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Introduction

Formation and stability of supramolecular assemblies has
been investigated extensively, partly to understand the role
these assemblies play in chemical and biochemical processes.
The processes of interest, which include drug–target interac-
tions, DNA base pairing, and antigen–antibody binding, play
key roles in pharmaceutical research, biochemistry, and biol-
ogy. Supramolecular assemblies are held together by electro-
static forces, apolar interactions, and hydrogen bonds, while
chiral recognition determines how the individual elements
can fit together. Mass spectrometry, especially after the
advent of electrospray ionization (ESI),[1] has become an ex-

cellent tool for observing and investigating molecular assem-
blies. Electronic-structure theory can complement such stud-
ies, as it has become a valuable tool for detailed studies of
structural features of smaller complexes. Both techniques
relate to the gas phase, that is, to a solvent-free environ-
ment, so, with some caution, their results are directly com-
parable.
Amino acids are among the most important building

blocks of living systems. Their clustering, and especially the
role of chiral discrimination in the formation of such clus-
ters, has been studied by mass spectrometry.[2–11] One of the
most intriguing discoveries was that serine forms unusually
stable protonated octamers with a marked tendency for ho-
mochirality.[2] The preferred formation of homochiral octam-
ers has been implicated in transmission of homochirality to
other organic compounds and also to the evolution of living
organisms (chirogenesis).[10]

Protonated (and cationized) serine octamers have been
observed by ESI[2–8] and by the closely related sonic spray
ionization techniques.[9–11] Their molecular structure has
been studied by tandem mass spectrometry,[2,5, 9] ion-mobility
mass spectrometry,[3,5] gas-phase H/D exchange,[11] isotopic
labeling,[2,5] and elementary electronic structure
theory.[2,3,5,6,8] Ion mobility clearly indicates a very compact,
most likely salt-bridge, structure for the octamer. Proton/
deuteron exchange shows that the octamer has at least two
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and possibly more isomeric structures.[11] Besides the excep-
tional stability of the homochiral octamer, oligomers consist-
ing of an even number of serine units, especially protonated
dimers, characteristically show increased stability. Fragmen-
tation of the serine octamer initially occurs by loss of a
serine dimer, and subsequent fragmentation also occurs by
preferential loss of serine dimers. A common feature of
most structures suggested for the protonated octamer
(Ser)8H

+ is that they consist of dimeric building blocks.
There is practically no contradiction between experimental
observations made by various groups on serine clusters, but
up to now there is no consensus on the structure of
(Ser)8H

+ either. This may be related to the existence of var-
ious isomeric forms that are relevant under different experi-
mental conditions. While octamers are out of the reach of
both high-quality quantum-chemical calculations and certain
experimental studies, the structure of the protonated dimer
can be studied in detail. Gas-phase H/D exchange[12] on the
protonated homochiral serine dimer suggested that it has a
single, rather open structure resembling an ion–molecule
complex. While the protonated octamer shows obvious pref-
erence for homochirality, no chiral preference was observed
for the dimer in ESI spectra.[2,5] This intriguing experimental
result prompted us to study the structure and the difference
in stability between homo- and heterochiral protonated
serine dimers in a joint experimental and computational
study.
The kinetic method is well suited to detect small energy

differences experimentally. It was originally developed to
determine thermochemical values of individual molecules,
but has been extended to derive data on molecular com-
plexes.[13,14] The first such application was the determination
of gas-phase basicities of molecular pairs, and it was later
used for distinguishing amino acid enantiomers, on the basis
of the fragmentation of trimeric clusters.[15] The studied pro-
tonated amino acid pairs, Pro-Trp, Phe-Ala, Phe-Pro, and
Phe-Val, all showed preference for homochirality, and the
energy difference between homo- and heterochiral pairs was
in the range of 0.4–4 kJmol�1. This technique was adopted
here to study the protonated serine dimer by using isotopi-
cally labeled compounds: d-serine (denoted D) and deuteri-
um-labeled l-serine (with the three CH hydrogen atoms re-
placed with deuterium; denoted L).
To the best of our knowledge no detailed computational

study has been performed to explore the ground electronic
state potential energy surface (PES)[16] of (Ser)2H

+ . There-
fore, to complement the experimental results of this study
and to provide basis for their better understanding, elabo-
rate geometry optimizations were performed to identify all
low-energy conformers of homo- and heterochiral (Ser)2H

+ .
Furthermore, definitive ab initio electronic-structure calcula-
tions were performed to determine the energy order of the
conformers by employing the focal-point approach.[17,18] The
converged results of the focal-point approach make it feasi-
ble to compare the stability of neutral and zwitterionic
forms of (Ser)2H

+ . Due to the large size of the system stud-
ied the focal-point approach could not be pursued to its

usual extent,[19, 20] but it is believed that dependable structur-
al and energy data were obtained in this study for all the im-
portant conformers of (Ser)2H

+ .

Experimental Section

Mass spectrometry : Two types of mass spectrometers were used in the
present study. A reverse-geometry double-focusing VG ZAB-SEQ instru-
ment was used in positive-ion mode. d-Serine and deuterium-labeled l-
serine were mixed in 1:1 ratio in a 0.1% aqueous solution of acetic acid,
and further mixed with glycerol matrix. Protonated trimer ions were gen-
erated by liquid secondary ion mass spectrometry (LSIMS) ion source by
using Cs+ ions accelerated to 30 kV. The metastable fragmentation and
collision-induced dissociation (CID) of the mass-selected protonated het-
erochiral trimer ions were examined by mass-analyzed ion kinetic energy
spectrometry (MIKES). Parent ions were accelerated to a potential of
8 kV, the pressure of the collision gas (Ar) was adjusted to give 60%
main-ion beam transmission. To separate CID and metastable compo-
nents, a small voltage (500 V) was applied to the collision cell.

A PE Sciex API 2000 (Perkin-Elmer Sciex, Toronto, Canada) triple-
quadrupole mass spectrometer was also used, equipped with a Turbo Ion
Spray source. For CID experiments N2 was used as collision gas, and the
collision energy was varied in the 10–22 eV range.

l-serine, labeled by replacing protons in the three C�H bonds with deu-
terium, was purchased from Cambridge Isotope Laboratories (Andover,
MA, USA), and unlabeled d-serine was obtained from Sigma-Aldrich
Kft. (Budapest, Hungary).

Computational methods : A detailed description of the computational
methods is given in the Supporting Information, and only an abbreviated
version with references to key articles is given here.

The geometry optimizations of this study, that is, mapping minima on the
PES of (Ser)2H

+ , were carried out in two steps.[19] First, 82 homo- and
heterochiral starting structures, constructed by consideration of the inter-
molecular H-bonding network of (Ser)2H

+ , were optimized at the re-
stricted Hartree–Fock (RHF)[21–24] level with the 3-21G basis set.[25–27] The
H-bond networks of the 24 lowest-energy minima were considered for
further analysis. These structures were employed to generate all homo-
and heterochiral starting structures for density functional theory [DFT-
(B3LYP)][28–32] geometry optimizations[33] with the 6-311++G** basis
set[27] and for MP2_FC/6-31+G* geometry optimizations, where MP2
and FC stand for second-order Møller–Plesset perturbation theory and
the usual frozen-core approximation, respectively.[24] The most stable
structures of (Ser)2H

+ are shown in Figures 1 and 2. Table 1 lists relative
energies of the most stable conformers of (Ser)2H

+ at the three levels of
theory for which geometry optimizations were performed. Note that a
previous computational study[2] suggested that a favorable interaction can
be found between the carboxyl groups of the monomeric units. In this
more sophisticated study this structure was found to have a relative
energy of at least 40 kJmol�1 relative to I_LL.

To obtain accurate relative energies for the conformers of (Ser)2H
+ the

so-called focal-point approach (FPA)[17, 18] was followed, which has been
employed successfully for determining the conformational preferences of
the neutral amino acids glycine,[19, 34, 35] alanine,[19,36] and proline.[20] For de-
tails of the FPA approach see the Supporting Information and refs. [17–
20,34–36] Detailed results and the final FPA relative energies are listed
in Tables 2 and 3. The final FPA energies of this study, as judged on the
basis of earlier studies, should be accurate to within about �4 kJmol�1.

The correlation-consistent (cc) family of basis sets[37,38] (aug-)cc-
p(C)VXZ, with cardinal number X=2 (D), 3 (T), and 4 (Q), was used
for the single-point energy calculations at the RHF and MP2 levels. Ex-
trapolation of the large finite-basis RHF energies E(RHF) and the corre-
sponding MP2 energy increments dE(MP2) to the complete basis set
(CBS) limits were performed with the three-point[39] EX=ECBS+aexp-
(�bX) and the two-point[40] dEX=dECBS+cX�3 formulas, respectively,
where X is the cardinal number of the correlation-consistent basis set.
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The following aug-cc-pVXZ basis sets were employed during extrapola-
tion: X=2, 3, 4 for E(RHF) and X=2, 3 for dE(MP2). The accuracy of
relative energy predictions was increased in this study by augmenting the
results of large basis set, essentially CBS, RHF, and MP2 computations,
by 6-31G* and (p)VDZ[41] CCSD(T)�-MP2 relative energy increments.
In the (p)VDZ CCSD(T) single-point energy computations polarization
functions were removed from hydrogen atoms which do not participate
in any secondary bonding.

Geometry optimizations, MP2 calculations with large basis sets, and com-
putations of zero-point energy (ZPE) were all carried out with the pro-
gram suites Gaussian03[42] and PQS,[43] while the electronic-structure
package ACESII[44] was employed for the single-point CCSD(T) compu-
tations.

Results and Discussion

The structures of the homo- and heterochiral (Ser)2H
+ con-

formers can be discussed in terms of inter- and intramolecu-
lar hydrogen bonds that stabilize the cluster. Figure 1 shows
the two-dimensional network of H-bonds in (Ser)2H

+ . Spa-
tial representations of the same structures are shown in
Figure 2. The stability order of homo- and heterochiral
(Ser)2H

+ isomers is shown in graphical form in Figure 3.
Relative energies are listed in Tables 1–3. Selected geometry
parameters characterizing the hydrogen-bonded networks
are provided in Table 4.
Structurally similar protonated dimers are designated by

the same Roman numeral, irrespective of the relative ener-
gies of the corresponding homo- and heterochiral isomers.
D/L in the names of the conformers relate to the chirality of
the monomeric units within the dimers. The letters A and B
are added to the Roman numerals in those cases where the
different local minima exhibit very similar hydrogen-bond-
ing networks and the structural differences are more subtle.
Mirror-image homochiral (DD and LL) and heterochiral
(DL and LD) pairs are, of course, energetically identical.
Therefore, to conserve space, the energies of mirror images
of the isomers discussed are not reported in the tables and
figures, although in several cases geometry optimizations re-
sulted in such pairs.

Computed structures : All (Ser)2H
+ isomers are stabilized by

two or three intermolecular hydrogen bonds, of which those
between OH of the hydroxymethylene group (b-OH) and
CO of the carboxyl group are typical of the most favorable
structures. Interatomic distances between the anchor atoms
of the hydrogen bonds in the range of 2.5–3.0 V (Table 4)
indicate relatively strong interactions.
The homochiral structure I_LL is clearly the global mini-

mum on the PES of (Ser)2H
+ . It is stabilized by two hydro-

gen bonds with b-OH and C(O)OH donors and CO and b-
OH acceptors, respectively. As Figure 3 clearly reveals, the
heterochiral form of this structure, I_DL, is far less stable.
The most stable heterochiral isomers are II_DL and

VA_DL. The small energy difference between II_DL and
VA_DL is at least partly due to the considerable similarity
of their H-bond networks. Intramolecular proton transfer in
VA_DL from the neutral COOH to the NH2 group would

result in a salt-bridge structure, very similar to II_DL.
Based on the computed data alone it is impossible to deter-
mine whether II_DL or VA_DL has the lower relative
energy. It is the substantial difference in the ZPE incre-
ments that makes the final relative energy of VA_DL very
similar to that of II_DL. Given the drastically different
dMP2 increments of the two conformers, a small difference
(Table 2) may not have too much meaning. It is important
to note that II_DL (Figures 1 and 2) has a salt bridge be-
tween C(O)O� and NH3

+ and two OH···CO hydrogen
bonds. There is a clear difference between these two hydro-
gen bonds: that involving b-OH of the monomer with the
COO� residue is substantially weaker, as shown by the re-
spective bond lengths (2.80 versus 3.03 V, Table 4). Figure 3
also shows that both the most stable homo- (I_LL) and the

Figure 1. Conformational families of (Ser)2H
+ . Only LL and DL forms

are presented for the homo- and heterochiral conformers, respectively.
Note that the homochiral VA structure could not be found during the ge-
ometry optimizations, and thus its structure is only indicated here for the
sake of completeness.
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most stable heterochiral structures (II_DL and VA_DL)
have considerably higher stability than any of the other iso-
mers.
To ensure that the geometry of the salt-bridge structure is

well described and hence that relative energies computed
for reference structures optimized at the B3LYP/6-311++

G** level are accurate, further geometry optimizations were
performed at the MP2 level with 6-31G* and 6-31+G*
basis sets. These optimizations confirmed the existence of
salt-bridge structure II. Subsequent single-point energy cal-
culations (compare relevant results in Tables 2 and 3) con-
firmed that no substantial error is introduced in the energy
calculations by using a single set of well-defined reference
geometries in the focal-point approach.
It is instructive to compare the accuracy of the relative

energies obtained at different levels of theory. As Tables 1–3
show, the influence of electron correlation, especially the
MP2 energy increment, can be more than 20 kJmol�1 for
some structures, most importantly for salt-bridge structure
II. Therefore, the RHF relative energies, even at the CBS
limit, are completely misleading for the energy order of the
conformers of (Ser)2H

+ .
For much larger molecules and those containing strongly

acidic and basic functional groups, the occurrence of salt-
bridge structures in the gas phase has long been recog-
nized.[45–48] Beauchamp et al. found (Ser)6H

+ as the smallest
salt-bridge-containing serine cluster. The results presented
here were obtained at a considerably higher level of theory,
and clearly indicate that one of the two most stable hetero-
chiral (Ser)2H

+ isomers does have a salt-bridge structure.
Note that for a meaningful comparison of the energies of
salt-bridge and other structures a relatively high level of
theory is required. It is especially striking how different the
RHF and MP2 energy predictions are for the relative energy
of II_DL (Tables 2 and 3). While at the RHF/CBS level
II_DL is among the least stable conformers of (Ser)2H

+

considered, at the MP2/CBS level it is the most stable heter-
ochiral isomer, only 2.2 kJmol�1 less stable than I_LL and
more than 5 kJmol�1 more stable than the next conformer.
It is also clear that sufficiently large basis sets are required
when comparing energetics of such disparate structures; for

Figure 2. Representation of the spatial structures of the lowest energy
isomers of (Ser)2H

+ , optimized at the B3LYP/6-311++G** level of
theory. VA could not be optimized at the levels of theory employed in
this study and thus its detailed structure is not presented here.

Figure 3. Comparative energy diagram of the most stable (Ser)2H
+ iso-

mers based on data from Table 2.

Table 1. Relative energies [kJmol�1] of the most stable conformers of
(Ser)2H

+ (see Figure 1 for a pictorial depiction of the conformers, ob-
tained from complete geometry optimizations).

Conformer RHF/3-21G B3LYP/6-311++G** MP2/6-31+G*

I_LL 0.00 0.00 0.00
II_DL �6.18 6.43 -8.05
III_LL 6.28 7.04 9.67
IVA_LL 1.87 9.83 11.48
IVB_LL �0.44 10.39 13.44
VA_DL �0.71 10.84 2.10
IVB_DL �0.02 13.76
I_DL 4.32 15.59 12.24
II_LL 7.07 16.81 2.84
VB_LL �6.52 18.18 2.10
VB_DL �6.91 19.02
IVA_DL 9.13 24.67
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example, II_DL is more stable than I_LL at the MP2/aug-
cc-pVDZ level.
Single-point calculations at the 3-21G, 6-31G*, 6-31+G*,

6-311G*, and 6-311++G** B3LYP level on the optimized
6-311++G** B3LYP reference structures (not detailed in
Table 2), resulted in mean absolute deviations of 11.6 (12.6),
3.6 (3.8), 3.2 (3.9), 3.8 (4.6), and 1.7 (1.8) kJmol�1 as com-
pared to the final energy results of Table 2 excluding (in-
cluding) ZPE. Based on these systematic studies, the lowest
recommended level of theory which gives a reasonable esti-
mate for the presence and relative energy of salt-bridge
structures is DFT(B3LYP)/6-311++G**.

To discuss the presence of various structures in the gas
phase, and to make direct comparison with experiment, en-
tropy contributions to all structures were also obtained, by
using the rigid rotor/harmonic oscillator model. The re-
quired second-derivative calculations were carried out at the
DFT(B3LYP)/6-311++G** level. This simplified treatment
suggests that the entropy difference at 298.15 K between iso-
mers I_LL and II_LL is only 0.005 kJmol�1 K�1 in favor of
the salt-bridge structure. For the heterochiral isomers the
analogous difference between VA and II is also negligible.
The entropy difference between the two most stable con-
formers of (Ser)2H

+ , I_LL and II_DL, is again very small,
only �0.002 kJmol�1 K�1 in favor of the global minimum
I_LL. These relative values suggest that the final relative en-
thalpy and Gibbs free energies are very close to each other.
In other words, the entropy contribution does not change
the stability order of the studied conformers.
In summary, the computational results discussed above

suggest that the energy difference between the most stable
homochiral and heterochiral protonated serine dimers is
small, comparable to the intrinsic accuracy of the calcula-
tions. Nevertheless, the calculations seem to indicate a ho-
mochiral preference for (Ser)2H

+ .

Experimental relative energies : The kinetic method is based
on studying the kinetics of competing reactions[14,15,49] and is
used widely in mass spectrometry to determine thermo-
chemical properties. The kinetic method is simple to use and

Table 2. Relative RHF energies, incremental MP2, CCSD, CCSD(T), and core energy contributions, and zero-point energy corrections of the most
stable conformers of (Ser)2H

+ , all in kJmol�1.[a]

Level Basis I_LL II_DL VA_DL III_LL IVA_LL IVB_LL VB_LL I_DL II_LL

relative RHF energies RHF 6-31G* 0.00 14.11 2.44 13.01 7.31 5.29 13.31 16.89 26.57
(p)VDZ 0.00 20.95 1.42 12.75 9.23 5.07 1.42 17.19 35.41
6-311++G** 0.00 19.70 2.30 6.48 2.80 13.97 16.86 32.16
cc-pVDZ 0.00 20.23 2.28 13.37 7.95 4.89 13.15 18.00 33.73
aug-cc-pVDZ 0.00 20.35 4.95 12.80 7.20 3.92 18.13 18.95 33.35
cc-pVTZ 0.00 22.36 5.94 14.33 6.66 3.92 19.27 18.95 35.83
aug-cc-pVTZ 0.00 22.34 6.19 13.75 6.43 3.09 19.24 18.96 35.49
cc-pVQZ 0.00 22.92 6.36 14.02 6.53 3.31 19.71 36.13
aug-cc-pVQZ 0.00 22.83 6.39 13.93 6.47 3.07 19.67 19.09 36.03
CBS 0.00 23.00 6.40 13.95 6.61 3.17 19.89 19.21 36.21

MP2 increments MP2 6-31G* 0.00 -21.54 1.58 �7.95 3.51 8.37 �4.52 �3.05 �22.98
(p)VDZ 0.00 �18.17 2.02 �8.92 1.72 6.28 2.02 �3.08 �19.15
6-311++G** 0.00 �13.02 �1.20 4.69 10.24 �7.12 �3.91 �14.13
cc-pVDZ 0.00 �14.65 2.74 �8.41 4.28 9.43 �3.04 �7.96 �15.50
aug-cc-pVDZ 0.00 �21.08 �0.97 �7.20 4.22 9.54 �8.60 �4.57 �22.48
cc-pVTZ 0.00 �17.83 2.39 �7.00 4.45 9.80 �4.71 �3.12 �18.80
aug-cc-pVTZ 0.00 �20.90 1.03 �6.75 3.98 9.42 �6.76 �3.84 �22.44
CBS 0.00 �20.83 1.87 �6.57 3.87 9.37 �5.98 �3.54 �22.43

CCSD increments CCSD 6-31G* 0.00 6.69 �2.16 2.05 �0.15 �1.76 0.68 0.35 6.65
CCSD (p)VDZ 0.00 5.74 �1.92 1.85 0.11 �1.25 0.33 5.66

CCSD(T) increments CCSD(T) 6-31G* 0.00 �3.65 0.46 �1.46 0.61 1.32 �0.41 �0.34 �3.86
CCSD(T) (p)VDZ 0.00 �3.28 0.72 �1.53 0.48 1.24 �0.30 �3.49

zero-point corrections B3LYP 6-311++G** 0.00 1.68 �0.72 0.14 �1.06 �1.03 �0.64 0.67 2.27
core-correlation energy MP2 cc-pCVDZ 0.00 �0.03 0.00 �0.02 �0.01 0.03 0.00 0.01 0.02
ZPE-corrected Final CBS 0.00 6.27 6.34 7.83 10.02 11.53 16.38 18.23

[a] The final relative energies were obtained by an exponential extrapolation (see text) of aug-cc-pVXZ RHF energies [X=2 (D), 3 (T), and 4 (Q)], aug-
mented by CBS MP2 energy increments, obtained by an inverse polynomial extrapolation (see text) of aug-cc-pVXZ energies [X=2 (D) and 3 (T)], fur-
ther augmented by 6-31G* and (p)VDZ CCSD and CCSD(T) (only the (p)VDZ results were employed when the final energies of this table are comput-
ed) and core correlation energy increments. Zero-point energy (ZPE) corrections, calculated at 298.15 K, were finally added.

Table 3. Relative RHF energies, incremental MP2 and CCSD(T) energy
contributions, and zero-point energy (ZPE) corrections for the three
most stable conformers of (Ser)2H

+ , all given in kJmol�1.[a]

Level Basis I_LL II_DL VA_DL

relative energies RHF CBS 0.00 17.87 6.87
dMP2 CBS 0.00 �15.69 0.55
dCCSD(T) (p)VDZ 0.00 1.62 �1.47

ZPE corrections[a] B3LYP 6-
311++G**

0.00 1.68 �0.72

core-correlation
energy

MP2 cc-pCVDZ 0.00 �0.03 0.00

ZPE-corrected final CBS 0.00 5.45 5.22

[a] The reference geometries employed in the computation of the relative
energies reported in this table were optimized at the MP2_FC/6-31+G*
level. ZPE corrections are the same as in Table 2, calculated at the
B3LYP/6-311++G** level.
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sensitive to very small energy differences. Nevertheless, the
method has been criticized as being not always reliable, es-
pecially when the two competing reaction channels differ in
entropy. The various sources of error of the kinetic method
have been discussed in detail,[50–52] and a consensus is start-
ing to emerge. In general, enthalpy errors on the order of
5 kJmol�1 can be expected when there are no complications
due to entropy differences between the two product chan-
nels. When isomers or conformers are compared, most of
the errors of the kinetic method cancel, and a considerably
lower error results.
Serine clusters were prepared by LSIMS ionization. Be-

sides protonated monomers, dimers, and matrix peaks the
LSIMS spectra showed protonated peaks for homochiral
(DDD and LLL) and heterochiral (DDL and DLL) serine
trimers. Owing to isotopic labeling these ions are separated
by 3 Da and are easily distinguished. The heterochiral DDL
cluster was selected by the magnet, and its metastable frag-
mentation was studied by MIKES. The metastable MIKE
spectrum shows only the loss of a serine molecule to form a
protonated serine dimer either in the homochiral (DD) or
heterochiral (DL) configuration (Figure 4a). Without chiral
discrimination between DD and DL and in the absence of
an isotope effect, the abundance ratio of the two fragments
should be 1:2. Statistically a DDL cluster loses D twice as
likely as L. The measured ratio of peak areas is very close
to statistical (1:1.91 with standard deviation of 0.06), and
this suggests that formation of the homochiral protonated
dimer is very slightly favored. An analogous result was also
obtained in the case of the DLL trimer (Figure 4b), for
which the ratio of LL to DL is 1:1.89�0.06.
The results, which are very close to statistical, can be in-

terpreted by the kinetic method. The kinetic method[14,15,49]

is used to evaluate competing reactions on the basis of the
Gibbs energy difference between the two competing reac-
tion channels (DDG), ln(I1/I2)= ln(k1/k2)=DDG/RTeff, where
I1 and I2 are the ion abundances (peak areas), k1 and k2 are
the respective rate constants, R is the universal gas constant,
and Teff is the effective temperature, an empirical parame-
ter.[14, 15,49]

A particular concern related
to the use of the kinetic method
is that the two products, DD
and DL, have significantly dif-
ferent structural characteristics,
as one is an ion–neutral com-
plex, while the other has a salt
bridge. Consequently, one may
question whether the two re-
spective transition states are
similar or not, and this has con-
sequences for the accuracy of
the results obtained from the ki-
netic method.
Although the structures of

DD and DL are different, the

Table 4. Heavy-atom distances [V] in the hydrogen-bond networks of the conformers of (Ser)2H
+ .

Conformer COH···OH OH···CO COO�···HNH2
+ OH···COH NH3

+ ···CO

I_LL 2.687 2.750
I_DL 2.679 2.740
II_LL 2.770/3.020 2.646
II_DL 2.800/3.030 2.605
III_LL 2.573 2.840
III_DL 2.571 2.810
IVA_LL 2.573 2.840
IVA_DL 2.571 2.810
IVB_LL 2.554 2.850
IVB_DL 2.550 2.862
VA_LD 2.746 3.020 2.760
VB_LL 2.832/2.600 2.737
VB_DL 2.840/2.610 2.705

[a] The headings refer to bond types; CO and COH stand for the corresponding parts of the carboxyl group,
and OH for the hydroxymethylene OH group.

Figure 4. Metastable fragmentation of heterochiral DDL (a) and DLL
(b) trimers. The main fragment ions are protonated DD, DL, and LL
serine dimers.
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transition states leading to the products are in both cases
loose ion–neutral complexes between a dimer and a mono-
mer, (DD)···H+ ···L and DL···H+ ···D. Such loose complexes,
in most cases, are considered to be similar. In a more quan-
titative manner, “similarity” between two reaction channels
is typically measured by entropy differences. When the en-
tropy difference is negligible, the “simple” kinetic method
can be applied in a straightforward manner. When the en-
tropy difference is large, it must be explicitly considered,
and results obtained by the kinetic method may be compro-
mised. Partly for this reason, we calculated the entropy dif-
ference between the two products DD and DL, as discussed
above. These calculations indicate that, in spite of the differ-
ence in structural properties, the entropy of the two product
states are very close. This indicates that the kinetic method
results in dependable estimates of energies in the present
case.[51] We also compared the entropy difference between
the two transition states experimentally. This was possible
only in a semiquantitative manner, by comparing product
ratios at different degrees of excitation (high- and low-
energy CID and metastable ion spectra; see below). These
experimental results show the absence of a considerable en-
tropy difference between the two respective transition
states. We believe that these results clearly suggest that the
kinetic method can be used to compare energy differences
between the protonated DD and DL isomers.
In the present case the energy difference between the two

competing reaction channels may derive from two different
effects. One is the stability difference between the homo-
and heterochiral dimers (DGchiral), which is of principal inter-
est in this study. The other is the kinetic isotope effect, de-
rived from the energy difference between losing labeled
versus unlabelled serine (DGisotope). Note that the isotopic
labels are not directly involved in dissociation (secondary
isotope effect), so the isotope effect is unlikely to be signifi-
cant. In the present case fragmentation from both DDL and
DLL was studied. Fixing the arbitrary zero energy level for
the reaction involving the loss of an unlabeled serine and
forming a homochiral protonated dimer, reactions and eval-
uation of the energetics can be expressed by Equations (1)–
(4).

DLL! LLþD 0

! DLþ L DGchiral þ DGisotope

ð1Þ

lnð2LL=DLÞ ¼ lnPDLL¼ðDGchiral þ DGisotopeÞ=RTeff ð2Þ

DDL! DDþ L DGisotope

! DLþD DGchiral

ð3Þ

lnð2DD=DLÞ ¼ lnPDDL¼ðDGchiral�DGisotopeÞ=RTeff ð4Þ

In Equations (1)–(4) DLL and DDL represent the proton-
ated trimers, DD, DL, and LL the protonated dimers (and
their peak areas), D and L the monomers, the value “2” is
used to correct for the symmetry factor, and PDLL and PDDL

are the symmetry-corrected fragment-ion abundance ratios

measured for the two parent ions. From these equations the
following energy differences can be calculated:

DGchiral= (lnPDLL+ lnPDDL)RTeff/2

and

DGisotope= (lnPDLL�lnPDDL)RTeff/2.

The experimental results indicate that DGisotope is negligi-
ble, about 10 times smaller than the chiral energy difference
DGchiral. The empirical parameter Teff usually lies in the 400–
600 K range.[14,15] Taking 500 K, DGchiral is calculated to be
0.2 kJmol�1, that is, a very slight preference for homochirali-
ty. Even assuming 50% uncertainty in Teff, the uncertainty in
relative stability is small (<0.1 kJmol�1). Uncertainty in de-
termination of peak ratios causes about�0.1 kJmol�1 uncer-
tainty in relative stability. The overall uncertainty in the ex-
perimental determination of DGchiral is thus estimated to be
less than �0.2 kJmol�1.
Analogous results were obtained by CID. To separate

CID and metastable components, a small voltage (500 V)
was applied to the collision cell.[13,15] Ion ratios observed in
CID were close to statistical (2.03�0.10). CID experiments
were also performed on a triple-quadrupole instrument
(API-2000, N2 collision gas). Note that in ESI the abun-
dance of the serine trimer depends significantly on experi-
mental conditions, and although it is usually a minor peak, it
was sufficient to generate product ion spectra with suffi-
ciently good signal-to-noise ratio to apply the kinetic
method. Within experimental error, the intensity ratios were
the same as those obtained for metastable ions, and were in-
dependent of the collision energy.
The results discussed above show that chiral discrimina-

tion in protonated serine dimers is very minor indeed. Rela-
tive abundances of homo- and heterochiral fragments differ
only by a few percent, corresponding to an energy differ-
ence of 0.2�0.2 kJmol�1 in favor of the homochiral form.

Comparison of experimental and computed relative ener-
gies : The difference between experimental results and calcu-
lations, which only concerns the relative stability of the most
stable homo- and heterochiral forms of (Ser)2H

+ , I_LL and
II_DL, is somewhat larger at about 5 kJmol�1 (Table 3) than
expected. For this reason potential error sources both in ex-
periment and theory are considered in detail.
In the experiments, the most typical source of error of the

kinetic method, that due to entropy effects, can be discount-
ed here on two counts. First, experiments performed under
different excitation conditions, for example, metastable and
CID, result in ion ratios close to statistical. Second, the theo-
retical calculations clearly show no difference in entropy
contributions among the isomeric structures. The magnitude
of errors due to reproducibility and isotope effects were
considered (see above). A further potential error source
arises if the homochiral dimer is formed not in the most
stable, but in a higher lying isomeric form (like III_LL).
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This is certainly a possibility, but it seems fairly unlikely, es-
pecially as hydrogen-bonded systems usually isomerize fairly
easily and such complications have rarely been reported.
Probably the best argument supporting that the results re-
ported here are very close to the “true” energy difference
between the homo- and heterochiral dimers comes from ion
abundances observed in single-stage mass spectra. It has
been reported in electrospray spectra that the relative abun-
dance of homo- and heterochiral dimers is close to statisti-
cal,[5] that is, there is no large stability difference between
them. These results were reproduced in the present work as
well, both with ES and LSIMS ionization. Although it is dif-
ficult to translate ion-abundance ratios in ES spectra into
energy differences, these observations suggest energy differ-
ence between homo- and heterochiral dimers of less than 1–
2 kJmol�1. This corroborates the evidence obtained with the
kinetic method that the energy difference between homo-
and heterochiral protonated serine dimers is very small.
The ab initio relative energies of the present study, ob-

tained with the focal-point approach and presented in the
last row of Table 2, clearly establish that only three isomers
need be considered to understand the conformational pref-
erences of chiral (Ser)2H

+ relevant to the MS experiment.
Among the homochiral conformers, I is by far the most
stable, and the relative energy of the second most stable ho-
mochiral conformer III_LL is +8 kJmol�1; thus, III_LL and
all homochiral isomers of higher energy can be omitted
from further discussion. Among the heterochiral conform-
ers, II and VA have very similar energies of about 5–
7 kJmol�1. The next heterochiral conformer I_DL has a rel-
ative energy of more than 16 kJmol�1. Therefore, it is un-
necessary to further consider I_DL and all heterochiral con-
formers of higher energy. These are the arguments for the
choice of conformers for the more detailed computations,
results of which are presented in Table 3. These relative en-
ergies are the final results of this study. The relative energy
predictions should be viewed with an overall conservative
error estimate of 4 kJmol�1, that is, 2s for the present calcu-
lations. In summary, these ab initio results seem to suggest a
small preference for homochirality for (Ser)2H

+ .
By far the greatest difficulty in predicting relative energy

is for the heterochiral isomer II_DL. For conformer II not
only the dMP2 increment is sizable (�21–22 kJmol�1), while
the next largest increment is +9 kJmol�1 for IVB_LL, but
also the CCSD(T)�MP2 energy increment is relatively large
at 3 kJmol�1 (Table 2), while for most other conformers the
CCSD(T)-MP2 energy increment is less than 1 kJmol�1. The
main reason for the unusually large energy increments is the
dissimilar, salt-bridge structure of conformer II compared to
all the other conformers of (Ser)2H

+ , most importantly to I.
It seems unlikely that when more extensive and expensive
calculations, for example, at the CCSD(T) level, become
feasible, the relative energy of the conformers other than
II_DL will change noticeably. Nevertheless, the relative
energy of II_DL, the most favorable heterochiral structure,
might change somewhat, bridging the gap between experi-
ment and theory.

Note that while the focal-point approach, with its limited
CCSD(T) calculations, underestimates the stability of the
salt-bridge structures, DFT(B3LYP) may overestimate it. To
wit, when the 3–21G, 6-31+G*, and 6–311G* basis sets are
employed, the single-point DFT(B3LYP) energy calcula-
tions suggest that II_DL is the global minimum on the PES
of (Ser)2H

+ .

Conclusion

A combined theoretical and experimental study was pre-
sented on the structure, energetics, and chiral properties of
the protonated serine dimer. The energy difference between
the most stable homo- and heterochiral forms of (Ser)2H

+

was accurately measured by tandem mass spectrometry and
the kinetic method of Cooks to be 0.2�0.2 kJmol�1 in favor
of the homochiral form. This result implies that the pro-
nounced homochiral preference observed in the protonated
octamer (Ser)8H

+ does not seem to be derived from the
structure of the presumed dimeric unit(s), as the homochiral
dimer is certainly not more stable than the heterochiral
form. The accompanying theoretical study gave detailed
structural information on the various isomeric forms of
(Ser)2H

+ . The most stable homochiral isomer I_LL is stabi-
lized by two H-bonds (see Figures 1 and 2) and is 8�
4 kJmol�1 more stable than any other homochiral isomer.
The most stable heterochiral isomer II_DL has completely
different structural features, and is characterized by a salt-
bridge structure (see Figures 1 and 2). The schematic energy
diagram presented in Figure 3 also illustrates that the vari-
ous hydrogen-bonded structures have significantly different
energies in their homo- and heterochiral forms.
Existence of salt-bridge structures in the gas phase has

long been considered.[45–48] In most cases they are thought to
occur when both a very basic (usually arginine) and a
strongly acidic functional group is present in a molecule. As
the present study illustrates, salt-bridge structures may be
formed even in the absence of exceptionally basic or acidic
groups, and in quite small species, such as a protonated
amino acid dimer. We believe the present systematic theo-
retical study to be the most accurate published up to now
on a salt-bridge structure of a small biomolecule, and has
important methodological consequences for studies on
larger species.
Obtaining qualitative structural results, that is, informa-

tion of the preferred bonding arrangements in (Ser)2H
+ ,

does not require high levels of electronic-structure theory.
Most importantly, the geometry optimizations performed in
this study at both the DFT(B3LYP) and MP2 levels indicate
that even the dimer of protonated serine can have either a
homo- or a heterochiral salt-bridge conformer. The focal-
point (FPA) results of this study indicate, however, that
fairly elaborate computations are needed to determine the
energy order of the conformers of (Ser)2H

+ . Most of the rel-
ative energies obtained at the RHF level are inadequate,
not only when small basis sets such as 3-21G and 6-31G*
are employed in the calculations, but also at the complete
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basis-set limit. RHF theory fails especially badly for the rel-
ative energy of the salt-bridge structure II. Elaborate cou-
pled-cluster calculations result in comparatively small
changes in relative energies of the conformers, and the larg-
est effect, as expected, is for the salt-bridge form, the rela-
tive energy of which is increased. Inclusion of core correla-
tion has a negligible effect on the final energies. Zero-point
energy corrections change the energy order by 1–2 kJmol�1,
and thus this effect cannot be neglected when accurate rela-
tive energies are to be obtained from electronic structure
calculations. DFT(B3LYP) calculations, with moderate
triple-zeta-quality basis sets including diffuse and polariza-
tion functions, yield quite accurate relative energies. This in-
dicates that the B3LYP/6-311++G** level of theory can be
used efficiently for investigation of larger protonated serine
clusters, especially (Ser)8H

+ .
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