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A B S T R A C T

The design and first applications of a new tandem mass spectrometer (BerlinTrap) combining an electrospray ion source,
a quadrupole mass spectrometer, a cryogenic 22-pole ion trap (4–300 K), and an orthogonal reflectron time-of-flight mass
spectrometer are described. The trapped ions are cooled by helium buffer gas cooling. The formation and solvation shell
structure of weakly-bound HenH3O

+ complexes and the electronic photodissociation spectrum of the protonated amino
acid tyrosine are used to calibrate the setup for cooling, tagging, and spectroscopic capabilities. A vibrational temperature
below 20 K is inferred for protonated tyrosine. The electronic spectrum of isolated protonated lumichrome, the smallest
protonated flavin, is recorded in the visible range and assigned to the most stable N5 isomer by comparison with quantum
chemical calculations. These results demonstrate the suitability of the BerlinTrap apparatus for spectroscopy and reactiv-
ity studies of small and large (bio-)molecular ions and their clusters.

© 2016 Published by Elsevier Ltd.

Journal of Molecular Spectroscopy xxx (2016) xxx-xxx

Contents lists available at ScienceDirect

Journal of Molecular Spectroscopy
journal homepage: www.elsevier.com

BerlinTrap: A new cryogenic 22-pole ion trap spectrometer
Alan Günther a, Pablo Nieto a, David Müller a, Alexander Sheldrick a, Dieter Gerlich b, Otto Dopfer a, ⁎

a Institut für Optik und Atomare Physik, Technische Universität Berlin, D-10623 Berlin, Germany
b Institut für Physik, Technische Universität Chemnitz, D-09107 Chemnitz, Germany

1. Introduction

The spectroscopic study of molecular ions has been a central topic
for a broad span of scientific fields ranging from low-temperature
physics, astrochemistry, and physical chemistry to biochemistry.
Specifically, spectrosopic investigations of molecular ions of biologi-
cal importance are particularly interesting as a crucial tool for the un-
derstanding of fundamental (bio-)chemical interactions [1–12]. Spec-
troscopic studies at low temperatures are often necessary to extract de-
tailed information about the geometric and electronic structure of such
complex ions and their clusters [12]. For this purpose, buffer gas cool-
ing of ions in a cryogenic ion trap has become a popular method of
choice [4–7,13–22], which appears to be a more generally applicable
approach than the more traditional supersonic expansion techniques
[3,8,23–37] and the recently developed technique of ion trapping in
superfluid helium droplets [38–41]. In buffer gas cooling, a collision
gas (mostly He or H2) serves as thermally conducting medium be-
tween the cold walls of the trap and the trapped ions. The result is a
reduction in temperature not only of the internal degrees of freedom
but also of the kinetic energy of the trapped ions. This approach can
be used to accumulate a large number of cold ions in the trap up to the
space-charge limit (106 ions/cm3) [42].

In practice, three different types of buffer-gas cooled cryogenic
traps are mostly used, namely (i) linear multipoles, (ii) ring electrode
traps, and (iii) 3D Paul traps [42]. Before loading into the trap and af-
ter extraction from the trap, ions usually have to be selected by a mass
spectrometer. Therefore, linear multipole traps (with 4, 6, 8 or
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22 electrodes) are often combined with one or more mass spectrom-
eters [5–7,12,14,16,19–21,43–50]. However, it is not possible to de-
tect in a mass-selective mode more than one reaction product in a sin-
gle experimental cycle with such a spectrometer, when using popu-
lar quadrupole mass filters for ion analysis. This can be a disadvan-
tage for measuring photodissociation spectra of larger biomolecules
or clusters, which dissociate into many different fragments. Some
groups solve this problem by coupling a ring electrode trap [51–53],
a 3D Paul trap [4,5,13,45,54], or a planar multipole trap [55,56] to
a time-of-flight mass spectrometer (TOF). In such instruments, typi-
cal ion temperatures in the 10–50 K range have been demonstrated.
The combination of a cryogenic hexapole ion trap (26 K) and a
Fourier-transform ion cyclotron resonance mass spectrometer (held
at 10 K) has also been utilized for cluster ion spectroscopy [57]. In
the case of linear multipole traps, ion temperatures of 10 K in a
22-pole [49], 9–15 K for a quadrupole trap [58–60], and 4 K in a wire
quadrupole [46] have been reported. Depending on the molecular or
cluster ion of interest, an appropriate ion source should be chosen. One
of the most popular and versatile types is based on electrospray ion-
ization (ESI). Being a smooth ionization technique, ESI allows for the
generation of charged particles with nearly unlimited mass range (up
to the size of single viruses [61]) without fragmentation.

To the best of our knowledge, the combination of a linear 22-pole
trap with a reflectron time-of-flight (ReTOF) mass spectrometer in an
orthogonal configuration has not been reported. Combining the capac-
ity of the 22-pole trap for reaching low ion temperatures with sin-
gle-cycle detection of all reaction products in a mass-selective mode,
efficient high-resolution laser spectroscopy is possible for a wide
range of molecular ions. In the present article, we describe the de-
sign and first applications of a new tandem mass spectrometer (Berlin

http://dx.doi.org/10.1016/j.jms.2016.08.017
0022-2852/© 2016 Published by Elsevier Ltd.
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Trap) combining an ESI source, a quadrupole mass spectrometer, a
cryogenically cooled 22-pole ion trap (4–300 K), and an orthogonal
reflectron time-of-flight (ReTOF) mass spectrometer. Trapped ions
are cooled by means of He buffer gas cooling. In first tagging exper-
iments, the formation of cold HenH3O

+ clusters from bare H3O
+ il-

lustrates the low ion temperatures achieved in the 22-pole trap. The
well-known UV photodissociation (UVPD) spectrum of the proto-
nated amino acid tyrosine is then used to assess the performance of the
BerlinTrap for spectroscopic studies of larger biomolecules and the
achieved vibrational temperature of the ions. As a first new spectro-
scopic study in this setup, we present the visible electronic photodisso-
ciation (VISPD) spectrum of protonated lumichrome, the parent mole-
cule of the large family of flavins, and determine its structure with the
help of quantum chemical calculations.

2. BerlinTrap: A 4K-ESI-QPMS-22-Pole-ReTOF ion trap
spectrometer

A sketch of the BerlinTrap apparatus is shown in Fig. 1. The
4K-ESI-QPMS-22-Pole-ReTOF ion trap tandem mass spectrometer
has been designed for the realization of laser spectroscopic stud-
ies of cold (bio-)molecular ions. The ions under study are generated
in an ESI source and are accumulated and thermalized in a short
mini-quadrupole (miniQP). The ion bunch is then transferred via a
hexapole (HP) ion guide or collision cell to an adjacent quadrupole
mass spectrometer (QPMS) employed for mass selection of the parent
ion under study. Using an electrostatic quadrupole bender (B), these
ions are then either directed to a channeltron ion counter (CT) or to
a cryogenic 22-pole ion trap via an octupole ion guide (OP). In the
22-pole trap mounted on a cryostat (Cryo), the ions are accumulated
and cooled by a pulse of He buffer gas. They may also react with He or
other atoms and molecules seeded in the He buffer gas. Subsequently,
the cold ions are extracted into an orthogonal ReTOF mass spectrom-
eter. In laser experiments, the cold ions are excited with pulsed laser
radiation either (i) in the 22-pole trap, or (ii) on their way between the
22-pole and the ReTOF, or (iii) in the extraction region of the ReTOF,
leading to resonant photofragmentation. All photodissociation spectra
shown here are recorded for ions several microseconds before they en-
ter the ReTOF (mode ii). The resulting photoproducts are then mass
analyzed by the ReTOF. All salient parts of the BerlinTrap apparatus
are described in detail in the following sections.

2.1. ESI source with mini-quadrupole

The apparatus is currently equipped with a modified ESI source
taken from a commercial mass spectrometer (Varian, 1200MS). This
includes the housing for the spray, the needle with electric
feedthroughs, the transfer capillary, the skimmer, and the miniQP. The
latter is used to accumulate and thermalize ions generated in the ESI
source before further transfer toward the 22-pole trap. This miniQP
consists of four rods (l = 58 mm) with diameters of d = 3.2 mm and
an inner inscribed radius of r0 = 1.6 mm. The radiofrequency (RF) sig-
nal of 8.9 MHz for driving the miniQP is provided by a signal genera-
tor (Rigol, DG1022), which is amplified (QRP-PA-2008, 10 W power
amplifier) and transformed with a homemade transformer to a maxi-
mum voltage of 250 V. The trapping potential along the ion flight axis
is generated by setting a voltage to the skimmer on one end and the
miniQP exit lens on the other end. Both applied voltages are in the
10–20 V range while the miniQP bias is about 5 V. In order to extract
a short ion pulse (∼0.5 ms) from the miniQP into the adjacent hexa-
pole, the exit lens is switched to a negative pulling voltage (typically
a few tens of volts). For ESI generation of the ions, the needle voltage
is typically kept in the 3.5–5 kV range and the counter electrode is set
to 0.7–1.1 kV. Nitrogen is used as drying and nebulizing gas.

2.2. Hexapole and octupole ion guides

Two pumping stages with homebuilt ion guides transfer the ions
under high vacuum conditions to the 22-pole trap. The first stage
houses a hexapole (HP, l = 238 mm, d = 5 mm, r0 = 5 mm) to trans-
fer the ions from the miniQP chamber into the QPMS. The RF sig-
nal (6 MHz) is delivered by a signal generator (CGC instruments,
RFG-50) adapted to the electric capacitance of the hexapole. Elec-
trostatic entrance and exit lenses of the hexapole optimize the ion
transport. The hexapole ion guide is equipped with a buffer gas cell
mounted around half the rod length for optional collision-induced dis-
sociation, tagging, or chemical reaction experiments. For this purpose,
buffer gas pulses seeded with tagging or reaction gas are injected by a
pulsed valve (Parker, General Valve). Furthermore, the hexapole may
be used for photochemical reactions to generate new species (product
ions), since it is optically accessible along the hexapole trap axis.

In the vacuum chamber connecting the 22-pole chamber with the
QPMS chamber, the ions are guided by an octupole (OP, l = 231 mm,

Fig. 1. Schematic diagram of the BerlinTrap apparatus (4K-ESI-QPMS-22-Pole-ReTOF ion trap tandem mass spectrometer). Ions generated in an electrospray ionization (ESI) source
are accumulated and thermalized in a mini-quadrupole (miniQP). Subsequently, the ion bunch is transferred via a hexapole (HP) ion guide to a quadrupole mass spectrometer (QPMS)
for size selection. With an electrostatic quadrupole bender (B), the mass-selected ions are either directed to a channeltron ion counter (CT) or toward a cryogenic 22-pole trap mounted
on a cryostat (Cryo) via an octupole ion guide (OP). In the 22-pole trap, ions are cooled via buffer gas cooling using an intense He gas pulse. After tagging and/or interrogation
with a laser pulse along the 22-pole axis (blue line), the ionic products are extracted and focused with the einzel lens deflector (ELD) into the acceleration region of the reflectron
time-of-flight mass spectrometer (ReTOF), where they are detected with a microchannel plate detector.
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d = 5 mm, r0 = 7.5 mm). The same type of customized driver as used
for the hexapole generates the RF signal with a maximum amplitude
of 316 V at the resonance frequency of 3.6 MHz. An einzel lens stack
mounted to the electrostatic quadrupole bender (B) focuses the ion
beam into the octupole. A second stack with a split middle lens on
the exit side of the octupole allows for optimized ion transfer into the
22-pole.

2.3. Quadrupole mass spectrometer with channeltron detector

A commercial quadrupole mass spectrometer (QPMS, Extrel, 150
QC) located after the hexapole is implemented to select the ions of in-
terest from the products generated in the ESI source and/or the hexa-
pole. A quadrupole ion bender (B) positioned after the QPMS can de-
flect the ions by 90° either to a channeltron detector (CT) or toward
the 22-pole trap via the octupole. This configuration enables us to take
a mass spectrum of the ions generated in the ESI source and/or the
hexapole and thus simplifies the optimization of the beam intensity of
the desired ion.

The QPMS including the bender and the channeltron is mounted
on a CF DN150 flange. On this flange, an on-axis CF DN16 reduc-
tion flange is implemented and used for mounting a window to access
the trapped ions by a laser beam. The QPMS has a triple-quad con-
figuration (l = 211 mm, d = 19 mm, r0 = 8.4 mm) in a housing made
from stainless steel. It is driven by an 880 kHz RF signal generator
and can filter masses in the m/z 1–1000 range. The transmitted mass
is selected by means of a 0–10 V analog output of a DA/AD converter
(National Instruments, PCI 6221) with 16 bit resolution, which also
controls the applied bias voltage. Equipped with a conversion dynode,
the efficiency of the channeltron to detect positive ions is enhanced.
The detection of anions is also possible by changing the voltage polar-
ity at the anode with respect to the channeltron. A pulse preamplifier
(Advanced Research Instruments Cooperation, MTS-100) decouples
the biased anode from the rest of the electronic data acquisition sys-
tem.

2.4. Cryogenic 22-pole ion trap

The cryogenic 22-pole trap constitutes the heart of the Berlin-
Trap apparatus. The ion trap itself is built on two opposing cop-
per plates. Each plate contains eleven commercially available sy-
ringe needles made from stainless steel that constitute the 22-pole
trap (l = 36 mm, d = 1 mm, r0 = 10 mm). Adjacent syringe needles
belong to different plates. The two plates are mounted onto a cop-
per base plate, electrically insulated and thermally connected by in-
tervening sapphire plates. A copper lid covers the trap and eventu-
ally forms a closed buffer gas cell. The entrance and exit of the cell
are formed by two electrostatic lenses with apertures of 5 mm di-
ameter, which are separated from the rest of the trap by sapphire
plates and spheres. The base plate of the 22-pole is mounted onto a
brass block (Janis Research Co.) including two 50 Ω cartridge heaters
and a Si diode temperature sensor (LakeShore, DT-670B-SD). The
whole block is mounted onto the top of the coldhead of a two-stage
closed-cycle helium cryostat (Cryo, Sumitomo, SRDK-408D2-F50H).
A second Si diode is positioned on top of the 22-pole to measure its
temperature. The two temperatures are monitored and regulated by a
PID controller (LakeShore, 336). To reduce heating by thermal radia-
tion, a second cold shield connected to the first stage of the coldhead
(∼40 W at 40 K) covers the 22-pole cell. Two einzel lenses fixed to
the entrance and exit of the trap allow for optimizing the ion trans-
port. The cooling power of the second stage of the coldhead is 1 W
at 4.2 K, and thus thermal loads have to be reduced to a minimum.

Stainless steel wires are employed for electric contact of the lenses.
Thermal anchoring is made via ceramics fixed to the outer cold shield.
The electric connection of the 22-pole is accomplished by thermally
anchored titanium wires with 0.25 mm diameter. Titanium is preferred
over iron due to its similar thermal conductivity but lower electrical
resistivity. The RF power to drive the 22-pole trap is generated by the
same type of power supply as used for the miniQP. It delivers a 7 MHz
RF signal with maximum amplitude of 350 V.

To cool the trapped ions, a buffer gas is required as thermally
conductive medium between the cold walls and the trapped ions. A
fast piezo valve designed by Gerlich [62] is connected to the trap via
a short Teflon tube and provides long intense gas pulses (typically
1–5 ms, 0.9 bar backing pressure) of He (Air Liquide, Helium N50).
The ions enter the 22-pole when the He buffer gas pressure is high-
est, which maximizes the number of ions accumulated in the cryogenic
trap. Different mixtures of buffer gases may be used to form different
types of clusters in the trap via three-body collisions and/or chemical
reaction. The typical trapping time of the ions in the 22-pole is around
100 ms, while trapping times as long as 15 min without any measur-
able ion loss are observed for Cs+ (Fig. S1 in SI).

2.5. Ion deflector and ReTOF

After the ions are trapped and cooled in the 22-pole, push and pull
voltage pulses are applied to the end caps of the trap to extract the ions
as a short bunch into the acceleration region of the ReTOF. On their
way, the ions pass the einzel lens deflector (ELD), which is an einzel
lens stack with the middle lens split into four sections. This lens de-
flector enables focusing and deflecting ions into the acceleration re-
gion of the ReTOF. The shape and length of the ion bunch can be ma-
nipulated by the extraction voltages of the 22-pole end caps, and the
voltages applied to the 22-pole exit lenses and the ELD. The ReTOF
comprises a homebuilt Wiley-McLaren TOF with a total length of
about 100 cm and a two-stage reflector made out of a stack of 13 ring
electrodes, yielding a mass resolution of m/Δm > 240 under typical
operation conditions. The ion detector employs two 50 mm diameter
microchannel plates (MCP) mounted in chevron configuration (Tec-
tra, MCP 50DLA). High voltage pulses applied to the acceleration
electrodes of the ReTOF are supplied by two push–pull fast switches
(Behlke, GHTS 60).

The ion extraction out of the 22-pole trap already acts as a simple
low-resolution TOF spectrometer and partial mass separation occurs
between the extraction from the 22-pole and the arrival at the ReTOF.
As the diameter of the ReTOF acceleration region is limited (37 mm),
only ions that are between the ReTOF plates (d = 15 mm) at the trig-
ger time of the high voltage extraction pulses reach the MCP detector.
This effect causes the relative intensities for different mass peaks to
substantially depend on the delay between the 22-pole and ReTOF ex-
traction pulses. To compensate for this delay dependence, mass spec-
tra for different delays are measured and added up to obtain a mass
spectrum of different ions in the 22-pole trap with reliable intensities
(as is demonstrated in the HenH3O

+ cluster formation experiments de-
scribed in Section 3.1). Photofragmentation of ions performed in the
extraction region of the ReTOF is not affected by this effect.

2.6. Vacuum system

Ultra-high vacuum (UHV) conditions are required for proper cool-
ing without effective adsorption of background gas in the 22-pole
trap. To realize such UHV conditions in the 22-pole chamber, while
having simultaneously low vacuum conditions in the ESI source
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chamber, all chambers are separated by small apertures and evacu-
ated separately by differential pumping. The miniQP chamber is evac-
uated using a 230 l/s turbomolecular pump (Pfeiffer, TMU 261 P).
The other chambers (HP, B and QPMS, OP, ReTOF) are pumped
by 240 l/s turbomolecular pumps (Pfeiffer, TPU 240), whereas the
22-pole stage is evacuated by a 700 l/s turbomolecular pump (Pfeif-
fer, Hi-Pace 700). The overall setup is also separated into two parts
by a vacuum gate valve (VAT) installed between the hexapole and the
QPMS chambers. It is implemented to enable maintenance of the ESI
source without venting the rest of the apparatus. For all turbomolec-
ular pumps at the 22-pole side of this valve, a 35 m3/h scroll pump
(Edwards, xds35i) serves as backing pump. To account for the high
gas load at the miniQP and hexapole stages, a roots blower (Leybold,
RUVAC WA251) combined with a 65 m3/h rotary vane pump (Ley-
bold, TRIVAC D65B) are used to achieve low backing pressure. The
ESI source is separately pumped by a 20 m3/h backing pump (Pfeiffer,
Duo 20M). The pressures are measured by compact full range gauges
(Balzers, PKR 251) in the low vacuum stages and by cold cathode
gauges (Balzers, IKR260/270) for the high vacuum stages. The pres-
sures are read out via a controller (Balzers, TPG 256 A). Typical pres-
sures are in the 10−3, 10−5, and 10−7 mbar ranges for the miniQP, hexa-
pole, and QPMS chambers with and without ESI operation, respec-
tively. The pressures with ESI and He buffer gas pulses on/off are typ-
ically 1 · 10−6/2 · 10−8 mbar for the octupole, 7 · 10−6/3 · 10−8 mbar for
the 22-pole, and 1 · 10−6/5 · 10−9 mbar for the ReTOF chamber.

2.7. Laser system

The BerlinTrap apparatus has been designed to enable vibrational
and electronic laser spectroscopy of cold trapped molecular (cluster)
ions using pulsed and tunable IR and UV–vis lasers. The low ion den-
sity achieved in the trap requires high-power lasers. Pulsed optical
parametric oscillator (OPO) lasers pumped by Q-switched nanosec-
ond Nd:YAG lasers provide high output power and broad spectral tun-
ing range. The experiments discussed below utilize a midband UV–vis
OPO laser (Continuum, Panther EX-OPO) pumped by the third har-
monic of a Nd:YAG laser (Continuum, Powerlite DLS 9010). It pro-
vides laser pulses in the 205–2550 nm range with energies up to 70 mJ
per pulse at 450 nm, 3–7 ns pulse length, and a bandwidth of about
2 cm−1 at a repetition rate of 10 Hz. The flash lamps and Q-switch are
triggered externally. The laser radiation is calibrated to an accuracy
of ±2 cm−1 using a wavelength meter (Bristol Instruments, 821). The
OPO laser beam enters the 22-pole from the channeltron side and ex-
its the spectrometer through a window after the ReTOF extraction re-
gion. The laser intensity is monitored after passing through the appara-
tus with a power meter (OPHIR, Vega). Spectroscopic information in
form of VIS or UV photodissociation (VISPD or UVPD) is obtained
by resonant absorption of one or more photons and subsequent frag-
mentation of the molecular (cluster) ions.

2.8. Voltage supplies and data acquisition system

The BerlinTrap setup contains more than 50 components requiring
separate DC power supplies. 40 of them are controlled by two am-
plifiers (Spectrum Solutions Inc., TDI 400), each providing 20 inde-
pendent voltage outputs with up to ±400 V. These voltages are set
by three analog output boards (ICPDAS, PIO-DA16) with 16 chan-
nels each and 14 bit resolution, which are computer controlled via
LabView programs. Some electrostatic lenses, e.g., the miniQP or
22-pole end caps, must be operated in a pulsed mode. These voltage
pulses are delivered by five signal generators (Rigol, DG1022) with

periods from 2000 s down to 500 ns and rise times of 20 ns for 10 Hz
pulses with maximum amplitude of 20 V. The length and delay of the
pulses can only be controlled for positive edges. One-to-one voltage
inverter circuits between the pulse generators and the lenses solve this
problem. To amplify to higher voltages up to ±175 V, voltage am-
plifiers (Falco Systems, WMA02) with rise times of up to 40 μs are
employed. Synchronization of the laser pulse with the ion trap experi-
ment is achieved by a digital pulse and delay generator (Berkeley Nu-
cleonics Corporation, 575) with maximum time resolution of 250 ps.
Two channels are used to separately trigger the flash lamps and the
Q-switch of the Nd:YAG pump laser of the OPO laser. The delay
generator acts also as the master clock of the whole experiment and
triggers all other pulsed voltages. Preamplified signals from the chan-
neltron are registered with a DA/AD converter (National Instruments,
PCI 6221). The ion signal detected at the MCP detector in the ReTOF
after preamplification (ORTEC, 9305 fast preamplifier) is time re-
solved at the nanosecond time regime, monitored, and registered with
a digitizer card (Agilent, U1070A-001).

3. Applications

3.1. Tagging of H3O
+ with He atoms

The ion storage and cooling performance of the BerlinTrap is ex-
plored by monitoring its tagging efficiency for hydronium ions. Dis-
tilled water is sprayed at a rate of 0.5 ml/h to generate H3O

+ ions in
the ESI source. The H3O

+ ion bunches accumulated in the miniQP are
transferred into the 22-pole. A He pulse of about 4.5 ms is injected
into the 22-pole trap at about 1.5 ms before the ions leave the miniQP,
so that they enter the trap at maximum He pressure. This experimental
time sequence is needed to enhance both the trapping efficiency and
the probability for tagging via three-body collisions of the type

in the 22-pole trap. After a trapping time of 95 ms in the 22-pole held
at 5 K, the ions are extracted from the trap and analyzed in the ReTOF.
Due to their different mass, each HenH3O

+ complex enters the ReTOF
extraction region at a different time, thereby affecting the relative in-
tensities of its mass peak as explained in Section 2.5. To compen-
sate for this delay dependence, a scan of the delay time between the
22-pole and ReTOF extraction pulses is accomplished by taking mass
spectra for different delays (every 2 μs) and adding them up. The re-
sult of the averaged spectrum is shown in Fig. 2, while selected indi-
vidual mass spectra are available in Fig. S2 in SI. Complexes with up
to five He atoms attached to H3O

+ are observed. The main features of
the mass spectrum shown in Fig. 2 as semi-logarithmic plot are a small
relative increase of the n = 3 cluster and a sharp intensity drop for the
n = 4 and 5 clusters. These results are comparable with those obtained
by Asvany et al. [43] in a similar 22-pole setup and hence the low ion
temperature should be of the same order, too.

The sharp drop in intensity at n = 4 can readily be rationalized by
considering that three He atoms can bind relatively strongly to the
three available equivalent protons of H3O

+, while the fourth and the
fifth He atom fill a second solvation shell with significantly lower
binding energy. Global minima for the different HenH3O

+ clusters
are determined by quantum chemical calculations at the CCSD/
aug-cc-pVTZ level, with subsequent single-point energy calculations
at the CCSD(T)/aug-cc-pVTZ level [63]. Equilibrium structures and
total binding energies for the complexes are available in Fig. S3 and
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Fig. 2. He-tagging of H3O
+ in the 22-pole trap. Mass spectrum of HenH3O

+ complexes
(on a logarithmic y1-axis) grown in the 22-pole trap from H3O

+ ions generated in the
ESI source by interaction with a pulse of intense He buffer gas. The mass spectrum is
averaged over various delays between the 22-pole and ReTOF extraction pulses. The
peak marked with an asterisk corresponds to the H5O2

+ cluster (m/z 37) formed from
water contamination in the trap. The filled squares connected by the dashed line and the
linear y2-axis scale give the gain in total binding energy of the HenH3O

+ complexes for
each added He atom (CCSD(T)/aug-cc-pVTZ).

Table S1 of SI. The incremental binding energy for the addition of an
extra He atom (En − En−1) of 4.60, 4.53, 4.44, 2.70, 2.65, and 2.55 kJ/
mol for n = 1–6 is also plotted in Fig. 2 on a linear scale. The first three
He ligands bind indeed nearly linearly to the three protons via O
H⋯He hydrogen bonding and are symmetrically located around the
C3 symmetry axis of H3O

+. The incremental binding energy in the first
shell (n = 1–3) is roughly twice the one in the second shell (n = 4–6),
which also can accommodate three He atoms. In the n = 6 complex,
the six He ligands form a nearly planar six-membered ring around the
C3 symmetry axis. The high and comparable abundance of the n = 1–3
clusters thus indicates similarly strong bonding in the first solvation
shell, while the large drop toward larger n is given by the lower bind-
ing energies in the second shell and the strongly decreasing probability
for formation of larger clusters due to the limited number of collisions
within the finite He pulse length.

3.2. UVPD spectrum and vibrational temperature of protonated
tyrosine

Although the HenH3O
+ cluster formation experiments described

in Section 3.1 yield qualitative information on the cooling perfor-
mance of the BerlinTrap, the temperature for the internal degrees of
freedom of the trapped ions shall be determined in a more accurate
way. To this end, we characterize the effective vibrational temper-
ature of trapped biomolecules in the cryogenic ion trap by evaluat-
ing the intensities of hot bands of the protonated amino acid tyrosine
(H+Tyr) involving low-frequency modes in the spectrum of its elec-
tronic S1-S0 transition measured by UVPD spectroscopy. H+Tyr has
been used in the past by other groups as a benchmark to evaluate the
effective vibrational temperature of biomolecular ions stored in cryo-
genic traps [44,49,64]. The H+Tyr ions are generated by spraying a
mixture of 1.5 mg of tyrosine (Carl Roth, >99%) dissolved in a mix-
ture of 13 ml methanol, 7 ml water, and 1 ml acetic acid at a rate of
4 ml/h. The main fragments observed upon UVPD of H+Tyr for res-
onant excitation of its S1-S0 transition are the ions with m/z 108 and
136. Significantly, the action spectra recorded in both fragment chan-
nels are quite different (Fig. S4 in SI) because the fragmentation ratio
depends strongly on the conformer, underlying the invaluable advan-
tage of simultaneous TOF analysis of all dissociation products, as used

here in the BerlinTrap setup. The UVPD spectrum monitored in the
more intense fragment channel (m/z 108) [44,65,66] is shown in Fig.
3 for a nominal ion trap temperature of 5 K, while spectra for higher
trap temperatures (5–70 K) are compared in Fig. 4. The UVPD spec-
trum obtained in the present work is in good agreement with the ones
reported previously [44,49,64]. The S1-S0 band origins (0-0) for the
four conformers of H+Tyr, labeled A0-0-D0-0, are located at 35,081,
35,111, 35,185, and 35,235 cm−1, respectively. Hot bands occurring at
frequencies lower than the A0-0 band are also resolved in the UVPD
spectra.

The thermal population of the vibrationally excited states of the
various H+Tyr conformers can be used to estimate the effective vibra-
tional temperature of the trapped ions assuming thermodynamic equi-
librium. The frequency of the lowest vibrational mode of the B con-
former of H+Tyr is determined as ΔE = 43 cm−1 by measuring the dif-
ference between the hot band transition (B0-1, 35,068 cm−1) and the

Fig. 3. UVPD spectrum of the protonated amino acid tyrosine. UVPD spectrum of the
S1-S0 electronic transition of H+Tyr for a 22-pole trap temperature of 4 K. The UVPD
signal is obtained by monitoring the fragment m/z 108, linearly normalized for varia-
tions in the laser power and parent ion signal (m/z 182). The S1 band origins (0-0) for
the four different conformers (A-D) as well as the bands used for the estimation of the
vibrational ion temperature are labeled.

Fig. 4. UVPD spectra of protonated tyrosine (H+Tyr) for different 22-pole trap temper-
atures. The S1 band origins (0-0) for the four different conformers (A-D) are labeled. If
not indicated otherwise, all spectra are drawn to the same scale.
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band origin (B0-0, 35,111 cm−1). To calculate the temperature, the in-
tensity ratio between these two transitions may be used. This requires
the determination of the Franck-Condon factors for both transitions.
To this end, CC2/aug-cc-pVDZ calculations are carried out for the B
isomer for the ground (S0) and first electronically excited (S1) singlet
states [67]. Franck-Condon simulations for different temperatures us-
ing PGOPHER [68] result in an effective vibrational temperature of
17.2 ± 2.3 K for the UVPD spectrum in Fig. 3.

Along a second route, the ion vibrational temperature may also be
estimated without the knowledge of Franck-Condon factors. As the
normal modes in the S0 ground state are similar to the ones of the
electronically excited S1 state, the Franck-Condon factors of the B0-1
and B1-0 transitions are quite similar (here calculated as 1.2 · 10−3 and
1.0 · 10−3, respectively, using the FC-Lab II program [69]), and those
transition intensities may then directly be used for the evaluation of
the vibrational temperature. In that case, the intensity ratio is merely
given by the population ratio between the ground (v = 0) and excited
vibrational state (v = 1) and, hence, the vibrational ion temperature
can be estimated from the intensity ratio between these two transitions
(B0-1, B1-0). Using this method, the effective temperature is given by

and the vibrational temperature for the B conformer of H+Tyr is es-
timated as 17.9 ± 2.0 K at a nominal trap temperature measured as
5 ± 1 K, in excellent agreement with the temperature of 17.2 ± 2.3 K
derived directly from the Franck-Condon simulations. The UVPD
spectra measured at higher trap temperatures in Fig. 4 exhibit band
broadening and the appearance of a broad background due to the pop-
ulation of higher vibrational and rotational levels for all four H+Tyr
conformers, illustrating the need of low temperature for the spec-
troscopy of biomolecular ions.

3.3. VISPD spectrum and structure of protonated lumichrome

The BerlinTrap has initially been designed for the laser spectro-
scopic study of the structure and photochemical properties of iso-
lated and microsolvated biomolecules, and specifically protonated and
metalated flavins. This fundamental class of biomolecules is ubiq-
uitous in biological systems and particularly important because of
their photochemistry regulating, for instance, light-induced reactions
of blue light photoreceptors [70–74]. In our previous studies, the
structures of simple protonated and metalated flavins have been deter-
mined by means of IR multiphoton dissociation (IRMPD) in a room
temperature ion trap combined with density functional theory calcula-
tions [29,75,76]. Specifically, the N5 atom has been identified as the
preferred protonation site of the simplest protonated flavin, namely
protonated lumichrome (H+LC) [76]. Herein we explore the absorp-
tion spectrum of cryogenically cooled H+LC ions in the optical range
by VISPD spectroscopy of its electronic S1-S0 transition.

For the formation of protonated lumichrome (Sigma Aldrich,
>99%), 2 mg of the neutral molecule are added to a solution of 17 ml
methanol, 1 ml water, and 2.5 ml formic acid. The solution is sprayed
at a rate of 2 ml/h. The mass spectra of cold H+LC ions measured
with the OPO laser on (solid line) and off (dotted line) at the strong
S1 origin resonance (19,962 cm−1) are compared in Fig. 5. The inten-
sity of the H+LC parent ion (m/z 243) is about 150 times stronger
than the intensity of the most abundant laser-induced fragments ob

Fig. 5. Photodissociation mass spectra of protonated lumichrome. Laser-on (solid line)
and laser-off (dotted line) mass spectra of H+LC (m/z 243) with the laser frequency
tuned resonantly to the electronic S1 band origin at 19,962 cm−1 (see Fig. 6 for a full
VISPD spectrum).

served at m/z 172 and 198 (a weak fragment at m/z 200 is not fully
resolved). A further minor dissociation channel occurs at m/z 215. In
the previous IRMPD experiments [76], the same main fragment ions
are observed at m/z 172, 198, and 200. The similar fragment channels
observed for IRMPD and VISPD suggest that optical excitation of the
S1 state is followed by internal conversion to the S0 ground state and
subsequent statistical dissociation.

The VISPD spectrum of H+LC shown in Fig. 6 is obtained by mon-
itoring the two predominant fragment ion signals (m/z 172 and 198),
linearly normalized for laser power and parent ion intensity (m/z 243).
The nominal 22-pole trap temperature is kept at 25 K to maximize the
VISPD signal. The intense S1 band origin is observed at 19,962 cm−1,
and many intense vibronic transitions are detected toward higher fre-
quency, indicating a substantial geometry change upon electronic ex-
citation. The measured bands have a width of the order of 6 cm−1,
which results from a combination of unresolved rotational structure
and the limited laser bandwidth of 2 cm−1. No noticeable hot bands are
detected toward lower frequency of the S1 origin. These observations
are consistent with a rovibrational temperature of 25 K.

The H+LC(N5) isomer with protonation at N5 has been identified
as global minimum in previous B3LYP/cc-pVDZ calculations and has
indeed been the only isomer observed in the experimental IRMPD
spectra of room-temperature ions [76]. H+LC isomers with protona-
tion at other nucleophilic binding sites (O4, N10, O2) as well as pro-
tonation of iso-lumichrome have been predicted to be less stable by
at least 20 kJ/mol [76]. Here, quantum chemical calculations [63] are
carried out for the various low-energy H+LC isomers using time-de-
pendent density functional theory at the PBE0/cc-pVDZ level to pre-
dict their electronic spectra and to assign the measured VISPD spec-
trum. The calculated adiabatic S1 origin transitions of the isomers
shown in Fig. S5 in SI are listed in Table 1, along with their shift
from the experimental value (19,962 cm−1) and their relative pro-
ton affinities. The N5 isomer turns out to be the global minimum
also at the PBE0/cc-pVDZ level, with an energy gap of more than
1600 cm−1 (19 kJ/mol) to higher-energy isomers. In addition, it is also
the isomer with the S1 origin predicted closest to the observed one
(ΔS1 = −809 cm−1). It is interesting to note that the S1 origin shift
induced by protonation is remarkably large (5673 cm−1 or 0.70 eV)
from that predicted at 24,826 cm−1 for bare LC. This result empha-
sizes the drastic impact of protonation on the electronic structure of



UN
CO

RR
EC

TE
D

PR
OO

F

Journal of Molecular Spectroscopy xxx (2016) xxx-xxx 7

Fig. 6. Electronic photodissociation spectrum of protonated lumichrome. (a) Experimental VISPD spectrum of the S1-S0 transition of protonated lumichrome (H+LC) recorded for
a trap temperature of 25 K and (b) Franck-Condon simulation for the N5 isomer of H+LC based on quantum chemical calculations at the PBE0/cc-pVDZ level for a vibrational ion
temperature of 25 K. The simulated spectrum has been shifted by +809 cm−1 to match the experimental band origin.

Table 1
Calculated S1 band origins of LC and various H+LC isomers and their difference (ΔS1)
to the measured S1 origin at 19,962 cm−1. Relative proton affinities (ΔS0) of the ground
state are also given. All energies include harmonic zero-point vibrational energies. The
absolute value for the proton affinity of H+LC(N5) is calculated as 969 kJ/mol.

S1 [cm−1] ΔS1 [cm−1] ΔS0 [cm−1]

LC 24,826
H+LC(N5) 19,153 −809 0
H+LC(O4) 18,451 −1511 1612
H+LC(N10) 22,555 2593 2630
H+LC(O2) 22,422 2460 5828
H+isoLC(N5) 15,437 −4525 6539

flavins. It is expected that the interaction of LC with alkali and other
(transition) metal ions induces similarly large red shifts of variable
magnitude depending on the size, type, charge, binding site, and bind-
ing energy of the ion, and investigations in that direction are currently
underway using the BerlinTrap.

Franck-Condon simulations are employed to confirm the assign-
ment of the measured H+LC spectrum to the N5 isomer. The spectrum
simulated for T = 25 K is compared in Fig. 6 to the measured one, us-
ing a convolution with Gaussian line profiles with 6 cm−1 FWHM. Al-
though the intensity of the S1 origin transition is somewhat overesti-
mated (note the break in the vertical scale) the main vibronic features
are well reproduced by the Franck-Condon simulations confirming the
isomer assignment to H+LC(N5). This conclusion is strengthened fur-
ther by the Franck-Condon simulation for the next stable O4 isomer,
which poorly reproduces the measured VISPD spectrum (Fig. S6 in
SI). A detailed discussion of the electronic properties and the optical
spectra of the various H+LC isomers will be reported elsewhere.

4. Conclusions

We have described the design and first applications of the Berlin-
Trap, a new type of cryogenic 4K-ESI-QPMS-22-Pole-ReTOF ion
trap tandem mass spectrometer suitable for the laser spectroscopic

characterization of molecular (cluster) ions. It combines the advan-
tages of (i) ion generation by ESI, (ii) cryogenic buffer gas cool-
ing of mass-selected ions trapped in a 22-pole, and (iii) simultane-
ous mass-selective detection of all product ions issued from laser pho-
todissociation or chemical reaction (including cluster growth) in a
single experimental cycle using a ReTOF. The efficiency and per-
formance of the setup have been demonstrated by the formation of
weakly-bound HenH3O

+ clusters in the 22-pole trap, which exhibit the
formation of distinct solvation shells. In addition, the analysis of the
vibrationally-resolved UVPD spectrum of the protonated amino acid
H+Tyr confirms cooling of the vibrational temperature of biomolecu-
lar ions to below 20 K in the 22-pole trap.

As a final application, the electronic spectrum of protonated lu-
michrome (H+LC) has been recorded and analyzed by VISPD spec-
troscopy and quantum chemical calculations. Significantly, the
VISPD spectrum of H+LC corresponds to the first optical spectrum
of any flavin molecule isolated in the gas phase. The analysis of
the S1 band origin and vibronic spectrum via Franck-Condon simula-
tions is consistent with the detection of the most stable N5 isomer of
H+LC, which has been identified previously by IRMPD spectroscopy
of ions trapped at 300 K in an ICR cell. Interestingly, the large pro-
tonation-induced red shift of the S1 origin detected at 19,962 cm−1

(ΔS1 = 5673 cm−1, 0.70 eV, 23%) confirms the substantial impact of
protonation on the electronic structure of this prototypical flavin. Cur-
rently, similar optical studies are underway for the related metalated
lumichrome (Mq+LC) complexes with alkali and other metal ions,
which will elucidate the perturbation of the electronic structure as a
function of the Mq+ charge, type, binding site, and bond strength.
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