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ABSTRACT: The applicability of the extended kinetic method (EKM)
to determine the gas phase acidities (GA) of different deprotonable
groups within the same molecule was tested by measuring the acidities of
cinnamic, coumaric, and caffeic acids. These molecules differ not only in
the number of acidic groups but in their nature, intramolecular distances,
and calculated GAs. In order to determine independently the GA of
groups within the same molecule using the EKM, it is necessary to
selectively prepare pure forms of the hydrogen-bound heterodimer. In
this work, the selectivity was achieved by the use of solvents of different vapor pressure (water and acetonitrile), as well as by
variation of the drying temperature in the ESI source, which affected the production of heterodimers with different solvation
energies and gas-phase dissociation energies. A particularly surprising finding is that the calculated solvation enthalpies of water
and the aprotic acetonitrile are essentially identical, and that the different gas-phase products generated are apparently the result
of their different vapor pressures, which affects the drying mechanism. This approach for the selective preparation of
heterodimers, which is based on the energetics, appears to be quite general and should prove useful for other studies that require
the selective production of heterodimers in ESI sources. The experimental results were supported by density functional theory
(DFT) calculations of both gas-phase and solvated species. The experimental thermochemical parameters (deprotonation ΔG,
ΔH, and ΔS) are in good agreement with the calculated values for the monofunctional cinnamic acid, as well as the
multifunctional coumaric and caffeic acids. The measured GA for cinnamic acid is 334.5 ± 2.0 kcal/mol. The measured acidities
for the COOH and OH groups of coumaric and caffeic acids are 332.7 ± 2.0, 318.7 ± 2.1, 332.2 ± 2.0, and 317.3 ± 2.2 kcal/mol,
respectively.

■ INTRODUCTION
The developments of electrospray ionization (ESI) and matrix
assisted laser desorption ionization (MALDI), which generate
ions directly from condensed phase samples, have revolu-
tionized mass spectrometry by overcoming one of its main
limitations: the dependence on the volatility of the samples. As
a result, important thermally labile biological species such as
amino acids and peptides can now be routinely investigated by
mass spectrometry. On the other hand, the usual method-
ologies established for the study of thermochemical properties
by mass spectrometry use ion−molecule reactions for which
the presence of neutral species is necessary. Among these are
the equilibrium method,1−10 the kinetic bracketing techni-
que,11−18 and the Bouchoux thermokinetic approach,19−21 all of
which require volatile neutral reaction partners.
The kinetic method (KM) developed by Cooks et al. in

197722,23 greatly expanded the range of systems that can be
investigated by eliminating the need for a neutral reaction
partner. Moreover, the KM is conceptually simple, easy to use,
reproducible, not affected by the presence of contaminants, and
can be applied to determine various thermochemical properties
such as gas-phase basicities (GBs), gas-phase acidities (GAs), or
metal salt affinities. Finally, it does not depend on knowing the
pressure inside of the instrument. Briefly, the KM is based on

the rates of competitive dissociation of mass-selected cluster
ions formed between a sample and a reference of known
thermochemical properties. For instance, if the GA of the AH
molecule is of interest, one can generate a hydrogen bridged
cluster anion between it and a reference acid, RrefH, whose GA
is known (see Scheme 1).

Under appropriate conditions, these rates can yield
quantitative thermochemical information relative to the
reference. During the last 30 years, the method has been
revised and improved by the contribution of many groups
including Fenselau,24,25 Wesdemiotis,26−28 Armentrout,29−31

and Ervin.32 As a result, the KM has become one of the most
frequently used experimental approaches for measuring
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thermochemical parameters by mass spectrometry,33−36 and its
use has been expanded to include the study of enantiomeric
analysis of optically active compounds.37,38

As the use of electrospray and the kinetic method has
expanded to include larger molecules with multiple functional
groups,39,40 important questions have been raised about the
location of protonation and the binding of other acids. Is the
binding site determined by kinetics or by thermochemistry? If
binding takes place at the thermochemically most favorable site,
are the relevant energetics established by the solvent phase or
the gas phase,41 or indeed somewhere in between? As has been
known for many years,42 and recently emphasized by Joyce and
Richards,43 solvation energies can invert the stabilities relative
to the gas phase. Furthermore, it is commonly assumed that
replacing water with an aprotic solvent such as acetonitrile
results in an anion that most “likely adopts its gas-phase
structure”.44 Indeed, Kass et al.45−47 and Steill and Oomens44

have successfully taken advantage of solvent effects to generate
different gas-phase deprotonated and protonated ions of
bifunctional molecules such as hydroxybenzoic and amino-
benzoic acids. In the case of hydroxybenzoic acid, the site of
deprotonation was monitored by photoelectron spectroscopy.46

However, the results appeared to depend on the type of ESI
source used in that one favored the production of gas-phase
carboxylate ions while the other source showed no preference.
In response to this study, Steill and Oomens44 used an ESI
source coupled to an IR study, and found that acetonitrile
solvent favored the gas-phase production of the phenoxy ions,
which is more consistent with the idea that acetonitrile solvents
favor the lower energy gas-phase isomer. From these results, it
is clear that the mechanism for the selectivity is not understood.
One problem with both of these studies is that they look only at
the gas-phase structures and try to infer what is happening in
solution. In order to learn the effect of solvent on the solution
phase species directly, Schroeder et al.48 studied the solution
phase NMR of p-hydroxybenzoic acid and its deprotonation
site, and showed that deprotonation at the COOH site is
somewhat preferred with both water and acetonitrile solvents.
In this study, we explore the use of the kinetic method to

determine the GAs of different sites in multifunctional acids,
and in the process lend further insight into the desolvation
mechanism in ESI. If a molecule, HABH, has two acidic sites,
the reference acid, RrefH, can be attached on either site, yielding
a mixture of isomeric heterodimers. Upon collision with a gas,
the two heterodimers dissociate (Scheme 2) to three different
product anions, two of which, HAB− and ABH−, have different
structures but equal mass.

For this study, we have chosen three related carboxylic acids:
trans-cinnamic acid, p-coumaric acid, and caffeic acid, the latter
two having also hydroxyl groups (Figure 1). Hydroxycinnamic
acids are natural compounds found in several biological sources
mostly in the plant kingdom either as esters of organic acids or
glycosides, bound to proteins or as free acids.
A number of years ago, Hoke and co-workers49 reported on

the application of the KM to such bifunctional systems. In that

study of methyl phenol, they obtained a two-slope plot which
was assigned to the formation of two different isomeric clusters,
from which they obtained the proton affinities of the o-
hydroxybenzyl and its isomer, o-methylphenoxyl radicals.
However, this study did not look critically at the implications
of their two-slope plot. The authors assumed that each trend
line corresponds to the dissociation of one specific isomeric
heterodimer, not a mixture of the two possible clusters. Since
then, a few other groups have investigated bifunctional ions
using the kinetic method, with mixed results. Bouchoux et al.50

investigated a number of open chain bifunctional molecules and
obtained inconsistent proton affinities that could not be
correlated with calculated values. They concluded that the
use of the kinetic method for “bidentate molecules is not
optimistic”. More recently, Fournier et al.51 investigated a series
of amino acids, and found two slopes in their extended KM
plots for some of the samples. They were attributed to the
presence of zwitterion structures which dissociated differently
at higher collision energies, an effect that is very different from
the two-slope features in the earlier Hoke et al. study.
In the present study of the coumaric and caffeic acids, we

have found that the problem presented by multifunctional
groups is somewhat more complex and conclude that only by a
careful control of the experimental conditions is it possible to
generate proton bound heterodimers exclusively formed by one
isomeric form, and thus to extract reliable thermodynamic
properties of the individual functional groups.

■ EXPERIMENTAL SECTION
Materials and Instrumentation. Cinnamic, coumaric, and caffeic

acid as well as the reference acids (shown in Table S1 of the
Supporting Information) were obtained from Sigma-Aldrich and Alfa
Aesar and used without further purification. The reference acids were
chosen on the basis of their similar GA52 to that calculated for the
hydroxycinnamic acids and, when possible, based also on their
structural similarity.

The experiments were performed on a triple quadrupole mass
spectrometer Agilent/Varian 320 equipped with an electrospray
ionization (ESI) source. Approximately 5 × 10−5 M hydroxycinnamic
acid and the desired reference acid were mixed in a 1:1 mass ratio. The
solutions were directly infused into the ESI ionization source in the
negative mode at flow rates of 10 μL/min. The temperature of the
drying gas and the solvents were chosen in order to promote the
formation of specific proton bound heterodimeric anions.

The cluster anions were isolated in the first quadrupole, underwent
collision induced dissociation (CID) in the second quadrupole, and
the resulting fragments analyzed in the third quadrupole. CID
experiments were performed using argon as a collision gas (0.2
mbar) at various ion kinetic energies in the collision cell. The center of
mass energy (Ecm) was calculated as Ecm = Elab[m/(M + m)], where
Elab is the ion kinetic energy in the laboratory frame, m is the mass of
the collision gas, and M is the mass of the heterodimeric anion. The
final product ion abundances are based on the average of 500
measurements obtained over several days.

Extended Kinetic Method. The GA is defined as the Gibbs free-
energy change (ΔaG) of the deprotonation reaction generally at
298.15 K (eq 1). The deprotonation enthalpy (ΔaH) and

Scheme 2

Figure 1. Compounds investigated in this study.
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deprotonation entropy (ΔaS) are the enthalpy and entropy changes of
the same reaction.

→ +− +AH A H (1)

The determination of the GA by the KM starts with the formation
of proton-bound heterodimer anions between the sample and a series
of reference acids of known GA. The heterodimer is fragmented by
collision induced dissociation (CID) to yield the corresponding
monomeric anions of the sample (A−) and the reference (Rref

−). If
secondary fragmentation is negligible, the abundance ratio of these
fragment ions is equal to the ratio of the two dissociation rate
constants, k and kref (Scheme 1).
With the assumption that there are no reverse activation barriers,

the GAs of the sample and the reference are related by the second
equality in eq 2, where R is the universal gas constant and Teff is the
effective temperature of the activated system.32 In the extended kinetic
method (EKM), the free energy (ΔG) is replaced by its definition in
terms of the enthalpy and entropy of the reactions (third equality in eq
2), and it is recognized that both ΔH and ΔS can be determined by
varying the Teff. In eq 2, Δ(ΔS) = ΔaS − ΔaSref.
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In an effort to avoid the correlation in errors between the enthalpy
and entropy differences, Armentrout29 suggested converting eq 2 into
eq 3, so that the plot can be constructed with the reference enthalpy
relative to the average enthalpies of the reference acids.
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We now have three unknowns in eq 3, ΔaH, RTeff, and Δ(ΔS). These
quantities are then obtained from two sets of thermo-kinetic plots
based on eq 3. The first set is the linear plot of ln([A−]/[R−]) against
(ΔaHref − ΔaHavg) using data collected at a series of different collision
energies. The resulting plots give a series of straight lines with a slope
of 1/RTeff and a y-intercept of −[(ΔaH − ΔaHavg)/RTeff − Δ(ΔS)/R].
In the second thermo-kinetic plot, the values of the intercepts obtained
in the first graph are plotted against their corresponding slopes. The
new linear regression line will yield ΔaH − ΔaHavg from the slope and
Δ(ΔS)/R from the intercept. ΔaH can then be obtained from that
slope because ΔaHavg is known. If the references have similar
deprotonation entropies, the term ΔaSref can be substituted for the
average deprotonation entropy of the references, ΔaSavg, so that ΔaS is
obtained. Finally, the GA of the sample can be derived by eq 4, where
T = 298.15 K.

Δ = Δ − ΔG H T S( )a a a (4)

■ COMPUTATIONAL DETAILS
Standard DFT calculations on the various systems under study
were performed with the Gaussian 09 suite of programs.53 The
geometries in the ground state of the neutral and anionic gas-
phase species, including all the low energy conformers, were
calculated by use the Becke 3-parameter and Lee−Yang−Parr
(B3LYP) functional54,55 with the 6-311++G(d,p) basis set
without symmetry restrictions. Harmonic vibrational frequen-
cies were also obtained at the same level to verify that the
derived structures correspond to local minima of the potential

energy surface. GA values of each compound and group were
computed as the thermal population weighted average of the
thermochemical quantities of the various low energy con-
formers. Examples of various conformers of cinnamic,
coumaric, and caffeic acid are shown in Figure S1 of the
Supporting Information. This shows that cinnamic acid has two
low lying conformers that differ in their enthalpies by 0.6 kcal/
mol. Coumaric acid has four conformers, the three higher lying
conformers having energies 0.1, 0.6, and 0.6 kcal/mol above the
most stable form. The thermally weighted deprotonation
entropies were obtained from ΔaS = ∑1

N xi(S)i − R∑1
N xi ln xi,

where xi are the mole fractions of the various conformers. The
heterodimer structures for coumaric and caffeic acids with
benzoic acid are shown in Figure S2 in the Supporting
Information.
The ESI source contains solvated species which are

important in understanding the experimental observations.
The heterodimer stability and dissociation energetics were thus
calculated both in the gas phase and in water using the
polarizable continuum model56 for the two possible isomers of
the coumaric−benzoic acid as well as caffeic−benzoic acid
anionic clusters. In order to ensure that the solvated structures
were true minima, harmonic vibrational frequencies were
obtained.

■ RESULTS
The Simple Kinetic Method Analysis of a Bifunctional

Molecule. The first experiment was to test the applicability of
the simple KM for measuring the GA of the bifunctional
coumaric acid. The natural logarithms of the branching ratios
ln([A−]/[Rref

−]) were plotted against the GA of the reference
compounds 2-chlorophenol, phenylacetic acid, benzoic acid, 2-
toluic acid, 4-hydroxy-benzoic acid, 2-cyano-phenol, 3-trifluor-
ometyl-benzoic acid, 4-nitro-5-methylphenol, and 4-nitro-
phenol (Figure 2). The GAs for the reference acids were

taken from the NIST52 compilation and have been included in
Table S1 (Supporting Information). As in the study of Hoke et
al.,49 a two-slope pattern was obtained, which looks as though
the heterodimer produced with the low GA reference acids
(321−329 kcal/mol) has the reference acid attached at the
hydroxyl group, whereas the high GA reference acids (333−337
kcal/mol) have the reference acid attached at the carboxylic
group. If this were the case, one could extract the two GAs of
the coumaric acid from the two intercepts, as indeed was the
conclusion of Hoke et al.49

Figure 2. CID (Ecm = 1.5 eV) natural logarithm of the branching ratios
against the GA of the references for coumaric acid. The experiments
were performed with 1:1 water/acetonitrile solvent and a drying gas
temperature of 180 °C.
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However, this interpretation of Figure 2 violates the
equilibrium principle because a mixture of the reference acid
with the bifunctional coumaric acid must generate a mixture of
the two heterodimers, [Rref·H·ABH]

− and [HAB·H·Rref]
−, in a

proportion determined by their thermodynamic stability, i.e.,
the ΔG. Even if the barrier between the two forms is large, one
would expect to produce both heterodimers, which, once
formed, would not interconvert.
Nevertheless, it is interesting to proceed in the manner of

Hoke et al.49 to determine the GA from the two lines. In Figure
2, the x-intercept of the linear regression of the slopes can be
used to obtain an approximate value of the GAs for both
groups, which are 325.6 and 331.2 kcal/mol for the hydroxyl
and carboxyl groups, respectively. A comparison of them with
the computational results (Table 1) shows that the apparent
GA of the hydroxyl group is less acidic than the expected value,
while the carboxyl group is more acidic. The difference between
the GAs of the two sites is only 5.6 kcal/mol compared to the
expected 13.6 kcal/mol. This large difference confirms that
these data are not what they appear to be. Moreover, the much
smaller GA difference between groups from the expected values
indicates the presence of the two isomeric heterodimers in both
trend lines.
Variation of the Heterodimer Population with the

Experimental Conditions. The presence of a mixture of
hydrogen bound clusters in the heterodimer population clearly
undermines the GA measurement of each group separately. In
order to obtain a reliable value, it will be necessary to eliminate
or at least minimize the presence of mixed clusters in the
heterodimer population. For that purpose, we investigated the
effect on the heterodimer population of both temperature and
solvent in the ESI source.
Effect of Drying Temperature on Heterodimer Population.

The experiments in Figure 2 were carried out with the ESI
drying gas at a temperature of 180 °C at which the heterodimer
signal was maximized. However, as we explore the ratio of CID
products for a particular heterodimer (p-coumaric with benzoic
acid) with temperature from 120 to 290 °C, we noticed a
marked variation in the product ratio, as shown in Figure 3. If
we were dealing with a single heterodimer structure, there
would be no dependence of this ratio on the temperature.
The variation observed with the temperature must be the

result of a change in the heterodimer structure population. In
particular, the results show that at high temperature, where the
ratio of A− to Rref

− goes to 1, we conclude that the benzoic acid
is bonded exclusively to the carboxylic acid group because this
structure can dissociate with nearly equal probability to either
the benzoate anion or the coumaric anion at the acid end, the

two groups that have nearly identical GAs. That is, we
calculated the COOH end of coumaric acid to have GA = 333.5
kcal/mol (Table 1), while a similar calculation for benzoic acid
yielded 331.4 kcal/mol. The latter value can be compared to
the experimental value of 333.0 kcal/mol (Table S1, Supporting
Information). However, why should the structure of the
heterodimer depend upon the drying conditions in the source?
What certainly changes with the drying temperature is the
thermal energy content of the solvated heterodimer.
The importance of the solvation energy in the ESI efficiency

has been pointed out by several groups.57−59 At low
temperatures, the drying effect (solvent evaporation) is less
efficient, but the desolvated heterodimers are more stable with
respect to dissociation. As the temperature is increased, the
increased thermal energy of the heterodimer increases the
drying efficiency but also results in the dissociation of the
heterodimer. There is thus an optimum temperature where the
two effects, drying efficiency and vapor phase dimer
dissociation, are balanced to generate a high yield of desolvated
heterodimers.
In order to shed light on the results of Figure 3, we calculated

the enthalpies of formation (Table 2) of all the species involved
in the electrospray process of heterodimer formation,
evaporation, and dissociation for the case of coumaric and
benzoic acids (BA). In Figure 4, the calculated enthalpies of the
two coumaric−benzoic acid heterodimers, in water, acetonitrile,
as well as in the gas phase, are shown. Corresponding
calculations for the caffeic and benzoic acid system yielded
binding and solvation energies that were within 2 kcal/mol of
those in Figure 4. Thus, we can take Figure 4 as representative
of all the systems investigated here.

Table 1. Experimental and DFT-Calculated GAs (ΔaG), Deprotonation Enthalpies (ΔaH), and Entropies (ΔaS) of
Hydroxycinnamic Acids

ΔaG
a (GA, kcal/mol) ΔaH (kcal/mol) ΔaS (cal/mol·K)

compound/group exp.b calc.c exp.b calc.c exp.b calc.c

cinnamic acid 334.5 ± 2.0 332.4 341.3 ± 2.0 340.3 23.0 ± 2.0 26.5
coumaric acid/−COOH 332.7 ± 2.0 333.5 339.1 ± 2.0 341.8 21.5 ± 2.0 27.9
coumaric acid/−OH 318.3 ± 2.1 319.9 324.2 ± 2.1 326.6 20.0 ± 2.0 22.7
caffeic acid/−COOH 332.2 ± 2.0 332.8 339.1 ± 2.0 340.7 23.3 ± 2.0 26.6
caffeic acid/−OH 317.3 ± 2.2 318.3d 323.3 ± 2.2 324.5d 20.4 ± 2.0 20.6d

312.5e 318.8e 20.6e

aDetermined using the expression ΔaG = ΔaH − TΔaS, with T = 298.15 K. bThis work. cCalculated at the B3LYP/6-311++G(d,p) levels of theory,
taking into account the contribution of populations of neutral and protonated conformers. dDeprotonation at the m-OH position. eDeprotonation at
the p-OH position.

Figure 3. CID (Ecm = 1.5 eV) natural logarithm of the branching ratio
variation with the drying gas temperature for the coumaric acid−
benzoic acid heterodimer using a 1:1 mixture of water and acetonitrile
as the solvent.
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These results show a large difference in the solvation
enthalpies of the two heterodimers: 47.1 kcal/mol when the
benzoic acid is attached to the OH group, [O−H−BA]−, and
57.5 kcal/mol when it is attached at the acid group, [COO−
H−BA]−. This is true for both water and acetonitrile as
solvents. Schröder et al.48 recently reported a similar pattern for
the free energies of the p-hydroxybenzoic acid anions in water
and acetonitrile, although, in that case, the carboxylate anion
was about 2.5 kcal/mol more stable than the phenoxide ion.
Although acetonitrile is aprotic, it does have a large dipole
moment of 3.92 D, compared to 1.85 for water and thus is a
good solvent for polar molecules.62 Thus, for either solvent, the
OH−benzoic acid heterodimer needs about 10 kcal/mol less
energy to be desolvated than the COOH−benzoic cluster.
Hence, at low drying gas temperatures, only the OH−benzoic
acid clusters will be converted effectively to the gas phase, while
the [COO−H−BA]− heterodimer will remain at least partially
solvated. Apparently, according to Figure 3, at temperatures
below 150 °C, only the [O−H−BA]− heterodimer anion is
fully desolvated. However, as the drying gas temperature
increases, more of the solvated COOH−benzoic acid
population has enough energy to move to the gas phase, and
as a consequence, the ratio of the products after the CID
(Figure 3) starts to decrease.
At still higher temperatures, the total intensity of the

heterodimer signal begins to decrease. We propose that this is
due to the increased internal energy which causes the gas-phase
heterodimers to dissociate. It is evident from Figure 4 that the

binding energy for the [O−H−BA]− heterodimer is about 15
kcal/mol less (via the O− + BA dissociation channel) so that
this heterodimer is preferentially lost more than the [COO−
H−BA]− heterodimer. When we reach 250 °C, the ratio of the
CID products stabilizes, which we propose is the temperature
above which all of the [O−H−BA]− has dissociated in the gas
phase, and the only gas-phase heterodimer remaining is the
more stable [COO−H−BA]− heterodimer. As pointed out
before, the equal BA− and COO− signals (ln[COO−]/[BA−] =
0) imply that the GAs of the two dissociation channels are
equal, as is evident by the similar enthalpies in Figure 4. It is
interesting that these two features are a property primarily of
the carboxylic acid and OH groups of the coumaric and caffeic
acids, because similar energy diagrams are obtained with other
reference acids.
In support of the above interpretation, we show in Figure 5

the percent heterodimer population remaining after CID as a

function of the drying gas temperature. The increase suggests
that, at high drying gas temperature, the heterodimer ion is
more stable, and less subject to dissociation. This is perfectly
explained by the energy diagram in Figure 4.
At low drying temperatures, where only the [O−H−BA]− is

desolvated, 70% of the heterodimers are dissociated by the CID
process and 30% remain stable as dimers. However, as the
temperature is increased, we obtain a mixture of heterodimers,
which now includes the more stable [COO−H−BA]−
heterodimer, which results in the increased fraction of stable
heterodimers. By the time we reach 240 °C, only the [COO−
H−BA]− heterodimer remains (the OH bound dimer having
been removed prior to CID by the thermal decomposition),
and the fraction of heterodimers remaining after CID levels off
at 80%.

Table 2. Gas-Phase Heats of Formation and Solvation Enthalpies of Benzoic and Coumaric Acids and Their Heterodimers

compound ΔfH
0
m(g) (kcal/mol) ΔsolvH(H2O)

a (kcal/mol) ΔsolvH(ACN)
a (kcal/mol)

benzoic acid (BA) −70.3 ± 0.5b 5.1 5.0
deprotonaed benzoic acid (BA−) −97.2 ± 2.4c 60.3 59.2
coumaric acid −97.5 ± 1.1d 9.1 8.9
[Coum/COO]− −125.3 ± 2.3c,e 65.2 64.0
[Coum/O]− −140.5 ± 2.3c,f 49.6 48.7
heterodimer [Coum/COO−H−BA]− −218.4g 58.5 57.2
heterodimer [Coum/O−H−BA]− −229.5h 47.1 46.2

aObtained at the B3LYP/6-311++G(d,p) level. bTaken from Pedley.60 cObtained from the equation AH → A− + H+, with ΔaH = 340.1 ± 2.0 kcal/
mol (NIST). dObtained from Dav́alos et al.61 eWith ΔaH = 339.1 ± 2.0 kcal/mol (our work). fWith ΔaH = 324.2 ± 2.1 kcal/mol (our work).
gAverage value estimated using isodesmic reactions: [Coum/COO−H−BA]− → Coumaric + BA− (or [Coum/COO]− + BA). hAverage value
estimated using isodesmic reactions: [Coum/O−H−BA]− → Coumaric + BA− (or [Coum/O]− + BA−).

Figure 4. Calculated [B3LYP/6-311++G(d,p)] energetic profile of the
coumaric−benzoic acid heterodimers in water, acetonitrile, and in the
gas phase at 298.15 K. [O−H−BA]− corresponds to the anionic
cluster bound to the hydroxyl group of the p-coumaric acid, while
[COO−H−BA]− corresponds to the heterodimer formed through the
carboxylic group. The dissociation products are as follows: COUM,
coumaric acid; O−, coumaric acid hydroxide anion; COO−, coumaric
acid carboxylate anion; BA, benzoic acid; BA−, benzoic acid anion. The
dashed curves are suggested enthalpies of partially solvated clusters.

Figure 5. Heterodimer abundance variation (in normalized intensity)
after CID (Ecm = 1.5 eV) against the drying gas temperature for the
coumaric acid−benzoic acid heterodimer.
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The temperature effect was tested for every reference acid in
this study. For both coumaric and caffeic acid heterodimers, the
increase in the temperature shifts the abundance ratio to lower
values and therefore to the carboxyl bound subpopulation.
Although the quantitative details in Figure 4 vary somewhat
from one reference acid to another, the two major qualitative
features (the higher solvation energy for the acid bound
heterodimer and the lower gas-phase dissociation energy of the
OH bound heterodimer) remain the same. No variation was
observed when the sample was cinnamic acid with only one
deprotonation site.
Effect of Solvent on Heterodimer Population. Because the

solvation energy is proposed to play such an important role in
these experiments (as also reported by others in recent
publications44−46,48), varying of the solvent should result in
predictable changes, as is indeed observed. Figure 6 shows the

evolution of the branching ratios with the energy (Ecm) for the
heterodimers between coumaric acid and p-nitrophenol in
either water or acetonitrile. Measurements with other aprotic
and nonpolar solvents yielded results that were very similar to
those with acetonitrile. In addition and as expected, no
variations in the branching ratios with the solvent were
observed in the monofunctional cinnamic acid experiments.
These experiments were carried out at a temperature of 180 °C,
where the signal was optimized.
The data in Figure 6 show two effects. First, the coumaric

acid signal (COUM− = sum of O− and COO−) is less with
water as the solvent than with acetonitrile. Second, the
COUM− signal decreases with increasing CID kinetic energy.
All previous data presented so far in Figures 2, 3, and 5 were
collected at Ecm = 1.5 eV. At this energy, the relative [COUM−/
Aref

−] signal is nearly 5 times greater in acetonitrile than in
water. To explain this, we can use the energy diagram in Figure
4, which is qualitatively similar for benzoic acid and p-
nitrophenol as reference acids. As already pointed out, the
calculated solvation energies in water and acetonitrile are nearly
identical so that the different observed properties exhibited in
Figure 6 are not a result of the solvation energies. As already
mentioned, the same conclusion was reported by Schroeder et
al.48 on the basis of a pH dependent NMR study of p-
hydroxybenzoic acid in deuterated water as well as acetonitrile.
This finding was in accord with their DFT solvation calculation,
which showed that the solvation energies of these acids are
similar in water and acetonitrile. However, no one has offered
an explanation. Why is the vapor phase [O−H−BA]−
heterodimer preferred when using the acetonitrile solvent?
The main difference between these two solvents is their vapor
pressure. Acetonitrile boils at about 80 °C, so that its vapor
pressure is considerably less than that of water. Thus, at a given

temperature, the acetonitrile solvent should vaporize more
readily than the water solvated dimers. That is, switching from
water to ACN should be equivalent to lowering the drying
temperature, which we have already shown to favor the
desolvated [O−H−BA]− structure.
The second feature in Figure 6 is the decreasing [COUM−/

Rref
−] ratio with increasing Ecm. This is explained most simply

by the Le Chatelier principle, which states that, as the system
energy is increased, the endothermic channel (COUM + Rref

−)
will be preferred. In the limit of very high energy, the enthalpy
differences will become unimportant, and only the entropy will
determine the final branching ratios.

Extended Kinetic Method Analysis. trans-Cinnamic
Acid. Four compounds with GAs ranging from 337.1 to
332.3 kcal/mol (see Table S1 in the Supporting Information)
were chosen as references: benzoic acid, phenylacetic acid, 3-
toluic acid, and 2-chlorophenol. The CID branching ratios of
the product ions were recorded at eight collision energies
(Ecm), from 0.25 to 2 eV. As a result of the lability of the
carboxyl linkage, secondary fragmentation becomes apparent in
the spectra at collision energies in excess of 2 eV. The natural
logarithms of the branching ratios, ln([A−]/[Rref

−]), were
plotted against the values of ΔaHref − ΔaHavg (Figure 7).
Linear regression with a least-squares fit of the data points at

each collision energy yields a straight line with the slope 1/RTeff
and the y-intercept of −[(ΔaH − ΔaHavg)/RTeff − Δ(ΔS)/R].
For each data point, the uncertainty in the x-axis was the
average error of ΔaHref for the corresponding reference acids
(Table S1 in the Supporting Information), while the error for
the y-axis values was taken as 0.05.
The ΔaH of the cinnamic acid was obtained from the second

set of thermo-kinetic plots. The values of the y-intercepts
obtained in the first plot were plotted against its corresponding
slopes (Figure 7.). The linear regression with a least-squares fit
of the data points gives a straight line with a slope of ΔaH −
ΔaHavg and an intercept of −Δ(ΔS)/R (Tables S2 and S3,
Supporting Information).
As suggested by Armentrout,29 the uncertainties of the first

thermo-kinetic plot were included in the second one. Our
experimentally measured ΔaH, ΔaS, and ΔaG (GA) for
cinnamic acid were thus obtained from the ΔaHavg, ΔaSavg,
and their uncertainties, and are shown as the experimental
values in Table 1. The resulting slopes (m), intercepts (b),
effective temperatures (Teff), as well as the resulting
uncertainties are summarized in Tables S2 and S3 (Supporting
Information).

Isomer Selected Coumaric and Caffeic Acids. We have
established that we can prepare the heterodimer of the
bifunctional p-coumaric and caffeic acids exclusively bound to
the carboxylic acid, and that we can vary the conditions to
strongly favor the OH bound dimer. We can thus use these
conditions to determine the GA for both sites. Four
compounds with GAs ranging from 334.3 to 332.9 kcal/mol
were chosen as references for measuring the carboxyl groups of
both hydroxycinnamic acids: phenylacetic acid, 3-toluic acid,
benzoic acid, and 4-tert-butyl benzoic acid (GAs listed in Table
S1, Supporting Information). As described previously, the
experiments were performed using water as the ESI solvent and
adjusting the temperature of the drying gas to high values
(≈250 °C). The results were analyzed in the same manner as
for cinnamic acid and are shown in Figure 7. The final derived
thermochemical results are summarized in Table 1.

Figure 6. Natural logarithm of the branching ratio at different CID
energies for p-coumaric acid with p-nitrophenol as a reference at 180
°C, using water (circles) or acetonitrile (squares) as a solvent.

Journal of the American Chemical Society Article

dx.doi.org/10.1021/ja400571r | J. Am. Chem. Soc. 2013, 135, 9681−96909686



The acidites of the hydroxyl groups were measured using
four reference acids with GAs ranging from 322.6 to 317.8 kcal/

mol (4-nitro-5-methylphenol, 4-nitrobenzoic acid, 4-nitro-
phenol, and 2-hydroxy-benzoic acidsee Table S1, Supporting

Figure 7. First and second sets of thermokinetic plots for the monofunctional cinnamic acid, the OH and COOH groups of coumaric acid, and the
OH and COOH groups of caffeic acid, using data from selected organic acids.
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Information) for coumaric acid and four reference acids with
GAs ranging from 320.9 to 316.6 kcal/mol (4-nitrophenol,
penta-fluorophenol, 2-hydroxy-benzoic acid, and penta-fluo-
robenzoic acidsee Table S1, Supporting Information) for
caffeic acid. The experiments were performed using pure
acetonitrile as solvent and adjusting the temperature of the
drying gas to low values (≈25 °C) in order to maximize
binding at the hydroxyl groups. The results are plotted in
Figure 7.
The derived experimental thermochemical values are listed in

Table 1. The comparison between the experimental and
calculated thermochemical properties demonstrates excellent
agreement in the case of coumaric acid at the COOH and OH
sites as well as for caffeic acid at the COOH site. In the case of
the caffeic acid, there are two adjacent OH sites which have
different calculated acidities. On the basis of the agreement
between the measured and calculated acidities, it appears that
the reference acids are binding the OH group at the meta
position. On the other hand, the difference in the GAs of these
two sites is not so great to permit us to state this with much
confidence; hence, we assumed an average group behavior for
the hydroxyl moiety of the caffeic acid.

■ DISCUSSION
This detailed investigation of multifunctional heterodimers has
led us to the development of general experimental approaches
for selecting individual gas-phase heterodimers. These results
have shown that, by lowering the drying temperature in the ESI
source, we can direct the process to generate exclusively the
OH bound heterodimer, which has the lowest solvation energy.
In a related approach, by replacing the water solvent with the
lower boiling acetonitrile, we again favor the production of the
solvated OH bound heterodimer because the solvent is more
easily removed at a given temperature. We can preferentially
favor the gas-phase COOH bound heterodimer by increasing
the drying temperature because the gas-phase OH bound dimer
dissociates due to its internal energy and low dissociation
energy toward the O− + Rref products. That is, we use the
higher temperature to destroy the less stable gas-phase
heterodimers. Finally, we conclude on the basis of solvation
calculations that, because the solvation properties of acetonitrile
are not so different from those of water, the concentrations of
the heterodimers in solution are largely independent of the
solvent and that our ability to control which gas-phase
heterodimer is produced is solely a function of the desolvation
process.
The only equilibration between the heterodimers probably

takes place in the solvated (or partially solvated) states by
dissociative collisions and redimerization. This is because the
two functional groups are separated by at least 10 Å so that the
barrier for unimolecular isomerization in solution or the vapor
phase is most likely higher than the simple dissociation in
solution, which costs only about 12 kcal/mol. Once the
heterodimers are airborne, the structures are locked into their
conformations and the barriers, as shown in Figure 4, increase
substantially.
How general are these conclusions? Certainly the change in

the acidity of solvated and gas-phase ions has been well
established so that most acids with bifunctional groups will have
different solvation energies. Thus, using the drying temperature
as a means of favoring the gas-phase isomer with the higher
acidity (lower energy) should work with most molecules having
different bifunctional acidic groups.

The analysis with the extended kinetic method has yielded
GAs that compare very favorably with calculated acidities. In
the case of the cinnamic acid, the experimental results in Table
1 show a good agreement with the computational ones.
Although the measurement of the GA of monofunctional
cinnamic acid by the EKM did not offer a new scientific
challenge, its determination was necessary in order to compare
the results with those of the bifunctional hydroxycinnamic
acids. Nevertheless, it is the first time that the GA of this
compound has been experimentally determined.
The GAs of the carboxyl and hydroxyl groups of the

coumaric and caffeic acid have been also determined. The
results are in good agreement with the calculated ones (see
Table 1) and confirm that, when selection of specific proton
bound clusters is possible, the EKM can be used to determine
the thermochemical parameters of local groups within the
molecule.
In the case of OH groups in caffeic acid, the comparison

between our measured and calculated GAs suggests that the
binding of the reference acids occurs exclusively at the meta
position. Because these two OH groups are adjacent to each
other, we would expect that the reference acid could bind to
either one and that equilibration between the two sites should
be possible even in the gas phase. In fact, our calculations of the
heterodimer structures (see Figure S2b in the Supporting
Information) show that benzoic acid binds to the OH and O−

groups in a symmetric fashion in both the solvated and gas-
phase media, with the two H atoms considerably closer to the
caffeic acid than the benzoic acid. Thus, if the collisional
dissociation product were to produce the neutral benzoic acid,
it could break either of the O−H bonds.

■ CONCLUSIONS

We have used the extended kinetic method along with
computational studies to determine the GA, ΔaH, and ΔaS
for the cinnamic acid, as well as the carboxyl and hydroxyl
groups of coumaric and caffeic acid. In order to determine these
thermochemical values for the bifunctional coumaric and caffeic
acids, it was necessary to develop an experimental method for
selective generation of single isomeric species in the ESI source.
This was accomplished by taking advantage of the different
solvation energies of the various heterodimers as well as
differences in the gas-phase stability of the heterodimers.
Varying the drying gas temperature and the solvent (water and
acetonitrile) permitted us to generate binding of reference acids
to either the COOH or OH groups in coumaric and caffeic
acids. These results confirm that the kinetic method can be
applied to determine thermochemical parameters of local
groups when the selective formation or selection of specific
hydrogen bounded clusters is possible. We furthermore
conclude that our ability to select the gas-phase heterodimer
is based soley on control of the desolvation process and not on
the initial concentration of the heterodimers in the solution
phase.
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