability.

In addition, this study showed that the total anion current of CAA
displays unusually sharp features located at 0.34 and 0.68 + 0.05 eV
(whose widths are limited by the electron beam resolution), and the
latter signal is prominent in the mass-selected [M - H]~ fragment
anion current. These features resemble closely those previously ob-
served in DNA bases, and are assigned to vibrational Feshbach reso-
nances arising from coupling between an anion state associated with
a dipole moment close to the critical value and a temporary * anion
state. The intense sharp structure at 0.68 eV in the [M - H]~ negative
current is ascribed to combined excitations of the mainly v(OH) and
V(CN) stretching vibrational modes.
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