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The neutral and anionic formic acid dimers have been studied at the second-order Mgller—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 occupiesm 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 stetgsal and anionj¢ which

can be viewed as “zero” and “one” in the binary system. These two states are switchable and
distinguishable. €005 American Institute of PhysidDOI: 10.1063/1.1899144

I. INTRODUCTION transfer reactions have been studied for the dimers of nucleic
acid bases in both their ground and excited electronic

Proton transfer is one of the simplest and most fundastate<*°
mental reactions in chemistry. The most common kind of We have recently reported that hydrogen-bond com-
tautomerism in organic chemistry involves structures thaplexes of a nucleic acid bag&iB) with a weak acid(HA)
differ in the point of attachment of hydrogen, and the keto-can undergo an intermolecular proton transfer upon an ex-
enol (imine-enaming equilibrium involves proton transfer C€SS €lectron attachment,
between carbon.an.d oxygémiFroger) atom§. Intermolgcular. NB---HA+e — HNB ---A", (1)
proton transfer is involved in the reactions of acids with
bases, which, according to the Lowry—Brgnsted theory, arevith the products being a radical of hydrogenated nucleic
substances that are proton donors and acceptoracid base(HNB) and a molecular anion A which results
respectivelyl.'2 Proton transfer is involved in a variety of from deprotonation of the weak acid HA. A striking feature
chemical and biological processes. Proton motion couplefPund in a series of combined computational and photoelec-
with electron transfer is the basic mechanism of bioenergeti§On Spectroscopy studies is that the proton transfer might be
conversior?. Elucidation of various mechanisms of intermo- Parrier-free, as in the complexes of uracil or thymine with
lecular proton transfer might be important to further our un-9lY¢ine. ™ formic acid, ~ uracil with alaniné,” weak inor-
derstanding of biophysical and materials science processesqanIC acids, ; alcohols,™ .and a nqn—Watson—Cnck com-

. ) o . . plex of adenine and thymm]t?.The intermolecular proton

The intra- and intermolecular tautomerizations involving . .
nucleic acid bases have long been suggested as critical st fransfer may also_encounter 2 sn_1a|| barrier, as in the
. : 45 tson—Crick complex of guanine with cytosi‘ﬁe.
'_n mutations of DNA'_’ Intramolec;ular proton-transfer reac- _In this series of studies we discussed the occurrence of
tions have b(7aen studied for both isolated and solvated nucleig, rier-free proton transfer as an outcome of the interplay
acid base&’ Intermolecular single and double proton- among the deprotonation energy of HA, protonation energy
of NB7, and the energy of intermolecular hydrogen

3Electronic-mail: maciej.gutowski@pnl.gov bonds™°We recognized that the driving force for the pro-
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TABLE I. The vapor pressur®(mm Hg for some nucleic acid bases and [Fig. 1(b)], and in a heterodimer of formic acid with forma-
formic acid at 473 K. mide [Fig. 1(c)].
The process has many similarities with that identified in

Compouind loghlmm Hg anionic complexes of nucleic acid bases with weak adigls:
Cytosine -2.99 the unpaired electron occupiesraorbital, (i) the molecular
Tymine -1.17° unit that accommodates an excess electron “buckles” to sup-
Adenine -1.62 press the antibonding interactions the excess electron is ex-
Formic acid 3.02 posed to,(iii) a proton is transferred to the unit where the

excess electron is localized—thus the unpaired electron is
stabilized,(iv) the minimum energy structure for the anion is
ton transfer is to stabilize the excess electron, which is localeharacterized by two strong hydrogen bonds between the
ized in an antibondingr(7") orbital in the valence anion of radical[R’-(PD),] and the aniofiR-(PA),]", (v) the electron
a nucleic acid base. vertical detachment energfVDE) is substantial(1.6 eV
The nucleic acid bases are not easily amenable to gas< VDE <2.4 eV), whereas the monomers involved, such as
phase studies. A large fraction of molecules of biologicalformic acid or formamide, do not bind an excess electron in
interest(nucleic acid bases, amino acids, gttave very low a valence anionic state.
vapor pressuregsee Table ), even at temperatures above  In this report we present our computational results for
200 °C, and easily decompose at elevated temperatures. Igfe anion of the formic acid dimer. The stability of the an-
sources, which are based on high-pressure electrical disonic R'-(PD);:--(PA)>-R structures, as a function of the
charges or laser vaporization, usually deliver intense iorProton affinity of the anion and the deprotonation energy of
beams but rely on ionization processes which are not easilthe neutral, will be described in a separate report and the
controlled and can induce important fragmentationresults for(formamide, and (formic acid-formamidg will
processe&® Thus, fundamental studies of intermolecular tau-Pe presented there. An interesting feature of the formic acid
tomerizations induced by an excess electron would benefflimer is that the minimum energy structure of the neutral is
from model systems that form strong hydrogen bonds bufnore stable than the minimum energy structure of the anion
display a larger vapor pressure than nucleic acid bases. Fdpy only 2.7 kcal/mol, in terms of electronic energy, and by
mic acid is an attractive model system with a significant0-4 kcal/mol after the inclusion of zero-point vibrational cor-
vapor pressure at standard conditi¢see Table)l Radicals ~ rection(0 K). Finally, at standard conditior@98 K, 1 atm
and ions of its monomer have been computationally studie@nd in terms of Gibbs free energy, the anion is more stable
by Yu et al?* than the neutral by +0.9 kcal/mol. Moreover, the anionic and
Here, we report that intermolecular proton transfer uporPeUtral dimers differ drastically as to the structure as well as
an excess electron attachment is not limited to complexes dp their characteristic vibrational frequencies and their inten-
nucleic acid bases with weak acids but is a common phesities. Thus, the formic acid Qimer can exist in two quaside-
nomenon in complexes bound by cyclic hydrogen bondsdenerate state(snegtral an(_j anionj¢ which can be viewed as
With PA and PD denoting proton acceptor and donor sites Z€r0” and “one” in the binary system. These two states are

respectively, we have computationally identified this procesSWitchable by the excess electron attachment and detach-
for the anionic dimers of formic acifFig. 1(a)], formamide  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 B3LYP*?*?"and 6-31++G basis seté® Final
B3LYP calculations were performed with a polarized trigle-
basis se(TZVP)29 supplemented with valence diffuse func-
tions (s and p for hydrogen, and, p, andd for C and Q to
better describe the electron charge distribution in anionic

P VN complexes(TZVP+). Exponents for the additional diffuse
. (L functions were as followgatom, as, @, ag: H, 0.04573,
i o — 0.222561; C, 0.04441, 0.02922, 0.196407; O, 0.08142,
% 0.04812, 0.249174 We verified that the addition of another
gea ‘ set of diffuse functions changed the excess electron binding
energy by less than 0.01 kcal/mol.
FIG. 1. Attachment of an excess electron to a cyclic hydrogen-bonded The vertical electron attachment energy is negative for

cluster facilitates intermolecular proton transfer. The resulting complex is ; ; ; ; ;
built of a buckled radical, which interacts through two hydrogen bonds withan isolated formic acid molecule and for the formic acid

the anion of a deprotonated monomi: formic acid dimer(b) formamide dimer in its Gy, Symm?try minimum-energy StrUCthe- Thus
dimer, and(c) formic acid-formamide. one needs to explore in which regions of the potential-energy
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surface the dimer might support a bound anionic state. In o1 H2 03
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- H1 €1
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- o1 H2 03
mize the total energy of the anionic complgoartial optimi-
zation with fixed selected variablegd-or the points on the
resulting “paths,” single-point calculations were performed
for the neutral system to monitor whether the anion is verti-
cally bound. 02 04

The most accurate electronic energies for the neutral and Anion, C,
anionic complexes were calculated at the coupled-cluster o o o
level of theory with single, double, and perturbative triple FIG. 2. The global minima for the neutral and anionic formic acid dimer.
excitationd CCSOT)*° at the optimal second-order Maller—
Plesset(MP2) geometries. These calculations were per-labeledaX. The relative energies of the neutral and anionic
formed with augmented correlation-consistent basis sets @ftructures, calculated with respect to the most stapen@n
double- and triplez quality, which are denoted aug-cc-pVDZ (all), are displayed in Fig. SZ. To the best of our knowl-
and aug-cc-pVTZ, respectively. The spin contamination edge, the anionic dimer has not yet been studied and our
was small in the unrestricted Hartree-FoOMHF) and calculations reveal that its most stable structure differs dras-
UBSLYP calculations for the aniofS? less than 0.759 for tically from the most stable structure of the neutisge Fig.
the UHF methoyl and thus the UMP2 optimized geometry 2). From here on we will discuss only the most stable neutral
for the anion is expected to be accurate. The open-shelind anionic complexes)ll and all, respectively, as other
CCSOT) calculations were carried out at the RIlUCASD  structures are much less stable.
level. In this approach, a restricted open-shell Hartree—Fock  The C, anionic complex differs drastically from the,C
calculation was initially performed to generate the set of moneutral complex, see Scheme 1, Fig. 2, and Tables Il and I1I.
lecular orbitals and the spin constraint was relaxed in theFirst, an intermolecular proton transfer occurred in the unit
coupled-cluster calculatioff: >* The relative energies of the where the unpaired electron is localized. Second, the result-
anion with respect to the neutral were first corrected for zeroing radical is “buckled,” and the extent of buckling will be
point vibrations to derive the value of adiabatic electron af-measured by the values of the H1-C1-O1-02 dihedral
finity (AEA). Next, thermal corrections as well as the en-angle, 9. The buckling of theR'(PD), unit in the anionic
tropy terms, calculated at either the B3LYP or MP2 levels fordimer is significant and both the B3LYP and MP2 methods
T=298 K andp=1 atm in the harmonic oscillator-rigid rotor predict that is ca. 132°(see Table IlJ. This buckling is
approximation, were included to derive the relative stabilityreminiscent of the buckling of the ring of nucleic acid bases
in terms of Gibbs free energy. upon an excess electron attachment. In all these cases the

The DFT and MP2 calculations were performed with theexcess electron occupies7a orbital. The buckling alleviates

GAUSSIAN 9€° and NWCHEM codes;® while the CCSDT)  the antibonding character of this orbital and stabilizes the
calculations with thevoLPro code®® Molecular orbitals and  anionic structure.

C2 H4

02 H3 04
Neutral, C,,

C2 H4

structures were visualized with theoLDEN program’’ In addition to the intermolecular proton transfer and the
buckling of theR’(PD), unit, the neutral and anionic com-
Ill. RESULTS plex differ quantitatively with respect to some of the geo-

metrical parameteréee Tables Il and 1)l For instance the
C102 distance is increased by ca. 0.05 A in the anion at both
The neutral formic acid dimer was thoroughly studied bythe MP2 and B3LYP levels, which might be again related to
many groups and we selected the same initial structurethe antibonding character of the single occupied orbital.
“nX" as those identified by Qian and Krimifiand we apply The hydrogen bonds in both the neutral and anionic
their notation in Fig. S).>° The anionic structures deter- dimer are practically linear as the 02-H3—-04 angle is al-
mined in the course of geometry optimization initialized ways between 178° and 180°. One usually expects a shorter
from the optimal geometry of the neutral structadewill be hydrogen bond in the ionic than the neutral complex. Sur-

A. Structures

SCHEME 1. Intermolecular proton transfer induced by aexcess electron in a complex with cyclic hydrogen bonds.
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TABLE II. Structural parameters for the ,Csymmetry neutral complex TABLE IV. Electron vertical detachment energi@&DE) and adiabatic elec-
obtained at the B3LYP and MP2 levels of theory. Bond lengths in A, anglestron affinity (AEA), both in meV, determined at different levels of theory.
in deg.

VDE  AEA  AEA (without ZPVD

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

B3LYP/TZVP 2500 122 28
Bond B3LYP/TZVP+ 2516 233 133
H1-C1 1.095 1101 1.001 B3LYP/TZVP++ 2501 234 132
C1-02 1.315 1.325 1.313 MP2/aug-cc-pVDZ 2387 -87 -185
C1-01 1.225 1.233 1.224 MP2/aug-cc-pVTZ 2351 -64 -163
02-H3 1.007 1.001 1.000 CCSD/aug-cc-pVDZ 2504 -37 -136
H3-04 1.665 1.683 1.660 CCsSD/aug-cc-pVTZ 2469 -42 -140

CCSD(T)/aug-cc-pvVDZ 2377 - -128
Angle CCSOT)/aug-cc-pVTZ 2351 -18 -117
H1-C1-02 111.930 111.590 111.750
H1-C1-0O1 121.730 122.090 121.940 #Zero-point vibrational corrections determined at the MP2/aug-cc-pVDZ
02-H3-04 178.710 179.680 179.930 level.

Dihedral angle

H1-C1-01-02 180.000 180.000 180.000 of VDE are smaller than those for the anionic formic acid
dimer and do not exceed 0.6 &V-'>*'The value of VDE is
overestimated at the B3LYP level when compared with the
prisingly, this is not true for the neutral and anionic formic ccsDT) result, which is also typical for anions of nucleic
acid dimer as the H304 distance in both cases is the samgeid bases. The small discrepancy between the CCSD and

within 0.02 A. the CCSOT) results as well as the aug-cc-pVDZ and aug-
cC-pVTZ results prompts us to conclude that the 2.35-eV
B. Excess electron binding and stability of the anion value for VDE is both methodologically and basis-set con-

The formic acid monomer and the neutray,Glimer ~ Verged(see Table IV.

have negative vertical electron attachment energitte). The anion is barely adiabatically unstable with respect to
Not only valence but also dipole-bound anionic stftese  the neutral at 0 K. At the CCSD)/aug-cc-pVTZ level, a
not bound because the dipole moment of the monomer cafontribution from electronic energies to the AEA is
culated at the B3LYP/TZVP+ level of theory is only 1.74 D, ~117 meV(Table 1V), but a contribution from the zero-point
and the dimer has no dipole moment due to the §ymme- V|_brat|0nal terms suppresses the mstgblllty to only —.18 meV.
try. On the other hand, the electron vertical detachment erf-inally, at standard conditions and in terms of Gibbs free
ergy (VDE), which is calculated at the equilibrium geometry €N€rgy; the anion is more stable than the neutral by
of the anion, is significant and amounts to 2.35 eV at the"37 meV. Clearly, the anion has softer modes than the neu-
CCSD(T)/aug-cc-pVTZ level of theorysee Table IV. A sig- trgl (s_ee Tables _82 a_nd 5% and_zer_o—pomt wbra‘uongl con-
nificant value of VDE is a consequence of intermolecuIart”bUt'O”_S. and V|brat|9nal contributions to entropy increase
proton transfer to the unit, where the unpaired electron i$he stability of the anion over the neutral. .
localized. A negative value of VAE and a positive value of ~ The G symmetryR'-(PD),---(PA)>-R structure, which
VDE are also characteristics of valence anionic states of cdS the global minimum for the anion, is not a local minimum
nonical tautomers of nucleic acid bases, though their valuef9r the neutral dimer. A geometry optimization procedure on
the potential-energy surface of the neutral dimer initiated
TABLE lIl. Structural parameters for the GSymmetry anionic complex from a slightly distortecR’-(PD)," - -(PA),-R geometry con-
obtained at the B3LYP and MP2 levels of theory. Bond lengths in A, anglesverges without any barrier to the,Cstructure of the neutral,
in deg. i.e., R-(PA,PD:---(PD,PA-R. Thus an excess electron is
required to stabilize the {R'-(PD),- - - (PA),-R structure.

Parameter BSLYP/TZVP+ MP2/aug-cc-pVDZ MP2/aug-cc-pVTZ  The |ifetime of the adiabatically unbound anionic state,
Bond (R’-(PD),*--(PA),-R)~, depends not only on the value of
H1-C1 1.091 1.099 1.086 AEA but also on the magnitude of atomic displacements
C1-02 1.371 1.378 1.366 from the G minimum required to reach a crossing with the
02-H3 1.004 1.003 1.000 potential-energy surface of the neutral. The anionic potential-
H3-04 1.679 1.677 1.663 energy surface was scanned along the dihedral ahgleth
04-C2 1.260 1270 1.259 the remaining geometrical parameters being optimized at the
C2-H4 1117 1122 1.112 B3LYP/TZVP+ level, and the results are presented in Fig. 3.
Angle On the second vertical axis we also report optimized values
H1-C1-02 111.880 111.350 111.630 of the H203 distance, which is an indicator of whether the
02-H3-04 178.530 177.680 177.790 R’-(PD),---(PA),-R or theR’-(PA,PD)---(PD,PA-R struc-
04-C2-H4 115.690 115.730 115.750 ture prevails.

In Fig. 3(a) we present the case with the andlebeing

Dihedral angle o o oo
H1-C1-01-02 132.870 131.070 131.860 decreasedrom 180° to 115° and the geometry optimization

for the anion initialized in the neighborhood of thg,@e-
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1.45 A for 115°< 9 =<155°. Thus theR'-(PD),--(PA),-R
e T ———— structure prevails for this range @f. Moreover, the anionic
state becomes vertically bound with respect to the neutral as
18 a consequence of intermolecular proton transfer.
SR e In Fig. 3(b) we present the case with the angdlebeing
o aren 15 increasedfrom 115° to 180° and the geometry optimization
: : : : : B for the anion initialized in the neighborhood of thg g2om-
P etry of the anion. The main finding is that thB'-
(PD),---(PA),-R structure is preserved even for close to
180°. TheR’-(PD), unit remains nonplanar even forequal
to 180°, and the anion is vertically bound with respect to the
neutral for the full range of). Apparently, the intermolecular
proton transfer is sufficient to stabilize the anion.

In Fig. 3(c) we present the case with the H203 distance
being changed between 0.95 and 1.67 A. Thus both the R
(PA,PD---(PD,PA-R and theR’-(PD),--(PA),-R struc-
tures are explored. All other geometrical parameters are op-

ceu. timized and the optimal values a¥ are displayed on the
of[ o anion '-..o...,.."" second vertical axis. The anion remains vertically bound
° Gl angle Tresesees with respect to the neutral even for the values of the H203
° ' ' ' y o distance as small as 1.0 A and the valuesfamain within
(e H203 dstance a narrow range 132< 9 <138°. Apparently, the buckling of

FIG. 3. Plots of the relative electronic energy of neutral and anionic dimerON€ of the monomers is sufficient to stabilize the anion.

obtained at the B3LYP/TZVP+ level of theory in the course of partial
geometry optimizations with fixed selected variables. The relative energie:
calculated with respect to they@neutral. Bond lengths in A, angles in deg.

a) The angle H1-C1-01-02 watecreasedrom 180° to 115° and the The remainin tion is whether the neutral and th
H2-03 distance was displayed on the second vertical axishé angle e remal g question IS ethe € neulral a e

H1-C1-01-02 waincreasedfrom 115° to 180° and the H2-O3 distance anionic dimer can be discriminated on the basis of spectro-
was displayed on the second vertical axig,tile H2-O3 distance was scopic characteristics. The harmonic frequencies and IR in-
c_hanged between 0.9 and 17 A an(_i the dihedral angle H1-C1-01-02 W3gnsities were calculated at the MP2/aug-cc-pVDZ and
displayed on the second vertical axis. B3LYP/TZVP+ levels for the neutral monomer, neutral
dimer, and anionic dimer, and the results are presented in
ometry of the neutral. The optimized H203 distance does notables S1-S3° We will concentrate here on a frequency
exceed 1.05 A for 160%9=<180° thus the R’- range from 1400 to 3400 cth which covers the CO, CH,
(PA,PD---(PD,PA-R structure prevails. The anion re- and OH stretching modes; see Fig. 4 for the MP2/aug-cc-
mains unbound for this range @f. Since the basis set con- pVDZ results. The modes with frequencies in a range of
tains functions with very small exponents, the excess elect400-1800 cmt are dominated by the CO stretches and
tron is distributed far away from the molecular core and theOHC bendings. These modes have very similar IR intensities
optimized structure of the anion resembles the structure dior the neutral and the anion, but the anionic frequencies are
the neutral. With the anglé further decreased, an intermo- smaller by more than 100 ¢rth The modes with frequencies
lecular proton transfer occurs and the H203 distance exceeds a range of 2800-3300 crhare dominated by the CH and
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E. IR spectra of the neutral and anionic dimer
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OH stretches, which are strongly coupled, in particular forThe anionic dimer has two intense modes in a range of
the anion. Both the neutral and the anion have a mode witB8100-3200 crmt, whereas the neutral dimer has only one
an IR intensity of ca. 500 KM/mole. The frequency for the intense mode, which is at ca. 3250 @m
anion is, however, red shifted by more than 250 tnThe We conclude that the formic acid dimer can exist in two
anionic dimer has two intense modes in a range ofquasidegenerate stat@seutral and anionj¢ which can be
3100-3200 cit, whereas the neutral dimer has only oneviewed as zero and one in the binary system. These two
intense mode, which is at ca. 3250 @mWe conclude that states are switchable by the excess electron attachment and
the neutral and anionic dimers differ significantly in IR char- detachment. They are also distinguishable as they produce
acteristics. different electrostatic potential and differ in the geometry
and spectroscopic characteristics.
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