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a b s t r a c t

Infrared multiple-photon dissociation (IR-MPD) spectra in the N–H and O–H stretching region
(3000–3700 cm−1) are reported for gas-phase monomeric M2+Trp and dimeric M2+Trp2 complexes (where
M = Mg, Ca, Sr, and Ba). The spectra are obtained by irradiating the complexes in the Penning trap of
a Fourier transform ion cyclotron resonance (FT-ICR) mass spectrometer, using a tunable continuous-
wave (cw) optical parametric oscillator (OPO) laser in combination with a fixed wavelength CO2 laser
(10.6 �m). These spectra are compared with previously recorded mid-IR-MPD spectra, using the free
electron laser FELIX, and are interpreted based on harmonic frequency calculations performed with
density-functional theory (DFT). The experimental spectra show that a simple assignment of bands can be
made to distinguish zwitterionic (ZW) from charge solvation (CS) complexes. In particular, the carboxylic

−1 +
PO
ryptophan
lkaline earth metals

acid O–H stretch at ∼3550 cm identifies the presence of a CS structure, whereas the NH3 antisymmet-
ric stretching mode in the 3150–3375 cm−1 range is diagnostic of a ZW structure. For the monomeric
Ba2+Trp complex, exclusively the ZW structure is observed. Conversely, for the dimeric complexes of
M2+Trp2 (M = Sr and Ba) merely CS/CS geometries are confirmed. Surprisingly, for smaller alkaline earth
metal dications (M = Mg and Ca), the IR-MPD spectra are consistent with the presence of mixed CS/ZW
dimers. This is contrary to most previous trends for alkali metals, where larger cations typically favor ZW

stabilization.

. Introduction

Tryptophan–metal cation interactions are known to play impor-
ant roles in biology. For instance, tryptophan is present in the
ntrance/exit [1] and selectivity filter [2] regions of select ion chan-
el proteins. Specifically, tryptophan is believed to be involved with
he gating function of the gramicidin-A [3], and gramicidin-S ion
hannels [4,5], as well as the Ca2+ channel in N-methyl-d-aspartate
6].

Gas-phase studies can characterize inherent amino acid inter-
ctions with metal cations in the absence of solution effects.
ryptophan offers multiple binding patterns, such as electrostatic
nteractions with the three Lewis-basic heteroatoms (amino N and
arboxylic acid O’s) and a cation–� interaction with the aromatic

ndole side chain. In addition, the amino acid has the ability to bind
n the zwitterionic (ZW) or charge-solvated (CS, non-zwitterionic)
orms, presenting numerous possible conformations. Figs. 1 and 2
how the most stable binding motifs for the monomer Ba2+Trp
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and dimer M2+Trp2 complexes calculated with density-functional
theory (DFT), and the same nomenclature is employed herein as
described by Dunbar et al. [7]. Briefly, C1 denotes a CS tryptophan
configuration and Z1–Z4 denote the ZW form.

Infrared multiple-photon dissociation (IR-MPD) spectroscopy
[8–12] is a powerful tool in distinguishing ZW and CS conforma-
tions of amino acids and peptides. The majority of these studies
made use of free electrons lasers (FELs), which offer tunability and
spectral brightness in the mid-infrared range (500–2000 cm−1).
The mid-IR region includes the CS-specific carboxylic acid C O
stretch, as opposed to the ZW-specific antisymmetric carboxylate
CO2

− stretch. A number of studies have shown that singly-charged
metal cations complexed with amino acids or small peptides in
the gas-phase predominantly exist in the CS form [13–28]. Basic
amino acids, such as arginine [13,17,29,30], proline [12], and lysine
analogues [31] seem to buck this trend, as well as serine [27]
and methionine [32], particularly if bound to larger alkali metals

+ +
(i.e., Rb and Cs ). Conversely, divalent metal cations, specifically
Ba2+, have been shown to completely stabilize the ZW form of
amino acids in the gas phase [33,34]. These studies have since
been expanded to dimeric complexes, in the form M2+Trp2 [7].
Other amino acid dimer species that have been studied include

dx.doi.org/10.1016/j.ijms.2010.07.026
http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
mailto:polfer@chem.ufl.edu
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Fig. 1. Four of the lowest-energy calculated structures for the Ba2+Trp complex. C1 denotes a charge-solvated (CS) configuration and Z1, Z3, and Z4 denote the zwitterionic
(ZW) configuration. The numbers represent different conformers in each configuration.

Fig. 2. Three lowest-energy calculated structures for the M2+Trp2 complex, where M is Mg, Ca, Sr, and Ba. C1 denotes a charge-solvated configuration and Z2 and Z3 denote
the zwitterionic (ZW) configuration. The numbers represent different conformers in each configuration.
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Fig. 3. Comparison of the dissociation yield when irradiating for 10 s with the OPO-
W.K. Mino Jr. et al. / International Journ

roton-bound glycine, alanine and proline dimers [35,36]. Com-
ared to monomeric complexes, dimer mid-IR-MPD spectra exhibit

ncreased spectral congestion, thus complicating interpretation.
Initial studies by Jockusch et al. [13] proposed that the car-

oxylate group solvates the larger alkali metals more effectively,
hus promoting the ZW form. This was later confirmed by IR-MPD
pectroscopy [17,29]. IR-MPD spectroscopy studies on alkali–metal
helated serine and methionine by Armentrout and co-workers dis-
layed similar trends [27,32]. For tryptophan monomers, Dunbar
t al. predicted that metal dications favor the ZW form, provided
hat the binding energy is relatively low. This suggested that Ca2+,
r2+ and Ba2+ favor the ZW form, whereas Mg2+ does not. Studies
y Bush et al. [37] on barium-chelated arginine, glutamine, proline,
erine and valine, showed that all preferentially formed the ZW.

Here, the use of a bench-top continuous-wave (cw) optical para-
etric oscillator (OPO) laser to differentiate between CS and ZW

tructures for M2+Trp2 complexes by irradiating the O–H and N–H
tretching region (3000–3700 cm−1) is demonstrated. Despite the
sefulness of this region for CS vs. ZW differentiation exemplified
y the CS-diagnostic carboxylic acid O–H stretch and the ZW-
pecific NH3

+ stretching modes, relatively few studies have made
se of OPO-lasers for this purpose [34,38,39]. Over the years, most

nfrared photodissociation studies involving OPO-lasers have been
arried out on either Van der Waals complexes [40–46], or on sol-
ated clusters [10,47], which require low dissociation thresholds.
n the infrared-ultraviolet photodissociation scheme pioneered by
izzo et al. [48], absorption of a UV photon causes photodissoci-
tion, whereas prior absorption of an IR photon leads to a dip in
he photodissociation yield. The cw OPO laser in our study is capa-
le of inducing covalent bond cleavage, particularly in combination
ith a higher-power CO2 laser. The work reported here follows up a

ecent IR-MPD study on weakly bound carbohydrate–Rb+ isomers,
hich exclusively made use of the cw OPO-laser [49]. In terms of

he differentiation between ZW and CS, it will be shown that the
H3

+ and OH vibrational modes are separated by approximately
50–300 cm−1 in these complexes, thus allowing a relatively simple
ssignment of the bands. The O–H and N–H stretching region can
herefore be regarded as a ‘fingerprint’ region for the identification
f ZW or CS gas-phase structures of these dimer complexes.

. Materials and methods

.1. Materials

Standard solutions of Mg(NO3)2, Ca(NO3)2, Sr(NO3)2, Ba(NO3)2,
nd L-Trp (all from Acros Organics) were prepared in HPLC-grade
ater (Fisher Scientific) at a concentration of 10−2 M. The L-Trp

olution was then mixed with each of the metal solutions separately
n a 1:1 ratio and diluted to yield a final concentration of 10−3 M in
70:30 methanol (Fisher Scientific)/water solution.

.2. Mass spectrometry and ion spectroscopy

The Ba2+Trp and M2+Trp2 complexes of interest were formed
y electrospray ionization (ESI) in a commercial 4.7 T Apex
I Fourier transform ion cyclotron resonance (FT-ICR) mass
pectrometer (Bruker Daltonics, Billerica, MA). Infrared multiple-
hoton dissociation (IR-MPD) spectroscopy was performed
y irradiating the mass-selected cations in a stepwise fashion
ith the tunable output (2500–4000 cm−1) of a continuous-

ave (cw) periodically poled lithium niobate-optical parametric

scillator (OPO) OS4000 laser (LINOS Photonics, Germany).
he IR-MPD spectra were generated by plotting the IR-MPD yield,
ield = −ln[1−{

∑
Intphotofragments/(

∑
Intphotofragments + Intprecursor)}],

s a function of the OPO idler wavenumber (cm−1).
laser alone (black) vs. sequential irradiation by the OPO for 10 s and CO2 lasers for
500 ms (red). The overall dissociation yield is increased from 5% to 25% and the
signal-to-noise ratio is increased from 13 to 32. (For interpretation of references to
color in this figure legend, the reader is referred to the web version of this article.)

The main dissociation pathways observed from the IR-MPD
experiments were neutral loss of NH3 (minor loss of 2NH3 only
observed in the dimers) and loss of Trp. Relatively long irradia-
tion times (10 s) were required to induce 50–70% photodepletion
of strong modes, due to the low power (30–50 mW) of the OPO
laser. The laser fluence under these conditions was estimated at
1.2–2 J/cm2 for a spot size of 0.25 cm2 (per laser beam), even if the
overlap between the ion cloud and the laser beam is unknown. In
order to verify laser alignment from day to day, the indole N–H
stretching mode for Ba2+Trp served as a useful calibrant peak.
OPO-laser irradiation was followed by irradiation at a discrete
wavelength (10.6 �m) using a high-power (max power 50 W) CO2
laser (SYNRAD J48-5W, Mukilteo, WA) to boost the IR-MPD yield,
which is particularly useful for weaker vibrational bands. Resonant
absorption of multiple photons with the OPO laser results in an
increased population of ions at higher internal energies than room
temperature, but lower than the dissociation threshold. Irradiation
by the higher-power CO2 laser for 500 ms (∼2 W) raises the internal
energy of a fraction of those ions above the dissociation threshold,
thus inducing photodissociation. The combination of two infrared
lasers to photodissociate was first used by Lee and co-workers [50].
Eyler and co-workers later implemented a scheme involving two
CO2 lasers in the Penning trap of an FT-ICR [51]. Here, the approach
is demonstrated to improve figures of merit for IR-MPD of the N–H
stretching modes of the Ba2+Trp in Fig. 3. The OPO-CO2 coupled
laser irradiation increased the IR-MPD yield from 5% to 25% and
increased the signal-to-noise ratio from 13 to 32. Thus, while a con-
siderable fraction of the ions (i.e., 50–70%) dissociate directly from
OPO-laser irradiation on stronger vibrational modes, the IR-MPD
yield can be markedly increased by the dual OPO-CO2 laser scheme
for weaker modes.

Mechanistic aspects of IR-MPD have been reviewed before
[8,9], and will not be explained in detail here. Empirically, it has
been observed that IR-MPD intensities can deviate significantly
from those of linear absorption spectra; however, interpretation
of IR-MPD spectra relies on absorption band positions rather than
absorption band intensities. The OPO-CO2 laser approach described
above is employed to ensure weak vibrational bands are observed
above the background – since interpretation relies mostly on IR-

MPD band positions rather than intensities, the effect of the CO2
laser on band intensities does not adversely affect the interpre-
tation of the IR-MPD spectra. It is important that no (intense)
resonant absorption occurs at the CO2 fixed wavelength, as this
would result in non-selective photodissociation of all ions, regard-
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Fig. 4. IR-MPD spectrum of Ba2+Trp (3000–3700 cm−1) with calculated vibrational
spectra for ZW (Z1, Z3, and Z4 conformations) and CS (C1 conformation). The calcu-
lated geometries are displayed in Fig. 1. Characteristic wavenumber regions of the
spectrum are highlighted in yellow, red and blue to indicate the NH3

+, indole N–H,
and carboxylic acid O–H stretching modes, respectively. The zero-point corrected
energies of each structure are shown for comparison. (For interpretation of refer-
34 W.K. Mino Jr. et al. / International Journ

ess of OPO irradiation wavelength. Instead, for the OPO-CO2 laser
hotodissociation scheme to work, the spectroscopy relies on res-
nant absorption of the OPO-laser energy to bring ions to a higher
ensity of states, thus allowing for the off-resonant CO2 laser to
electively photodissociate those ions.

The IR-MPD results in the 3000–3700 cm−1 region are con-
rasted to previously published IR-MPD spectra in the mid-IR-range
00–1800 cm−1 [7] using the free electron laser, FELIX, at the FOM

nstitute for Plasma Physics ‘Rijnhuizen’ coupled to a home-built
T-ICR mass spectrometer [52]. In that study, complexes were gen-
rated by ESI and transferred to the Penning trap and irradiated
ith the FELIX beam.

.3. Calculations

Theoretical structures and IR spectra were previously calculated
ith density-functional theory (DFT), employing the B3LYP func-

ional with a 6-31+g(d,p) basis set and a Stuttgart–Dresden (SDD)
elativistic core potential on the metal for Sr and Ba [7] with the
aussian03 software package [53]. The same nomenclature was
mployed as in the previous paper by Dunbar et al. [7], except for
1, which denotes the lowest-energy ZW conformation Ba2+Trp
onformer (labeled as SB O/O/Ring) in an earlier study [33]. The
DD core potential has been reported to be adequate for calculat-
ng vibrational frequencies and intensities for metal–ion complexes
7,14,15]. The computed vibrational frequencies were scaled [54]
y 0.975 and stick spectra were broadened with a Gaussian function
o 30 cm−1 FWHM (full width at half-maximum). The convoluted
pectra were then normalized to integral band intensities in km
ol−1 for more convenient comparison of vibrational intensities.

he zero-point energy (ZPE) corrected energies are shown for com-
arison in Figs. 4, 6 and 7.

. Results and discussion

.1. Ba2+ tryptophan monomer complex

In Fig. 4, the IR-MPD spectrum of Ba2+Trp is compared to
our of the calculated lowest-energy ZW and CS isomer struc-
ures. Three characteristic stretching modes are predicted in the
alculated Ba2+Trp IR-MPD spectra (1) O–H stretch from the car-
oxylic acid terminus, 3525–3625 cm−1, highlighted in blue, (2)
–H stretch from the indole on the tryptophan side chain (this

s expected for all structures), 3450–3500 cm−1, highlighted in
ed (3) N–H stretches from the amine NH2 or NH3

+ groups,
150–3375 cm−1, highlighted in yellow. Note that, although
bsorption is expected for both CS and ZW structures in the
–H stretching (yellow) region, the spectral brightness of the

wo CS NH2 stretches is predicted to be much lower when com-
ared to the ZW NH3

+ stretches (21 and 19 km mol−1 vs. 151 and
01 km mol−1).

Comparison of the experimental IR-MPD Ba2+Trp spectrum with
alculated spectra suggests that the complex adopts a ZW structure,
ased on the lack of an O–H stretching mode and the presence of
doublet feature at 3290 and 3320 cm−1, consistent with the anti-

ymmetric NH3
+ stretching modes. Among the ZW conformations,

3 and Z4 predict an intense symmetric NH3
+ mode (at 3170 cm−1

nd 3150 cm−1, respectively), while Z1 does not. Clearly, no mode
s observed at this position, which suggests that exclusively Z1
s present. Thermochemically, Z3 is slightly favored relative to

1 (+2 kJ mol−1); however, this is within the error of the calcula-
ion. Structurally, Z1 and Z3 differ in the orientation of the indole
ide-chain. This suggests that both structures cannot intercon-
ert readily and supports the hypothesis that exclusively Z1 is
resent.
ences to color in this figure legend, the reader is referred to the web version of this
article.)

An alternative explanation for the lack of fragmentation for the
symmetric NH3

+ stretching mode might be due to experimental
constraints, including lower laser power and lower energy per
photon at this wavelength. In the IR-MPD spectrum, the amine
N–H stretching vibrations are reduced in intensity compared to the
indole N–H stretch, as expected from the calculated linear absorp-
tion spectra. The NH3

+ modes are likely to be more anharmonic
in character than the indole N–H stretch, thus contributing to this
reduction in intensity in the IR-MPD yield. The additional use of
a higher-power CO2 laser is thus found to be particularly useful
to boost the IR-MPD yield of weak features in the spectrum. This
approach resulted in appreciable IR-MPD yields for the weaker
antisymmetric NH3

+ bands at 3290 and 3320 cm−1, approaching
25% (Fig. 3). Nonetheless, this dual-laser approach did not yield
any detectable photodissociation in the symmetric NH3

+ stretching
region.

In summary, the hydrogen stretching region confirms that
Ba2+Trp exclusively exists in the ZW form, consistent with the pres-
ence of a predominant Z1 conformation. In fact, Ba2+Trp had been
investigated previously in the mid-IR region, using the free elec-
tron laser FELIX [33]. In that study, the antisymmetric CO2

− stretch
(1675 cm−1) and the NH3

+ umbrella mode (1450 cm−1) yielded
strong evidence for the exclusive presence of Z1, which could in fact
be considered as a ‘fingerprint’ for the ZW structure. Similarly, the
corresponding spectrum in the OPO-laser range presented here can

be considered as a ZW ‘fingerprint’ IR-MPD spectrum, based on the
lack of O–H stretching and presence of diagnostic NH3

+ stretching
modes.
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Fig. 5. IR-MPD spectra of the M2+Trp2 alkaline earth series in N–H and O–H stretch-
ing regions. Characteristic wavelength regions associated with NH3

+, indole N–H,
and O–H stretching modes are highlighted in yellow, red and blue, respectively. The
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Fig. 6. IR-MPD spectra of Ba2+Trp2 in the mid- and near-IR regions along with cal-
culated vibrational spectra for the two lowest-energy conformers. The calculated
geometries are displayed in Fig. 2. Characteristic wavelength regions associated
with NH3

+, indole N–H, and O–H stretching modes are highlighted in yellow, red and

(red) and NH3 stretching modes (yellow).
nsets show a 5 times magnification of the NH3
+ stretching region. (For interpre-

ation of references to color in this figure legend, the reader is referred to the web
ersion of this article.)

.2. Alkaline earth-tryptophan dimer series

The IR-MPD spectra recorded over the 3000–3700 cm−1 range
or a series of dimeric M2+Trp2 complexes (where M = Mg, Ca, Sr,
nd Ba) are compared in Fig. 5. All spectra exhibit intense indole
–H and carboxylic acid O–H stretches. The presence of a carboxylic
cid O–H stretching band in all IR-MPD spectra confirms that at
east one tryptophan is in the CS configuration. The most striking
ifference between the IR-MPD spectra is the presence of a weak
yet discernible) band at 3340 cm−1 for the Mg2+Trp2 and Ca2+Trp2
omplexes (see insets), as opposed to an absence of this band in
he corresponding Sr2+ and Ba2+ complexes. As all dimer complexes
xhibit efficient photodissociation, the presence of this additional
and indicates a structural change between smaller and larger alka-

ine earth complexes. Based on the Ba2+Trp monomer results, the
ost likely assignment of the 3340 cm−1 band is an NH3

+ stretch
ode, indicative of a ZW structure. At first sight, this suggests a
ixed CS/ZW structure for Mg2+Trp2 and Ca2+Trp2, as opposed to
CS/CS configuration for the larger cation complexes, Sr2+Trp2 and
a2+Trp2.

The structural changes are accompanied by differences in the
hotodissociation pathways, going from exclusive NH3 loss for
g2+ to exclusive Trp loss for Ba2+ (the loss of 2 NH3 being very
inor). Ca2+ and Sr2+ dimers exhibit both pathways, going from

0% NH3 vs. 10% Trp loss for Ca2+, to 60% NH3 vs. 40% Trp loss for
r2+. This gradual shift from NH3 loss to Trp loss is compatible with
he decreasing tryptophan-(divalent metal) cation binding energy
s the size of the cation increases, as shown by Dunbar et al. [7].
or the more tightly bound smaller alkaline earth cations, covalent
ond cleavage leading to NH3 loss is favored over Trp loss.

Direct correlation between dissociation pathways and molec-
lar structure are not is straight-forward as IR-MPD spectroscopy

esults. Jockusch et al. had first shown a correlation between NH3
oss (diagnostic for ZW) and H2O loss (diagnostic for CS) channels
or the alkali series bound to arginine [13], suggesting that the tran-
ition from CS to ZW occurred from Na+ to K+. Later spectroscopic
blue, respectively. The zero-point corrected energies of each structure are shown for
comparison. The CO2 laser wavelength (10.6 �m) is indicated by a red arrow. (For
interpretation of references to color in this figure legend, the reader is referred to
the web version of this article.)

studies by Bush et al. confirmed that the transition in fact occurs
between Li+ and Na+ [29]. While both approaches show a qualita-
tive agreement that smaller alkali metal complexes adopt the CS
structure, as opposed to the ZW structure for larger complexes,
there are differences in the quantitative analysis. The discrepancy
between neutral loss branching ratios and spectroscopic results
was ascribed to structural isomerization between the CS and ZW
structures, which is lower in energy than covalent bond cleavage.
In other words, the branching ratios in the dissociation pathways
are more indicative of the transition states for the various com-
plexes than the actual presence of particular complexes at room
temperature. Similarly, in the results presented here, the branching
ratios between NH3 and Trp loss for the M2+Trp2 series might sug-
gest a gradual transition from ZW-containing dimers for the smaller
cations to exclusive CS configuration for the Ba2+Trp2 complex. The
IR-MPD results seem to confirm this general trend, but indicate a
more sudden transition from Ca to Sr, where no ZW conformers are
confirmed for Sr.

The exclusive presence of CS/CS for the Ba2+Trp2 and Sr2+Trp2
dimers, as opposed to exclusive ZW for Ba2+Trp monomer seems
surprising. Moreover, the trend that smaller metal cations more
readily stabilize the ZW configuration, whereas larger cations do
not, runs counter to most previous studies for alkali cations. The
detailed spectral analysis of Ba2+Trp2 and Ca2+Trp2 complexes is
shown hereafter to confirm the spectral assignments that are made.
These results are also contrasted to a previous IR-MPD study using
the free electron laser FELIX.

3.3. Ba2+ tryptophan dimer complex

Fig. 6 compares IR-MPD spectra recorded using FELIX (previous
study) and the OPO-CO2 laser scheme for Ba2+Trp2 with lowest-
energy calculated isomers. The red arrow in the FELIX spectrum
denotes the position of the fixed wavelength CO2 laser, and con-
firms that Ba2+Trp2 does not exhibit a strong vibrational band
resonant with the CO2 laser. The same color scheme employed in
Fig. 4 is shown in Fig. 6 for the carboxylic acid (blue), indole N–H

+

The major difference between the Ba2+Trp2 and Ba2+Trp exper-
imental spectra is the presence of an intense O–H stretching band
(3550 cm−1). This suggests that at least one tryptophan is in the CS
form, and in principle allows for either CS-only or mixed CS/ZW
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Fig. 7. IR-MPD spectra of Ca2+Trp2 in the mid- and near-IR regions along with cal-
culated vibrational spectra for the three lowest-energy conformers. The calculated
geometries are displayed in Fig. 2. Characteristic wavelength regions associated with
NH3

+, indole N–H, and O–H stretching modes are highlighted in yellow, red and
blue, respectively. The zero-point corrected energies of each structure are shown
36 W.K. Mino Jr. et al. / International Journ

imers. The calculated spectra for the lowest-energy conformers
or each of these, C1/C1 and C1/Z3, are shown. In both cases, a car-
oxylic acid O–H stretch is predicted at 3550 cm−1. The intensity of
his band is intrinsically higher in the case of C1/C1, as there are two
nderlying oscillators, as opposed to just one in the case for C1/Z3;
owever, the discrimination between C1/C1 and C1/Z3 is difficult
o make based on the intensity of the carboxylic acid O–H stretch
and.

A more diagnostic difference between C1/C1 and C1/Z3 is seen in
he intensities of their respective N–H stretching modes in the yel-
ow region of the spectrum. Analogously to the Ba2+Trp monomer,
he amino NH2 antisymmetric and symmetric stretching bands for
he CS structure are much weaker in intensity than the correspond-
ng NH3

+ bands (10 and 30 km mol−1 vs. 95 and 60 km mol−1). The
ailure to observe N–H stretching modes in the 3100–3400 cm−1

ange suggests that neither of the tryptophans in the dimer is in
he ZW form. Note that, although weak, the NH3

+-associated bands
n the more strongly bound Ba2+Trp monomer in Fig. 4 (i.e., requir-
ng covalent bond cleavage) were clearly detected. The failure to
etect the loss of a tryptophan for the more weakly bound Ba2+Trp2,
uggests that no ZW structure is present. The lower dissociation
hreshold of the Ba2+Trp2 complex is validated by observing 3 times
reater fragmentation yield for the indole N–H stretch vs. the corre-
ponding fragmentation yield for the Ba2+Trp, under identical laser
rradiation conditions.

In a previous FELIX IR-MPD study of Ba2+Trp2 (shown on the
eft-hand side) [7], the experimental spectrum appears to resemble
he C1/Z3 calculated spectrum more closely than the C1/C1 spec-
rum. In that latter study, the carboxylic acid C O and carboxylate
ntisymmetric CO2

− stretch served as diagnostic peaks to distin-
uish between CS and ZW. Increased spectral congestion of dimer
omplexes resulted in spectral overlap of both diagnostic bands,
hich can complicate spectral interpretation. Nonetheless, since

he thermochemistry predicts the complexes to be very close in
nergy (+7 kJ mol−1), it is conceivable that different mixtures of iso-
ers were made by ESI in both experiments. With respect to the

hermochemistry results, it should be noted that the accuracy of
he calculations is certainly limited. In all cases for these alkaline
arth-tryptophan dimers, the mixed dimer CS/ZW is consistently
redicted as the most stable configuration [7]. For Ba2+Trp2 this

s clearly not confirmed. Moreover, the IR-MPD spectra suggest
tructural differences between the smaller and larger alkaline
arth complexes, which are not predicted by the thermochemical
esults.

.4. Ca2+ tryptophan dimer complex

Fig. 7 shows a comparison of the Ca2+Trp2 experimental spec-
rum recorded using FELIX [7] and the OPO laser with calculated
pectra for the three lowest-energy motifs. The chemically diag-
ostic wavelength regions are highlighted, as previously done

n Figs. 4–6. Similarly to Ba2+Trp2, an intense O–H stretch at
550 cm−1, associated with the carboxylic acid moiety, is observed.
his again confirms that at least one tryptophan is in the CS form.
owever, in contrast to Ba2+Trp2, Ca2+Trp2 clearly displays an
bsorption band in the N–H stretching region (3340 cm−1). The
osition of this band is consistent with an antisymmetric NH3

+

tretching mode, diagnostic for a ZW tryptophan. The simultane-
us presence of carboxylic acid O–H and NH3

+ modes indicates the
resence of a mixed CS/ZW dimer. The lowest-energy C1/Z2 and
1/Z3 mixed dimer conformations indeed confirm the presence of

n antisymmetric NH3

+ stretching mode at ∼3340 cm−1. Note that
his band was not observed for Ba2+Trp2, in spite of its more effi-
ient photodissociation. Moreover, if this band were due to an NH2
tretch mode, associated with the CS/CS structure, then it should
lso have been observed for all M2+Trp2 complexes. These obser-
for comparison. The CO2 laser wavelength (10.6 �m) is indicated by a red arrow.
(For interpretation of references to color in this figure legend, the reader is referred
to the web version of this article.)

vations make a strong case for the identification of a mixed CS/ZW
dimer for Ca2+Trp2.

Intriguingly though, other intense NH3
+ stretches that are

predicted at lower-frequency are not observed. The calculations
indicate that the exact position of these lower-frequency NH3

+

modes are highly dependent on conformation. While C1/Z2 pre-
dicts NH3

+ stretches at 3090 and 3195 cm−1, the marginally
higher-energy structure C1/Z3 (+2 kJ mol−1) predicts the corre-
sponding modes at 3110 and 3295 cm−1. On the other hand, the
higher-frequency NH3

+ stretch at 3340 cm−1 is consistently repro-
duced at the same frequency for both geometries. In higher-energy
conformations (not shown here), the same trend is observed, in
that the position of the antisymmetric NH3

+ stretch is unaffected
by conformation, whereas the lower-frequency bands are. Given
the floppy nature of these complexes at room temperature, it is
thus conceivable that the lower-frequency NH3

+ bands are not as
well defined as the antisymmetric NH3

+ stretch. If such structures
were to interconvert at room temperature or during infrared acti-
vation, this would impede resonant absorption of multiple photons
for such NH3

+ stretching modes from OPO-laser irradiation. Reso-
nant absorption of multiple photons may, however, be required to
reach the quasi-continuum, where non-resonant absorption from
CO2 laser irradiation brings the ions over the dissociation thresh-
old. Another contributing factor to lower IR-MPD yield is likely to
be the lower energy per photon, as well as lower laser power than
for the corresponding antisymmetric NH3

+ stretch.
Despite the inability to detect multiple NH3

+ modes, the appear-
ance of a band at 3340 cm−1 suggests the presence of a ZW
configuration for one of the tryptophans, and is consistent with
a mixed CS/ZW dimer. This does, however, not exclude the possi-
bility of CS/CS dimers, which may also be present at some level.
The previous FELIX study on Ca2+Trp2 was also compatible with a

CS/ZW configuration [7]. In this case, C1/Z2 yielded a better match
with the experimental spectrum than C1/Z3. No such distinction
could be established in the OPO-laser range, due to an inability to
detect the lower-frequency NH3

+ modes.
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.5. Metal binding effects on ZW stabilization

The size effect to favor ZW-containing tryptophans for smaller
ations runs counter to the trend established by Jockusch et al.
13,17] and Bush et al. [29] for arginine bound to the alkali metal
eries (Li+–Cs+), and later confirmed by Armentrout for serine and
ethione [27,32]. On the other hand, IR spectroscopy results on

ationized proline by Schäfer and co-workers [55] showed an oppo-
ite trend in the stabilization of ZW for smaller alkali metals, as
pposed to CS for larger cations. Schäfer hypothesized that this
rend should be mainly observed in aliphatic amino acids, which
ack a functionalized side-chain (e.g., heteroatom N, O, S, or aro-

atic ring). Such functionalized side-chains offer binding partners
or the metal cations, whereas the aliphatic amino acids, such as
roline (glycine, alanine, valine, leucine and isoleucine), are limited
o binding via their amino N or acid O moieties. In the absence of
ompeting side-chain binding partners, the larger polarizing effect
f smaller metal cations leads to charge separation (i.e., ZW struc-
ure).

In our case of tryptophan dimers, the rationale above cannot
xplain the effects that are observed, since tryptophan is not an
liphatic amino acid. The question thus arises what other factors
re responsible. From chemical intuition, in dimer complexes steric
ffects are likely to play a much more pronounced role than in
onomer complexes. The binding patterns considered for M2+Trp2

re summarized in Fig. 2. In C1/C1, the lowest-energy CS-only
eometry, the metal engages in electrostatic bonding to the car-
oxylic acid O, amino N, and the indole side-chain �-cloud on
oth tryptophans. This results in a large degree of steric crowd-

ng around the cation, and is hence only favored for larger cations,
uch as Sr2+ and Ba2+. Conversely, this binding motif is not com-
atible for the smaller cations, Mg2+ and Ca2+. Those would favor
he lowest-energy mixed dimer conformation, C1/Z2. In the lat-
er conformation, Z2 adopts a more extended form, where the
arboxylate is tightly solvated, whereas the indole side-chain is
ot involved in binding to the metal cation. The more compact
ixed dimer conformation, C1/Z3, where the cation binds to both

ndole side-chains, is probably less favored in smaller alkaline
arth complexes, due to steric crowding, as in fact confirmed by
he computations. It is not clear why C1/Z3 would be disfavored
elative C1/C1 for larger cations. Single-point MP2 calculations
or C1/Z3 and C1/C1 (not shown) did not show considerable dif-
erences in stability between both geometries, indicating that
ispersion interactions do not explain this observation. In sum-
ary, the mixed dimer extended structure, C1/Z2, is consistent
ith solvating a smaller cation, whereas the more compact CS-only

onformation, C1/C1, requires a larger cation, to minimize steric
epulsion.

. Conclusions

It is shown that the N–H and O–H stretching regions serve
s a useful ‘fingerprint’ region in identifying ZW or CS structure
n the gas phase. The structural assignment is based on diagnos-
ic bands associated with the carboxylic acid OH stretch (CS) and
he NH3

+ asymmetric stretching mode (ZW). A clear example of
ZW structure is observed for monomeric Ba2+Trp, by virtue of
lack of photodissociation between 3525 and 3625 cm−1 (O–H)

nd the presence of a doublet at 3290 cm−1 and 3320 cm−1 (N–H).
he simple distinction of these two wavelength regions is then

mplemented on tryptophan dimer complexes for the alkaline earth
eries. An unexpected trend is seen, in that the CS/ZW mixed struc-
ure is favored with decreasing metal size, as opposed to CS/CS for
arger cations (Sr2+ and Ba2+). This trend is in sharp contrast to
ther studies on alkali metal-chelated amino acids. These results

[

[

ass Spectrometry 297 (2010) 131–138 137

point to the complex interplay of forces that determine Zwitterion
stabilization in the gas-phase, showing that trends are not always
easy to generalize. In this case, it is hypothesized that steric effects
account for differences in stability between CS/CS and CS/ZW iso-
mers. A more extended CS/ZW structure, not involving the ZW
indole side-chain, is capable of effectively solvating smaller alkaline
earth cations. Conversely, the more tightly bound CS/CS structure
involves both indole side-chains, and hence presents steric crowd-
ing problems for smaller cations. For larger cation complexes, these
steric effects are less of a concern.
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