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Although amino acids are known to exist as zwitterions in
aqueous solution and crystals, they should exist in their
neutral form in the gas phase because zwitterionic charge

separation is not energetically favored in the absence of a
solvent.[1–3] However, it is also known that zwitterionic amino
acids can be stabilized by noncovalent interactions with
proximal molecules or ions.[4,5] For example, monomeric
glycine is non-zwitterionic in the gas phase,[2,6] but clustering
with five water molecules transforms glycine into its zwitter-
ion.[7] Recently, the clusters of serine have attracted much
attention from both experimentalists and theorists.[8–14] The
protonated serine octamer, [H(Ser)8]

+, first appeared as a
“magic number” cluster in electrospray ionization (ESI) mass
spectra and showed a pronounced preference for homochir-
ality.[8, 9] Several structures have been proposed for this cluster
ion based on tandem mass spectrometry, ion mobility, and H/
D exchange experiments.[8–12] Although most of the proposed
structures contain all zwitterionic serine constituents, an H/D-
exchange study indicated that isomers with both neutral and
zwitterionic structures can form in the ESI source.[12b]

Infrared spectroscopy in combination with mass spec-
trometry and ab initio calculations has been proven to be an
effective approach To deduce the structural information of
gas-phase cluster ions.[15] McLafferty and co-workers demon-
strated that it is possible to obtain infrared photodissociation
spectra of protonated amino acid complexes with a pulsed
infrared laser coupled to a Fourier-transform ion-cyclotron
resonance (FTICR) mass spectrometer;[13] the spectra of
[H(Ser)n]

+ can be similarly obtained. Herein, we present
infrared spectra of these cluster ions (n= 2–8) and address the
questions of whether the serine dimer has a neutral structure
and how the zwitterionic structure evolves as n increases.
Results of ab initio calculations based on density functional
theory (DFT) for the isomeric structures of [H(Ser)2]

+ are
also reported. By closely examining the infrared spectra of
[H(Ser)2–8]

+ in the frequency range 3400–3750 cm�1 for the
free carboxy and hydroxymethyl OH stretches, a size effect on
the structural transition from neutral to zwitterionic forms of
serine subunits has been identified.

Figure 1a shows a typical FTICR mass spectrum of
homochiral serine clusters produced by ESI. The spectrum
is dominated by two peaks that correspond to [H(Ser)2]

+ and
[H(Ser)8]

+.[16] The abundance of cluster ions of intermediate
size (n= 3–7) is clearly too low to acquire their infrared
photodissociation spectra. In a first attempt to overcome this
difficulty, [H(Ser)8]

+ was isolated in the ICR cell by radio-
frequency (RF) sweeps and then fragmented by collision with
pulsed argon gas (2 > 10�7 Torr) to produce smaller cluster
ions of n= 3–6 (Figure 1b). The seemingly less stable
heptamer was later produced by in-source collision-induced
dissociation (CID) by increasing the ion-transmission energy
in the region of the ESI source (Figure 1c). Mass selection
was performed in the ICR cell to isolate the desired fragment
ions for infrared spectroscopic measurements with an optical
parametric oscillator (OPO) laser.

A typical infrared spectrum of [H(Ser)2]
+ at room

temperature is shown in Figure 2b. The spectrum was
obtained by recording the dissociation fractions of all frag-
ment ions versus total ions against laser frequency. The
general feature of the spectrum (normalized with laser
power) is in good agreement with the result of Oh et al.,
who used a similar setup but with a low-repetition-rate pulsed
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OPO laser.[13] The stronger absorption peaks at 3565 and
3672 cm�1 are ascribed to the stretching modes of free
carboxy OH bonds on the C terminus and free hydroxymethyl
OH bonds of the serine side chains, respectively. To assist the
spectral interpretation, calculations performed at the B3LYP/
6-31+G* level identified 86 stable isomers for this dimeric
ion. Of these isomers, only seven are zwitterionic. The main
reason that the number of stable neutral
structures is far more than that of zwitter-
ionic structures is because the COOH group
can act as a proton acceptor, proton donor,
or simultaneously as both, thus the proba-
bility of forming hydrogen bonds is high.
The differences in total energy of these
isomers are less than 20 kcalmol�1 (see the
Supporting Information). Table 1 gives the
energetics of the six lowest-energy neutral
structures and the two lowest-energy zwit-
terionic structures, as depicted in
Figure 3.[17] As can be seen, the neutral
structures (N1–N6) are all significantly
more stable than the zwitterionic structures
(Z1 and Z2) according to the MP2/6-311+
+G(d,p) and CCSD/6-31+G(d,p) levels of
calculations. Although the structure of the
serine dimer cannot be determined uniquely as a result of the
complexity of the hydrogen-bonding network, a comparison
of the experimental spectrum with the calculated spectra
indicates that the [H(Ser)2]

+ isomer with a neutral structure is
most likely to be responsible for our observation (Figure 2b).

For example, a comparison of the intensities of the absorption
bands ascribable to the free OH stretching vibrations of the
carboxy group and the hydroxymethyl group yields an
experimentally observed ratio of 1.3� 0.1, which agrees
favorably with that calculated for N2–N6 (� 1.4), but is in

Figure 1. FTICR mass spectra of: a) protonated serine clusters pro-
duced directly from ESI; b) protonated serine cluster fragments after
in-cell CID of isolated octamers; c) protonated serine clusters with in-
source CID; d,e) protonated serine cluster fragments after infrared
photodissociation of isolated octamers at 3672 cm�1 for 0.5 and 2.0 s,
respectively.

Figure 2. Comparison of experimental infrared spectra of a) [H(Ser)8]
+

and b) [H(Ser)2]
+ in the frequency range 2850–3750 cm�1. The calcu-

lated [H(Ser)2]
+ spectra shown underneath were obtained by the

B3LYP/6-311++G(d,p) level of calculation and scaled with a single
factor, F0.954. The structures of isomers N2–N6, Z1, and Z2 are
depicted in Figure 3.

Table 1: Relative energies (in kcalmol�1) of eight low-energy isomers obtained at three different levels of
calculations.

Method[a] N1[b] N2 N3 N4 N5 N6 Z1 Z2

B3LYP/6-311++G(d,p) 0.00 0.66 1.22 1.19 1.16 1.50 1.91 3.18
(0.00)[c] (0.73) (1.05) (1.19) (1.23) (1.47) (1.90) (3.24)
(0.00)[d] (1.79) (1.77) (1.77) (1.91) (1.92) (1.81) (3.81)

MP2/6-311++G(d,p) 0.00 �4.07 �2.79 �2.93 �2.46 �1.95 2.06 3.27
(0.00)[c] (�4.00) (�2.95) (�2.93) (�2.39) (�1.98) (2.06) (3.33)

CCSD/6-31+G(d,p) 0.00 �3.87 �2.66 �2.47 �2.47 �1.72 2.63 3.96
(0.00)[c] (�3.80) (�2.83) (�2.47) (�2.41) (�1.76) (2.63) (4.02)

[a] All energy calculations were conducted based on the structures optimized by B3LYP/6-311++
G(d,p). The calculated total electronic energies of N1 with the B3LYP, MP2, and CCSD methods are
�798.5996675, �796.538688, and �796.278142 hartree, respectively. [b] Structures of the isomers are
depicted in Figure 3. [c] Values in this row include zero-point energy (ZPE) corrections based on the
frequencies calculated by B3LYP/6-311++G(d,p). [d] Values in this row represent Gibbs free energies at
298 K.
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apparent disparity with that calculated for Z1 and Z2 (� 0.7).
We assign the bands at approximately 2900 cm�1 to CH
stretching vibrations and the bands at 3270 cm�1 predom-
inantly to the stretching modes of NH3

+ groups involved in
intermolecular or intramolecular N�H···O hydrogen bonding.

Figure 2a shows the photodissociation spectrum of [H-
(Ser)8]

+. Mass spectra of the corresponding photofragments
are given in Figure 1d,e, in which evidence is given of the
octamer degrading successively into smaller clusters upon
exposure to resonating infrared photons. The sharp feature
observed at 3674 cm�1, again, corresponds to the free
aliphatic OH stretching mode of serine. Its frequency matches
that of the free OH stretch of CH3OH in [H(CH3OH)4,5]

+ to
within 3 cm�1.[18a] Relative to that of [H(Ser)2]

+, the band-
width of this OH stretching absorption band is significantly
smaller (8 versus 18 cm�1), thus indicating that the aliphatic
OH bonds in this octamer have more uniform environments.
Distinct from the dimer case, however, no sign of the free
carboxy OH stretching absorption was found in the spectrum
within the limit of our experimental sensitivity. Additionally, a
new and relatively sharp band (bandwidth� 33 cm�1) appears
in the spectrum of [H(Ser)8]

+ at 3324 cm�1. The band can be
ascribed to the free NH stretches of NH3

+ groups in
zwitterionic serines, as its frequency is close to the corre-
sponding vibration in [NH4(H2O)3]

+, 3375 cm�1.[19] The obser-
vation of this distinct free NH stretching absorption band for
the NH3

+ ion cores, together with the disappearance of the
free OH stretches of the COOH groups, corroborates the
suggestion that the dominant structure of the [H(Ser)8]

+

cluster probed in our experiment is zwitterionic.[20]

It is instructive to compare our infrared spectroscopic
observations with previous measurements of ion mobility. For
[H(Ser)8]

+, Counterman and Clemmer[10] and Julian et al.[9b]

independently determined the collisional cross section of this
octamer to be 191 and 187 G2, respectively. By comparing
these measured values with calculated cross sections for
various neutral and zwitterionic structures, they concluded
that only compact, cagelike structures stabilized by electro-
static interactions between the carboxyate groups and the
ammonium groups of zwitterionic serines are consistent with
their experimental findings. The present observation is in
good agreement with their conclusion but additionally
indicates that not all hydroxymethyl groups of the serine
subunits are involved in hydrogen bonding, as manifested by
the sharp band at 3674 cm�1 in Figure 2a.

Between the two extreme cases studied, n= 2 and n= 8,
we found evidence for the progressive stabilization of the
zwitterionic structure with increasing cluster size. Figure 4

shows the size-dependent spectra of [H(Ser)2–8]
+ in the free

OH stretching region.[21] The band intensity ratio of the
carboxy OH stretches versus the hydroxymethyl OH stretches
decreases progressively from 1.3 to 0.2 as n increases from 2 to
6. The most notable changes occur between n= 5 and n= 6.
Similar to that of [H(Ser)8]

+, the spectrum of [H(Ser)6]
+

shows only a very weak band that corresponds to free
carboxy OH stretches at approximately 3565 cm�1, which
reflects that the structure of [H(Ser)6]

+ is also compact and
predominantly zwitterionic. In contrast, the intensity ratio of
these two absorption bands in the spectra of [H(Ser)3–5]

+ and
[H(Ser)7]

+ varies substantially from 0.4 to 1.2, which strongly
suggests that the structures of these clusters are mixtures of
neutral and zwitterionic forms.

Figure 3. Lowest-energy isomers of [H(Ser)2]
+ optimized by B3LYP/6-

311++G(d,p), with six neutral (N1–N6) and two zwitterionic (Z1–Z2)
structures. The red, blue, gray, and white spheres denote O, N, C, and
H atoms, respectively. Note that the structures of N2–N6 are all
dominated by linear neutral and ionic N�H+···N hydrogen bonds,
instead of N�H+···O, because the amino group has a much higher
proton affinity than both the carboxy group on the C terminus and the
hydroxy group on the serine side chain.

Figure 4. Infrared photodissociation spectra of sized-selected
[H(Ser)n]

+, n=2–8, in the free OH stretching region. Note the
progressive decrease in intensity of the free carboxy OH stretching
absorption band with increasing cluster size at �3565 cm�1.
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To conclude, we have provided infrared spectroscopic
evidence for progressive stabilization of the zwitterionic
structures in homochiral [H(Ser)2–8]

+ clusters. Our results are
in line with those reported by Beauchamp and co-workers,[9b]

who pointed out this intriguing effect based on DFT
calculations. However, to provide further insight into this
size-dependent structural transition, which is also expected to
be found in other amino acid clusters, more calculations and
experiments are required.

Experimental Section
Mass spectra of protonated serine clusters were acquired by using an
FTICR mass spectrometer (APEX IV, Bruker-Daltonics) equipped
with a 7.0 tesla actively shielded superconducting magnet and an
external ESI source. Protonated homochiral serine clusters were
produced by spraying a sample solution (1 mm l-serine in 30%
methanol solution containing 1% formic acid) through an electrically
grounded, gas-assisted nebulization system. The ESI-generated ions,
after passing through the differentially pumped regions, were
accumulated in a hexapole ion trap for �1 s and finally pulsed into
the ICR cell. Inside the cell, the ions of interest were isolated by RF
clean-up sweeps and thermalized with pulsed argon gas at a pressure
of � 2> 10�7 Torr.

Infrared photodissociation spectra of [H(Ser)2–8]
+ were obtained

by excitation of the OH, NH, and CH stretching vibrations in the
frequency range of 2800–3800 cm�1 by using a home-built pulsed
OPO laser.[22] The singly resonant OPO was constructed with a
periodically poled lithium niobate (PPLN) crystal in a grazing-
incidence grating optical cavity. The PPLN crystal was pumped by an
acousto-optic Q-switched Nd:YAG laser (210S, Lightwave Electron-
ics) at a repetition rate of 4 kHz. As the storage time of ions in the
ICR cell is in the order of seconds, a high-repetition-rate light source
provided a better duty cycle in signal acquisition than a low-
repetition-rate laser of 10–30 Hz.[23] By resonating the signal wave-
length, the idler output wavelength of the OPO laser was tunable
from 2.5 to 3.5 mm with a bandwidth of � 1 cm�1. The output
wavelength was measured with an optical spectrum analyzer
(86142 A, Hewlett Packard) and calibrated against atmospheric
water absorption with an uncertainty of � 1 cm�1. The typical laser
output power was 100 mW.

Ab initio calculations were carried out extensively for [H(Ser)2]
+.

Because of the complexity of the system, even for monomeric serine
itself,[24,25] a complete search for all possible potential minima was
impractical. Nonetheless, a wide range of hydrogen-bonding network
structures, including those of neutral and zwitterionic forms, were
designed based on our previous studies of protonated ammonia,[19]

methanol,[18] and formamide[26] clusters and optimized with the semi-
empirical method, AM1. Ten salt-bridge conformations and 100 ion-
molecule conformations were then selected and optimized by the
DFT calculation at the B3LYP/6-31+G* level. A split valence
double-z basis set and extra polarization and diffuse functions (6-
311++G**) were further used for geometry optimization and
frequency calculation for eight lowest-energy isomers predicted by
B3LYP/6-31+G*. The final energies were refined by single-point
calculations with MP2/6-311++G(d,p) and CCSD/6-31+G(d,p)
methods. All calculations were performed by using the Gaussian 03
program.[27]
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