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The neutral and anionic formic acid dimers have been studied at the second-order Møller–Plesset
and coupled-cluster level of theory with single, double, and perturbative triple excitations with
augmented, correlation-consistent basis sets of double- and triple-zeta quality. Scans of the
potential-energy surface for the anion were performed at the density-functional level of theory with
a hybrid B3LYP functional and a high-quality basis set. Our main finding is that the formic acid
dimer is susceptible to intermolecular proton transfer upon an excess electron attachment. The
unpaired electron occupies ap* orbital, the molecular moiety that accommodates an excess electron
“buckles,” and a proton is transferred to the unit where the excess electron is localized. As a
consequence of these geometrical transformations, the electron vertical detachment energy becomes
substantial, 2.35 eV. The anion is barely adiabatically unstable with respect to the neutral at 0 K.
However, at standard conditions and in terms of Gibbs free energy, the anion is more stable than the
neutral by +37 meV. The neutral and anionic dimers display different IR characteristics. In
summary, the formic acid dimer can exist in two quasidegenerate statessneutral and anionicd, which
can be viewed as “zero” and “one” in the binary system. These two states are switchable and
distinguishable. ©2005 American Institute of Physics. fDOI: 10.1063/1.1899144g

I. INTRODUCTION

Proton transfer is one of the simplest and most funda-
mental reactions in chemistry. The most common kind of
tautomerism in organic chemistry involves structures that
differ in the point of attachment of hydrogen, and the keto-
enol simine-enamined equilibrium involves proton transfer
between carbon and oxygensnitrogend atoms. Intermolecular
proton transfer is involved in the reactions of acids with
bases, which, according to the Lowry–Brønsted theory, are
substances that are proton donors and acceptors,
respectively.1,2 Proton transfer is involved in a variety of
chemical and biological processes. Proton motion coupled
with electron transfer is the basic mechanism of bioenergetic
conversion.3 Elucidation of various mechanisms of intermo-
lecular proton transfer might be important to further our un-
derstanding of biophysical and materials science processes.

The intra- and intermolecular tautomerizations involving
nucleic acid bases have long been suggested as critical steps
in mutations of DNA.4,5 Intramolecular proton-transfer reac-
tions have been studied for both isolated and solvated nucleic
acid bases.6,7 Intermolecular single and double proton-

transfer reactions have been studied for the dimers of nucleic
acid bases in both their ground and excited electronic
states.8,9,10

We have recently reported that hydrogen-bond com-
plexes of a nucleic acid basesNBd with a weak acidsHAd
can undergo an intermolecular proton transfer upon an ex-
cess electron attachment,

NB ¯ HA + e− → HNB·
¯ A−, s1d

with the products being a radical of hydrogenated nucleic
acid basesHNBd· and a molecular anion A−, which results
from deprotonation of the weak acid HA. A striking feature
found in a series of combined computational and photoelec-
tron spectroscopy studies is that the proton transfer might be
barrier-free, as in the complexes of uracil or thymine with
glycine,11,12 formic acid,13 uracil with alanine,14 weak inor-
ganic acids,15,16 alcohols,17,18 and a non-Watson–Crick com-
plex of adenine and thymine.19 The intermolecular proton
transfer may also encounter a small barrier, as in the
Watson–Crick complex of guanine with cytosine.8

In this series of studies we discussed the occurrence of
barrier-free proton transfer as an outcome of the interplay
among the deprotonation energy of HA, protonation energy
of NB−, and the energy of intermolecular hydrogen
bonds.11–19We recognized that the driving force for the pro-adElectronic-mail: maciej.gutowski@pnl.gov
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ton transfer is to stabilize the excess electron, which is local-
ized in an antibondingpsp*d orbital in the valence anion of
a nucleic acid base.

The nucleic acid bases are not easily amenable to gas-
phase studies. A large fraction of molecules of biological
interestsnucleic acid bases, amino acids, etc.d have very low
vapor pressuresssee Table Id, even at temperatures above
200 °C, and easily decompose at elevated temperatures. Ion
sources, which are based on high-pressure electrical dis-
charges or laser vaporization, usually deliver intense ion
beams but rely on ionization processes which are not easily
controlled and can induce important fragmentation
processes.23 Thus, fundamental studies of intermolecular tau-
tomerizations induced by an excess electron would benefit
from model systems that form strong hydrogen bonds but
display a larger vapor pressure than nucleic acid bases. For-
mic acid is an attractive model system with a significant
vapor pressure at standard conditionsssee Table Id. Radicals
and ions of its monomer have been computationally studied
by Yu et al.24

Here, we report that intermolecular proton transfer upon
an excess electron attachment is not limited to complexes of
nucleic acid bases with weak acids but is a common phe-
nomenon in complexes bound by cyclic hydrogen bonds.
With PA and PD denoting proton acceptor and donor sites,
respectively, we have computationally identified this process
for the anionic dimers of formic acidfFig. 1sadg, formamide

fFig. 1sbdg, and in a heterodimer of formic acid with forma-
mide fFig. 1scdg.

The process has many similarities with that identified in
anionic complexes of nucleic acid bases with weak acids:sid
the unpaired electron occupies ap* orbital, sii d the molecular
unit that accommodates an excess electron “buckles” to sup-
press the antibonding interactions the excess electron is ex-
posed to,siii d a proton is transferred to the unit where the
excess electron is localized—thus the unpaired electron is
stabilized,sivd the minimum energy structure for the anion is
characterized by two strong hydrogen bonds between the
radicalfR8-sPDd2g· and the anionfR-sPAd2g−, svd the electron
vertical detachment energysVDEd is substantials1.6 eV
,VDE,2.4 eVd, whereas the monomers involved, such as
formic acid or formamide, do not bind an excess electron in
a valence anionic state.

In this report we present our computational results for
the anion of the formic acid dimer. The stability of the an-
ionic R8-sPDd2¯ sPAd2-R structures, as a function of the
proton affinity of the anion and the deprotonation energy of
the neutral, will be described in a separate report and the
results forsformamided2

− and sformic acid-formamided− will
be presented there. An interesting feature of the formic acid
dimer is that the minimum energy structure of the neutral is
more stable than the minimum energy structure of the anion
by only 2.7 kcal/mol, in terms of electronic energy, and by
0.4 kcal/mol after the inclusion of zero-point vibrational cor-
rection s0 Kd. Finally, at standard conditionss298 K, 1 atmd
and in terms of Gibbs free energy, the anion is more stable
than the neutral by +0.9 kcal/mol. Moreover, the anionic and
neutral dimers differ drastically as to the structure as well as
to their characteristic vibrational frequencies and their inten-
sities. Thus, the formic acid dimer can exist in two quaside-
generate statessneutral and anionicd, which can be viewed as
“zero” and “one” in the binary system. These two states are
switchable by the excess electron attachment and detach-
ment. They are also distinguishable as they produce different
electrostatic potential and differ in the geometry and spectro-
scopic characteristics.

II. METHODS

Initial calculations were performed at the density-
functional level of theory with a hybrid exchange-correlation
functional B3LYP25,26,27and 6-31+ +G** basis sets.28 Final
B3LYP calculations were performed with a polarized triple-z
basis setsTZVPd29 supplemented with valence diffuse func-
tions ss andp for hydrogen, ands, p, andd for C and Od to
better describe the electron charge distribution in anionic
complexessTZVP+d. Exponents for the additional diffuse
functions were as followssatom, as, ap, ad: H, 0.04573,
0.222561; C, 0.04441, 0.02922, 0.196407; O, 0.08142,
0.04812, 0.249174d. We verified that the addition of another
set of diffuse functions changed the excess electron binding
energy by less than 0.01 kcal/mol.

The vertical electron attachment energy is negative for
an isolated formic acid molecule and for the formic acid
dimer in its C2h symmetry minimum-energy structure. Thus
one needs to explore in which regions of the potential-energy

TABLE I. The vapor pressurePsmm Hgd for some nucleic acid bases and
formic acid at 473 K.

Compound logPsmm Hgd

Cytosine −2.9220

Tymine −1.1720

Adenine −1.6221

Formic acid 3.9222

FIG. 1. Attachment of an excessp* electron to a cyclic hydrogen-bonded
cluster facilitates intermolecular proton transfer. The resulting complex is
built of a buckled radical, which interacts through two hydrogen bonds with
the anion of a deprotonated monomer:sad formic acid dimer,sbd formamide
dimer, andscd formic acid-formamide.
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surface the dimer might support a bound anionic state. In
other words, which intra- and intermolecular distortions are
required to render the anionic state bound with respect to the
neutral dimer and how large are energetic effects accompa-
nying these distortions. These issues were explored using the
B3LYP/TZVP+ model. The anionic potential-energy surface
was scanned along selected degrees of freedom with the re-
maining geometrical parameters being optimized to mini-
mize the total energy of the anionic complexspartial optimi-
zation with fixed selected variablesd. For the points on the
resulting “paths,” single-point calculations were performed
for the neutral system to monitor whether the anion is verti-
cally bound.

The most accurate electronic energies for the neutral and
anionic complexes were calculated at the coupled-cluster
level of theory with single, double, and perturbative triple
excitationsfCCSDsTdg30 at the optimal second-order Møller–
Plesset sMP2d geometries. These calculations were per-
formed with augmented correlation-consistent basis sets of
double- and triple-z quality, which are denoted aug-cc-pVDZ
and aug-cc-pVTZ, respectively.31 The spin contamination
was small in the unrestricted Hartree–FocksUHFd and
UB3LYP calculations for the anionsS2 less than 0.759 for
the UHF methodd, and thus the UMP2 optimized geometry
for the anion is expected to be accurate. The open-shell
CCSDsTd calculations were carried out at the R/UCCSDsTd
level. In this approach, a restricted open-shell Hartree–Fock
calculation was initially performed to generate the set of mo-
lecular orbitals and the spin constraint was relaxed in the
coupled-cluster calculation.32–34 The relative energies of the
anion with respect to the neutral were first corrected for zero-
point vibrations to derive the value of adiabatic electron af-
finity sAEAd. Next, thermal corrections as well as the en-
tropy terms, calculated at either the B3LYP or MP2 levels for
T=298 K andp=1 atm in the harmonic oscillator-rigid rotor
approximation, were included to derive the relative stability
in terms of Gibbs free energy.

The DFT and MP2 calculations were performed with the
GAUSSIAN 98

28 and NWCHEM codes,35 while the CCSDsTd
calculations with theMOLPRO code.36 Molecular orbitals and
structures were visualized with theMOLDEN program.37

III. RESULTS

A. Structures

The neutral formic acid dimer was thoroughly studied by
many groups and we selected the same initial structures
“nX” as those identified by Qian and Krimm,38 and we apply
their notation in Fig. S1sad.39 The anionic structures deter-
mined in the course of geometry optimization initialized
from the optimal geometry of the neutral structurenX will be

labeledaX. The relative energies of the neutral and anionic
structures, calculated with respect to the most stable Cs anion
saII d, are displayed in Fig. S2.39 To the best of our knowl-
edge, the anionic dimer has not yet been studied and our
calculations reveal that its most stable structure differs dras-
tically from the most stable structure of the neutralssee Fig.
2d. From here on we will discuss only the most stable neutral
and anionic complexes,nII and aII, respectively, as other
structures are much less stable.

The Cs anionic complex differs drastically from the C2h

neutral complex, see Scheme 1, Fig. 2, and Tables II and III.
First, an intermolecular proton transfer occurred in the unit
where the unpaired electron is localized. Second, the result-
ing radical is “buckled,” and the extent of buckling will be
measured by the values of the H1–C1–O1–O2 dihedral
angle,q. The buckling of theR8sPDd2 unit in the anionic
dimer is significant and both the B3LYP and MP2 methods
predict thatq is ca. 132°ssee Table IIId. This buckling is
reminiscent of the buckling of the ring of nucleic acid bases
upon an excess electron attachment. In all these cases the
excess electron occupies ap* orbital. The buckling alleviates
the antibonding character of this orbital and stabilizes the
anionic structure.

In addition to the intermolecular proton transfer and the
buckling of theR8sPDd2 unit, the neutral and anionic com-
plex differ quantitatively with respect to some of the geo-
metrical parametersssee Tables II and IIId. For instance the
C1O2 distance is increased by ca. 0.05 Å in the anion at both
the MP2 and B3LYP levels, which might be again related to
the antibonding character of the single occupied orbital.

The hydrogen bonds in both the neutral and anionic
dimer are practically linear as the O2–H3–O4 angle is al-
ways between 178° and 180°. One usually expects a shorter
hydrogen bond in the ionic than the neutral complex. Sur-

FIG. 2. The global minima for the neutral and anionic formic acid dimer.

SCHEME 1. Intermolecular proton transfer induced by ap* excess electron in a complex with cyclic hydrogen bonds.
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prisingly, this is not true for the neutral and anionic formic
acid dimer as the H3O4 distance in both cases is the same,
within 0.02 Å.

B. Excess electron binding and stability of the anion

The formic acid monomer and the neutral C2h dimer
have negative vertical electron attachment energiessVAEd.
Not only valence but also dipole-bound anionic states40 are
not bound because the dipole moment of the monomer cal-
culated at the B3LYP/TZVP+ level of theory is only 1.74 D,
and the dimer has no dipole moment due to the C2h symme-
try. On the other hand, the electron vertical detachment en-
ergy sVDEd, which is calculated at the equilibrium geometry
of the anion, is significant and amounts to 2.35 eV at the
CCSDsTd/aug-cc-pVTZ level of theoryssee Table IVd. A sig-
nificant value of VDE is a consequence of intermolecular
proton transfer to the unit, where the unpaired electron is
localized. A negative value of VAE and a positive value of
VDE are also characteristics of valence anionic states of ca-
nonical tautomers of nucleic acid bases, though their values

of VDE are smaller than those for the anionic formic acid
dimer and do not exceed 0.6 eV.7,11,12,41The value of VDE is
overestimated at the B3LYP level when compared with the
CCSDsTd result, which is also typical for anions of nucleic
acid bases. The small discrepancy between the CCSD and
the CCSDsTd results as well as the aug-cc-pVDZ and aug-
cc-pVTZ results prompts us to conclude that the 2.35-eV
value for VDE is both methodologically and basis-set con-
vergedssee Table IVd.

The anion is barely adiabatically unstable with respect to
the neutral at 0 K. At the CCSDsTd/aug-cc-pVTZ level, a
contribution from electronic energies to the AEA is
−117 meVsTable IVd, but a contribution from the zero-point
vibrational terms suppresses the instability to only −18 meV.
Finally, at standard conditions and in terms of Gibbs free
energy, the anion is more stable than the neutral by
+37 meV. Clearly, the anion has softer modes than the neu-
tral ssee Tables S2 and S3d,39 and zero-point vibrational con-
tributions and vibrational contributions to entropy increase
the stability of the anion over the neutral.

The Cs symmetryR8-sPDd2¯ sPAd2-R structure, which
is the global minimum for the anion, is not a local minimum
for the neutral dimer. A geometry optimization procedure on
the potential-energy surface of the neutral dimer initiated
from a slightly distortedR8-sPDd2¯ sPAd2-R geometry con-
verges without any barrier to the C2h structure of the neutral,
i.e., R8-sPA,PDd¯ sPD,PAd-R. Thus an excess electron is
required to stabilize the Cs R8-sPDd2¯ sPAd2-R structure.

The lifetime of the adiabatically unbound anionic state,
sR8-sPDd2¯ sPAd2-Rd−, depends not only on the value of
AEA but also on the magnitude of atomic displacements
from the Cs minimum required to reach a crossing with the
potential-energy surface of the neutral. The anionic potential-
energy surface was scanned along the dihedral angleq, with
the remaining geometrical parameters being optimized at the
B3LYP/TZVP+ level, and the results are presented in Fig. 3.
On the second vertical axis we also report optimized values
of the H2O3 distance, which is an indicator of whether the
R8-sPDd2¯ sPAd2-R or theR8-sPA,PDd¯ sPD,PAd-R struc-
ture prevails.

In Fig. 3sad we present the case with the angleq being
decreasedfrom 180° to 115° and the geometry optimization
for the anion initialized in the neighborhood of the C2h ge-

TABLE II. Structural parameters for the C2h symmetry neutral complex
obtained at the B3LYP and MP2 levels of theory. Bond lengths in Å, angles
in deg.

Parameter B3LYP/TZVP+ MP2/aug-cc-pVDZ MP2/aug-cc-pVTZ

Bond
H1–C1 1.095 1.101 1.091
C1–O2 1.315 1.325 1.313
C1–O1 1.225 1.233 1.224
O2–H3 1.007 1.001 1.000
H3–O4 1.665 1.683 1.660

Angle
H1–C1–O2 111.930 111.590 111.750
H1–C1–O1 121.730 122.090 121.940
O2–H3–O4 178.710 179.680 179.930

Dihedral angle
H1–C1–O1–O2 180.000 180.000 180.000

TABLE III. Structural parameters for the Cs symmetry anionic complex
obtained at the B3LYP and MP2 levels of theory. Bond lengths in Å, angles
in deg.

Parameter B3LYP/TZVP+ MP2/aug-cc-pVDZ MP2/aug-cc-pVTZ

Bond
H1–C1 1.091 1.099 1.086
C1–O2 1.371 1.378 1.366
O2–H3 1.004 1.003 1.000
H3–O4 1.679 1.677 1.663
O4–C2 1.260 1.270 1.259
C2–H4 1.117 1.122 1.112

Angle
H1–C1–O2 111.880 111.350 111.630
O2–H3–O4 178.530 177.680 177.790
O4–C2–H4 115.690 115.730 115.750

Dihedral angle
H1–C1–O1–O2 132.870 131.070 131.860

TABLE IV. Electron vertical detachment energiessVDEd and adiabatic elec-
tron affinity sAEAd, both in meV, determined at different levels of theory.

VDE AEA AEA swithout ZPVEd

B3LYP/TZVP 2500 122 28
B3LYP/TZVP+ 2516 233 133
B3LYP/TZVP++ 2501 234 132
MP2/aug-cc-pVDZ 2387 −87 −185
MP2/aug-cc-pVTZ 2351 −64a −163
CCSD/aug-cc-pVDZ 2504 −37a −136
CCSD/aug-cc-pVTZ 2469 −42a −140
CCSDsTd/aug-cc-pVDZ 2377 −29a −128
CCSDsTd/aug-cc-pVTZ 2351 −18a −117

aZero-point vibrational corrections determined at the MP2/aug-cc-pVDZ
level.
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ometry of the neutral. The optimized H2O3 distance does not
exceed 1.05 Å for 160°øqø180°; thus the R8-
sPA,PDd¯ sPD,PAd-R structure prevails. The anion re-
mains unbound for this range ofq. Since the basis set con-
tains functions with very small exponents, the excess elec-
tron is distributed far away from the molecular core and the
optimized structure of the anion resembles the structure of
the neutral. With the angleq further decreased, an intermo-
lecular proton transfer occurs and the H2O3 distance exceeds

1.45 Å for 115°øqø155°. Thus theR8-sPDd2¯ sPAd2-R
structure prevails for this range ofq. Moreover, the anionic
state becomes vertically bound with respect to the neutral as
a consequence of intermolecular proton transfer.

In Fig. 3sbd we present the case with the angleq being
increasedfrom 115° to 180° and the geometry optimization
for the anion initialized in the neighborhood of the Cs geom-
etry of the anion. The main finding is that theR8-
sPDd2¯ sPAd2-R structure is preserved even forq close to
180°. TheR8-sPDd2 unit remains nonplanar even forq equal
to 180°, and the anion is vertically bound with respect to the
neutral for the full range ofq. Apparently, the intermolecular
proton transfer is sufficient to stabilize the anion.

In Fig. 3scd we present the case with the H2O3 distance
being changed between 0.95 and 1.67 Å. Thus both the R8-
sPA,PDd¯ sPD,PAd-R and theR8-sPDd2¯ sPAd2-R struc-
tures are explored. All other geometrical parameters are op-
timized and the optimal values ofq are displayed on the
second vertical axis. The anion remains vertically bound
with respect to the neutral even for the values of the H2O3
distance as small as 1.0 Å and the values ofq remain within
a narrow range 132°,q,138°. Apparently, the buckling of
one of the monomers is sufficient to stabilize the anion.

C. IR spectra of the neutral and anionic dimer

The remaining question is whether the neutral and the
anionic dimer can be discriminated on the basis of spectro-
scopic characteristics. The harmonic frequencies and IR in-
tensities were calculated at the MP2/aug-cc-pVDZ and
B3LYP/TZVP+ levels for the neutral monomer, neutral
dimer, and anionic dimer, and the results are presented in
Tables S1–S3.39 We will concentrate here on a frequency
range from 1400 to 3400 cm−1, which covers the CO, CH,
and OH stretching modes; see Fig. 4 for the MP2/aug-cc-
pVDZ results. The modes with frequencies in a range of
1400–1800 cm−1 are dominated by the CO stretches and
OHC bendings. These modes have very similar IR intensities
for the neutral and the anion, but the anionic frequencies are
smaller by more than 100 cm−1. The modes with frequencies
in a range of 2800–3300 cm−1 are dominated by the CH and

FIG. 3. Plots of the relative electronic energy of neutral and anionic dimers
obtained at the B3LYP/TZVP+ level of theory in the course of partial
geometry optimizations with fixed selected variables. The relative energies
calculated with respect to the C2h neutral. Bond lengths in Å, angles in deg.
ad The angle H1–C1–O1–O2 wasdecreasedfrom 180° to 115° and the
H2–O3 distance was displayed on the second vertical axis, bd the angle
H1–C1–O1–O2 wasincreasedfrom 115° to 180° and the H2–O3 distance
was displayed on the second vertical axis, cd the H2–O3 distance was
changed between 0.9 and 1.7 Å and the dihedral angle H1–C1–O1–O2 was
displayed on the second vertical axis.

FIG. 4. Harmonic vibrational frequencies in the 1400–3400 cm−1 range and
the corresponding IR intensities for the neutral and anionic dimer deter-
mined at the MP2/aug-cc-pVDZ level.
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OH stretches, which are strongly coupled, in particular for
the anion. Both the neutral and the anion have a mode with
an IR intensity of ca. 500 KM/mole. The frequency for the
anion is, however, red shifted by more than 250 cm−1. The
anionic dimer has two intense modes in a range of
3100–3200 cm−1, whereas the neutral dimer has only one
intense mode, which is at ca. 3250 cm−1. We conclude that
the neutral and anionic dimers differ significantly in IR char-
acteristics.

IV. SUMMARY

The neutral and anionic formic acid dimer were studied
at the second-order Møller–Plesset and coupled-cluster level
of theory with single, double, and perturbative triple excita-
tions with augmented, correlation-consistent basis sets of
double- and triple-zeta quality. Scans of the potential-energy
surface for the anion were performed at the density-
functional level of theory with a hybrid B3LYP functional
and a high-quality basis set.

Our main finding is that the formic acid dimer is suscep-
tible to intermolecular proton transfer upon an excess elec-
tron attachment. The process has many similarities with in-
termolecular proton transfer which we have identified in the
past in anionic complexes of nucleic acid bases with weak
acids:11–19sid the unpaired electron occupies ap* orbital, sii d
the molecular unit that accommodates an excess electron
“buckles” to suppress the antibonding interactions the excess
electron is exposed to,siii d a proton is transferred to the unit
where the excess electron is localized—thus the unpaired
electron is stabilized,sivd the electron vertical detachment
energy is substantial, 2.35 eV, whereas the formic acid
monomer and the neutral dimer are characterized by negative
values of vertical electron attachment energy.

The anion is barely adiabatically unstable with respect to
the neutral at 0 K. At the CCSDsTd/aug-cc-pVTZ level, a
contribution from electronic energies to the adiabatic elec-
tron affinity is −117 meV, but a contribution from the zero-
point vibrational terms suppresses the instability to only
−18 meV. Finally, at standard conditions and in terms of the
Gibbs free energy, the anion is more stable than the neutral
by +37 meV. The near degeneracy in stability for the neutral
and the anion requires a serious geometrical relaxation
within the anionic structure. First, a proton is transferred to a
unit where the unpaired electron is localized. Second, the
protonated subunit buckles to suppress the antibonding inter-
actions the excessp* electron is exposed to. The geometrical
distortion from the neutral and the anion is more profound
than in the case of the monomer of carbon dioxide.42 Thus,
we expect that the anionic formic acid dimer will have a
significant lifetime.

The neutral and anionic dimers display different IR char-
acteristics. In a range of 1400–1800 cm−1 sCO stretches and
OHC bendingsd, the neutral and the anion have very similar
IR intensities, but the anionic frequencies are smaller by
more than 100 cm−1. In a range of 2800–3300 cm−1 sCH and
OH stretchesd, both the neutral and the anion have a mode
with an IR intensity of ca. 500 KM/mole. The frequency of
the anion is, however, red shifted by more than 250 cm−1.

The anionic dimer has two intense modes in a range of
3100–3200 cm−1, whereas the neutral dimer has only one
intense mode, which is at ca. 3250 cm−1.

We conclude that the formic acid dimer can exist in two
quasidegenerate statessneutral and anionicd, which can be
viewed as zero and one in the binary system. These two
states are switchable by the excess electron attachment and
detachment. They are also distinguishable as they produce
different electrostatic potential and differ in the geometry
and spectroscopic characteristics.
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