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a b s t r a c t

This work presents a novel chemical ionization method for producing intact molecular ions from non-
volatile samples. The ionization reaction combined the ejection of material by laser desorption (LD)
and ionization by proton-transfer reactions (PTR) with protonated reagent clusters such as H+/H3

+,
H+(H2O)n, or H+(NH3)m. The exoergicity of soft PTR was optimized using reagent cluster ions of appro-
priate proton affinities usually with high solvation numbers. The fragmentation of product ions was
eywords:
aser desorption
roton-transfer reaction
rotonated cluster
vaporative cooling
arbohydrate

suppressed via thermalization with buffer gas or the evaporative cooling of the solvating molecules, and
the protonated analyte–reagent complexes were obtained when low PTR exoergicity was achieved. The
intact-to-fragment ratio of phenylalanine-glycine-glycine obtained by the LD-PTR roughly increased 28
times in comparison with that by MALDI. Protonated sucrose was also obtained with negligible frag-
ments, although a harsh desorption condition was applied. The LD-PTR method allows the examination
of neutral compositions produced in the LD process and facilitates the production of protonated analytes

y con
that cannot be obtained b

. Introduction

For nonvolatile samples, electrospray ionization (ESI) [1] and
atrix-assisted laser desorption/ionization (MALDI) [2] are two of

he most well-established ionization methods. During these ion-
zation reactions, many neutral analytes are liberated from the
ondensed phases into the gas-phase. The typical ion-to-neutral
bundance ratio for peptide molecules in MALDI, as reported in the
iterature [3,4], is of the order of 10−5. The ratio would be lower than
0−5 for carbohydrates because more substantial amount of carbo-
ydrate samples are normally consumed to obtain a comparable
pectral quality to that of the peptides. Therefore, post-ionization
f the neutral compositions is expected to enhance the ion yield
nd reveal complementary sample information [5,6]. Many ion-
zation strategies combine post-ionization processes subsequent
o laser desorption (LD) such as LD photoionization (PI) [6,7], LD
lectron ionization (EI) [8], LD chemical ionization (CI) [9,10], and
D-electron attachment [11].
The production of intense analyte ions while minimizing frag-
entation is key to post-ionization. PI is a convenient method, but

he ionization efficiency depends strongly on the optical properties
nd the ionization energy (IE) of the analytes. Thus, PI normally
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produces fragments in multiphoton processes used to excite the
analyte to a level above its IE. EI also produces extensive frag-
mentation because there is no efficient energy dissipation reaction
involved. CI has the advantage over other methods because the
dissociation of reagent molecules after the charge transfer reac-
tions stabilizes the ionic analytes [12,13]. Take the proton-transfer
reaction (PTR) as an example (Eq. (1)):

Proton-transfer reaction A + MH+ � AH+ + M, �EPTR (1)

where A represents the analytes, M the reagent molecules, and
�EPTR the exoergicity of the PTR reaction. The forward reaction
occurs if the proton affinity (PA) of A exceeds that of M (�EPTR < 0),
and the fragmentation of AH+ may be reduced if |�EPTR| is small.
PTR mass spectrometry (MS) [14,15] is one of the well-established
approaches that employs protonated molecules as reagent ions,
normally with hydronium ions (H3O+). The principal feature of PTR
is a long reaction time of the volatile organic compounds within ion
swarms to obtain a very high sensitivity (in the pptv range) similar
to that of flowing afterglow, flow drift tube, or selected ion flow
tube devices [16–20]. However, fragmentation may still dominate
the spectra if the analytes are fragile or the reaction exoergicity

in Eq. (1) is high. For instance, the protonation of carbohydrates is
known to be difficult even with soft ionization approaches such as
ESI, MALDI, CI, and fast-atom bombardment.

The low ion yield of carbohydrates such as glucose mainly
follows its low PA that makes the backward reaction of Eq. (1) favor-

http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
mailto:wer@gate.sinica.edu.tw
dx.doi.org/10.1016/j.ijms.2010.01.010
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Table 1
Proton affinity of commonly used molecules, biomolecules, and MALDI matrices.

Molecule Proton affinity (kJ/mol)

Reagent gas (H2O)n , n = 1 702a,b

n = 2 828b

n = 3 882b

n = 4 911b

n = 5 924b

n = 6 945b

(NH3)x , x = 1 853a,c

x = 2 957c

x = 3 1028c

x = 4 1087c

H2 422a

Biomolecule Arginine 1051a

Phenylalanine 923a

Glycine 887a

Tryptophan 949a

Glucose 819d

MALDI matrix THAP 882e

2,5-DHB 853f

CHCA 841g

a (1) NIST Standard Reference Database Number 69—March 6, 2009 Release. (2)
Ref. [22].

b Ref. [23].
c Ref. [21].
d Ref. [24].
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5 mm wide on every face. The non-cylindrical geometry allowed the
easy replacement of clean metal sheets. The sample mount accom-
modated removable sample plates that were rectangular S.S. plates.
Each sample plate comprised of a 2 mm hole that aligned coaxi-

Fig. 1. Schematic of HCD device and relative electric potential for experiments. The
HCD includes an anode tube (a), a dielectric cylinder (b), a hexagonal hollow cathode
(c), and a metal disk (d) that accommodates removable sample plates (black colored).
Lens-pairs e, f, and g are the ion-drift, modulation, and focusing optics, respectively.
The red rectangular area denotes the PTR region. The reference of the potential
e Ref. [27].
f Ref. [25].
g Refs. [26,28].

ble. Table 1 lists the PA values of some reagent molecules [21–23],
nalytes [22,24], and commonly used MALDI matrices [25–28]. Two
xceptions are the use of water monomer and hydrogen molecules
s the reagent gas, but the PTR from these two molecules to glucose
roduces a large |�EPTR| in Eq. (1) and further induces extensive
ehydration reactions [29]. Another common observation is that
nly alkali metal ion attachments are present [30]. The difficulty
n protonation makes the study of the gas-phase basicity of carbo-
ydrates difficult; only the gas-phase basicity of glucose has been
eported in the literature [24]. The suppression of fragmentation
n PTR-MS requires suitable reagent ions to achieve the balance
etween reaction exoergicity and energy dissipation such as the
eagent ion with a large heat capacity to redistribute the energy
fficiently. An alternative approach involves the incorporation of
dditional energy dissipation reactions to stabilize the product ions.

This work demonstrates the combination of LD and the cluster-
on PTR method as an effective approach to produce protonated
onvolatile molecules, including phenylalanine-glycine-glycine
PGG), angiotensin I (Ang), and sucrose (Suc). Suppression of ana-
yte fragmentation is achieved presumably by thermalization with
uffer gas and the evaporative cooling process of the solvated
olecules in the cluster. Although protonated clusters have been

sed to react with some volatile compounds [31–33], the use
f ionic clusters as reagent ions of CI for laser-desorbed non-
olatile biomolecules has not been described before. The reagent
luster ions utilized in this work include H+/H3

+, H+(H2O)1–6, or
+(NH3)1–5. The energetics of the ionization reactions and the
erformance of the LD-PTR under various source conditions are
iscussed.

. Experimental method

Experiments were conducted using a home-made linear time-

f-flight (TOF) mass spectrometer equipped with a LD-PTR ion
ource. The reagent cluster ions were produced using a hollow
athode discharge (HCD) device [34,35]. The nonvolatile samples
ere desorbed into the high-density region of the reagent clus-
ass Spectrometry 291 (2010) 61–66

ter ions for PTR, and the product ions were accelerated toward the
TOF analyzer with various delays. The overall flight distance was
roughly 1 m. Fig. 1 schematically depicts the HCD device and the ion
optics.

The HCD device comprised a Pyrex cylinder, a hollow cathode
assembly, and an anode tube. The Pyrex cylinder was selected for
its low thermal expansion and shock-resistive properties. It was
joined with the hollow cathode assembly to develop a discharge
region of 55 mm i.d. and 82 mm long. The hollow cathode assembly
was a metal disk of roughly 60 mm o.d. and 5 mm i.d., comprising a
hexagonal-shaped hollow cathode fastened at the center of its dis-
charge side and with a sample mount integrated into its vacuum
side. The central orifice of the metal disk allowed the discharge
gases and the reagent ions to co-expand toward the ion-optics
region (Fig. 1). The discharge gases became the buffer gases when
they came into the ion drift region. This orifice was covered by
mesh with 88% transmittance (BM0090-01-N, InterNet, Minneapo-
lis, MN) to generate a well-defined electric field.

The hexagonal hollow electrode was constructed by six metal
sheets fastened on a stainless steel (S.S.) frame of 15 mm deep and
energy diagram is the potential of the hollow cathode. In the retarding mode, the
potential of the lens-pair f is low, and the ion trajectory is represented by the red line.
In the extracting mode, the potential of the lens-pair f is high, and the ion trajectory
is represented by the green lines. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of the article.)
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lly with the central orifice of the hollow cathode assembly when
roperly installed.

The anode tube was a grounded 1/8 in. S.S. tube that supplied
he discharge gases and sustained the electric current for HCD. It
as installed axially in the discharge region with its tip located
mm behind the central orifice of the hollow cathode assembly. The
ollow cathode was kept constant at roughly −330 V for generating
+(H2O)1–6. The typical current to sustain the plasma was 3 mA,
orresponding to a power of roughly 1 W. The heat was dissipated
ia conduction to the vacuum chamber, making the temperature of
he HCD device rose by less than 10 ◦C when the HCD was operated
t 4 W for 30 min.

Discharge gases were premixed in a direct flow system and
upplied to the HCD region using a leak valve. A glass bubbler
as integrated into the flow system to accommodate the liquid
ischarge molecules such as water. This bubbler was sunk into a
emperature-regulated water bath for the adjustment of the vapor
ressure of the discharge liquid. To produce H+/H3

+, the discharge
as was 20% hydrogen in neon gas. To produce H3O+, NH4

+, or
+(NH3)m, the discharge gas was 25% water vapor, 20% ammonia

n neon gas, or pure ammonia vapor, respectively. For such gaseous
ischarge molecules, a backing pressure of typically 90 mbar and a
ow rate of 300–450 sccm were used. To produce H+(H2O)n with
igh solvation numbers, the discharge gas was pure water vapor
ith a backing pressure of roughly 23 mbar and a flow rate of

200–1800 sccm. In all cases, the resultant pressure inside the
CD region and the source chamber was roughly 0.33–0.47 and
.5 × 10−3 mbar, respectively.

The samples were deposited around the hole of the sample
lates and desorbed by using a frequency-triplet Nd:YAG laser
eam (355 nm, LS-2134UTF, Lotis TII, Minsk, Belarus). The laser
eam was focused by a fused silica lens (f = 750 mm) and exam-

ned the sample surface at an incident angle of roughly 2◦ from the
urface normal. The laser spot diameter was roughly 300 �m on the
ample surface with typical laser irradiance of about 3000 J/m2 for
D-PTR and 1800 J/m2 for MALDI or LDI. The repetition rate of the
aser was 5 Hz, and the mass spectra typically averaged 100 laser
hots.

PTR proceeded in an ion drift region that was defined by the
ollow cathode and two washer-shaped electrodes (lens-pair e in
ig. 1). The PTR region (red rectangular region in Fig. 1) was a few
illimeters beyond the hollow cathode. Beyond the ion drift region,

wo additional sets of ion optics were installed to modulate the
TR duration (lens-pair f) in retarding or accelerating modes and
o focus (lens-pair g) the ion beam, respectively. In the retarding

ode, −20 V and +710 V with respect to the potential of HCD were
pplied respectively to the first and second electrode of the lens-
air f. Under the accelerating mode, a pulsed voltage of typically
6–13 kV was supplied to the first electrode of the lens-pair f to
ccelerate the ions toward the TOF analyzer, as depicted in the
otential map of Fig. 1. The lens-pair g comprised of a d.c. biased
nd a grounded electrode to focus the ion beam. All electrodes
ere installed coaxially with a gap of 10 mm from the adjacent

lectrodes.
PGG, Ang, Suc and �-cyano-4-hydroxycinnamic acid (CHCA)

ere obtained commercially (Sigma-Aldrich, St. Louis, MO) and
sed without further purification. The analytes and the CHCA were
ach dissolved in 50% acetonitrile aqueous stock solutions with
arious concentrations. To prepare the PGG/CHCA sample, 1 �L of
.05 M PGG solution was mixed with 5 �L of 0.05 M CHCA solu-
ion. One microliter of the above mixture was deposited uniformly

round the hole of the sample plate. The same method and quan-
ity were used to prepare the Suc/CHCA. The Suc/CHCA was also

ixed with equal amount of pyridine as CHCA for comparison. To
repare Ang/CHCA, 1 �L of 0.005 M Ang solution was mixed with
�L of 0.05 M CHCA solution, and then 1 �L of this mixture was
ass Spectrometry 291 (2010) 61–66 63

deposited to the sample plate. The samples were air dried on a heat-
ing plate (50 ◦C) for 1 min and vacuum-dried before conducting the
measurements.

3. Results and discussion

3.1. LD-PTR involving reagent cluster ions

Protonated clusters exhibit three features that make them ideal
reagent ions for PTR. First, the collision cross-section of the reagent
cluster ions increases with cluster size, thus increasing the reaction
probability [23,36]. Second, fragmentation of ions can be reduced
considerably by a large number of vibrational degrees-of-freedom
of the clusters, which redistribute the exoergicity efficiently. Third,
energy dissipation of ion-neutral complexes can also occur via
evaporative cooling, such as in the dissociation of non-covalent
bonds of the molecular network (or desolvation reactions). The
ionization reactions started while the reagent cluster ions collide
with gaseous neutral analytes, presumably via ligand switching or
association reactions [37–41]:

Ligand switching H+(M)n + A → [H+(M)n−1A]∗ + M, �ELS

Association reaction H+(M)n + A → [H+(M)nA]∗, �EAssociation

(2)

The ligand switching and association reactions are both exother-
mic. For biomolecules with high proton affinity, the ligand
switching could be the dominant pathway. The excess energies of
the complexes may be dissipated via thermalization with buffer gas
or evaporative cooling (endothermic) processes as proposed in Eq.
(3).

Evaporative cooling [H+(M)nA]∗ → [H+(M)n−1A]∗ + M, �ED1

→ . . .

→ [H+(M)n−mA]∗ + m · M, �EDm
(3)

The evaporation of solvating molecules from large clusters is
efficient because the dissociation energy normally decreases as
the solvation number (n) increases [42]. The sequential evap-
oration of solvating molecules is favorable when −�ELS or
−�EAssociation exceeds �ED1, but fragmentation may persist if
−�ELS or −�EAssociation is much higher than �n�EDn, that is, to
eventually cause the cleavage of the weakest bond of AH+. In con-
trast, incomplete desolvation may occur if large cluster ions are
used, such as when �n�EDn is higher than −�ELS or −�EAssociation.
The best condition for producing protonated analyte is when
�n�EDn ≈ −�ELS or −�EAssociation. Under such condition, the frag-
mentation can be significantly suppressed with a trivial amount of
reagent–analyte complexes.

The properties of the reagent cluster ions depended on the ion
source condition. Protonated water clusters with n = 1–5 were nor-
mally obtained when using pure water vapor, as shown in Fig. 2a.
Under this condition, the typical ion flux was about 1 �A/cm2. The
n shifted to higher distribution if the discharge gas pressure was
increased, the sample temperature was lowered, or the discharge
current was decreased. For pure ammonia, the observed maxi-
mum n and ion flux was normally 4 and 0.85 �A/cm2, respectively
(Fig. 2b). Lowering the ratio of the electric field strength (E) to the
number density of buffer gas (N) in the ion drift region reduced
the ion drift velocity vd (vd = �E, where � is ion mobility) and the

mean ion-neutral collision energy, as estimated by the method
of McFarland et al. [43]. When E/N was 60 Townsend (Td), the
mean collision energy of H+(H2O), H+(H2O)2, and H+(H2O)3 toward
heavy biomolecules at room temperature was about 0.05, 0.07, and
0.08 eV, respectively. If E/N was 120 Td, the values for H+(H2O) and
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Fig. 3. Mass spectra of PGG/CHCA obtained using (a) H+/H3
+, (b) H3O+, (c) NH4

+,
(d) H+(H2O)n , and (e) H+(NH3)n reagent ions in LD-PTR and using MALDI (f). PGG′

where [H (H2O)n]0 represents the number density of reagent ions,
k the reaction rate constant of PTR, and t the average time spent by
the reagent ions in the PTR region. The diffusion losses of reagent
and analyte ions were assumed to be low because a short drift
length (∼3 cm) was used. In this work, the [AH+]/[H+(H2O)n]0 ratio
ig. 2. Mass spectra of (a) protonated water cluster ions, H+(H2O)n , and (b) proto-
ated ammonia cluster ions, H+(NH3)n , produced from HCD ion source with E/N of
pproximately 60–80 Td.

+(H2O)2 were 0.1 and 0.2 eV, respectively. The values of � used
o make these estimates were those associated with the drifting
f ions in a nitrogen stream [43,44]. In this work, an E/N value of
0–80 Td was typically employed.

Most PTR reactive collisions were expected to occur within the
TR region because both densities of the LD-produced molecules
nd reagent ions were high. Fig. 3a–e shows the mass spectra of
GG/CHCA obtained using H+/H3

+, H+(H2O)n, and H+(NH3)m. The
ypical extraction delay used to obtain these spectra was 25–35 �s.
he MALDI spectrum (Fig. 3f) obtained under optimal conditions
hen neither the discharge gas nor the reagent ions were flowing,

hows abundant PGG fragment with m/z = 121 that corresponding
o [C6H5CH2CHNH2 + H]+. The use of a matrix was not a prerequisite
or the LD process, but it markedly promoted molecular desorp-
ion due to the high optical density of the matrix. The direct LD of
ure analytes was feasible for small molecules like tryptophan, but

arger molecules could only be desorbed effectively when mixed
ith good photo-absorbing media such as matrices and graphite.

The temporal distributions of the intact and fragment ions of
he PGG in LD-PTR were broad but clearly different from each
ther. Fig. 4 shows the ion intensities obtained by changing the
xtraction delays from 3 to 100 �s when reagent water clusters
ere used. The distribution of PGG fragment peaked at around
�s, whereas that of the protonated PGG peaked at around 25 �s.
otably, the ion signal shown roughly below 15 �s was produced
irectly in the laser desorption ionization (LDI) process, and the

ons beyond 15 �s were produced by gas-phase PTR. The propaga-
ion of LDI ions was slow due to the resistance of the discharge gas
ow and the absence of high acceleration voltages that are used in
onventional MALDI-TOF instruments. The intact-to-fragment PGG
bundance within 3–15 �s was 0.12 because the high desorption
aser irradiance induced considerable fragmentation in LD process
45], similar to the result obtained in the MALDI mode (Fig. 3f).

hen the detectable signal was integrated over the entire range of
xtraction delays, the ratio was roughly 3.3. The increase of 27.5
imes in the intact-to-fragment ratio was attributed to the low
ragmentation in PTR beyond 15 �s.

When only the desorbed neutral molecules are considered, the

uantity of analytes detected in LD-PTR MS can be estimated by
14,16]

AH]+ = [H+(H2O)n]0(1 − e)−k[A]t ≈ [H+(H2O)n]0[A]kt (4)
represents the important PGG fragment (121 m/z). The extraction delay used to
obtain the MALDI spectrum was 2 �s. The spectrum shows PGG fragment (121 m/z),
CHCA fragments (145 m/z and 172 m/z), protonated CHCA (190 m/z), and protonated
PGG (280 m/z). The extraction delay in LD-PTR was 30 �s.

+

Fig. 4. Time evolution of protonated and fragment PGG signal in LD-PTR modes. The
PGG fragment peaked at 8 �s and that of protonated PGG at 25 �s. The ions produced
directly by the LD process are presumably present before 15 �s, and those produced
by PTR are present after 15 �s. The E/N used in this experiment was approximately
70 Td. (©) PGG fragment (121 m/z); (�) protonated PGG (280 m/z).
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Fig. 5. Mass spectra of Suc obtained using LD-PTR of Suc/CHCA (a) and using MALDI
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fragments of –OH, –C6H11O6, and –[C6H11O6 + H2O], respectively.
Notably, no contamination of alkali metal adducts was detected
with long extraction delay, such as >30 �s. Fig. 5b shows the
spectrum of Suc/CHCA/pyridine obtained by MALDI. Mixing pyri-
ith Suc/CHCA/pyridine. The E/N used in LD-PTR was 70 Td. Features to the right of
he protonated CHCA and Suc in LD-PTR are solvated complexes. Small features at
25, 163, and 145 correspond to the fragments of Suc.

as obtained from the intensity of the corresponding spectral fea-
ures (n = 1–6), and t was estimated to be 2.5 �s by dividing the
ength of the PTR region (5 mm) by the mobility of the reagent ions
44]. If using the k of acetone [36] and dimethylsulfoxide [31] in Eq.
4), a detection limit of better than 5 femtomole of analytes within
he PTR region is obtained. Although k is not available for most
iomolecules, the detection limit of biomolecules should be bet-
er because a higher k value is expected due to their larger dipole

oments [46,47] and slower drift velocities [48].

.2. LD-PTR of PGG, angiotensin I, and sucrose

As mentioned previously, large reagent clusters provide better
nergy dissipation efficiency than small reagent ions for suppress-
ng fragmentation. When H+/H3

+ was used for the PGG/CHCA, the
nly feature associated with PGG was the fragment at m/z = 121
Fig. 3a). Adjusting the discharge and the ion drift condition did
ot promote the appearance of the intact H+[PGG]. The H+[PGG]
ppeared only when protons were carried by water, ammonia, or
heir clusters (Fig. 3b–e). For example, using H3O+ for PTR produced
omparable H+[PGG] intensity as the PGG fragment (Fig. 3b). Fig. 3b
lso shows a small feature of H+[CHCA] that is not presented in
ig. 3a. Using NH4

+ as the reagent ion produced a similar result
Fig. 3c) as that of using H3O+, except that a small H+[CHCA + NH3]
eature seemed to replace the feature of protonated CHCA in Fig. 3b.
he H+[CHCA + NH3] is likely produced by the association reaction
etween NH4

+ and CHCA, which is one of the primary process pro-
osed in Eq. (2). This result was expected because the PA of CHCA
xceeded that of H2O but was lower than that of NH3, so the proton

as localized on NH3 if H+[CHCA + NH3] dissociate.

When H+(H2O)1–6 were used in PTR, the feature of H+[PGG]
ominated the spectrum (Fig. 3d). A comparison with Fig. 3b shows
hat the improvement in the H+[PGG] yield in Fig. 3d is very pro-
ounced. Fig. 3d also shows noticeable water adducts on H+[CHCA]
ass Spectrometry 291 (2010) 61–66 65

and a small feature of H+[PGG + H2O], suggesting that the water
molecules did not fully evaporate upon PTR. The sharp reduction in
the amount of fragments and the presence of reagent–analyte com-
plexes indicate that both the collision energy and the exoergicity
were low. Such complexes cannot survive in the harsh environ-
ments of MALDI, especially when high desorption laser irradiance
is used. They are also rarely present in the mass spectra obtained
using ESI. This result suggests that the LD-PTR with cluster ions is
a very soft ionization strategy.

Reagent–analyte complexes were also present when
H+(NH3)1–3 were used (Fig. 3e), and the H+[PGG + NH3] com-
plex was as abundant as the H+[PGG]. The sum of the intensities of
H+[PGG] and H+[PGG + NH3] in this condition was roughly equal
to the intensity of H+[PGG] in Fig. 3d. In comparison with the
result using NH4

+ reagent ion, the yield of H+[PGG] when using
H+(NH3)1–3 is greatly improved, and the H+[CHCA + 2NH3]
is also present in the spectrum. Because H+(NH3)1,2 and
H+[CHCA + (1,2)NH3] respectively dominated the reagent cluster
ions and the product ions, the association reaction was likely
involved in the ionization process. On the other hand, the inten-
sity of H+[PGG + H2O] is much weaker than the H+[PGG + NH3]
because the PA of H2O is 151 kJ/mol lower than NH3. The lower
dissociation energy of H2O compared with NH3 enhances the
appearance of H+[PGG], making water clusters better reagent ions
than ammonium clusters.

This ionization strategy is advantageous for detecting fragile
molecules like carbohydrates. The spectrum of Suc obtained using
reagent water clusters included a favorable protonated feature and
solvated complexes of up to three water molecules (Fig. 5a). The
presence of protonated Suc–water complexes was due to the low
PA of Suc, which made the exoergicity insufficient to fully evaporate
the solvating water molecules. The small features with m/z of 325,
163, and 145 possibly corresponded to the laser-induced sucrose
Fig. 6. LD-PTR mass spectrum of Ang/CHCA obtained using H+(H2O)n (n = 1–6)
reagent ions. The E/N and the extraction delay were 70 Td and 30 �s, respectively.
Inset shows the features in the reagent ion and matrix ion regions.
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6 C.-W. Liang et al. / International Journ

ine and CHCA formed ionic liquid matrix that improved the ion
ield [49], but no protonated Suc was detected. The absence of
rotonated Suc in MALDI is presumably due to the competition
f the matrix on the surface. Such competition is not important
hen protonation occurs in the gas-phase, as in the case of LD-

TR.
The reagent water clusters are appropriate for the ioniza-

ion of proteins. Fig. 6 displays the mass spectrum of Ang
btained using reagent water clusters. The PTR condition used
n this measurement was the same as that for Suc, as can be
een in the same distribution of protonated water–CHCA com-
lexes in Fig. 5a. Protonated Ang was present in the spectrum
ithout noticeable fragments or reagent–analyte complexes, sug-

esting that the −�ELS or −�EAssociation of Ang with the reagent
ater clusters is roughly the same as that with �n�EDn. The

nsets display the features of reagent water clusters and proto-
ated water–CHCA complexes. In this case, the most abundant
eagent ions were H+(H2O)4 and H+(H2O)5. These two cluster
izes were previously found to be the most reactive with acetone
nd dimethylsulfoxide among the sizes of n = 1–6 [23,36]. Under
his condition, the cluster size of protonated water–CHCA com-
lexes was up to n = 3, suggesting that the association energy of
HCA with these reagent ions (n = 1–6) was probably close to the
vaporation energy of about two water molecules. This result qual-
tatively agrees with the result of previous kinetic measurements
42].

. Conclusion

LD-PTR involving reagent cluster ions is a soft ionization method
or nonvolatile biomolecules. Although the intense desorption laser
rradiance produced extensive fragmentation to the sputtered ions,
he abundant neutral compositions were mostly gaseous intact

olecules that were suitable for subsequent PTR. In addition to the
hermalization with buffer gas, the use of the reagent cluster ions
n PTR facilitates the reduction of fragmentation by reducing exoer-
icity and incorporating the evaporative cooling mechanism. Thus,
ncreasing desorption laser irradiance is advantageous for the soft
TR because more neutral analytes can be produced to enhance the
ignal intensity compared with the low laser irradiance. With the
esorption condition used in this work, the spectrum of PGG/CHCA
btained using the direct LDI method shows an intact-to-fragment
atio of PGG ions of approximately 0.12. This ratio improves by
7.5 times if the PTR is utilized. Pure LD-PTR spectra were obtained
ith an extraction delay of above 15 �s after the desorption laser.

he LD-PTR not only allows the diagnosis of neutral compositions
roduced in MALDI and LD but also facilitates the protonation of
nalytes with low PA values. Protonated Suc can be routinely pro-
uced without the contamination of alkali metal adducts. The soft

onization characteristics of LD-PTR are also evident through the
resence of protonated analyte–reagent complexes in the spec-
ra of PGG and Suc. Based on this method, measurements of the
as-phase acidity and basicity of carbohydrates are currently under
nvestigation.
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