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bstract

Gas-phase hydrogen/deuterium (H/D) exchange reactions of four deprotonated aromatic dicarboxylic acids (phthalic acid, isophthalic acid,
erephthalic acid and 2,6-naphthalic acid) with D2O were performed in a quadrupole ion trap mass spectrometer. Experimental results showed
ignificant differences in the rate and extent of exchange when the relative position of the carboxylic acid groups varied. Spontaneous and near
omplete exchange of one aromatic hydrogen atom occurred when the carboxylic acid groups were in the meta-position, whereas no additional
xchange was observed for either the ortho- or para-isomers or for the structurally similar naphthalic acid. Computational investigations support the
articipation of several possible exchange mechanisms with the contribution of each relying heavily on the relative orientation of the acid moieties.
relay mechanism that bridges the deprotonation site and the labile hydrogen site appears to be responsible for the H/D exchange of not only the
abile hydrogen atom of isophthalic acid, but also for the formation of a stable carbanion and corresponding subsequent exchange of one aromatic
ydrogen atom. The impact of hydrogen bonding on the relay mechanism is demonstrated by the reaction of phthalic acid as the extent and rate of
eaction are greatly retarded by the favorable interaction of the two carboxylic acid groups. Finally, a flip-flop mechanism is likely responsible for
he exchange of both terephthalic acid and 2,6-naphthalic acid where the reactive sites are too remote for exchange via relay.

2007 Elsevier B.V. All rights reserved.
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. Introduction

The hydrogen/deuterium (H/D) exchange reaction has been
sed extensively to investigate the availability, reactivity, and
ccessibility of active hydrogens and the conformations of
olecules in the gas-phase. [1–31] In recent years considerable

xperimental effort, as well as extensive molecular modeling,
as been invested to understand the various mechanisms asso-
iated with the reaction of a deuterated molecule with either
ations or anions. Computations have typically probed the acces-
ibility of labile hydrogen atoms and the ability of key functional
roups to interact as these two variables assist in the interpreta-
ion of the locations of the exchanged sites and the kinetics of
xchange.
Details about the mechanisms of H/D exchange continue to be
ncovered and debated. Of particular interest to the present work
re the relay and flip-flop H/D exchange mechanisms that were

∗ Corresponding author. Tel.: +1 512 471 0028; fax: +1 512 471 8696.
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rst proposed in earlier studies involving protonated amino acids
nd glycine oligomers. [13,14] The relay mechanism requires
he formation of a stable ion–molecule complex in which a
euterating reagent bridges the gap between a charge site and
labile hydrogen atom, thereby allowing indirect interaction of

he two remote sites. In this case the charge site serves as the
euterium acceptor in the exchange process, while the labile
ydrogen is transferred to the deuterating agent. In contrast,
he flip-flop mechanism is independent of the charge site and
nvolves the interaction of the deuterating reagent directly with
he labile hydrogen atom. For this route, the ion–molecule com-
lex forms a pseudo ring structure by the attraction of partially
harged participants, and exchange occurs as one of the potential
utcomes of its disassembly. The contribution of each mech-
nism is dependent on the identity of the deuterating reagent
s it must be either capable of spanning the distance between
he hydrogen donor and receptor sites [7,14,19,31] or have the

roper electronic and steric configuration to allow direct inter-
ction. [14] In addition, the gas-phase acidity of the reagent and
asicity of the acceptor site have been cited as critical factors
or successful exchange. [7,13,32]

mailto:jbrodbelt@mail.utexas.edu
dx.doi.org/10.1016/j.ijms.2007.02.026


urnal of Mass Spectrometry 267 (2007) 98–108 99

i
e
r
p
a
F
t
t
W
i
t
w
m
e

p
t
w
t
e
m
p
o
r
o
[
o
u
s

o
e
a
e
i
n
s
o
t
v
s

2

2

a
i
t
S
c
2
o
a
m

q
T
h
a
a
a
g
t
g
o
2
i

2

t
d
v
m
h
h
e
t

J.E. Chipuk, J.S. Brodbelt / International Jo

In the gas-phase H/D exchange process, the lifetime of the
on–molecule complex is critical, as results from numerous
xperiments have demonstrated that reactions proceed at varying
ates. It is therefore not surprising that the bulk of the gas-
hase H/D exchange studies have been performed using either
quadrupole ion trap (QIT) [1–12] or, more predominantly, a
ourier transform ion-cyclotron resonance (FTICR) mass spec-

rometer, [13–30] since these two techniques are well suited
o trapping ions for variable periods to allow kinetic analysis.

hile the two methodologies have many fundamental similar-
ties, they also have several inherent differences, including the
emperatures of ions, the number of collisions that they undergo
ith the reagent or buffer gas, and the total reaction time, that
ay have an impact on the results of ion–molecule reaction

xperiments.
The gas-phase H/D exchange behavior of amino acids and

eptides has been studied intensely. [22] In these studies, both
he intramolecular interactions of the carboxylic acid group
ithin the molecule and the intermolecular interactions with

he exchange reagent has often been deemed crucial to the H/D
xchange process and correspondingly to the gas-phase confor-
ations of the compound. However, a recent study highlighted a

otential difficulty in the interpretation of H/D exchange results
f peptides as exchange of non-labile hydrogen atoms was
eported for a series of deprotonated compounds, including 2-
xoglutaric acid, isophthalic acid and 2-methylisophthalic acid.
21] In these cases additional H/D exchange beyond the number
f labile hydrogen atoms was observed when the initial prod-
ct of the reaction obtained in the FTICR was also subjected to
ubsequent activation via SORI.

The present work focuses not only on the H/D exchange
f isophthalic acid, one of the compounds for which abnormal
xchange was reported, but also on the other isomeric phthalic
cids and a structurally similar naphthalic acid. Of primary inter-
st were the elucidation of the differences in the exchange behav-
ors of the isomers and the potential exchange at traditionally
on-labile sites in a gas-phase environment. Previous theoretical
tudies have been performed to investigate the chemical behavior
f particular aromatic dicarboxylic acids.[33–36] The compu-
ational analyses performed here assess the plausibility of the
arious reaction mechanisms as the location of the deprotonation
ite relative to the remaining labile hydrogen atom varied.

. Experimental

.1. ESI-QIT-MS

Gas-phase hydrogen–deuterium exchange reactions of four
romatic dicarboxylic acids (Fig. 1) with D2O were conducted
n a Hitachi 3DQ (Model: M-800 LC/3DQMS) quadrupole ion
rap (QIT) mass spectrometer. All reagents were purchased from
igma Aldrich (St. Louis, MO) and used without further purifi-
ation. Stock standards were prepared at a concentration of

0–30 mM in 1:1 H2O/methanol with the addition of <0.1%
f concentrated ammonium hydroxide. Analytical standards
t 100 �M were prepared from each stock via dilution with
ethanol.

o
m
w
R

Fig. 1. Structures of the aromatic dicarboxylic acids.

Deprotonated dicarboxylic acids were introduced into the
uadrupole ion trap via an electrospray ionization (ESI) source.
he nitrogen sheath gas of the ESI was held at 2.2 kg/cm2 and the
elium buffer gas inside the trap was set to 3.0 kg/cm2 yielding
helium pressure of approximately 1 mtorr. Dicarboxylic acid

nalytical standards were directly infused via a syringe pump at
rate of 15 �L/min with a makeup flow of 120 �L/min of HPLC
rade methanol provided by a secondary pump. The adjustable
emperature settings of the ESI source were set as follows: assist
as heater 200 ◦C, desolvator 200 ◦C and aperture 1 temperature
f 190 ◦C. The ESI probe, drift, and focus voltages were set to
.8 kV, 65 V, and 40 V, respectively. All analyses were performed
n the negative ion mode.

.2. H/D Exchange

All gas-phase H/D exchange reactions were conducted within
he quadrupole ion trap. Deuterium oxide (D2O) was used as the
euterating agent and introduced to the ion trap via a custom leak
alve assembly as described previously.[10] Using this arrange-
ent D2O was admitted into the ion trap independent of the

elium buffer gas. The typical pressure of the system including
elium buffer gas was nominally 5.0 × 10−5 torr. The extent of
xchange was observed by monitoring the relative abundance of
he precursor ion and deuterated species while the total pressure

−4
f the system including D2O was held near 1.5 × 10 torr, as
easured by the ion gauge. Ions were accumulated for 25 ms
ith a subsequent mass selection and isolation time of 10 ms.
eaction times with D2O were varied from 10 ms to 10 s. Each
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and D(1) products. Interestingly, the exchange reaction for IPA
proceeded beyond D(1) to a doubly deuterated species D(2),
indicating exchange of an aromatic hydrogen. A majority of the
D(1) ion was converted to D(2) within 1 s, and the rate associ-

Table 1
Relative rate constants for H/D exchange of dicarboxylic acids with D2O

K valuesa

Molecule K1 K2

Phthalic acid (PA) 0.031 ± 0.004 –
Isophthalic acid (IPA) 100.00 ± 5.98 4.70 + 0.22
Terephthalic acid (TPA) 0.214 ± 0.006 –
2,6-Naphthalic acid (NAPA) 0.071 ± 0.004 –
00 J.E. Chipuk, J.S. Brodbelt / International Jo

ompound was analyzed individually, and the experiments were
epeated under similar conditions to assess reproducibility.

The kinetics of the H/D exchange reactions were modeled
sing the Kinfit program.[37] Prior to data fitting, all data were
ormalized and isotopic corrections to peak intensities were
ade based on the theoretical amount of 13C represented in

ach peak. Peaks that were less than 5% of the intensity of
he base peak of the spectrum were omitted from equation
tting.

.3. Computational chemistry

All computations were performed in house using a combi-
ation of CAChe Worksystem Pro from Fujitsu and Gaussian
3W.[38] A comprehensive set of planar starting geometries for
ach compound was generated by systematically varying each
otational degree of freedom of the dicarboxylic acid anions. In
he case of a carboxylate anion, the three degrees of freedom
ssociated with the rotation of the deprotonated carboxylic acid,
otation of the intact carboxylic acid, and rotation of the remain-
ng labile hydrogen atom relative to the plane created by the
–O bond in the carboxylic acid group produced eight possi-
le starting structures for each compound. For terephthalic acid
TPA), rotational symmetry about the plane intersecting the two
arboxylic acid moieties reduced this set to only four unique
onformations.

In addition to the carboxylate anions, selected carbanion
tructures were also modeled for isophthalic acid (IPA) and
erephthalic acid (TPA). In this case the four degrees of freedom
ssociated with rotating either of the two carboxylic acid groups
r either of the two labile hydrogen atoms produced 16 possible
on conformations. For IPA the symmetry created by placing the
harge site between the carboxylic acid groups reduced this set
o ten unique structures. Thus, a total of 18 IPA anions consist-
ng of eight carboxylate ions and ten carbanions were modeled.
or TPA the assignment of a negative charge to a particular car-
on atom of the aromatic ring resulted in a lack of symmetry
round the assigned charge site as one acid group lies adjacent
o the charge while the other is two carbon atoms away. There-
ore all 16 possible carbanion structures were unique for TPA
nd a total of 20 ions, four carboxylate ions and 16 carbanions,
ere modeled.
Starting structures were created in CAChe and subjected to

pre-optimization via molecular mechanics using the MM3
orce field.[39] Resulting atomic coordinates were utilized as the
tarting structure for Density Function Theory (DFT) geometry
ptimizations using the B3LYP functional and the 6–31 + G(d,
) basis set.[40] Frequency calculations were also performed at
he same level of theory to ensure that the optimized geome-
ry was a local minimum of the potential energy surface and to
erive a value for the zero point energy (ZPE) correction. Zero
oint energies were scaled using a factor of 0.9642 [41]. All final
otential energies are reported at 0 K as the sum of the electronic

nergy and the scaled ZPE. In addition to potential energies,
ata for interatomic distances, bond angles, dihedrals and Mul-
iken partial charges were also assembled for each optimized
onformation.

c
a
i

of Mass Spectrometry 267 (2007) 98–108

A subset of the low energy ion conformations were mod-
led as complexes with D2O. In these calculations a potential
on–molecule complex was created by placing a single D2O

olecule at various starting positions around the optimized
nion structure. The geometry of the entire system was then
ptimized at the same level of theory as the anion to assess
heir interaction. In addition, the energy and structures of sev-
ral transition states were also modeled using the QST2 method
n Gaussian at the same level of DFT theory used for all of the
ther calculations. The computational information was used to
nvestigate the plausibility of the various mechanisms for each
xchange reaction.

. Results and discussion

.1. ESI-QIT-MS

For each of the four dicarboxylic acids, the H/D exchange
eactions with D2O were monitored for up to 10 s, the relative
ate constants were derived from the resulting kinetic plots, and
hen extensive DFT calculations were undertaken to model the
nions of the four dicarboxylic acids and their complexes with
2O. The kinetic results for the H/D exchange reaction of the
eprotonated aromatic dicarboxylic acids with D2O (acquired at
nominal pressure of 1.5 × 10−4 torr) are summarized in Table 1
nd Fig. 2. As the reaction time was extended to the maximum
f 10 s, a decrease in the abundance of the precursor ion, D(0),
as observed with a corresponding increase in the abundance
f the deuterated ions, D(N) where N signifies the number of
ncorporated deuteriums. The exchange reactions progressed at
arying rates depending on the relative position of the carboxylic
cid groups. The most rapid exchange was observed for isoph-
halic acid (IPA) where k1 was roughly 500 times larger than k1
or any other compound. The kinetic plots in Fig. 2 reveal that
n the case of IPA, a majority of the precursor ion, D(0), was
onverted to a singly deuterated species, D(1), within 25 ms. In
ontrast, the formation of the D(1) product for the other acids
ccurred gradually over the 10 s reaction period, with the out-
ome of each reaction resulting in a distribution between D(0)
a Rate constant values as determined by kinetic fitting using Kinfit33 after
orrecting for isotopic contribution and ignoring those corrected peaks that had
relative abundance of less than 5%. All rate constants are reported relative to

sophthalic acid +D2O and expressed as relative rate × 100.
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ig. 2. Kinetic plots of the H/D exchange reaction of deprotonated phthalic aci
recursor ion D(0) over the full time scale from 0 to 10 s, while figure (B) highl
nd D) illustrate the formation of D(1) and D(2) over the 10 s reaction scale.

ted with this second reaction was over an order of magnitude
arger than the exchange rates for the first deuteration of the
ther acids.
The mass spectra in Fig. 3 were taken after 10 s reaction time
nd represent a snapshot of the maximum extent of exchange
or the reaction of each of the dicarboxylic acid ions with

2O. Peaks are labeled with D(N) to represent the number of

a
p
p
p

ig. 3. H/D exchange spectra for deprotonated (A) phthalic acid; (B) isophthalic ac

2O.
ers and 2,6-naphthalic acid with D2O. Figure (A) depicts the depletion of the
the depletion of D(0) over the first 500 ms of the exchange reaction. Figures (C

euterium atoms incorporated for each isomer and annotated
or the inclusion of the 13C isotopes. For example, the abun-
ance of the ion of m/z 168 in Fig. 3B averaged 8.4% of the

bundance of the ion of m/z 167 and could thus be attributed
rimarily to the 13C isotope of the D(2) product (due to the
resence of eight carbons in isopthalic acid), not a true D(3)
roduct.

id; (C) terephthalic acid; and (D) 2,6-naphthalic acid after 10 s exchange with
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For isophthalic acid (IPA) 94.5% of the total ion abundance in
ig. 3 is the D(2) product, signifying a nearly complete conver-
ion while the balance of the ions, 5.5%, remained exclusively as
(1). The formation of D(2) reached a plateau near 2 s of reaction

ime and additional reaction time up to 10 s failed to produce any
(3) ions, thereby indicating that only one aromatic hydrogen

tom is capable of undergoing exchange.
The distribution of the reaction products for the other acids is

ery different from IPA. Terephthalic acid (TPA), which has the
wo carboxylic acid groups para to each other, had a much larger
xtent of exchange than phthalic acid (PA), in which the two moi-
ties were ortho. The TPA product distribution at 10 s reaction
ime averaged 52.4% D(1), while the corresponding distribution
or PA averaged only 10.2% D(1). NAPA also underwent a sin-
le exchange, albeit at a slower rate than its phthalic counterpart,
eraphthalic, TPA.

Observation of the exchange of one deuterium atom for an
romatic hydrogen atom in isophthalic acid (IPA) has been
eported previously in an FTICR instrument. [21]. Interestingly,

t was reported that the D(1) species was the dominant exchange
roduct and the presence of D(2) was observed only after
ncreasing the internal energy of the ions by additional excitation
ia sustained off-resonance irradiation, SORI (∼23.0 kcal/mol

g
o
t
w

ig. 4. Optimized structures of notable low energy isophthalic acid anions. Each str
gure (A) also being the global minimum. Figures are annotated with relative poten
ith D2O.
of Mass Spectrometry 267 (2007) 98–108

stimated internal energy). Here the formation of D(2) in the
PA exchange reaction occurred both spontaneously and rapidly
uggesting either that the higher number density of D2O in the
uadrupole ion trap relative to the FTICR instrument produces a
arger number of collisions and thus more potential for complex-
tion and subsequent reaction or that ions of elevated internal
nergy are present in the QIT.

.2. H/D exchange of isophthalic acid (IPA)

Due to the unusual H/D exchange behavior of isophthalic
cid relative to its ortho- and para-counterparts, molecular
odeling of deprotonated isophthalic acid and its complexes
ith D2O was performed to probe the potential mechanism
f the hydrogen–deuterium exchange reactions. As discussed
n the experimental section, multiple starting structures for
he anions were generated for both carboxylate anions and
arbanions by systematically varying the rotational degrees of
reedom to derive coordinates for a set of 18 unique planar

eometries. In most cases the location of the atoms in the
ptimized structures remained planar and relatively similar to
he starting geometry. However, there were several instances
here the simple planar rotation used to form the starting

ucture was found to be a local minimum on the potential energy surface with
tial energies and interatomic distances that impact the H/D exchange reaction
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tructures resulted in unfavorable interactions between groups.
he optimized geometries of these structures typically resulted

n out-of-plane rotations and concomitant increases in potential
nergy. Furthermore, the assigned negative charge was con-
istently delocalized across the deprotonated carboxylic acid
roup making the conformations that differed simply by the
otational orientation of this group essentially indistinguishable.

Four of the most notable potential energy minima, along
ith their corresponding relative potential energies, of depro-

onated isophthalic acid (IPA) are depicted in Fig. 4. The
elative potential energies correlate with the differences in rel-
tive acidities of the four anion structures. The global energy
inimum conformation (Fig. 4A) occurs when the labile hydro-

en atom is rotated away from the deprotonation site, resulting
n a distance of 5.82 Å between the assigned charge site and
he exchangeable hydrogen. However, a simple rotation of the
abile hydrogen atom through a transition state that lies approxi-

ately 11 kcal/mol above the global minimum results in another
ocal minimum that lies only 0.9 kcal/mol above the global

inimum (Fig. 4B). This conformation may be more suitable
o hydrogen–deuterium exchange via the relay mechanism as
t places the labile hydrogen atom approximately 4.0 Å from
he assigned deprotonation site and also within 1.8 Å of the
omewhat acidic aromatic ring hydrogen atom. For compari-
on, rotation of the intact carboxylic acid (Fig. 4C) results in a
tructure that is also fairly low in energy, but is suspected to be
ar less important for exchange via the relay mechanism since
he distance between the labile hydrogen atom and the depro-
onation site is nearly 7.0 Å. Finally, Fig. 4D depicts the most
mportant carbanion structure. In this structure the two labile
ydrogen atoms are both rotated inward toward the deproto-
ated aromatic ring and are symmetrically balanced at 1.89 Å
rom the assigned charge site. While the energy of the carbanion
s higher than the global minimum by 20.3 kcal/mol, it would
ppear to be fairly suited to a relay type mechanism as all of the
ey atoms are in close proximity.

The mass spectra for the hydrogen–deuterium exchange of
eprotonated isophthalic acid (IPA) show the formation of both
(1) and D(2) ions depending on the amount of time allotted for

he reaction. It is assumed that the initial deprotonation occurs at
ne of the carboxylic acid moieties as these hydrogen atoms are
ore acidic than those of the aromatic ring. While it is certainly

lausible that a carbanion structure can be formed by migration
f a hydrogen atom from the aromatic ring to the carboxylate
nion, none of the calculations performed here supported this
ath. Instead computational results suggested that the deproto-
ation site remained in a delocalized state on the carboxylate
roup regardless of its orientation and that significant electron
ensity did not migrate to the potential carbanion charge center.
hus, it was assumed that the formation of the D(1) product was
ost likely to occur via reaction of a carboxylate-type anion

tructure, not a carbanion structure.
Complexes of D2O with carboxylate anions amenable for
/D exchange via the relay mechanism were constructed to
ssess the plausibility of this exchange (Fig. 5). Here the D2O
olecule has oriented itself with the oxygen atom approximately

.9 Å away from the remaining labile hydrogen, thereby increas-

g
b
i
c

(0) state complexed with a neutral D2O molecule. Annotations of interatomic
istances are included to support the plausibility of relay H/D exchange while
rrowheads suggest possible exchange outcomes.

ng its interaction with the labile hydrogen and consequently
articipating in hydrogen bond formation with the carboxylate
roup. This orientation is enhanced by the presence of the rel-
tively acidic aromatic hydrogen that also resides just 2.26 Å
way.

Arrowheads in Fig. 5 show the possible movement of atoms
ithin the complex. When the formerly deprotonated oxygen

tom abstracts the deuterium atom from D2O, the oxygen atom
f the reagent may attract either the opposing carboxylic acid
abile hydrogen or the relatively acidic aromatic hydrogen atom
ith either of the two paths resulting in the formation of the D(1)
roduct. The first of these options is the classic relay mech-
nism in which labile hydrogen atoms are exchanged and the
on remains in the carboxylate configuration. The second path,
owever, results in the temporary transfer of the charge site
o the aromatic ring thereby creating a carbanion in the D(1)
tate. Thermodynamics then dictates that D(1) ions formed via
his second pathway must rearrange and form D(1) carboxy-
ate ions with the deuterium located on the aromatic ring before
xiting the complex. Based on the energy difference of the poten-
ial carboxylate and carbanion conformations given in Fig. 4
∼19 kcal/mol) and assuming similarity in the transitions along
ither exchange pathway of the complex, one could suspect the
ormation of the D(1) carboxylate product ion with the deu-
erium located on the carboxylic acid to be the favored exchange
rocess.

Since a second exchange reaction involving D2O and the
wo carboxylic acid groups can only result in the re-generation
f the D(1) product, the formation of the D(2) product must
roceed through the formation of a carbanion. Calculations sug-

ested that the balanced carbanion shown in Fig. 4D is favored
y between 10.7 and 36.3 kcal/mol over the other stable carban-
ons modeled. The full list of optimized carbanions and their
alculated energies is included in the supporting information.
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here are two possible paths for the subsequent formation of
he D(2) product involving this carbanion form of the D(1) ion.
n one hand this carbanion could simply become unbalanced if
ne of the carboxylic acid moieties rotated away from the charge
ite (see Fig. 4D, with one of the OH groups replaced by an OD
roup). This movement could force the migration of either a
ydrogen or deuterium atom to the aromatic ring, depending on
he carboxylic acid group that was involved in the rotation. The
ubsequent formation of the D(2) ion could then occur through
he traditional relay mechanism between the two carboxylic acid
roups, as described above. While this pathway does result in
euteration of the aromatic ring and the eventual formation of
he D(2) product, computational investigation revealed that the
ransition state barrier associated with rotating the partially pos-
tive hydrogen/deuterium away from the charge site was high,
equiring approximately 30 kcal/mol of additional energy.

An alternate path to D(2) also exists via the complexation and
ubsequent relay exchange of the stable carbanion in the D(1)
tate. The modeling of these complexes resulted in structures
llustrated in Fig. 6. In the initial state (Fig. 6A), the interatomic
istance between the oxygen and deuterium atom of D2O is
.95 Å, the typical D–O bond length. However, when the com-
lex is optimized (Fig. 6B) this distance increases to 2.26 Å
hile the complimentary distance between the carbon and the
euterium atom is reduced from 1.5 Å to 1.04 Å, the typical
–D bond length. Most importantly, this process results in the

ormation of low energy D(2) carboxylate ions without passing
hrough the high energy transition states associated with the first
ath.

In summary, the relay mechanism appears to be a favorable
rocess for both the first and second H/D exchange of depro-
onated IPA. The role of the ion–molecule complex appears to
e of foremost importance as it allows the formation of both

arboxylate and carbanions in the D(1) state. Various pathways
rom D(1) to D(2) are expected to proceed through a carbanion
tructure either by hydrogen migration or more likely by subse-
uent D2O complexation and relay exchange. In either case, the

p
i
F
l

ig. 6. Figure (A) depicts an example of isophthalic acid carbanion in the D(1) sta
omplex produces the complex illustrated in figure (B). Here the carbanion has been
istance). The concerted deprotonation of the carboxylic acid and formation of the H–O
cid carboxylate anions in the D(2) state.
of Mass Spectrometry 267 (2007) 98–108

apid and nearly complete exchange from D(0) to D(2) observed
n the mass spectrum illustrates the efficiency of the process.

.3. H/D exchange of phthalic acid (PA)

Molecular modeling was conducted on eight potential
arboxylate anions of phthalic acid to elucidate the most ener-
etically favorable arrangement of the ortho-oriented carboxylic
cid groups. Unlike the results for IPA where optimized geome-
ries were fairly consistent with the planar starting structure,
ptimization of the phthalic acid structures often resulted in not
nly significant movement of the atoms from their original posi-
ion but also out of plane rotation. In addition, all of the starting
onformations optimized to one of two minima, depending on
oth the rotational orientation of the intact carboxylic acid moi-
ty and the initial location of the labile hydrogen atom. The
lobal energy minimum (Fig. 7A) resulted from starting struc-
ures that placed the hydrogen atom both between the carboxylic
cid groups and rotationally oriented toward the delocalized
harge site. Here, the labile hydrogen atom bridges the two car-
oxylic acid groups orienting itself 1.89 Å from each oxygen
tom in order to stabilize the deprotonated structure and dra-
atically reduce the potential energy. All of the other starting

tructures optimized to the structure in Fig. 7B in which the car-
oxylic acid group has rotated out of the plane to relieve the
epulsive forces between the electron dense oxygen atoms. The
otential energy of this second structure is 19.9 kcal/mol above
he global minimum and results in a distance of 3.13 Å between
he deprotonation site and the labile hydrogen atom. In both
ases the interatomic distances between the deprotonation site
nd the labile hydrogen atom indicated that the relay mechanism
ay be suitable for H/D exchange with D2O.
The mass spectra for the hydrogen-deuterium exchange of
hthalic acid (PA) show the presence of both D(0) and D(1)
ons, with the distribution being heavily weighted toward D(0).
urthermore, the rate of exchange for deprotonated PA was the

owest among all of the reactions studied. Thus, while inter-

te symmetrically complexed with D2O. Potential energy optimization of this
deuterated as evidenced by the formation of the C–D bond (1.04 Å interatomic
–D product (0.96 Å interatomic distance) results in the formation of isophthalic
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ig. 7. Optimized structures of low energy phthalic acid anions. Each structure
eing the global minimum. Figures are annotated with relative potential energie

tomic distances may be favorable for exchange, energetics must
emain unfavorable. Indeed the hydrogen bonding associated
ith the global energy minimum could be suspected to preclude

he labile hydrogen from exchange. Hydrogen bonding has been
mplicated in the past as a reason for reduced H/D exchange of
abile hydrogen atoms. [17–19] However, some D(1) product
as formed as the reaction time was increased, and it can there-

ore be concluded that either the energetic restraint of breaking
he hydrogen bonds was overcome or the exchange proceeded
hrough a higher energy anion such as the one in Fig. 7B.

Complexes of the two phthalic acid anions with D2O were
odeled to assess their interaction (Fig. 8). For the global energy
inimum anion (Fig. 8A), the interaction with D2O typically

esulted in a tightly bound complex where the labile hydrogen

tom was approximately 1.2 Å from either of the carboxylic
cid groups and about 2.8 Å from the oxygen atom of D2O. The
wo deuterium atoms remained attracted to the oxygen atoms
f the carboxylic acid groups and tended to orient themselves

g
e
e
b

ig. 8. Depictions of the energy optimized complexes of D2O with phthalic acid carb
ower energy conformation while figure (B) correlates to the complex of the higher en
ydrogen atom remains bound to the carboxylate and is not exchanged while those in
onformation.
und to be a local minimum on the potential energy surface with figure (A) also
interatomic distances that impact the H/D exchange reaction with D2O.

etween 2.0 and 2.4 Å away, resulting in a pseudo six-membered
ing consisting of alternating oxygen and hydrogen/deuterium
toms. H/D exchange of this complex is unlikely because the
ery tightly bound labile hydrogen atom would have to overcome
he attractive forces of both carboxylic acid groups to transfer
o the deuterated reagent.

In contrast, the complex of the higher energy anion (Fig. 8B)
esulted in complexes that were well suited to the relay mecha-
ism as the deuterium of the oxygen atom was typically 1.7 Å
rom the deprotonation site, while the labile hydrogen atom was
similar 1.8 Å from the oxygen atom of the D2O reagent and still

emained nearly 2.9 Å from the charge site. Thus, the charge site
ay be somewhat attracted to the labile hydrogen atom, but the

euterium of D2O is the most closely associated atom and hydro-

en bonding of the labile hydrogen would not block the H/D
xchange. In either case the reduced rate of hydrogen–deuterium
xchange for phthalic acid relative to isophthalic acid can
e attributed to energetic restraints, either those associated

oxylate ions in the D(0) state. Figure (A) depicts the complex formed with the
ergy conformation. Annotations of interatomic distances in (A) suggest that the
(B) demonstrate the plausibility of a relay H/D exchange of the higher energy
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ith overcoming the hydrogen bonding of the global energy
inimum conformation or the lower probability of the cre-

tion of the higher energy deprotonated structure prior to the
omplexation.

.4. H/D exchange of terephthalic acid (TPA) and
,6-naphthalic acid (NAPA)

The mass spectra for the hydrogen–deuterium exchange of
oth terephthalic acid (PA) and 2,6-naphthalic acid (NAPA)
how the presence of both D(0) and D(1) ions but no D(2) ions,
ith a maximum of 52.4% D(1) for TPA and 32.2% D(1) for

APA. The exchange rate for both TPA and NAPA ions was
reater than that for PA but much less than that of IPA, with the
ate for TPA exchange being approximately three times that of
APA.

h
o
c
h

ig. 9. Optimized structures of low energy terephthalic acid anions and 2,6-naphtha
nergy surface with figures (A and C) also being the global minimum for each com
istances that impact the H/D exchange reaction with D2O.
of Mass Spectrometry 267 (2007) 98–108

Molecular modeling was conducted on four potential
arboxylate anions and 16 potential carbanions of terephthalic
cid (TPA) to determine their gas-phase structure and potential
nergies. Structures resulting from these calculations and the
ost energetically favorable anions of both TPA and NAPA

re depicted in Fig. 9. Optimization of the carboxylate anions
ielded low energy geometries that were for the most part planar
nd similar to the starting structures. In some cases, deviations in
lanarity were observed due to hydrogen–hydrogen repulsion,
ut overall they accounted for relatively little change in atomic
osition. Optimization of the carbanions led either to their
ollapse into carboxylate ions with the transfer of the labile

ydrogen atom from the carboxylic acid to the aromatic ring
r to structures with very high potential energy (>50 kcal/mol)
ompared to the global minimum. Most notably, the labile
ydrogen atom is relatively distant from the deprotonation site

lic acid ions. Each structure was found to be a local minimum on the potential
pound. Figures are annotated with relative potential energies and interatomic
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ig. 10. The geometry optimized structure of the complexation of terephthalic a
ransfer process for the exchange of hydrogen for deuterium is indicated by th
ellow spheres indicate negative partial charges with the magnitude of the parti
Å).

ith distances exceeding 6 Å for TPA in the higher energy
onformation (Fig. 9B) and nearly 8 Å in the global energy
inimum (Fig. 9A). The results for NAPA showed even

arger interatomic distances (Fig. 9C and D). Therefore, the
arboxylate ions were highly favored over the carbanions
or both the structures of TPA and NAPA, thus prohibiting
xchange of the aromatic hydrogen atoms.

Unlike the other acids, the relay mechanism seems implausi-
le for the H/D exchange of TPA and impossible for NAPA as the
istance between the labile hydrogen atom and the deprotona-
ion site is too great to be bridged by a D2O molecule. Therefore,
arious complexes of the lowest energy conformations of TPA
nd NAPA anions with D2O were modeled to investigate
lternate exchange pathways. When the D2O molecule was
laced near the deprotonated charge site, an interaction between
he deuterium and the delocalized charge site was observed, but
o path for exchange could be elucidated as there was no acidic
ydrogen in the vicinity of the oxygen atom of D2O. However,
hen the D2O molecule was placed in the vicinity of the other

arboxylic moiety, simulating the ability of the reagent to
ccess all points on the ion surface, an interaction was observed
t the carboxylic acid. The D2O neutral oriented itself such that

ne of the deuterium atoms was 1.80 Å from the doubly bonded
xygen atom of the carboxylic acid moiety, while the oxygen
tom of the neutral was only 1.91 Å from the labile hydrogen
tom thereby forming a pseudo six-membered ring (Fig. 10A).

F
b
t
l

arboxylate anion in the D(0) state with D2O is depicted in figure (A). A charge
wheads in figure (B). Here red spheres indicate positive partial charges while
rge at the atom being proportional to the size of the sphere (1eu is depicted as

hen the complex is viewed from the standpoint of Mulliken
artial atomic charge (Fig. 10B), a clear path to a flip-flop
charge transfer) exchange process is observed. Dissolution of
he complex can result in either the regeneration of the initial
tructures or in the formation of the exchanged structure depend-
ng on which of the bonds of the pseudo six-membered ring
re broken.

. Conclusions

The exchange reactions of the aromatic dicarboxylic acids
llustrate several interesting aspects of gas-phase H/D exchange.
irst, the relative positioning of the carboxylic acid groups has
dramatic impact on the extent and rate of the reactions. Mass

pectral results show that the meta-arrangement of the groups is
ighly favorable as the reactions produce not only the exchange
f the labile hydrogen atom but also exchange of the aromatic
ydrogen atom located between the two groups well within 10 s
f reaction time. The difference in the exchange rates of the
arious isomers is phenomenal.

Second, as the relative position of these moieties changes,
he apparent contribution of various mechanisms also changes.

or phthalic acid, the ortho-arrangement encourages a tightly
ound global energy minimum conformation that either deters
he hydrogen–deuterium exchange rate or inhibits it entirely. The
imited exchange that is observed may proceed through a higher
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nergy deprotonated structure, thereby explaining the relatively
low formation of the deuterated product.

While the exchange of the ortho- and meta-isomers may be
easoned using a relay mechanism, the exchange of the para-
ompound cannot. Modeling results for both terephthalic acid
nd 2,6-naphthalic acid indicate that the distance between the
abile hydrogen atom and the deprotonation site in the low energy
onformations is too large to be bridged by a D2O molecule.
herefore, the formation of deuterated products of these anions
ust occur via an alternate pathway such as the flip-flop (charge

ransfer) process.
Lastly, the mass spectral results suggest that the reaction envi-

onment of the ions stored in the quadrupole ion trap appears
o be significantly different than those stored in the FT-ICR

ass spectrometer. Specifically, reactions involving isophthalic
cid that required additional excitation via SORI (∼23 kcal/mol)
roceeded spontaneously in the quadrupole ion trap. Appar-
ntly, the quadrupole ion trap produces conditions favorable for
xtensive H/D exchange, which can either be attributed to dif-
erences in ion internal energy or to the dramatic difference in
umber density of the exchange reagent. Computational results
uggest that the additional exchange of an aromatic hydrogen
tom of isophthalic acid can be correlated with the formation of
carbanion structure in the D(1) state that lies approximately

0 kcal/mol above the global energy minimum and remains
table within the complex after the first deuterium exchange.
ontinued investigation of the various exchange pathways of
thers sets of isomers should shed light on the intricacies of this
on-traditional exchange process.
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