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Abstract

Chiral recognition is a fundamental phenomenon in life sciences based on the enantioselective complexation of a chiral
molecule with a chiral selector. The diastereomeric aggregates, formed by complexation, are held together by a different
combination of intermolecular forces and are, therefore, endowed with different stability and reactivity. Determination of
these forces, which are normally affected in the condensed phase by solvent and supramolecular interactions, requires the
generation of the diastereomeric complexes in an isolated state and their kinetic and spectroscopic investigation. This paper
concerns enantiodiscrimination of chiral molecules in the gas phase through the application of various ESI-MSn -CID and
REMPI-TOF methodologies. The measurement of the fragmentation thresholds of diastereomeric clusters by these techniques
allowed to shed light upon the nature and the magnitude of the intrinsic interactions which control their formation and which
affect their stability and reactivity. (Int J Mass Spectrom 223–224 (2003) 159–168)
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Molecular clusters play a key role in the molec-
ular scale explanations of macroscopic phenomena,
being in a state which is in between the condensed
and isolated gas phase. In this state, the lack of in-
teractions with the external environment facilitates
the precise determination of the intermolecular forces
involved in molecular aggregation and their extension
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to the macroscopic scale. The existence, the structure,
the stability, the physicochemical properties, and the
evolution dynamics of a molecular aggregate depend
upon a sensitive balance between attractive and re-
pulsive noncovalent interactions. This balance may
produce the unique feature of a structure-dependent
affinity towards only one enantiomer of a chiral
molecule. Few research topics, such as chiral recog-
nition have surpassed the purely chemical threshold,
interlocking the physical and life sciences, and at-
tracting the interest of the scientists[1]. In chemistry,
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specific chirality effects in diastereomeric ground and
transition structures are at the origin of many enan-
tioselective syntheses[2]. In biochemistry, the same
effects control the highly enantioselective binding of
a target substrate to proteins in the chiral cavity of
enzymes, antibodies, or sensorial receptors[3].

Molecular-scale investigation of isolated clusters
was allowed by the development of gas-phase method-
ologies as laser spectroscopy and mass spectrometry,
but only recently these methodologies have been ap-
plied to the study of chiral systems[4,5]. In particular,
electrospray ionization mass spectrometry (ESI-MS)
[6–8] and resonance-enhanced multi-photon ioniza-
tion [5,9] coupled with time-of-flight (REMPI-TOF)
mass spectrometry, proved most useful for this pur-
pose. Both techniques rely on the measure of the
different stability of diastereomeric complexes arising
from the combination of a chiral molecule with an
enantiomeric selector.

This paper is aimed at reporting results of a compre-
hensive study on the enantiodiscrimination of chiral
molecules in the gas phase through the application
of ESI-MSn collision-induced dissociation (CID) and
REMPI-TOF methodologies. The mass-resolved R2PI
spectra of diastereomeric clusters of (R)-(+)-1-phenyl-
1-propanol (PR), (R)-(+)-1-phenyl-1-ethanol (ER),
and (R)-(−)-1-indanol (IR) with water and (R)-(−)-
and (S)-(+)-2-butanol (BR and BS), (R)-(−)- and
(S)-(+)-2-butylamine (AR andAS), and (R)-(−)- and
(S)-(+)-2-hexanol (XR and XS) are discussed. The
ESI-MSn -CID measurements concern trimeric clus-
ters ions [M·(ref )2·S]+ between first-group metal
ions (M+) and chiral�-aminophosphonic acids (ref

andS). The�-aminophosphonic acids investigated are
(R)-(−)- and (S)-(+)-(1-aminoethyl) phosphonic acid
(ameR andameS), (1R)-(+)- and (1S)-(−)-(1-amino-
2-methylpropyl) phosphonic acid (ampR andampS).

2. Experimental methodologies

2.1. REMPI-TOF

The experimental set-up, which combines a su-
personic molecular beam, two Nd-YAG pumped dye

lasers and a TOF mass spectrometer, has been else-
where described[10,11]. Supersonic beam production
of the adducts is obtained by adiabatic expansion of a
carrier gas (Ar) seeded with a selected chromophore
(C) and solvent molecule (solv) through a heatable
pulsed nozzle of 400-�m i.d. The concentration is
maintained enough low to minimize the production of
heavier clusters. The skimmed supersonic jet (1-mm
skimmer diameter) enters into a second chamber
equipped with a TOF mass spectrometer. Molecules
and clusters in the beam are excited and ionized by
one or two tunable dye lasers and the ionized species
are detected by a channeltron. The mass-selected
photoionization signals are recorded and averaged by
a digital oscilloscope and stored on a PC.

One color R2PI experiments (1cR2PI) involve elec-
tronic excitation of the species of interest by absorp-
tion of one photonhv1 and ionization by absorbing
a second photonhv1. Mass discrimination of the ion-
ized complex may be complicated by fragmentation
processes, due to the excess energy gained during
ionization.

The ionization and fragmentation thresholds have
been obtained by the photoionization efficiency curves
through a two color R2PI (2cR2PI) sequence: (i) the
first exciting laser (hv1) is tuned on the S1 ← S0

transition of the species of interest; (ii) the laser in-
tensity is lowered to about 1% of the initial fluence
to minimize thehv1 absorption; (iii) a second laser
(hv2) is scanned through the cluster ionization and
fragmentation threshold regions. The photoionization
spectra were corrected for the effect of the electric
field strength (200 V/cm) produced by the extraction
plates of the TOF spectrometer.

The binding energyD′′0 of the C-solv adduct is
computed from the difference between its dissocia-
tive ionization threshold AE[C]+ = hν1[C-solv]∗ +
hν2[(C)+ + solv] and the ionization threshold of
the bare C, i.e., IP[C] = hν1[C]∗ + hν2[C]+.
The dissociation energy D0+of the ionic cluster
[C-solv]+ is calculated from the difference between
its dissociative ionization threshold, AE[C]+ =
hν1[C-solv]∗ + hν2[(C)+ + solv], and its ionization
threshold IP[C-solv] = hν1[C-solv]∗+hν2[C-solv]+.
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2.2. ESI-MSn

The CID experiments have been performed by us-
ing both a commercial API 100/300 triple-quadrupole
(QqQ) mass spectrometer from Perkin Elmer Sciex,
equipped with an ESI source and a syringe pump[12].
Operating conditions for the ESI source have been as
follows: spray voltage, 3.8 kV; capillary temperature,
298 K; sheath gas (N2) flow rate, 30 units (roughly
0.75 L/min). The selected gas phase complexes have
been generated by electrospraying at a flow rate of
10�L/min water:methanol (50:50) solutions contain-
ing equimolar amounts (10�M each) of the optically
pure solvent molecule and a chiral reference com-
pound. The CID experiments on the so-formed di-
astereomeric complexes have been conducted in the
positive ion mode. In the full scan QqQ-MS2 mode,
the diastereomeric cluster ions have been isolated in
the first mass analyzing quadrupole Q, excited in the
second “rf-only” quadrupoleq by collision with N2

(pressure ca.10 mbar; energy range 6–12 eV in the lab-
oratory frame), and eventually analyzed in the third
quadrupole Q of the instrument.

3. Computational methods

Electronic ground state structure and vibrational fre-
quencies of thePR, ER, andIR molecules have been
computed by density functional calculations based on
Becke’s three parameter hybrid functional added by
the LYP correlation functional (B3LYP). The 6-31G∗∗

Gaussian split valence basis set, in whichp functions
are added to H atom andd functions to heavy atoms,
has been used[13].

A set of cluster geometries has been generated
by binding a water molecule (either as proton ac-
ceptor or donor) to thePR, ER, and IR molecules.
These structures have been then optimized using the
semi-empirical PM3 Hamiltonian, in order to obtain
input cluster geometries for the full ab initio opti-
mization conducted at the B3LYP/6-31G∗∗ level of
theory. The vibrational frequency analysis has been
performed at the above theoretical level to obtain the

zero-point energy (ZPE) for each optimized molecular
monomer and cluster structures.

Calculated intermolecular D′′0 energies have been
corrected by using the counterpoise method in or-
der to avoid the basis set superposition error (BSSE)
[14]: the B3LYP/6-31G∗∗ optimized cluster geome-
tries have been used to compute the energies of the
monomers alone and in the presence of the partner
ghost basis sets. All the ab initio calculations have
been performed using the Gaussian 98 package[15].

Some insights into the intermolecular forces op-
erating in the diastereomeric, [M·(ref )2·SS]+ and
[Me·(ref )2·SR]+, complexes can be obtained from
the analysis of their structures and binding energies
as calculated at the Molecular Mechanics MM2 Force
Field level of theory[16], in which the electrostatic
energy contribution was calculated by bond–dipole
interactions. Geometry optimization has been ob-
tained by using the Polak–Ribier (conjugate-gradient)
algorithm with a 0.4 kJ/mol RMS gradient threshold.

4. Results and discussion

4.1. R2PI spectroscopy of hydrated clusters

Hydrated aromatic molecules are simple models to
study the selectivity and the function of biologically
active systems. The role of hydrogen-bond interac-
tion and molecular conformation has been studied for
many aromatic molecule—water clusters, including
molecules of biological interest[17–19]. In this sec-
tion, 1cR2PI spectra of hydrated adducts of benzylic
alcohol derivativesER, PR, andIR are reported and
discussed. The measure of the shifts and the binding
energies of these systems can provide some informa-
tion on the effects of water, which can acts both as
proton donor and acceptor in many organic and bio-
logical compounds.

The 1cR2PI spectra of the hydrated adducts ofER,
PR, andIR are reported inFig. 1. Several conformers
may be generated in the beam and their vibronic transi-
tions generally complicate the mass-resolved 1cR2PI
excitation spectra. This problem is less evident in
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Fig. 1. Mass-resolved 1cR2PI excitation spectrum ofER·H2O
(a), PR·H2O (b), and IR·H2O (c) clusters measured at a total
stagnation pressure of 4× 105 Pa. The 000 electronic origin of
the S0← S1 transition of the bare chromophores are respectively
37,618, 37,618, and 37,067 cm−1 and those of the clusters are
marked in the figure.

the ER·H2O cluster (Fig. 1a), as demonstrated by its
comparatively simple spectrum[20,21]. With C = PR

(Fig. 1b) or IR (Fig. 1c), different stable conformations
are predicted and found either in the isolated molecule
and in its hydrated cluster[22]. A blue shift of the
electronic transition of each of the three hydrated clus-
ters with respect to the 00

0 S1← S0 band origin of the
bare chromophore is observed. This indicates that the
energy gap between the S0 and S1 state increases by
monohydration. A blue shift of the electronic transi-
tion in many 1:1 aromatic molecule:water cluster is not
unusual and can be related to an O–H· · ·� interaction
between the aromatic ring of chromophore and the wa-
ter molecule[18,19,23]. This conclusion is corrobo-
rated by the B3LYP/6-31G∗∗ optimized geometries of

the most stableC·H2O (C = ER, PR, or IR) conform-
ers (Fig. 2a–c, respectively), which are characterized
by water acting as proton acceptor for the benzylic pro-
ton of C as well as proton donor towards the aromatic
ring of the chromophore. A fair agreement is also
observed between the B3LYP/6-31G∗∗ computed
binding energies ofC·H2O (C = ER or PR) and
the experimental 2cR2PI values[20–22]. In this con-
nection, it should be taken into account that poor
Frank–Condon factors for the vertical transition from
the S1 excited state to the ionic state[24] lead to an
overestimation of ionization energy of the molecule,
and consequently the phenomenological binding en-
ergy of the cluster is a lower limit of the actual value.
An overestimation of the computed binding energy
due to an excess of BSSE correction[22,25], cannot
be excluded.

4.2. R2PI enantiodifferentiation of chiral molecules

Enantiodifferentiation of neutral chiral molecules in
the gas phase can be obtained by mass-resolved R2PI
spectroscopy of their adducts with chiral partners. Di-
astereomeric pairs are characterized by the nonequiv-
alence of their interaction energy in both the ground
and excited states and, therefore, they exhibit different
spectroscopic properties[5,9]. Fig. 3 shows the R2PI
excitation spectra of the diastereomeric complexes of
ER with BR and BS (Fig. 3a), PR with AR and AS

(Fig. 3b), andIR with XR andXS (Fig. 3c). The spectra
are complicated by the vibronic transitions associated
to the conformers of the adducts. As already observed
for other chiral clusters[20,26], the examined com-
plexes display a spectral signature characterized by a
significant red shift�ν of the 000 S1← S0 transition
relative to that of the bare chromophore. These spectral
shifts reflect the combined effect of the electrostatic
and dispersive interactions betweenC and solv on
the HOMO and LUMO energies of the chromophore.
The homo chiral clusters, e.g.,ER·BR, exhibits a red
shift (�νhomo) less negative than that displayed by
the hetero chiral analog, i.e.,ER·BS, (�νhetero). Their
differences,��� = ��homo−��hetero= +12 cm−1

(ER·BR/BS), +18 cm−1 (PR·AR/AS), and+30 cm−1
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Fig. 2. Calculated minimum energy structures ofER·H2O (a), PR·H2O (b), andIR·H2O (c). Predicted and measured binding energies are
also reported.

(IR·XR/XS), are consistent with an S1 ← S0 energy
gap of the hetero chiral complex which is smaller than
that of the corresponding homo chiral adduct. Similar
��ν values were determined for other diastereomeric
pairs[21,27].

The 1cR2PI mass fragmentation pattern of the se-
lected diastereomeric clusters gives some insight on
the steric effects observed in the excitation spectra.
In 1cR2PI experiments, an excess vibrational energy
is imparted to the ionic adduct which undergoes ex-
tensive fragmentation. The spectral patterns of the
fragment ions are found to be the same of that of the
parent ion[27]. Ionization of the homo and hetero
complexes ofER, PR, andIR with various chiral alco-
hols gives rise to the same fragment distribution, char-
acterized by the loss of solvent, alkyl radical, or water.
When solv is AR/AS, ionization of the complexes
leads also to the formation of asolv·H+ fragment due
to proton transferred from the ionized chromophore

to the amines[27,28]. The occurrence of this intra-
complex process, which is completely absent when
solv = aliphatic alcohol, is favored by the high proton
affinity of the selected amines.Table 1shows the rel-
ative ion abundances ofIR clusters withBR andBS,
XR andXS, andAR andAS, taken at the frequencies
of the electronic origins of the corresponding clusters.
The differences in the relative ion abundances arising
from fragmentation of each diastereomeric pair are
reproducible and are large enough to allow chiral dis-
crimination [5,27]. It can be seen that whensolv is
AR/AS, a more extensive fragmentation is observed in
the homo chiral adducts while a reversed fragmenta-
tion trend is observed whensolv is BR/BS or XR/XS

[28,29]. These data parallel to those found whenC =
ER or PR [27,28]. The measured binding energies of
these chromophores withBR/BS [9,20,26] indicate
that the hetero chiral clusters are less bounded than
the homo chiral ones. This is probably the reason why
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a larger fragmentation extent is observed by 1cR2PI
process for hetero clustersER·BS and PR·BS with
respect to the corresponding homo diastereomers.

The��ν values and the highly reproducible differ-
ences in the R2PI fragmentation pattern of diastere-

Fig. 3. 1cR2PI excitation spectra of the complexes of (a)ER with BR and BS, (b) PR with AR and AS, and (c) IR with XR and XS

measured at a total stagnation pressure of 4× 105 Pa. The 000 electronic origin of the S0 ← S1 transition of the bare chromophores
are respectively 37,618, 37,618, and 37,067 cm−1, and the shifts are respectively:�νhomo= −119 cm−1 and �νhetero= −131 cm−1 (a),
�νhomo= −109 cm−1 and�νhetero= −127 cm−1 (b), �νhomo= −134 cm−1 and�νhetero= −164 cm−1 (c).

omeric clusters represent useful tools for enantiodis-
crimination of the chiral molecules in the gas phase
and provide some insights into the balance between
attractive and steric repulsive forces operating in these
systems[5,27,28].
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Fig. 3. (Continued).

4.3. ESI-MS2-CID enantiodifferentiation of chiral
α-aminophosphonic acids

This section deals with the application of the
ESI-MS2-CID technique to the enantiodiscrimina-
tion of several chiral �-aminophosphonic acids.
�-Aminophosphonic acids are the analogs of nat-
ural �-aminocarboxylic acids present in biological
systems. The biological activity of these chiral com-
pounds is governed by the stability of their desolved
inclusion complexes into the chiral cavity of an en-
zyme and, specifically, with its metal ion centers.

Table 1
Relative ion abundances from the R2PI mass spectra of complexesIR·BR and IR·BS, IR·XR and IR·XS, and IR·AR and IR·AS, taken at
the corresponding resonant frequencies of each cluster

C solv �ν %[C-solv]+ %[(C-solv)·H2O]+ %[C]+ % [solv·H]+

IR BR −113 30.6 34.7 34.7 –
BS −127 26.7 24.5 48.8 –
XR −134 49.4 – 50.6 –
XS −164 45.3 – 54.7 –
AR −137 16.6 4.4 53.6 25.4
AS −150 18.4 3.1 42.9 29.5

Spectral shifts (�ν in cm−1 ) is the difference between the 00
0 S1← S0 electronic transitions of the clusters with respect to that of the

bare chromophore.

For this reason, we deemed it important to investi-
gate the affinity of�-aminophosphonic acids towards
first-group metals in gaseous phase and how this can
be affected by the ligands configuration. The results
are discussed in the light of structure calculation
performed by using an empirical force field.

According to the foundations of Cooks’ kinetic
method[6], gas-phase discrimination of chiral solvent
SR andSS is obtained by measuring the relative sta-
bility of their diastereomeric complexes with a chiral
reference selectorref . CID of the diastereomeric
cluster ions [M·(ref )2·SR]+ and [M·(ref )2·SS]+,
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where M+ = H+, Li+, Na+, and K+, may produce
different fragmentation patterns reflecting the relevant
[M·ref ·SR]+ and [M·ref ·SS]+ vs. [M·(ref )2]+ sta-
bility. It is convenient to define the cluster ions as
“homo” whenS andref have the same configuration,
and “hetero” in the opposite case. Measurement of the
ratio of the “homo” vs. “hetero” ion abundance ratios
provides the chiral selectivityRchiral, i.e.:

Rchiral = Rhomo

Rhetero
= [M · ref · SS]+/[M · (ref)2]+

[M · ref · SR]+/[M · (ref)2]+
(1)

if the Senantiomer ofref is employed.
Fig. 4 reports typical CID fragmentation spec-

tra of diastereomeric clusters containing one of the
ampR and ampS enantiomers, as solvent,ameS as
ref , and a sodium ion ([Na·(ameS)2·(ampR)]+ and
[Na·(ameS)2·(ampS)]+), together with their calcu-
lated structures. Their fragmentation leads essentially
to the [Na·(ameS)·(ampR,S)]+ and [Na·(ameS)2]+.
Analogous results have been found for other metal
ion/�-aminophosphonic mixtures investigated[12,29].

The reproducibility of the present method has been
investigated changing the chirality of the reference
acid ref . The results obtained using the otherref

enantiomer are within ca. 10% error and the uncer-
tainty associated with consecutive measurements of
the same system is within 5%.

The average chiral resolution factorsRchiral for
the diastereomeric clusters investigated are reported
in Table 2. An Rchiral < 1 value indicates that the
hetero chiral complex is more stable than the homo
chiral one. ForRchiral = 1, there is no stability differ-

Table 2
Discrimination of the (1-amino-2-methylpropyl) phosphonic acid
enantiomers (ampS and ampR) by ESI-MS2-CID fragmenta-
tion of their diastereomeric clusters [M·(ref )2·ampS]+ and
[M·(ref )2·ampR]+ (M+ = H+, Li+, Na+, andK+; ref= either
(R)-(−)- or (S)-(+)-(1-aminoethyl) phosphonic acid)

M+ AverageRchiral

H+ 0.92± 0.04
Li+ 1.14± 0.05
Na+ 0.90± 0.04
K+ 0.92± 0.04

ences and chiral discrimination is unattainable by this
method.1

The CID results ofTable 2 provide only a sta-
bility order for the diastereomeric clusters and indi-
cate that this depends upon the nature of the metal
center. Molecular Mechanics MM2 Force Field cal-
culations point to the most probable configuration
for ([Na·(ameS)2·(amp)]+ as that with the reference
moleculesameS directly bounded to the metal center
and with the analyte placed outside (Fig. 4) [12].

5. Concluding remark

Gas-phase chiral molecules have been enantiodif-
ferentiated after complexation with a chiral selector
by using the REMPI-TOF and ESI-MSn -CID tech-
niques. The wavelength and mass selectivity displayed
by gaseous clusters containing chiral and achiral
molecules reflect the balance between stereospecific
attractive (hydrogen bond, dispersive, charge ex-
change, etc.) and respulsive (steric) interactions oper-
ating in these systems. The spectral shifts observed in
the R2PI spectra of clusters attest the role played by
OH · · ·� interactions in determining their structure.
The nature of the forces acting in these complexes
has been explored with the support of theoretical
calculations.
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1 In previous publications (refs.[12,29]), according to Cooks’ ki-
netic method[6], the free-energy difference�(�G) = �Ghomo−
�Ghetero of diastereomeric [M·ref ·S]+ was derived from the
ln Rchiral = �(�G)/RTeff equation, using aTeff value estimated
on the grounds of the fragmentation pattern of their [M·(ref )2·S]+
precursors. However, a rigorous theoretical analysis of Cooks’
method[8] pointed out that the description of the reacting pop-
ulation requires the use of two different temperatures, not deter-
minable at present.
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