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Abstract. Here we present the implementation of
213-nm ultraviolet photodissociation (UVPD) in a
FT-ICR mass spectrometer for chiral differentia-
tion in the gas phase. The L/D amino acid–
substituted serine octamer ions were selected
as examples of diastereoisomers for chiral anal-
ysis. Several kinds of fragment ions were ob-
served in these experiments, including fragment
ions that are similar to the ones observed in cor-
responding collision-activated dissociation (CAD)

experiments, fragment ions generatedwith different protonation sites by only destroying non-covalent bonds, and
unique non-covalent cluster radical ions. The latter two kinds of fragment ions are found to be more sensitive to
the chirality of the substituted units. Further experiments suggest that the formation of radical ions is mainly
affected by chromophores on side chains of the substituted units and micro surroundings of the characterized
non-covalent diastereoisomers. A comparing experiment performed by only changing the wavelength of UV laser
to 266 nm shows that the 213-nmUV laser has the priority in the diversity of fragmentation pathways and potential
of further application in chiral differentiation experiments.
Keywords: Chiral differentiation, Ultraviolet photodissociation, Serine octamer, Amino acids, Fragmentation
pathways, Radical ions
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Introduction

Chirality plays a central role throughout the chemical and
biological sciences. Enantiomers of organic compounds

can exhibit very different pharmacological activities [1]. For
example, L-dopa is effective in treating Parkinson’s disease,
while D-dopa causes serious side effects. Thus, chiral analysis
is very important for both fundamental and applied research in
chemical and pharmaceutical studies. By now, different

approaches, including circular dichroism (CD), nuclear mag-
netic resonance (NMR), and liquid chromatography (LC) have
been widely applied into the field [2–6]. Due to its great
performance in speed, sensitivity, and specificity, mass spec-
trometry (MS) has attracted much interest in the past 20 years
in chiral analysis [3–18]. There are two basic points in MS-
based chiral analysis experiments. One is how to create a chiral
environment; the other is how to distinguish them according to
the environment. The first point needs the selection of
chiral reference molecules to form diastereomers; the sec-
ond one needs an effective way to analyze behavioral
differences between the non-covalent diastereomers. These
differences can be reflected by, for example, the relative
abundances of some product ions after ion-molecular reac-
tions or dissociation. By comparing and further analyzing

Electronic supplementary material The online version of this article (https://
doi.org/10.1007/s13361-019-02302-7) contains supplementary material, which
is available to authorized users.

Correspondence to: Xianglei Kong; e-mail: kongxianglei@nankai.edu.cn

J. Am. Soc. Mass Spectrom. (2019) 30:2297Y2305

/Published Online: 13 August 2019

http://crossmark.crossref.org/dialog/?doi=10.1007/s13361-019-02302-7&domain=pdf
http://dx.doi.org/10.1007/s13361-019-02302-7
http://dx.doi.org/10.1007/s13361-019-02302-7


their relative mass spectra, both qualitative and quantitative
chiral analyses can be performed.

Recently, chiral analysis based on photodissociation mass
spectrometry and spectroscopy in the gas phase has attracted
much interest [19–26]. Filipp et al. reported the first case of
diastereomeric complexes that show clearly different infrared
photodissociation (IRPD) spectra [19]. In their research, com-
plex ions of pure enantiomers of bis(diamido)-bridged basket
resorcin[4]arene and chiral guest molecules were generated by
electrospray ionization (ESI) and studied with the method of
the IRPD spectroscopy in the range of 2800–3600 cm−1. As
remarkable examples of magic-number molecular clusters,
which are also characterized by their strong preference for
homochirality, serine octamer and its relatives have been also
studied with the method [21–23]. Although understanding the
structure of serine octamers is tortuous and difficult, critical
progresses have been made with the help of the IRPD method
recently [27, 28]. Sel et al. studied the structure of Ser8Cl2

2−

cluster by means of ion mobility spectrometry-mass spectrom-
etry (IMS-MS) and infrared (IR) spectroscopy, and proposed
their interesting structure supported by both experimental re-
sults and ab initio calculations [27]. Rizzo and coworkers used
a combination of cryogenic IR messenger-tagging spectrosco-
py, room-temperature mid-IR multiple-photon dissociation
spectroscopy, and first-principle theory to determine the most
stable structure of Ser8H

+ [28]. IRPD spectroscopy is also
applied to the chiral analysis of the serine octamer and its
relatives. For instance, Xu and co-workers investigated the
chirality recognition of the protonated serine dimer and
octamer by the IRPD spectroscopy [21]. Our group also used
the ESI-IRPD technology to study the chiral effects of proline
and threonine-substituted serine octamers, and achieved the
chiral differentiation of substituted units [22, 23]. In addition,
chiral differentiation of amino acids using permethylated β-
cyclodextrin was also performed with the method in the region
of 2650 to 3800 cm−1 [24, 25]. Recently, Dopfer et al. applied
the method to protonated glutamic acid dimers and probed their
chirality recognition in the region of 1100–1900 cm−1 and
2600–3600 cm−1 [26].

Although the IRPD method can provide some valuable
results, it is restricted in some extent by its fragmentation
pathway, which is similar to that of CAD experiments. Recent-
ly, ultraviolet photodissociation (UVPD) method has been also
applied in this field [29–37]. For instance, Fujihara et al. suc-
cessfully used L-Trp as a chiral probe to achieve the chiral
recognition and quantification of monosaccharides with a tan-
dem mass spectrometer equipped with a cold ion trap and a
266-nm Nd:YAG laser [37]. The same group also fulfilled
quantitative analysis of leucine and isoleucine [38]. Julian
et al. demonstrated the significant utility of the UVPD-
initiated radical chemistry in identifying a full suite of glycan
isomers [39]. Herein, we apply a tunable UV laser to perform
the UVPD mass spectrometry to achieve the chiral differenti-
ation of L/D-amino acids with the homo- and hetero-chiral
amino acid–substituted serine octamer ions generated by the
ESI. Some interesting and inspiring results were observed by

comparing their UVPD mass spectra obtained at 213 nm and
266 nm, respectively. Although the difference in experimental
methods between this work and Fujihara’s work (213 nm for
this present work and 266 nm for Fujihara’s work) be thought
as small, the difference is noticeable, since the change of the
applied UV wavelength makes the dissociation channels more
diverse and ready for chiral analysis.

Experimental
Experiments were performed on a 7.0-T Fourier-transform ion
cyclotron resonance mass spectrometer (FT-ICR MS) instru-
ment (IonSpec, Varian Inc., Lake Forest, CA, USA). A Z-spray
electrospray ionization (ESI) source was used to generate pos-
itive ions by applying 3.4 kV to the capillary of the ESI source
with respect to the mass spectrometer inlet capillary. A solution
of L-serine (3mM) is prepared in 49:49:2 (v/v) water/methanol/
acetic acid solvent. Other solutions, including L/D-Tyr (1 mM),
L/D-Trp (1 mM), L/D-Phe (1 mM), L/D-His (1 mM), and L/D-
dopa (0.5 mM) are also prepared with the same solvent. Mixed
solutions of L-serine with the other amino acids or dopa were
then obtained by mixing them with the volume ratio of 1:1
directly. The samples were sprayed at an infusion rate of 1 μL/
min. The generated protonated substituted serine octamer ions
were injected into an open-ended cylindrical Penning trap via a
quadrupole ion guide and mass-selected in the FT ICR cell by
the method of stored waveform inverse Fourier transform.
Ultraviolet photodissociation (UVPD) mass spectra were ob-
tained using an experimental setup installed recently in our lab.
Briefly, a commercial optical parametric oscillator (OPO) laser
(EKSPLA, NT-342C, Lithuania) was applied to irradiate the
isolated ions in the cell. In experiments reported here, the
average laser pulse energy was set at ~ 7 mJ at a frequency of
10 Hz. The pulse duration is 5 ns. The irradiation time was set
as 4 s or 8 s which was controlled by a mechanical shutter
(Sigma-Koki, Japan). The corresponding CAD mass spectra
were obtained using sustained off-resonance irradiation (SORI)
excitation with a frequency offset of 1000 Hz [40]. For the
experiments of [L-Ser7 + L-Tyr1]H

+/[L-Ser7 + D-Tyr1]H
+, the

Vp-p was set at 3.5 V, while for others, the Vp-p was set at 3.0 V.
During each 100-ms SORI event, the interested ions collided
with a brief pulse of nitrogen gas.

Results and Discussion
The ESI mass spectra of mixed solutions of L-Ser and L/D-Tyr
shown in Figure S1 are similar to the previously reported
results [22, 23, 41]. Ions of Ser8H

+, [Ser7 + Tyr1]H
+ and

[Ser6 + Tyr2]H
+ can be clearly identified for both L-Tyr and

D-Tyr samples. The ions of [Ser7 + Tyr1]H
+ and [Ser6 +

Tyr2]H
+ were then selected and subjected to CAD and UVPD

experiments. The corresponding CAD mass spectra of [L-Ser7
+ L-Tyr1]H

+ and [L-Ser7 + D-Tyr1]H
+ are shown in Figure 1a, b,

respectively. It can be found that their fragment ions are very
similar. Both fragmentation pathways are characterized by the
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subsequent loss of a unit of L-serine. Differently, the UVPD
experiments at 213 nm show some interesting results
(Figure 1c, d). First, both radical cations of [L-Ser7 + L-
Tyr1]

+● and [L-Ser7 + D-Tyr1]
+● were observed in the UVPD

mass spectra. The results are somewhat unexpected, since it is
usually thought that the non-covalent cluster radical ions are
typically unstable and can hardly survive. A careful compari-
son between the two figures shows that the intensity of [L-Ser7
+ L-Tyr1]

+● is lower than that of [L-Ser7 + D-Tyr1]
+●. Second,

the UVPD fragment ions in two cases are quite different.
Besides the radical cations of [L-Ser7 + L-Tyr1]

+● from the
precursor ions directly, fragment ions of [L-Ser2–3 + L-Tyr1]H

+,
[L-Ser5 + L-Tyr1]

+●, and [L-Ser2 + L-Tyr1]
+● were also ob-

served. While for the heterochiral cluster of [L-Ser7 + D-
Tyr1]H

+, the kinds of fragment species are more abundant.
Both protonated ions of [L-Ser1–4 + D-Tyr1]H

+ and radical ions
of [L-Ser5–6 + D-Tyr1]

+●were observed. Third, due to the higher
proton affinity (PA) value of Tyr relative to that of Ser [42], no
protonated fragment ions consisting only serine unit were
observed in their CAD mass spectra. However, in the UVPD
mass spectrum of [L-Ser7 + D-Tyr1]H

+, the “abnormal” proton-
ated species of [L-Ser4–6]H

+ were also identified, indicating a
quite different dissociation pathway. Although this “abnormal”
fragment ions generated are probably normal, since the PA
value can be changed depending on the chemical environment
of the exchange sites in the non-covalent complexes, it is still
interesting to find these fragment ions are very useful for the
chiral differentiation in the UVPD experiments. And only [L-
Ser6]H

+ can be detected in the case of [L-Ser7 + L-Tyr1]H
+. For

the UVPD experiments performed at 266 nm, the results are

quite different (Figure 1e, f). Similar to the CAD results, only
fragment ions of [Ser1–4 + Tyr1]H

+ were observed, and the
difference between homochiral and heterochiral clusters is
very subtle, which makes chiral differentiation difficult to
achieve. Unexpectedly, no radical cluster ions were ob-
served in both cases.

Similar results were observed in the tandem mass spectra of
[Ser6 + Tyr2]H

+. For CAD mass spectra, only fragment ions of
[Ser3–5 + Tyr2]H

+ formed by the subsequent loss of serine unit
were observed for both homochiral and heterochiral clusters, as
shown in Figure 2a, b. For the UVPD mass spectra obtained at
213 nm, radical ions of [Ser6 + Tyr2]

+● were observed in both
cases. Besides the fragment ions of [Ser1–2 + Tyr2]H

+ and [L-
Tyr2]H

+, non-covalent cluster radical ions of [Ser5 + Tyr2]
+●

were observed in the case of homochiral precursor ions. While
for heterochiral precursor ions, only fragment ions of [D-
Tyr2]H

+ were observed. The chiral differentiation can be real-
ized readily by comparing the two mass spectra. However, for
the UVPD spectra obtained at 266 nm, no radical ion was
observed. The generated fragments were quite similar to each
other in both cases (Figure 2e, f).

Considering the choice of UV chromophores, tryptophan
was also selected as the substituent unit for further experiments.
The results of [Ser7 + Trp1]H

+ are shown in Figure 3. As shown
in Figure 3a, b, fragment ions of [Ser3–6 + Trp1]H

+ were
observed in the CAD mass spectra of [Ser7 + L/D-Trp1]H

+ in
similar patterns. In their 213-nm UVPD experiments, their
spectra are much more different. Although the signal of radical
ions of [L-Ser7 + L-Trp1]

+● is somewhat weak, it is highly
recognizable since it is totally absent in the case of heterochiral
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Figure 1. CAD and UVPD@213-nm, and UVPD@266-nmmass spectra of [L-Ser7 + L-Tyr1]H
+ (a, c, e) and [L-Ser7 + D-Tyr1]H

+ (b, d,
f), respectively. The cluster ions of [Sern + Tyrm]H

+ are abbreviated to SnYmH
+. Some weak peaks have been amplified by 5 times, as

shown in the figure
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clusters (Figure 3c, d). In addition, the kinds of fragment ions
of [L-Ser7 + L-Trp1]H

+ are more abundant than those of [L-Ser7
+ D-Trp1]H

+. The first series of fragment ions can be defined as
the protonated clusters of [L-Ser0–5 + L-Trp1]H

+, which is
derived from the subsequent loss of serine unit. The second

series is the protonated clusters of [Ser4–6]H
+, which are more

likely generated with a process of proton transfer. For the
heterochiral cluster ions of [L-Ser7 + D-Trp1]H

+, only the ions
of [L-Ser1–3 + D-Trp1]H

+ from the first series and [Ser6]H
+ from

the second series can be observed. For the 266-nm UVPD

S 6Y
2H

+

S 5Y
2H

+

S 4Y
2H

+

S 3Y
2H

+

(a) (c) (e) 

(b) (d) (f) 

200 300 400 500 600 700 800 900 1000

S 4Y
2H

+

S 3Y
2H

+

S 6Y
2H

+

S 6Y
2H

+

S 6Y
2H

+

S 2Y
2H

+

S 1Y
2H

+

Y
2H

+

200 300 400 500 600 700 800 900 1000

S 6Y
2H

+

Y
2H

+

S 6Y
2H

+

S 6Y
2H

+

S 2Y
2H

+

S 3Y
2H

+

S 1Y
2H

+Y
2H

+

S 1Y
1H

+

S 6Y
2H

+

200 300 400 500 600 700 800 900 m/z1000

S 6Y
2H

+

S 2Y
2H

+

S 3Y
2H

+

Y
2H

+

S 1Y
2H

+

S 1Y
1H

+

S 6Y
2H

+

S 6Y
2H

+
S 6Y

2H
+

S 5Y
2H

+

S 6Y
2+.

S 5Y
2+.

S 6Y
2+.

Figure 2. CAD and UVPD@213-nm, and UVPD@266-nmmass spectra of [L-Ser6 + L-Tyr2]H
+ (a, c, e) and [L-Ser6 + D-Tyr2]H

+ (b, d,
f), respectively. The cluster ions of [Sern + Tyrm]H

+ are abbreviated to SnYmH
+

S 7W
1H

+

S 5W
1H

+

S 6H
+

S 4W
1H

+

S 3W
1H

+

S 5H
+

S 4H
+

S 2W
1H

+

S 1W
1H

+

W
1H

+

S 3W
1H

+

S 2W
1H

+

S 1W
1H

+

S 7W
1H

+

S 4W
1H

+

S 3W
1H

+

S 2W
1H

+

S 1W
1H

+

S 7W
1H

+

W
1H

+

S 3W
1H

+

S 2W
1H

+

S 4W
1H

+

S 1W
1H

+

W
1H

+

S 7W
1H

+

200 300 400 500 600 700 800 900 1000 200 300 400 500 600 700 800 900 1000

S 7W
1+

S 7W
1H

+

S 7W
1H

+

S 7W
1H

+

S 7W
1H

+

S 6H
+

.

S 7W
1H

+

S 6W
1H

+

S 5W
1H

+

S 4W
1H

+

S 3W
1H

+

(a) (c) (e)

(b) (d) (f)

200 300 400 500 600 700 800 900 1000

S 6W
1H

+

S 5W
1H

+

S 4W
1H

+

S 3W
1H

+

S 7W
1H

+

S 7W
1H

+
S 7W

1H
+

Figure 3. CADandUVPD@213-nm andUVPD@266-nmmass spectra of [L-Ser7 + L-Trp1]H
+ (a, c, e) and [L-Ser7 + D-Trp1]H

+ (b,d, f),
respectively. The cluster ions of [Sern + Trpm]H

+ are abbreviated to SnWmH
+. Some weak peaks have been amplified by 5 times, as

shown in the figure

Y. Shi et al.: UVPD MS2300



experiments, fragment ions of [Ser0–4 + Trp1]H
+ were both

observed in their mass spectra with similar relative intensities.
No radical ions were observed, as shown in Figure 3e, f.

To further verify the effectiveness of 213-nm UVPD mass
spectrometry on substituted serine octamers in chiral differen-
tiation, L-dopa and D-dopa were also selected and studied. As
an unnatural amino acid, dopa can replace 1 unit of serine in
serine octamers readily and the protonated species can be
observed in their ESI mass spectra. The double substituted
octamer ions, however, are too weak to be isolated for the
UVPD in our experiments for both enantiomers. Figure 4
compares the CAD and UVPD mass spectra at 213 nm and
266 nm for L/D-dopa-substituted serine octamers. For CAD
experiments, their fragmentation pathways are still character-
ized by the subsequent loss of 1 unit of serine, resulting in the
formation of ions of [Ser4–6 + Dop1]H

+. And their 213-nm
UVPD mass spectra show quite different results. Interestingly,
radical cations of [Ser7 + Dop1]

+● can be identified for both
enantiomers. But the signal of [Ser7 + L-Dop1]

+● is much
stronger than that of [Ser7 + D-Dop1]

+●. Also, in the UVPD
spectrum of homochiral clusters, three series can be clearly
identified. The first series is the protonated clusters of [Ser1–6 +
L-Dop1]H

+. These ions are similar to (but more diverse than)
those observed in the CAD experiments, thus are suggested to
be formed by the subsequent loss of serine unit from the
precursor ions. The second series is the protonated clusters of
[Ser2–4]H

+, which are generated by a different dissociation
channel accompanied with a proton transfer process. The third
series is the radical ions of [Ser1–6 + L-Dop1]

+●. These ions are
likely to be dissociated from [Ser7 + L-Dop1]

+●, which comes

from the direct dissociation of the precursor ions. For the
heterochiral cluster ions of [Ser7 + D-Dop1]H

+, the UVPD
spectrum is quite different. The first series ions of [Ser1–3, 5, 6
+ D-Dop1]H

+ can still be observed, but total intensities are
much weaker than those in the homochiral case. The second
series totally disappeared, indicating that the corresponding
dissociation channel does not exist in this case. For third series,
only weak signal of [Ser5 + D-Dop1]

+● can be observed.
For the UVPD of [Ser7 + Dop1]H

+ at 266 nm, the results are
not only different from those at 213 nm, but also different from
above the example of [Ser7 + Tyr1]H

+. For both enantiomers,
radical ions of [Ser7 + Dop1]

+● were observed in the mass
spectra with similar relative intensities. Signals of [Ser1, 3, 4, 6
+ Dop1]H

+ were also observed in the mass spectra. Although
the distributions of the series are quite different from those
generated in the CAD or 213-nm UVPD experiments, they are
very similar to each other for both enantiomers and can be
hardly distinguished from each other. For the second kind
of ions observed in the 213-nm UVPD spectra, protonated
serine dimers were observed in both spectra. The differ-
ence between the two spectra is mainly contributed to the
third kind of ions. Although ions of [Ser3 + Dop1]

+● were
observed in both results, ions of [Ser4 + Dop1]

+● can be
observed in the experiment of homochiral clusters, indicat-
ing their complicated dissociation mechanisms.

However, phenylalanine shows a different example. With-
out surprise, ions of [Ser4–6 + Phe1]H

+ can be identified for
both L-Phe- and D-Phe-substituted samples in their CAD mass
spectra, as shown in Figure 5a, b. However, no signals of
radical cations were observed in all the 213-nm and 266-nm
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UVPD spectra of [L-Ser7 + L-Phe1]H
+ and [L-Ser7 + D-Phe1]H

+

(Figure 5c–f), although the chiral differentiation still can be
fulfilled by their different dissociation patterns at 213 nm.

Surely, it is vital to understand the observed process and how
the UV dissociation is linked with chirality. As described above,
the generation of radical cations is likely to be very sensitive and
important to effective chiral differentiation [43–48]. Since the
serine itself has no UV chromophores in this region, its absorp-
tion at 213 nm is weak. Fragment ions in the 213-nm UVPD
spectra of the Ser8H

+ are similar to those in CAD spectrum
(Figure S2), and no dissociation happened in the 266-nm UVPD
experiments. Hence, the origin of the generation of radical cations
is derived from the substituent unit rather than serine units. Thus,
it is nature to suggest that the 213-nm UVPD behavior of the
substituent unit in separated state (instead of in the clusters)
should be the key to the generation of the radical cations.

For example, in the case of TyrH+, the H loss due to the direct
excitation of the πσ* state was, in fact, observed in the UVPD
experiments under wavelengths below 240 nm by Dedonder
et al. [49]. And this channel does not exist at 266 nm [50–53].
We also run the UVPD experiment of TyrH+ at 213 and 266 nm
separately; the results are consistent, that is, the radical cations by
losing one H atom only exists at 213 nm (Figure S3). For TrpH+,
several groups have reported its experimental UVPD mass spec-
tra [54–57]. Unlike TyrH+, it has been found the 266-nm UVPD
could induce the hydrogen loss for TrpH+ [56–60]. It can be
understood as a direct dissociation involving the crossing be-
tween a ππ* excited electronic state of the indole and a dissoci-
ating πσ* state. Here the UVPD experiment of TrpH+ at 213 and
266 nm was also performed, and the results indicated that in both
experiments, the radical cations can be observed clearly

(Figure S4). However, it is important to point out that in the
UVPD experiment of [L-Ser7 + L-Trp1]H

+, the radical cations
only appeared in the case of 213 nm, and no such signals were
observed at 266 nm (Figure 3c, e). And for [L-Ser7 + D-Trp1]H

+,
neither of the wavelengths can produce the radical cations
(Figure 3d, f). The result strongly indicates the micro surround-
ings can play an important role in the direct H loss dissociation
pathway. The intermolecular hydrogen bonds and salt bridge
interaction in the non-covalent complexes have an obvious effect
on the structure, electrical energy levels, or dissociation dynamics
of the compounds. Correspondingly, the chirality of the substitut-
ed unit can also be reflected due to the sensitivity of the dissoci-
ation dynamics on the non-covalent interactions. Thus, chiral
recognition can be fulfilled based on the enantiomer-selective
dissociation pathways under suitable wavelengths.

As far as dopa is concerned, some more interesting results
are shown here. For the separated species of protonated L-dopa,
radical cations by H loss only appeared in the UVPD mass
spectra at 213 nm (Figure S5). However, the ions of [Ser7 +
Dop1]

+● were observed in both wavelengths for both L- and D-
dopa, which further demonstrated the effect of the micro sur-
roundings on the substitute unit.

Different from the above examples, in order to form the
corresponding H-loss radicals, PheH+ requires more than 6-eV
photon energy (which means the wavelength of the UV laser
should be below 205 nm) [51]. Here the UVPD experiments of
PheH+ at 213 and 266 nm were also performed, and no radical
ions were observed (Figure S6). Without surprise, for the Phe
substituted serine octamer ions, no radical cations were ob-
served in both the 213- and 266-nm UVPD spectra for both
enantiomers of phenylalanine, as shown in Figure 5.
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These experimental results also indicate that the side chain
of substituent unit plays an important role in chiral recognition
and possible enantiomer-selective excitation-induced hydrogen
loss. Therefore, chiral differentiation method base on the 213-
nm UVPD of substituted-serine octamers suggested here is
more likely to be applied when (1) the chiral molecule itself
belongs to amino acids or amino acid analogues, in order to
form the substituted serine octamer clusters; (2) it has a suitable
chromophore in this UV region; and (3) chiral differentiation is
better for molecules with side chains including heterocyclic
rings or benzene rings attached hetero atoms. To verify the
suggestion, histidine was selected and tested. The experimental
results were consistent with the expected ones. As shown in
Figure S7, radical cations of [Ser7 + His1]

+● only appeared in
the 213-nm UVPD of L-His, which can be applied as the
indictor of chiral differentiation. Since the structure of the
protonated serine octamers has been recently suggested by
Scutelnic et al. [28], it might be performable to find some
details about the possible microstructural differences existed
in these clusters and their radicals. Here the L/D-tyrosine-
substituted serine octamers were selected as an example to be
studied. And primary results show that the chiral substituted
units might form different structures by replacing different
serine unit in both protonated clusters and radicals
(Figures S8 and S9). On the other hand, although the experi-
ments reported here are only about these serine octamer ions,
we still think it is reasonable to believe the method of the 213-
nm UVPD can be applied as a versatile one for tandem mass
spectrometry of cluster ions aimed at chiral analysis by
selecting suitable chiral ligand, which has a right chromo-
phores and sensitive dissociation dynamics to its non-
covalent interactions. In the meantime, other clusters with
homochiral or heterochiral preferences [61–64] might
broaden the application of the method. However, it should
also be pointed out that the observed dissociative complex-
ity and some unpredictable UVPD dissociation behaviors
may somewhat limit its application.

It is also important to point out that other experimental facts
may also affect the results of chiral analysis. For example, tem-
perature might affect the non-covalent structures greatly. As
previously reported by Fujihara et al. [29–38], the population
distribution of non-covalent structures was depending on temper-
ature above 170 K. Since higher temperatures are likely to
increase the complexity of the configuration of complex ions,
experiment performed under lower temperaturesmight be a better
choice. But this needs the experimental setup to be equipped with
extra part providing low temperatures. And other experimental
conditions including ionization source, voltage, and solution can
influence the complex ions too [65]. The Rchiral values of the
method can also be calculated according to Rchiral = RD/RL, in
which the values of RD and RL can be defined using similar ways
as previously suggested [9–11, 66]. These results are listed in the
Table S1, showing the great advantages of the method. However,
considering the complex fragmentation patterns, there will be still
a lot of jobs need to do in order to make the quantitative analysis
for real samples based on the method practically performable.

Conclusions
In summary, we report that the method of the 213-nm UVPD
mass spectrometry can be applied to chiral differentiation effec-
tively. Singly or doubly substituted serine octamer ions were
generated by the ESI and isolated for the 213-nm UVPD exper-
iments. The chirality of the substituted unit(s) can affect the UV-
induced cleavage of the non-covalent gas-phase complexes
greatly. Chiral differentiation can be performed readily accord-
ing to their different dissociation patterns. Especially, the differ-
ent fragment ions generated from the break of non-covalent
bonds but with a different protonation site from fragment ions
observed in the CAD experiments, and the unique non-covalent
cluster radical ions provide valuable information and may be
applied as the key for achieving chiral differentiation readily. In
general, the micro surroundings including the intermolecular
hydrogen bonds inside the clusters and salt bridge interaction
of non-covalent complexes and the side chains of the substituted
units are major factors influencing the formation of radical ions
and the chiral differentiation. Therefore, chiral differentiation
method base on the 213-nm UVPD of substituted-serine
octamers units suggested here may satisfy amino acids and their
analogues with suitable chromophores in side chains, such as
heterocyclic rings. Considering the increasing ability for the
generation of non-covalent complexes with the ESI and other
novel soft ionization methods, and the rapidly developing tech-
nologies in different kinds of tandem mass spectrometers, the
potential of the present method for fast chiral analysis or other
structural isomer analyses related to biological and environmen-
tal samples is very attractive and promising.
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