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The strength of the low-barrier hydrogen bond in hydrogen maleate in the gas phase was investigated by
low-temperature photoelectron spectroscopy and ab initio calculations. Photoelectron spectra of maleic and
fumaric acid monoaniongis-/transHO,CCH=CHCQO,") were obtained at low temperatures and at 193 nm
photon energy. Vibrational structure was observedtfansHO,CCH=CHCQO,  due to the OCO bending
modes; howevergisHO,CCH=CHCOQO," yielded a broad and featureless spectrum. The electron binding
energy ofcisHO,CCH=CHCOQO,™ is about 1 eV blue-shifted relative toansHO,CCH=CHCQO,™ due to

the formation of intramolecular hydrogen bond in this-isomer. Theoretical calculations (CCSD(T)/
aug-cc-pVTZ and B3LYP/aug-cc-pVTZ) were carried out to estimate the strength of the intramolecular
hydrogen bond ircisHO,CCH=CHCQO,~. Combining experimental and theoretical calculations yields an
estimate of 21.5t 2.0 kcal/mol for the intramolecular hydrogen bond strength in hydrogen maleate.

The study of the hydrogen bond has long been a topic of CHART 1
intensive scientific research due to its relevance in materials
science, biochemistry, organic chemistry, inorganic chemistry, /
solid-state physics, and molecular medicineln recent years, o
the short-strong hydrogen bond, usually referred as the low-
barrier hydrogen bond (LBHB), has attracted considerable |
attention because of its possible role in enzyme catafySik. o)
has been suggested that LBHB can supply up to 20 kcal/mol to
stabilize the transition states in enzymatic reactioHswever, c
the importance of LBHBs in enzyme catalysis has been a 13 1b 1c
controversial issu&-12 although the LBHBs have been shown
to be involved in several enzyme systetis® forms of hydrogen maleate ranged from 0.5 to 5.5 kcal/mol,
One system that has been widely studied for LBHB is depending on the solvent used, with lower polarity solvents
the maleic/fumaric acid monoaniorcig/transHO,CCH= favoring stronger hydrogen bonding. However, this estimate of
CHC(O,"),816-23 due to the existence of a LBHB in the maleic the hydrogen bond strength is significantly lower than the 20
acid monoanion (hydrogen maleate). Several experimental andkcal/mol value suggested for a LBHB. Theoretically, Lluch et
theoretical studies have been designed to measure the hydrogeal?! have calculated that the hydrogen maleate is 14.14 kcal/
bond strength in hydrogen male&fe23 The reported values  mol more stable than the fumarate. The gas-phase hydrogen
cover a rather wide energy range. Schwartz and Drueckham-bond strength in the monoanion was estimated to be 18.35 kcal/
mer® measured the equilibrium constant between hydrogen mol higher than that of the normal hydrogen bond in the neutral
maleate and the corresponding trans-monoanion isomer, as weltliacid. Usingla in Chart 1 as the reference structure (non-
as the cis-/trans-neutral diacids. The difference in the relative hydrogen bond case in hydrogen maleate), McAllfétealcu-
free energies of the cis- and trans-isomers was used as arated the gas-phase hydrogen bond strength to be approximately
estimate of the relative strength of the intramolecular hydrogen 27 kcal/mol. Bach et &2 have computed the hydrogen bond
bond in hydrogen maleate. Their equilibrium measurement strength on the basis of different reference structutes ib,
showed that the energy difference between theams trans- and 1c in Chart 1). They concluded that the gas-phase
intramolecular hydrogen bond strength in hydrogen maleate is

*To whom correspondence should be addressed. E-mail: Is.wang@ IN the range 1428 kcal/mol, depending on the choice of
pnl.gov. reference structures.
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Thus, better experiments are needed to determine the B
hydrogen bond strength in hydrogen maleate. In the current A
study, we report a photoelectron spectroscopic study of the (a)
hydrogen maleate and fumarate systems. Hydrogen maleate is
significantly stabilized, and higher electron binding energy was
observed due to the formation of a LBHB. The difference in
electron binding energies between hydrogen maleate and
fumarate gives an intuitive perception on the strength of LBHB.

The experiments were performed with a recently constructed
apparatus that couples electrospray ionization (ESI) with pho-
toelectron spectroscopy (PE%)26 The key feature of this
apparatus is a temperature-controlled ion trap, where ions are
accumulated and cooled by a background gas. The ion trap is
attached to a closed-cycle helium refrigerator, which can reach
10 K. The anions of interestis-/transHO,CCH=CHCGO;,™,
were produced using the ESI source froni.0 x 103 M
solutions of the corresponding sodium salts in a mixture of
methanol/water solvent (3/1 volume ratio). Anions produced X
were guided by a RF-only octopole into a quadrupole mass filter. LA T
Following the mass filter, the ions were directed by & &h 30 35 40 45 50 55 60
bender to the temperature-controlled ion trap, where ions were Binding Energy (eV)
cooled via collisions with N as background gas at a 70 K  Figure 1. Photoelectron spectra of (aans-HO,CCH=CHCO,~ and
trapping temperature. lons were trapped and cooled for a period(b) cisHO,CCH=CHCQG,™ at 193 nm (6.424 eV) and 70 K ion trap
of 20—80 ms before being pulsed (10 Hz) into the extraction temperature.
zone of a time-of-flight mass spectrometer.

During the PES experiment, the ions of interest were mass-

(b)

Relative Electron Intensity

large geometry change between the ground states of the anion
selected and decelerated before being intercepted by the prob and neutral. In this case, the threshold detachment energy (TDE)

; . t t the adiabatic detach t ADE) of
laser beam in the photodetachment zone of the magnetic-bottle ay not represent the adiabatic detachment energy ( )0

hotoelectron analvzer. A photodetachment eneray of 193 nmthe parent anion. Instead, the TDE should be considered as the
?6.424 eV) from a¥1 e>.<cin?er laser was used ingi/he current upper limit for the ADE, or the electron affinity (EA) of the

K t The ted at a 20 H it tneutral. Due to the low signal-to-noise ratio and lack of
experniment. The lasers were operated at a Z repetition rate ;, ational resolution in the lower binding energy side, we were

\t/)wthkthe |or(; beg{n OI.f at gl;]ertnatlmgt laser shot fOI: sf:ogb;t/-shotl only able to estimate the TDE from the onset of appreciable
ackground subtraction. Photoelectrons were collected at near yphotoelectron signals. The TDE tnsHO,CCH=CHCO,

100% efficiency by the magnetic-bottle and analyzed in a 5.2-m was estimated to be 3.91 eV. Partially resolved vibrational

electron flight tube. Time-of-.ﬂight photoelectron Spectra wereé o, 1res were obtained in the A and B bands. The vibrational
collected and converted to Kinefic energy spectra, calibrated byfrequencies for the A and B bands are characteristic of the OCO

the known spectra of 1 apd clq™.2r The'electron. bir)ding bending mode: 645 cm for the A band and 565 cni for the
energy spectra were obtained by subtracting the kinetic energyg pand (Table 1). Because of the congestion of bands X, A, B

spectra from the detachment photon energy. The ENergy and limited spectral resolution, we were not able to identify

resolution AE/E) was about 2%, i.e.~20 meV for 1 eV yho g 0 transitions for bands A and B. We were only able to
electrons. estimate their VDESs, as given in Table 1.

Figure 1 displays the 193 nm photoelectron spectra of (a) |n the case ofcisHO,CCH=CHCO,", the photoelectron
fumarate (fansHO,CCH=CHCQ,") and (b) hydrogen maleate  spectrum shows a completely different pattern. The low binding
(CissHO,CCH=CHCQ,") measured at a 70 K ion trap temper- - energy region involving the detachment from th€0,~ moiety
ature. No detachment transition occurs below 3 eV, so the js featureless and dramatically blue-shifted as compared to that
binding energy scale is plotted from 3.0 to 6.4 eV for clearer of transHO,CCH=CHCO, . The room-temperature spectrum
presentation. Spectra for the two anions exhibit different spectral (not shown) is identical to the 70 K spectrum. There is no
patterns and binding energies, although both are primarily due improvement in spectral resolution when the ion trap is lowered
to detachment channels from theCO,~ derived molecular  to 70 K, suggesting the broad spectrum is due to large geometry

orbitals?® Vibrational structures are observed transHO,- changes upon photodetachment. The blue shift in binding energy
CCH=CHCQ;", whereas theisHO,CCH=CHCQ,™ spectrum s due to the formation of intramolecular hydrogen bond between
is basically structureless. the —CO;H and —CO,~ groups, which greatly stabilizes the

In transHO,CCH=CHCO, ™, the broad peak between 4.0 and anion. However, the hydrogen bond strength is expected to be
5.5 eV is due to removing electrons from theCO,~ group significantly reduced in neutratisHO,CCH=CHCO,, thus
and the higher binding energy peak (C band) at about 6 eV isinducing a large geometry change along the hydrogen bond
due to detachment of theelectrons of the &C double bond. coordinate and completely smearing out the OCO bending
From previous work862230it is known that there are three vibrational progression. The labels (X, A, B) in Figure 1 are
closely spaced detachment channels involving th€O,~ simply to indicate three bands are expected in this spectral
moiety, all due to removal of oxygen 2p lone pair electrons. region. The estimated TDE aissHO,CCH=CHCO," is 4.93
Because of the elimination of vibrational hot bands in the current eV (Table 1).
low-temperature conditions, the tail at the low binding energy  The C band due to the electrons of the &C double bond
side suggested a broad ground-state detachment transition, as much sharper for theisHO,CCH=CHCG;,~ than for the
shown more clearly in our recent study of benzoai#¢CO,™).26 trans-isomer. This is because the strong hydrogen bond makes
The broad and weak ground-state transition (X) is due to the the cis-isomer very rigid and the ionization of theslectron is
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TABLE 1: Experimental and Theoretical Adiabatic Detachment Energies (ADESs), Vertical Detachment Energies (VDESs), and
Vibrational Frequencies of the OCO Bending Mode

ADE (eV) VDE (eV) vibrational frequency (crt)
expt theo exp theo expt
transHO,CCH=CHCO;~ X 3.91(5) 3.8¢ 430
3.89
A 4.22(4) 645 (20)
B 4.51(4) 565 (20)
C 6.23(6)
cis-HO,CCH=CHCO,~ X 4.93(5) 472 5.1%
4.85
C 6.31(4)

a2 Numbers in parentheses are uncertainties in the last digitseshold detachment energy (TDE), representing the upper limit for ABEmputed
at the B3LYP/aug-cc-pVTZ//B3LYP/aug-cc-pVTZ level plus ZPVE corrections. No ZPVE corrections were made on VDE Y&laegputed at
the CCSD(T)/aug-cc-pVTZ//B3LYP/aug-cc-pVTZ level plus ZPVE corrections at the B3LYP/aug-cc-pVTZ level.

not able to induce significant structural changes. However, in

N . . X X 130_5.&1,245
the trans-isomer ionization of5aelectron, which weakens the

& »
C=C & bonding, may induce significant torsional distortion, 1233 {':T ..'
giving rise to a much broader C band for the trans-isomer. /1343 1453 :
From the photoelectron spectra in Figure 1, the hydrogen bond . ‘_.7-'-"-’-3---'_0_93?
strength in hydrogen maleate can be roughly estimated. The 1-21; .
difference in TDE values ofrans/cissHO,CCH=CHCGQ,™, (8) s HO,CCHRCHOO; trans-HO,CCH=CHCO,

which is 1.02 eV (23.5 kcal/mol), can be viewed as the hydrogen
bond strength. This estimation is based on two assumptions:
(1) the trans-/cis-isomerization energies are similar in both anion
and neutral and (2) the hydrogen bond strength ircte@lO,-
CH=CHCO; neutral is negligible. This estimated value of the
hydrogen bond strength (23.5 kcal/mol) falls within the range
of the theoretical calculations (328 kcal/mol) by Bach et af3

but it is lower than the value (27 kcal/mol) calculated by
McAllister.??

To gain further insight into the nature of the hydrogen i3pg-
bonding in hydrogen maleate, theoretical calculations were
performed. Similar to previous theoretical investigatighd?

a reference structure is needed to estimate the hydrogen bonc (¢} cis-HO,CCH=CHCO, 6is-HO,CCH=CHCO,

strength. In the present work, structutd is used as the (non-hydrogen bond) inon-hydrogenbond)
reference. We choskb as the reference because its energy is Figure 2. Optimized geometries of (@)ansHO,CCH=CHCO,™ and
the lowest among the three non-hydrogen bond structdigs ( transHO,CCH=CHCO,, (b) cisHO,CCH=CHCQ,” and cis-HO,-

1b, and1¢). In addition, we found that the neutrals b& and CCH=CHCQ,, and (c)cisHO,CCH=CHCQ;" (non-hydrogen bond)
1care not minima on the potential energy surface and they relax Zpggi;g?fgg:;?rgﬁsoz (non-hydrogen bond). Selected bond lengths
back tolb in our calculations. ’

Density functional theory was used to determine the geom- o )
etries and electronic structurestans/cissHO,CCH=CHCQ; ", shown in Figure 2. In bottrans/cis HO,CCH=CHCO, , the
and the corresponding neutrals. Structures were optimized at€gative charge is delocalized in the carboxylate OCO group.
the B3LYPaug-cc-pVTZ level using the Gaussian 03 package Due to el_ectron repulsmn, the OCO moiety is ex_pected to adapt
of program&? and the subsequent single-point energy calcula- & larger interatomic angleJOCO) than the typical angle of
tions were done at the CCSD(T)/aug-cc-pVTZ level using 120 in a sp hybridized carboxylic group. This expectation is
Molpro2002.6% The CCSD(T) electronic energies were cor- Supported by the predictedOCO angles at B3LYP/aug-cc-
rected with zero-point vibrational energy (ZPVE) using har- PVTZ, ranging from 126 to 131 for all three HQCCH=
monic vibrational frequencies calculated at the B3LYP/aug-cc- CHCO,™ isomers. TheselOCO angles are also similar to that
pVTZ level. To estimate the hydrogen bond strengttri of benzoate that we studied recerffy?hotodetachment removes
HO,CCH=CHCQ;", we also performed the same procedures the delocalized electron from theCO,~ moiety of HOCCH=
on 1b. However, for the neutral olb, which possesses no CHCQ,~ and results in a large geometry change between the
symmetry, the single-point energy calculation can only be anions and neutrals. At the B3LYP/aug-cc-pVTZ level, signifi-
obtained at the CCSD/aug-cc-pVTZ level because the CCSD- cant changes in the angléOCO from the anions[{OCO ~
(T)/aug-cc-pVTZ energy involves extensive computational 126—131°) to the neutrals[[OCO~ 111-114) are observed
resources. The vertical detachment energies (VDEs) werefor all three HQCCH=CHCQO,™ species. A similar angular
obtained by the energy difference between the anions and thechange is also observed in our previous study on the benzoate
ground state of the neutrals with its geometry fixed at that of anion?® Other than the angular changes, there are additional
the anions. The ADEs were obtained by taking the energy noticeable geometrical changes between the anions and neutrals.
difference between the anions and the ground state of theFor example, the-CO,~ group has an out-of-plane orientation
neutrals in its optimized geometry. in transHO,CCH=CHCOQO,~ but it becomes planar in the

The optimized geometries tfans/cisHO,CCH=CHCQO;, neutral. The bond distances ofCO,™ are decreased by0.05
reference structurdb and their corresponding neutrals are A upon photodetechment for both isomers. The large geometry
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hydrogen bond energies via the referehbeEnergies calculated

at the CCSD(T) level are shown. The calculated trans-/cis-
isomerization energy in the anion is 0.18 é(tfans-/cis-anion)]
whereas for the neutral (non-hydrogen bond) it is 0.19 eV
[E(trans-/cis-neutral)]. Our calculations show that ifeneutral

is slightly more stable than the hydrogen-bonded cis-neutral,
suggesting that the hydrogen bond strength irctk&lO.CCH=
CHCOQ;, neutral E(H-bond-neutral)] is negligible. The similar
[E(trans-/cis-anion)] andg(trans-/cis-neutral)] energies and the
weak hydrogen bonding igissHO,CCH=CHCG; also con-
curred with our assumptions used in estimating the hydrogen
bond strength by the experimental TDE values. Taking the
energy difference between hydrogen maleate Hnah Figure

3, the calculated hydrogen bond strendf#H-bond-anion)] at
the CCSD(T)/aug-cc-pVTZ level is 0.93 eV (21.4 kcal/mol).
This value is close to a previous theoretical estimation (20.6
kcal/mol) using the same reference structiire.

Experimentally, the ADE difference between the trans- and
cis-isomer should give a very good value of the hydrogen bond
strength in the hydrogen maleate, given the fact that the trans-/
cis-isomerization energies are similar in the anion and neutral
and the hydrogen bond strength in neutral hydrogen maleate is
negligible. From the comparison between the TDEs and the

Figure 3. Estimation of hydrogen bond strength based on theoretical CCSD(T) predictions, we note that the TDE for the trans-isomer

calculations. The energies (eV) calculated at the CCSD(T)/aug-cc-pVTZ

+ ZPVE(B3LYP/aug-cc-pVTZ) level are shown. *Energy computed
at CCSD/aug-cc-pVTZ- ZPVE(B3LYP/aug-cc-pVTZ) level.

is very likely to represent the true ADE. However, the TDE for
the cis-isomer is higher than the CCSD(T) prediction.08
eV (Table 1), suggesting that the TDE is likely the upper limit

change between the anion and neutral ground states confirmedor the true ADE. The 0.08 eV difference between the CCSD(T)
our experimental observation of the broad photoelectron spectraprediction and the TDE for the cis-isomer represent one

in Figure 1.

The cis-orientation betweerCO,~ and —CO,H groups
favors the formation of intramolecular hydrogen bonding in both
the cisHO,CCH=CHCQ;,~ anion and its neutral. The intramo-
lecular CQ~++--HOOC distance ircisHO,CCH=CHCO," is
1.330 A at the B3LYP/aug-cc-pVTZ level. However, the
intramolecular distance is found to significantly increase by
~0.35 A to 1.674 A in theisHO,CCH=CHCO, neutral. The

vibrational quanta in the OCO bending mode. Thus, the true
ADE of the cis-isomer is likely to be 4.85 eV; i.e., the CCSD(T)

prediction for the ADE of the cis-isomer is very accurate, as is
the case for the trans-isomer. Using this estimated ADE for the
cis-isomer, we obtain an ADE difference between the trans-/
cis-isomer of 0.94 eV (21.6 kcal/mol), which is in excellent

agreement with the CCSD(T) prediction of the hydrogen bond
strength in hydrogen maleate (21.4 kcal/mol). Considering the

nature of a hydrogen bond is mostly dependent on the electronexperimental and theoretical results and accuracies, our best

densities of the donor and acceptor atoms. The acceptar {CO
in the cisHO,CCH=CHCQ;,~ anion is much more electron-
rich than the acceptor (Gin the neutral; thus theissHO,-
CCH=CHCQO,  anion is expected to form a much stronger

estimate for the LBHB in hydrogen maleate is 2£2.0 kcal/
mol, which is comparable to other strong hydrogen bond
strength formed between-aCO,H and —CO,~ group34-36
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