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Abstract

Bond dissociation energies for formic acid–halide ion clusters have been measured using energy-resolved collision-induced
dissociation in a flowing afterglow-tandem mass spectrometer. The resulting 0 K bond energies (in kJ mol21) are
D(HCOOH–X2) 5 114 6 9, 706 7, and 526 9 for X 5 Cl, Br, and I, respectively. The second bond energies are
D[(HCOOH)X2–HCOOH] 5 50 6 9, 436 7, and 456 9, respectively. These results are compared to empirical correla-
tions, semiempirical calculations, and previously determined values where available. (Int J Mass Spectrom 184 (1999)
183–189) © 1999 Elsevier Science B.V.
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1. Introduction

Understanding the complexation of individual sol-
vent molecules to ions is a key step in understanding
bulk ion solvation [1,2], nucleation phenomena [3,4],
and hydrogen bonding [5,6]. Because of this, the
energetics of binding a small number of solvent
molecules to ions in the gas phase have been exten-
sively studied [7,8]. The halide anions [9] and alkali
cations [10] are often used to explore periodic trends
of solvation because of their simple closed-shell
electronic structures and spherical symmetry. For
example, these ions were anchors for the Born Model
of bulk ion solvation [11] and variations on this model
[1,12]. Another advantage of the halides as a model
system is that, with the exception of fluoride, they are
very weak Arrhenius bases that do not abstract a

proton from the solvent unless the solvent is a strong
acid. Halide affinities also have applications in pre-
dicting the results of chemical ionization experiments
[13]. Several groups have studied the bonding of
halides to neutral compounds such as H2O [14],
CH3OH [15], alcohols [16,17], SO2 [18], and HF [19].

Hydrogen bonding involving carboxylic acids is of
particular biological importance, and formic acid is
the simplest carboxylic acid. Previous gas-phase stud-
ies by Kebarle and co-workers [20–22], Larson and
McMahon [23], and Meot-ner and Sieck [24] indicate
that formic acid can form strong hydrogen bonds with
anions. Łuczynski, Włodek, and Wincel [25] reported
remarkably strong bond energies for (HCOOH)yCl2

( y 5 2–5) clusters. However, bond energies for
(HCOOH)Br2 and most of the larger clusters are not
known. This study measures a complete set of solva-
tion energies for (HCOOH)yX

2 ( y 5 1 and 2) com-
plexes in order to clarify the periodic trends.

Fluoride complexes with formic acid are not inves-* Corresponding author. E-mail: sunder@niu.edu
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tigated in this work because HF is actually a weaker
acid than formic acid in the gas phase. Therefore, such
clusters are more appropriately viewed as
HCOO2–HF [26].

2. Experimental

The formic acid–halide cluster bond strengths
were measured using energy-resolved collision-in-
duced dissociation in a flowing afterglow-tandem
mass spectrometer (MS) [27]. The instrument consists
of an ion source region, a flow tube, and the tandem
MS. The dc discharge ion source used in these
experiments is typically set at 800 V with 0.5 mA of
emission current. The flow tube is a 92 cm3 7.3 cm
inner diameter (i.d.) stainless steel pipe that operates
at a buffer gas pressure of 0.4 Torr and flow rate of
200 standard cm3/s. The buffer gas is helium with up
to 5% argon added to stabilize the dc discharge.
Approximately 105 collisions with the buffer gas cool
the ions to room temperature.

To make the (HCOOH)yX
2 cluster ions for this

study, halide ions were first formed by adding appro-
priate precursors to the ion source. Formic acid was
then added further downstream in the flow tube.
Metastable (HCOOH)yX

2 complexes were cooled by
collisions with the buffer gas. Water was introduced
at the ionization source as a chaperone molecule to
improve the efficiency of clustering; this increased the
intensities of the desired ions by factors of up to 80
under optimized conditions. The halide precursors
used in the experiments were chloroform,n-bro-
mopropane, and iodine. These precursors were chosen
because they have convenient vapor pressures at room
temperature and do not lead to interferences at the ion
masses studied.

The tandem MS includes a quadrupole mass filter,
an octopole ion guide, a second quadrupole mass
filter, and a detector, which are contained in a stain-
less steel box that is partitioned into five interior
chambers. Differential pumping on the five chambers
ensures that further collisions of the ions with the
buffer gas are unlikely after ion extraction. During the
collision-induced dissociation (CID) experiments, the

ions are extracted from the flow tube and focused into
the first quadrupole (Q1) for mass selection. The
reactant ions from Q1 are then focused into the
octopole, which passes through a reaction cell that
contains argon as a collision gas. After the dissociated
and unreacted ions pass through the reaction cell, the
second quadrupole is used for mass analysis. The
detector is an electron multiplier operating in pulse-
counting mode.

In CID, the energy threshold for a reactant ion is
determined by modeling the intensity of the product
ions as a function of the reactant ion kinetic energy in
the center-of-mass (c.m.) frameEcm. The octopole is
used as a retarding field analyzer when the reactant
ion beam energy zero is measured. The ion kinetic
energy distribution is typically Gaussian with a full
width at half maximum of 0.6–1.2 eV (1 eV5 96.4
kJ mol21). The octopole offset voltage measured with
respect to the center of the Gaussian fit gives the
laboratory kinetic energyElab in eV. Truncation of the
ion beam at low offset energies is corrected for
[28a,b]. To convert to the c.m. frame, the equation
Ecm 5 Elabm/(m 1 M) is used, wherem andM are
the masses of the neutral and ionic reactants, respec-
tively.

All experiments involving chloride and bromide
were performed with Q1 at a sufficiently high reso-
lution to transmit only one isotopic peak. The35Cl,
37Cl, 79Br, 81Br, and 127I isotopes were all used for
different experiments. No differences between two
isotopes of the same element were observed. The final
mass filter was operated at low resolution in order to
improve ion collection efficiency.

The total cross section for a reactionstotal is
calculated using Eq. (1), whereI is the intensity of the
reactant ion beam,I0 is the intensity of the incoming
beam (I0 5 I 1 ¥I i), I i is the intensity of each
product ion,n is the number density of the collision
gas, andl is the effective collision length, 136 2 cm.
Individual product cross sectionss i are equal tostotal

(I i/¥I i).

I 5 I0 exp~2stotalnl ! (1)
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A threshold energy is derived by fitting the data to
a model function given in Eq. (2), wheres(E) is the
cross section for formation of the product ion at c.m.
energyE, ET is the desired threshold energy,s0 is the
scaling factor,n is an adjustable parameter, andi
denotes rovibrational states having energyEi and
populationgi (¥gi 5 1). Doppler broadening and the
kinetic energy distribution of the reactant ion are also
accounted for in the data analysis, which is done using
the CRUNCH program written by Armentrout and co-
workers [28].

s~E! 5 s0 O
i

gi~E 1 Ei 2 ET!n/E (2)

Many of the necessary vibrational frequencies are
not known, and high-levelab initio calculations on
the larger systems are not currently practical [29].
Therefore, to ensure consistency, vibrational frequen-
cies for all of the complexes were calculated using the
AM1 semiempirical method and thePC-SPARTAN soft-
ware package [30]. Bond enthalpies were also taken
from AM1 calculations performed usingPC-SPARTAN.
Rotational constants for these complexes are derived
from calculated geometries. The AM1 frequencies
compare well to the experimental frequencies [31] for
formic acid, with an average deviation of24 6 8%.
Uncertainties in the internal energy content were
estimated by multiplying the entire sets of frequencies
by 0.9 and 1.1; the resulting changes in internal
energies are only 1–2 kJ mol21.

In many cases, collisionally activated metastable
complexes can have sufficiently long lifetimes that
they do not dissociate on the experimental timescale
(;30 ms). This leads to a “kinetic shift” in the
observed threshold. The calculated effects for the
present systems are 0–1 kJ mol21 if it is assumed that
the dissociation transition state is implausibly tight (a
reactant-like transition state with an activation en-
tropy near zero). The calculated kinetic shift is even
lower if it is assumed that the transition state is very
loose (a product-like transition state with a positive
activation entropy). Thus, kinetic shifts are not sig-
nificant in the present experiments.

An ion not sufficiently energized by one collision
with the target gas may gain enough energy in a

second collision to be above the dissociation thresh-
old. This effect is eliminated by linear extrapolation
of the data taken at several pressures to a zero
pressure cross section before fitting the data [32a,b].

3. Results

In the flowing afterglow, the largest clusters de-
tected are (HCOOH)4Cl2, (HCOOH)2Br2, and
(HCOOH)2I

2. Under higher pressure conditions,
Łuczynski et al. [25] also observed (HCOOH)5Cl2.
No other studies have reported data on (HCOOH)yX

2

clusters withy . 1.
In the case of the (HCOOH)X2 complexes, the

loss of formic acid is observed as the only CID
product except for X5 Cl, where a small trace (less
than 1%) of HCOO2 is also seen. (HCOOH)2X

2

primarily loses a single formic acid molecule, but the
loss of two formic acid molecules is also seen at
higher energies. The reaction channels observed are
given in reactions (3)–(6), and appearance curves for
the CID products of the formic acid–halide com-
plexes studied are shown in Figs. 1–6.

(HCOOH)X23 HCOOH 1 X2 (3)

(HCOOH)Cl23 HCOO2 1 HCl (4)

(HCOOH)2X
23 HCOOH 1 (HCOOH)X2 (5)

Fig. 1. Cross section for collision-induced dissociation of
(HCOOH)Cl2 as a function of energy in the center-of-mass frame.
The solid line is the optimized fit to the data, and the dashed line is
the fit without internal energy effects or translational energy
broadening. See text for discussion of fitting procedures.
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(HCOOH)2X
23 2 HCOOH1 X2 (6)

The Eq. (2) fitting parameters for fits to the data are
given in Table 1, and the fits are shown in Figs. 1–6
as well. The dissociation thresholds correspond to the
bond energies at 0 K, since the effects of reactant and
product internal energy are included in the fitting
procedure. The reported uncertainties in the reaction
thresholds are derived from the standard deviation of
fits to individual data sets, the uncertainty in the
reactant internal energy, and the uncertainty in the
energy scale (60.15 eV lab).

The 0 K bond energies can be converted into 298
K bond enthalpies using the heat capacities of the

reactants and products. The heat capacities calculated
using the AM1 frequencies give 298 K bond enthal-
pies that are 2 kJ mol21 higher for the (HCOOH)X2

systems and 3 kJ mol21 lower for the (HCOOH)2X
2

systems. The sensitivity of these correction factors to
the calculated vibrational frequencies is estimated to
be 1 kJ mol21 by assuming a consistent 10% error in
all the frequencies in a molecule. The resulting
thermochemistry is listed in Table 2.

Fig. 2. Cross section for collision-induced dissociation of
(HCOOH)Br2 as a function of energy in the center-of-mass frame.
The solid line is the optimized fit to the data, and the dashed line is
the fit without internal energy effects or translational energy
broadening. See text for discussion of fitting procedures.

Fig. 3. Cross section for collision-induced dissociation of
(HCOOH)I2 as a function of energy in the center-of-mass frame.
The solid line is the optimized fit to the data, and the dashed line is
the fit without internal energy effects or translational energy
broadening. See text for discussion of fitting procedures.

Fig. 4. Cross section for collision-induced dissociation of
(HCOOH)2Cl2 as a function of energy in the center-of-mass frame.
The solid line is the optimized fit to the data, and the dashed line is
the fit without internal energy effects or translational energy
broadening. See text for discussion of fitting procedures.

Fig. 5. Cross section for collision-induced dissociation of
(HCOOH)2Br2 as a function of energy in the center-of-mass frame.
The solid line is the optimized fit to the data, and the dashed line is
the fit without internal energy effects or translational energy
broadening. See text for discussion of fitting procedures.
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4. Discussion

4.1. Comparison to previous work

The results from three previous studies of
(HCOOH)yX

2 systems are also given in Table 2. The
three values for D(HCOOH–Cl2) are in good agree-
ment. In contrast, the present value for D(HCOOH–
I2) is significantly lower than the previously reported
value. This issue is discussed further below.

The (HCOOH)2Cl2 bond strength has the largest
disparity. The previously reported bond strength is
even stronger than D(HCOOH–Cl2). The large cross
section and very low apparent threshold in the present
results are not consistent with this value. The higher
bond strength is also inconsistent with the correspond-
ing values for (HCOOH)2Br2 and (HCOOH)2I

2.
Łuczynski et al. also measured D[(HCOOH)2Cl2–
HCOOH] 5 93 6 11 kJ mol21. A small amount of

(HCOOH)3Cl2 is observed in the present experi-
ments. This suggests that the binding energy is around
40 kJ mol21, the binding energy of the weakest
clusters typically observed in room-temperature flow-
ing afterglow instruments. The cause of the discrep-
ancy between the two sets of (HCOOH)yCl2 thermo-
chemistry is not known.

4.2. Correlation with acidity

A correlation between anion–neutral hydrogen
bond strength and the gas-phase acidity of the neutral
has been previously noted [20,21,23,26]. This corre-
lation is better within groups of similar molecules,
and the previous work indicates that oxyacids includ-
ing water, alcohols, and carboxylic acids can be
considered together [21,23,33]. The new data are
consistent with the results expected from the correla-
tion. A linear regression fit to the iodine data suggests
that the correct value for D(HCOOH–I2) is between
the two experimental results.

4.3. Correlation with acidity and electronegativity

Larson and McMahon [34] extended the above
work by deriving an empirical relationship correlating
hydrogen bond strengths in YH–X2 systems to both
the acidities of the species involved, D(X2–H1) and

Table 2.
Bond dissociation energies for (HCOOH)yX

2 complexesa

X y

This
work
(0 K)

This
work
(298 K)

Literature
values

AM1
calcsf

Cl 1 1146 9 1166 9 1156 8b 92
107c

Cl 2 506 9 476 9 1436 13d 59
Br 1 706 7 726 7 83
Br 2 436 7 406 7 51
I 1 526 9 546 9 796 4e 72
I 2 456 9 426 9 42

aValues in kJ mol21.
b[21].
c[23].
d[25].
e[22].
fSee text.

Fig. 6. Cross section for collision-induced dissociation of
(HCOOH)2I

2 as a function of energy in the center-of-mass frame.
The solid line is the optimized fit to the data, and the dashed line is
the fit without internal energy effects or translational energy
broadening. See text for discussion of fitting procedures.

Table 1.
Fitting parameters for CID of (HCOOH)yX

2 a

X y ET(eV) n

Cl 1 1.186 0.10 1.36 0.2
Cl 2 0.526 0.09 1.56 0.3
Br 1 0.726 0.07 1.76 0.3
Br 2 0.446 0.07 1.46 0.3
I 1 0.546 0.09 1.66 0.2
I 2 0.476 0.10 1.26 0.2

aSee text for discussion of fitting parameters.
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D(Y2–H1), and the electronegativities of the hydro-
gen bonding atoms,x(X) and x(Y). This empirical
relationship was given as Eq. (7), where the units for
bond energies are kcal mol21.

D(YH–X2) 5 (443 2 D(Y2–H1))[(x(X)

1 x~Y!)/12 1 D~X2–H1!/300 2 1.4]

(7)
The average difference between experimental halide
affinities [17,35] for oxyacids and affinities predicted
using this method is 7.7 kJ mol21, indicating that Eq.
(7) should be appropriate for the present data. The
correlation predicts bond strengths of 104, 83, and 60
kJ mol21 for (HCOOH)X2, with X 5 Cl, Br, and I.
These predictions and the experimental results agree
within the expected uncertainties. Again, the pre-
dicted value for D(HCOOH–I2) lies between the two
experimental results.

4.4. AM1 calculations
AM1 semiempirical calculations are moderately

successful at reproducing hydrogen bond strengths
[36–38]. AM1 bond strengths are given in Table 2.
The calculated HCOOH–Cl2 bond strength is lower
than the experimental values by 15–24 kJ mol21. The
other results are in better agreement, with the calcu-
lated values typically higher than experiment. The
calculated value for (HCOOH)I2 lies between the two
experimental values. A comparison of AM1 and
experimental bond strengths for other oxyacids indi-
cates that AM1 calculated bond strengths are low by
an average of 11%.

While the (HCOOH)X2 bond strengths decline
from X 5 Cl to I, the three measured bond strengths
in (HCOOH)2X

2 are nearly equal. Although the
effect of varying X should decline with increasing
cluster size, the near lack of a trend is somewhat
surprising. The fitting parametern, which is related to
the efficiency of energy deposition upon collisional
activation, is expected to be nearly independent of X.
In the present data, the best fits for reaction (5) give
averagen values of 1.56 0.3, 1.46 0.3, and 1.26
0.2. Fitting data for all three (HCOOH)2X

2 molecules
with n fixed at 1.4 gives bond energies of 50, 40, and

36 kJ mol21 for X 5 Cl, Br, and I, respectively.
Thus, a declining trend in the bond strengths may be
hidden within the error limits of the individual mea-
surements.

4.5. HCOOH–I2

The two measurements for D(HCOOH–I2) differ
by 25 6 10 kJ mol21. The values for this bond
strength predicted by the two correlations and the
semiempirical calculations all come out between the
two experimental values. Thus, the actual value is
plausibly near 70 kJ mol21, approximately two stan-
dard deviations from both of the measurements.

The cis isomer of formic acid is higher in energy
than thetrans isomer by 16 kJ mol21 [39]. Based on
electrostatic calculations, Caldwell and Kebarle pre-
dicted that the formic acid–halide clusters have acis
geometry, which would enable the C–H and CAO
dipoles to align favorably with the negatively charged
halide [22]. This prediction is borne out in the AM1
calculations, where thecis isomers of (HCOOH)X2

are lower in energy by 13, 9, and 7 kJ mol21 for X 5
Cl, Br, and I. It is possible that these additional
interactions could make the formic acid–anion bonds
stronger than predicted by the empirical correlations.
However, the calculated Mulliken and electrostatic
charges on the atoms in these clusters indicate that the
C–H dipole is negligible, suggesting that thecis
geometry is dictated more by avoiding a repulsive
interaction with the CAO dipole.
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