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Photodissociation spectroscopy of solvated clusters of protonated tryptophan (TrpH+) and dipeptides containing
tryptophan (Val-TrpH+, Ala-TrpH+, and Gly-TrpH+) has been carried out at low temperature to investigate
the protonation and solvation effects on the electronic spectrum. For the protonated dipeptides, the S1-S0

transition exhibits a substantial red shift due to the stronger interaction between the NH3
+ group and the

indole π ring. The S1-S0 spectra of TrpH+(CH3OH)n clusters exhibit a drastic change with the number of
methanol molecules. This behavior is interpreted in terms of the decrease in the interaction between the ππ*
and the repulsive πσ* states. Ala-TrpH+ and Gly-TrpH+ exhibit an extensive spectral change with addition
of two methanol molecules. This change is ascribed to a conformational change, which is induced by the
insertion of solvent molecule in between the NH3

+ group and the indole π ring.

1. Introduction

Since the early 1980s, the experimental and theoretical studies
of a variety of gas-phase clusters have been performed to reveal
microscopic aspects of the condensed phase phenomena.1-6

Although many efforts have been paid to explore the methods
to study the physical and chemical properties of clusters, the
experimental studies with well-defined or controlled temperature
have been limited because of the difficulty in controlling the
temperature of gas-phase clusters. To examine microscopic
aspects of phase transition, structural fluctuation, and reactivity
of clusters, it is necessary to perform spectroscopic measure-
ments of gas-phase clusters at various temperatures. Gerlich and
co-workers have developed a multipole radio frequency ion trap
cooled by a refrigeration system and have studied ion-molecule
reactions related to interstellar chemistry.7,8 The collisional
cooling in the trap is one of the most general methods for the
temperature control of gas-phase ions. In the trap, the buffer
gas filled in the entire region at a well-defined temperature and
pressure thermalizes the trapped ions by multiple collisions as
a thermal bath. We have been investigating microscopic
solvation process in clusters using spectroscopic methods as a
function of cluster size.6,9-14 In order to conduct a spectroscopic
study of gas-phase cluster ions as a function of temperature,
we constructed a photodissociation spectrometer containing the
temperature-controlled multipole ion trap and a spray ionization
source and studied the structure and reactivity of cold protonated
peptides.15

Primary and secondary structures of polypeptides are one of
the important factors in the characterization of physical and
chemical properties of biological molecules. At room temper-
ature, a lot of conformers coexist, which correspond to local
minima in the potential energy landscape, and conformational
fluctuations play important roles in various functions of biologi-
cal molecules. In recent years, a large number of spectroscopic
studies in supersonic jet have succeeded in the conformational
determination of neutral peptides in the gas phase.16-19 The
structural study in the solvent-free condition is considered to

be important to extract an intrinsic property of biological
molecules. Infrared multiphoton dissociation (IRMPD) spec-
troscopy of gas-phase protonated peptides has been performed
extensively to gain structural information on the ions.20-23 In
such experiments, ions trapped in an ion cyclotron resonance
cell or a Paul trap are irradiated with IR laser pulses for a few
seconds until fragmentations occur resulting from the stepwise
absorption of multiple photons. IRMPD spectra are obtained
by monitoring fragment ions as a function of excitation energy.
An important issue in the IRMPD experiments on trapped ions
at room temperature is the conformational changes and isomer-
izations of the trapped ions during the stepwise absorption of
IR photons over a few seconds. Since the vibrational energy
absorbed is redistributed within a molecule on picosecond time
scale,24 IRMPD spectra may lack the spectral features specific
to the low-lying energy conformers. In relation to this problem,
Grégoire et al. performed ab initio Car-Parrinello molecular
dynamics simulations of protonated peptides at 300 K.23 With
a comparison between the experimental IRMPD spectra and the
predictions from the calculations, they showed that isomerization
and intramolecular proton transfer occur spontaneously at 300
K. To avoid such an ambiguity, spectroscopic measurements
of cold ions and their clusters are necessary. Rizzo and co-
workers have performed infrared-ultraviolet (IR-UV) double-
resonance spectroscopy of protonated amino acids and peptides
in an ion trap cooled to 6 K.25-27 The geometrical structures of
the ions at low temperature have been revealed from comparison
with density functional theory calculations.

Conformations of biological molecules are one of the
important factors in determining their properties and are affected
largely by solvation and/or temperature. In the previous study,
we have measured UV photodissocation spectra of protonated
dipeptides including tryptophan moiety at 20 K and higher
temperatures. From these results, we discussed the interaction
between the protonation site and π electron systems and the
temperature effect on the relative distributions of several
conformers.15 We also examined the structures of solvated
dipeptides using IR photodissociation spectroscopy.

Another interesting topic is the protonation effect on the
electronic structure of biological molecules. Recently, the
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electronic structure and relaxation dynamics of protonated
tryptophan in the gas phase have been the subject of intensive
studies.28-31 Especially, the protonation effect on the electronic
spectrum has been attracting considerable attention because that
in solution has been studied extensively for the last decades.32,33

The gas-phase studies predicted that the absorption of protonated
tryptophan is in the same energy range as the S1-S0 transition
of neutral tryptophan.28,30,34 Weinkauf and co-workers reported
the origin of TrpH+ at 284.5 nm, which is only shifted by 2.3
nm (282 cm-1) from the neutral Trp (286.8 nm).28 Since the
S1-S0 spectrum of TrpH+ is so broad, it is considered to be
difficult to make a further investigation into the protonation
effect. In the previous work, we measured UV photodisociation
spectra of protonated alanyltryptophan (Ala-TrpH+) and tryp-
tophanylglycine (Trp-GlyH+) at several temperatures.15 It is
revealed that the electronic structure of the indole π electron
system in Ala-TrpH+ is strongly affected by the interaction with
the NH3

+ group, while the spectrum of Trp-GlyH+ is very
similar to that of TrpH+ because of the weak interaction due to
the geometrical structure restricting the close contact between
the protonation site and the indole π ring.

In the present study, we have measured UV spectra of
protonated valinyltryptophan (Val-TrpH+) and glycyltryptophan
(Gly-TrpH+) to gain further insight into the protonation effect
on the electronic spectrum. We have also measured UV spectra
of protonated tryptophan (TrpH+) and dipeptides including a
tryptophan unit such as Ala-TrpH+ and Gly-TrpH+, as a function
of solvent number and/or temperature. On the basis of these
results as well as the theoretical calculations, we will discuss
the effect of protonation and solvation on the geometric and
electronic structures of biologically relevant molecules.

2. Experimental Section

Details of the experimental apparatus for the present photo-
dissociation spectroscopy of temperature-controlled gas-phase
biological cluster ions have been described previously.15 The
apparatus consists of five differentially evacuated chambers: a
spray interface, an octopole ion guide, a quadrupole mass filter
for mass selection of precursor ions, a temperature-variable
multipole ion trap, and a quadrupole mass filter for mass analysis
of fragment ions. Protonated tryptophan and dipeptides solvated
with solvent molecules are generated by the spray ionization
method and transferred to the gas phase through a metal capillary
and a skimmer. The ions guided by the octopole are deflected
90° by an ion bender into the first quadrupole mass filter. The
mass-selected ions are decelerated and refocused by a stack of
electrostatic ion lenses into the temperature-variable multipole
ion trap (10-350 K). The ions are stored and thermalized by
multiple collisions with He buffer gas in the trap for ∼80 ms
and then irradiated with a photodissociation laser pulse. The
product ions are extracted from the trap and analyzed by the
second quadrupole mass filter. Photodissociation spectra are
obtained by monitoring fragment ions as a function of excitation
energy. UV laser pulses are generated by frequency doubling
of a Nd:YAG (Continuum, NY61) pumped dye laser (Con-
tinuum, ND60) using a KDP crystal.

Geometry optimizations are carried out by a DFT calculation
at the B3LYP/6-31++G(d,p) level using GAUSSIAN 03.35 In
the present study, we have performed optimizations for each
species starting from many initial configurations according to
the conformers in the reports for similar systems.15,26,30,36

Geometries of the ions were optimized using the energy gradient
technique at the B3LYP/6-31++G(d,p) level. Vibrational
analyses were carried out at each optimized structure to confirm

the minima on the potential energy surfaces. The zero-point
vibrational correction (ZPC) was included in the calculated
binding energies using scaled harmonic frequencies, in which
the scale factor 0.956 was used.

3. Results and Discussion

3.1. Protonation Effect. To gain more insight into the
protonation effect on the electronic spectrum of the indole π
electron system as mentioned in Introduction, we have con-
ducted the photodissociation spectroscopy of cold Val-TrpH+

and Gly-TrpH+, where the amino acids are bonded to the
N-terminal of tryptophan as the sequence of Ala-TrpH+.
Previously, we measured the UV photodissociation spectrum
of Trp-GlyH+, where glycine is bonded to the C-terminal of
tryptophan, in the energy region of the S1-S0 transition of the
indole moiety.15 The spectral feature is very similar to that of
TrpH+ over a wide temperature range from 20 to 300 K. With
the aid of the quantum chemical calculations, it was found that
the stable conformers of Trp-GlyH+, where the glycine moiety
is on the opposite side of the indole π ring, are similar to that
of TrpH+. In the conformers of TrpH+ and Trp-GlyH+, the
distance between the NH3

+ group and the indole π ring is
substantially large because of the geometrical restriction by a
CR-C� bond. Thus, the interaction between the two groups is
too weak to affect the S1 excited state of the indole moiety.

On the other hand, the amino groups of Val-TrpH+ and Gly-
TrpH+ are able to form a close contact to the indole moiety as
in the case of Ala-TrpH+. Photodissociation spectra of Val-
TrpH+ and Gly-TrpH+ at 20 K are shown in Figure 1. For
comparison, the results on TrpH+ and Ala-TrpH+ are also
displayed, which are cited from our previous paper.15 As in the
case of Ala-TrpH+, the S1-S0 band origin of Val-TrpH+ and
Gly-TrpH+ also exhibits a significant red shift by ∼2000 cm-1

with respect to that of TrpH+. If we look at the spectra more
closely, we may see small difference in the absorption edges.
From Gly-TrpH+ to Val-TrpH+, the absorption edge slightly
shifts to the blue. Parts a and b of Figure 2 show the optimized
structures of Val-TrpH+ and Gly-TrpH+, respectively. In the
lowest-energy structures Ia for Val-TrpH+ and IIa for Gly-TrpH+,
the protonation site is the amino group, and one of the H atoms of
the NH3

+ group points to the CO moiety of the amide group and
another H atom binds to the π orbital of the indole moiety. These
geometrical structures are similar to that of Ala-TrpH+ shown
as VIa in Figure 7, where the NH3

+ group approaches the indole
π ring. Therefore, the red shifts observed in the spectra of Val-
TrpH+ and Gly-TrpH+ are ascribed to the stabilization of the
excited state due to the strong interaction between the NH3

+

group and the indole π ring resulting from the flexible
geometrical structures of these dipeptides.

In the structural optimization, it is found that the protonation
site of the most stable isomers is the amino group. However,
we also find tautomers whose protonation site is the amide
oxygen among relatively low-energy isomers. The structures
of such tautomers are shown in Figure 2 as Ib and IIb. They
are the tautomers of Ia and IIa, respectively. It is considered
that these tautomers may be formed in the proton transfer
reaction of the lowest-energy conformers such as Ia and IIa.
The relative energies of the tautomers, Ib and IIb, with respect
to the corresponding lowest-energy conformers are 4.26, 3.26,
and 1.90 kcal/mol for Val-TrpH+, Ala-TrpH+, and Gly-TrpH+,
respectively. These tautomers were not identified in the present
experiments as mentioned in section 3.2.2.

3.2. Solvation Effect. 3.2.1. TrpH+(CH3OH)n. Figure 3
shows photodissociation spectra of TrpH+(CH3OH)n at 20 K in
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the energy region of the lowest ππ* transition of the indole
moiety. The S1-S0 band origin of TrpH+ is observed at 35 100
cm-1. The broad bandwidth of 235 cm-1 is attributed to a short
lifetime of the excited-state TrpH+, which is due to the mixing
of the ππ* state with the dissociative πσ* state.29-31 With the
addition of one methanol molecule, the band becomes slightly
narrower by 65 cm-1. The addition of another methanol
molecule makes a drastic change in the spectrum as shown in

Figure 3c. TrpH+(CH3OH)2 exhibits a vibrationally resolved
electronic spectrum, implying that the addition of two methanol
molecules significantly lengthens the excited-state lifetime.
Similar change in the electronic spectrum by addition of solvent
molecules is reported by Mercier et al. for TrpH+(H2O)n.36 Their
simulations of the excited-state dynamics of TrpH+(H2O)2

suggest that the solvation of the NH3
+ group by two water

molecules, where all of the H atoms in the NH3
+ group are

hydrogen-bonded, destabilizes the dissociative πσ* state, and
the mixing of the ππ* state with the πσ* state is weakened. As
a result, the excited-state lifetime becomes longer, and
TrpH+(H2O)2 exhibits well-resolved vibronic bands in the S1-S0

spectrum. The present results on TrpH+(CH3OH)2 may be in a
similar situation.

To gain further insight into the solvation effect on the
electronic spectrum, possible conformations of TrpH+(CH3OH)2

are calculated. Optimized structures of TrpH+(CH3OH)2 and the
stable structure of TrpH+ and TrpH+(CH3OH) observed in our
previous experiments15 are shown in Figure 4. The conformer
Va of TrpH+(CH3OH)2 obtained in our calculations has a
structure similar to that proposed by Mercier et al. for
TrpH+(H2O)2.36 In the conformer Va, the NH3

+ group is bound
to two methanol molecules and the CO moiety of the carboxyl
group; that is, all of the three ammonium N-H bonds are
involved in hydrogen bonds. We can identify three low-
frequency progressions of the 20 cm-1 interval in the spectrum
as shown in Figure 5a. In the case of TrpH+(H2O)2, similar
progressions of the 27 cm-1 interval have been observed.36

Based on our calculations, this low-frequency mode can be
assigned as a torsional motion around the CR-C� bond of
TrpH+. Although the present calculations are for the electronic
ground state, shifts in the vibrational frequency when we change
the solvents from H2O to CH3OH are quite reasonable. In the
case of TrpH+(CH3OH)2, the conformer Va lies 3.14 kcal/mol
higher in energy than the conformer Vc where one of methanol
molecules is bonded to the carboxyl group. In the lowest-energy

Figure 1. Photodissociation spectra of (a) TrpH+, (b) Val-TrpH+, (c)
Ala-TrpH+, and (d) Gly-TrpH+ at 20 K.

Figure 2. Selected sets of optimized structures of (a) Val-TrpH+ and
(b) Gly-TrpH+ at the B3LYP/6-31++G(d,p) level. Relative binding
energies with ZPC are given under each structure. The protonation sites
are the amino nitrogen, Ia and IIa, and the amide oxygen, Ib and IIb,
respectively.

Figure 3. Photodissociation spectra of TrpH+(CH3OH)n at 20 K.
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conformer Vc, the solvation structure of the NH3
+ group is

similar to that of TrpH+(CH3OH) such as IVa which exhibits
an unresolved broad band as shown in Figure 3b. However, we
assigned the spectral carriers of the vibrationally resolved bands

to be Va and/or the conformers having a structure similar to
Va, based on the fact of the drastic change in the excited-state
lifetime as in the case of TrpH+(H2O)2 reported by Mercier et
al.36 This conclusion is consisted with the above-mentioned
assignment of the low-frequency progressions.

To examine temperature effects on solvated TrpH+, photo-
dissociation spectra of TrpH+(CH3OH)2 have been measured
at several temperatures. Figure 5 shows the photodissociation
spectra of TrpH+(CH3OH)2 at 20-80 K. The spectrum of
TrpH+(CH3OH)2 in the vicinity of the S1-S0 band origin at 20
K is expanded and shown in Figure 5a. In this spectrum, a broad
background signal around 35 230 cm-1 appears on the foot of
the vibrationally resolved bands. Upon raising the temperature
from 20 to 30 K as shown in Figure 5b, a peak appears at 35 160
cm-1 in the spectrum at 30 K, which can be assigned as a hot
band of the low-frequency torsional mode. In the spectra
measured at higher than 50 K, sharp bands disappear and the
only broad band around 35 230 cm-1 is observed. It is
considered that the spectral changes with a rise in temperature
are mostly ascribed to appearing of hot bands assigned to
the low-frequency vibrational modes. We would also expect
to see the conformational change at higher temperature as
in the case of Ala-TrpH+ mentioned later. However, the
spectral shift by a structural change may be too small to
distinguish the spectral changes. To examine detailed temper-
ature effects on the structure of TrpH+(CH3OH)2, it is necessary
to perform infrared spectroscopy.

3.2.2. Ala-TrpH+(CH3OH)n. In our previous study, it was
found that the S1-S0 transition of Ala-TrpH+ is red shifted by
∼2000 cm-1 with respect to that of TrpH+.15 This significant
change is attributed to the strong interaction between the NH3

+

group and the indole π ring. In the case of Ala-TrpH+, the
elongation of the side chain enables a close contact between
these two groups. In addition, it was found that the relative
intensity of a conformer, which exhibits the S1-S0 transition
very close to that of TrpH+, increases in the spectrum when
the temperature of the ions is raised to 80 K.15 The result
indicates the increase of the distribution of a conformer, which
has a structure with longer distance between the protonation
site and the indole π ring and suggests the occurrence of a
thermally induced conformational change. We would also expect
that the interaction between these groups may change by a
stepwise solvation and that this effect may be observed as a
change in the electronic spectrum. In order to gain more
information on the relation between the solvation and confor-
mational structures, we have measured the photodissociation
spectra of cold Ala-TrpH+(CH3OH)n.

Figure 6b shows the photodissociation spectrum of Ala-
TrpH+(CH3OH)2 at 20 K. The spectrum of Ala-TrpH+ is also
shown for comparison. In the case of Ala-TrpH+(CH3OH)2,
three bands are observed at around 34 950, 34 200, and 33 600
cm-1. In addition to these bands, a new band appears at 32 900
cm-1. Among these bands, the band at 34 950 cm-1 is the
strongest and much enhanced compared with the bare Ala-
TrpH+. The peak position of this band is very close to those of
the TrpH+ and the conformer of Ala-TrpH+ observed in the
spectrum at 80 K. In order to assign these bands, we calculated
the structure of Ala-TrpH+(CH3OH)2. Optimized structures of
the low-energy conformers of Ala-TrpH+(CH3OH)2 are shown
as VIIa-VIId in Figure 7. The most stable conformer of Ala-
TrpH+ calculated in our previous study is also shown as VIa
in Figure 7. In the lowest energy conformer VIIa, two methanol
molecules are directly hydrogen bonded to the NH bond of the
NH3

+ group. This structure is similar to those of the

Figure 4. Selected sets of optimized structures of TrpH+(CH3OH)n at
the B3LYP/6-31++G(d,p) level. Relative binding energies with ZPC
of TrpH+(CH3OH)2 are given under each structure.

Figure 5. Photodissociation spectra of TrpH+(CH3OH)2 at 20-80 K.
Low-frequency progressions of the 20 cm-1 interval are indicated in
trace a.
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TrpH+(H2O)2 and TrpH+(CH3OH)2. In the case of Ala-
TrpH+(CH3OH)2, one of the methanol molecules is inserted
between the NH3

+ group and the indole π ring. This methanol
molecule acts as a proton acceptor for the NH3

+ group whereas
a proton donor for the indole π electron system. As a result of
the insertion of the solvent molecule, two groups come apart
and the spectrum shifts close to that of TrpH+. Therefore, the
strongest band at 34 950 cm-1 is reasonably attributed to the
conformer VIIa. It is worth noticing that the 34 950 cm-1 band
is also expected to exhibit a vibrationally resolved spectral
feature, because VIIa has a similar structure to that of
TrpH+(CH3OH)2 as mentioned previously. With this structure,
the aforementioned πσ* state, which is a Rydberg-type and has
the repulsive nature, is destabilized by the interaction with
solvents, and as a result, the lifetime of the first excited state is
elongated as in the case of TrpH+(CH3OH)2. However, the

34 950 cm-1 band of Ala-TrpH+(CH3OH)2 exhibits the broad
feature probably because of the existence of the other conform-
ers, which have the structure close to VIIa.

On the other hand, for the other conformers such as VIIb,
VIIc, and VIId, the distance between two groups is similar to
that of the bare Ala-TrpH+. In these structures, two methanol
molecules bound to the surface of the closed-form conformer
such as VIa, and its solvation effect on the electronic spectrum
is expected to be relatively weaker. These arguments suggest
that the above conformers are the candidates of the carrier of
the bands at around 34 200, 33 600, and 32 900 cm-1. Therefore,
these results clearly indicate that the conformational change is
induced by solvation as well as thermally.

3.2.3. Gly-TrpH+(CH3OH)n. We have also conducted the UV
spectroscopy of solvated Gly-TrpH+ at several temperatures to
examine the solvation and temperature effects on the conforma-
tion of dipeptide. A photodissociation spectrum of Gly-
TrpH+(CH3OH)2 at 20 K is shown in Figure 8b. The feature of
the solvation effect on the spectrum is similar to that of Ala-
TrpH+. With the solvation of two methanol molecules to the
Gly-TrpH+, the relative intensity of the broad band from 32 500
cm-1 to 34 500 cm-1 decreases drastically. On the contrary, the
broad structureless band appears strongly at 34 980 cm-1, which
is located very close to the S1-S0 band origin of TrpH+. Selected
sets of optimized structures of Gly-TrpH+(CH3OH)2 are shown
as VIIIa, VIIIb, and VIIIc in Figure 9. In the lowest-energy
conformer VIIIa, two methanol molecules are directly bound
to the NH3

+ group, and one of the methanol molecules is
inserted between the NH3

+ group and the indole π ring as in
the case of Ala-TrpH+(CH3OH)2 shown as VIIa in Figure 7.
With this conformation, the interaction between the NH3

+ group
and the indole π ring becomes weaker than that of the bare
Gly-TrpH+. As a result, the S1-S0 transition energy of the
conformer VIIIa is expected to be similar to those of TrpH+

Figure 6. Photodissociation spectra of (a) Ala-TrpH+ and (b) Ala-
TrpH+(CH3OH)2 at 20 K.

Figure 7. Selected sets of optimized structures of Ala-TrpH+ and Ala-
TrpH+(CH3OH)2 at the B3LYP/6-31++G(d,p) level. Relative binding
energies with ZPC of Ala-TrpH+(CH3OH)2 are given under each
structure.

Figure 8. Photodissociation spectra of Gly-TrpH+ at 20 K and Gly-
TrpH+(CH3OH)2 at 20 and 50 K.
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and Trp-GlyH+. Therefore, the band at 34 980 cm-1 is
assigned to the S1-S0 transition of the conformer such as
VIIIa. On the other hand, the weak bands appearing in the
lower-energy region may be assigned to the S1-S0 transitions
of the other conformers such as VIIIb and VIIIc, where Gly-
TrpH+ holds the closed-form and two methanol molecules
bound to its surface as in the case of Ala-TrpH+(CH3OH)2

discussed in section 3.2.2.
Figure 8c shows the UV spectrum of Gly-TrpH+(CH3OH)2

at 50 K. The spectrum is similar to that measured at 20 K. This
means that the lowest-energy conformer, where one methanol
molecule is inserted between the NH3

+ group and the indole π
ring, is still dominant within the present temperature range.
There are several minor changes in the spectrum at 50 K
compared with that at 20 K. However, it is difficult to discuss
such differences based on the information available at the present
stage.

4. Conclusions

The photodissociation spectroscopy of solvated TrpH+ and
protonated dipeptides involving tryptophan has been carried out
at well-defined temperatures to gain microscopic aspects for the
protonation and solvation effects on the conformational change
of biological molecules. We have observed the large protonation
effect on the electronic spectra of Val-TrpH+ and Gly-TrpH+

in contrast to the case of TrpH+, which exhibits no appreciable
change in spectral shift. The large spectral change is ascribed
to the close contact between the NH3

+ group and the indole π
ring caused by the flexible structure, which allows much stronger
interaction between the two groups.

In the case of TrpH+, the S1-S0 spectrum exhibits a drastic
change with increasing the number of methanol molecules.
This behavior is interpreted in terms of the decrease in the
interaction between the ππ* and repulsive πσ* states, which
is induced by the solvation. For the Ala-TrpH+ and Gly-
TrpH+ systems, we have observed the large spectral change
in the lowest-energy transitions by solvation. These results
are ascribed to the change in the relative abundance of
conformers by solvation from the comparison with the
calculated structures. Calculations of the optimized structures
suggest that a methanol molecule is inserted between the
NH3

+ group and the indole π ring and thus lengthens the
distance between these groups. The photodissociation spectra
clearly show the predominance of this conformation and the
solvent-induced conformational change.
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