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Cold molecular ions in traps: methods and applications

• Study “exotic” chemical processes 

• Explore quantum character of  collisions 

• Probe fine details of  intermolecular 
interactions

Ion-neutral interactions, collisions and chemical 
reactions in a new physical regime

Quantum control over single trapped particles

• Quantum logic and quantum technologies 

• Precision spectroscopy

Applications of  cold molecular ions 
in physics and chemistry

• Accurate quantum-state AND collision-
energy control 

• Controlled chemistry of  large molecules

New methods for studying and controlling 
chemical reactions
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1. Cooling and trapping of  molecular ions: basic techniques

Cold ions in traps: ion Coulomb crystals

Fluorescence images of  laser-cooled Ca+ ions in an ion trap

Properties of  Coulomb-crystallized ions:

• Cold (μK-mK) 
• Long trapping times (> hrs) 
• Ordered structures of  single, localized particles: 

observe, address and manipulate single ions on the quantum level

• D. Leibfried et al., Rev. Mod. Phys. 75 (2003), 281 
• H. Häffner et al., Phys. Rep. 469 (2008), 155 
• S. Willitsch, Int. Rev. Phys. Chem. 30 (2012), 175

Lit.:
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 RF ion trapping 

Trapping = confine particles in a suitable potential minimum. For the trapping 
of  ions electric potentials Φ are an obvious choice.

Solution: radiofrequency ion traps 
Trap ions dynamically in the x,y plane 
using time-varying voltages VRF applied to 
the electrodes:

Linear Paul trap: four electrodes 
arranged in a quadrupolar configuration

The RF fields create a rotating potential 
saddle point which dynamically confines 
the ions.

Φ

x

y

Along the trap axis (=z axis) the ions are confined using static potentials Vend 
applied to the “endcap electrodes”.

The Laplace equation

forbids the formation of  a potential minimum 
with static electric fields in 3D space.

Φ
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“Coulomb crystal” 
at translational 
temperatures 

T≈10 mK

Warm Ca+ ion cloud 
in ion trap

Laser cooling

Ion Coulomb crystals = 
ordered structures of  strongly 
localised cations in ion traps at 
very low temperatures T << 1 K.

Termed in analogy to “Wigner 
crystals” (ordered structures of  
electrons in solids) originally 
predicted by E. Wigner (1934).

The term “crystal” is actually a 
misnomer (no translational 
symmetry !)

 Coulomb crystals 
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Typical ions used for laser cooling in traps are alkaline earth ions (Be+, Mg+, Ca+, 
Ba+) often produced directly inside the trap by photoionisation of  their neutral 
atoms.

Laser cooling of  trapped ions 

Example: laser cooling of  40Ca+

cooling laser

repumper 
laser

full lines = laser beams 
dashed lines = spontaneous 
	 	    emission
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Sympathetic cooling of  molecular ions  

T. Baba & I. Waki , Jpn. J. Appl. Phys. 35 (1996), L1134 
K. Molhave & M. Drewsen, Phys. Rev. A 62 (2000), 011401 

S. Willitsch et al., Int. Rev. Phys. Chem. 31 (2012), 175

+

+

+

+

Principle:

• Molecular ions are simultaneously 
trapped with laser-cooled atomic ions  

• The molecular ions exchange kinetic 
energy in Coulomb-collisions with the 
atomic ions 

• The energy is removed by laser cooling 
on the atomic ions

Molecular (or bi-component) 
Coulomb crystals:

Laser-cooled Ca+ ions

Sympathetically-cooled 
N2+ ions

Experiment:

Simulation:
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2. Internal state preparation of  cold molecular ions 

Rotational laser cooling Staanum et al., Nature Phys. 6 (2010), 271 
see also: Schneider et al., Nature Phys. 6 (2010), 275

Principle: sympathetically cool the translational motion of  
molecular ions and then use optical pumping by laser 
fields to accumulate the population in a specific 
rotational-vibrational level

NATURE PHYSICS DOI: 10.1038/NPHYS1604 LETTERS
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Figure 3 | Rotational cooling results. a, Deduced rotational state distributions obtained from the REMPD measurements. The red bars indicate the results
without application of the laser cooling beam and the blue bars indicate the distribution after a two-minute cooling period. For comparison, a thermal
distribution at 293K is presented by crosses. The population in all the rotational levels, except those with J= 1 and J= 2, was directly measured by exciting
the |v=0,J�X–|v=0,J+ 1�A transition (R-branch) in the REMPD event. As the populations in levels with J= 1 and J= 2 were not spectroscopically
resolvable using R-branch transitions (see for example, ref. 13), P-branch transitions |v=0,J�Xscsl–|v=0,J− 1�A were used instead. To account for the fact
that only 1/3 and 3/5 of the population in the levels with J= 1 and J= 2, respectively, is expected to be excited, owing to the fixed polarization of the
exciting laser light, these experimental results were multiplied by 3 and 5/3, respectively. The results are the average of typically 15 REMPD events and the
darker colours at the top of the bars indicates the ±1 standard deviation error. b, The temporal evolution of the population in the ground state during
rotational laser cooling. The population is clearly seen to saturate after one minute. The error bars are ±1 standard deviation. c, Theoretical prediction of
rotational state distributions. The red bars correspond to a thermal distribution at 293K and the blue bars indicate the cooled distribution based on the
model described in detail in ref. 13. d, The temporal evolution of the population in the ground state during rotational laser cooling, based on the model
presented in ref. 13.

from a Nd:YAG laser (266 nm) and frequency doubling light
from a dye laser pumped by the frequency doubled output
from the same Nd:YAG laser (281 nm). The lengths of both
pulses are 9 ns (FWHM).

When the pulse energies are set to 5 µJ and 1mJ for the 281 nm
and the 266 nm pulses, respectively, a single REMPD event is
found to dissociate more than 90% of the MgH+ ions in the
rotational state addressed by the tunable 281 nm laser without
significant off-resonant dissociation from other states (total of
less than 2%). In region 4 of Fig. 2b, an example of the stepwise
decrease in the number of rotationally cooled MgH+ ions in the
ground state |v = 0, J = 0�X after successive REMPD events is
shown. In Fig. 2a (III) and (IV) corresponding projection images
are presented for reference. The combination of essentially perfect
rotational level selectivity and nearly 100% dissociation probability
in a single REMPD event provides a direct measure of the rotational
state distribution at any chosen instant.

In Fig. 3a, the rotational state distributions for the 11 lowest-
lying levels are presented both for the situation without cooling and
for the case where cooling has been applied for two minutes. Here,
the directly measured populations in the 11 rotational levels, both
before and after cooling is applied, sum up to about 90% within an
uncertainty of only ∼5%.

Whereas the uncooled distribution fits well with a thermal
distribution at room temperature (293K), the cooled distribution
shows a pronounced accumulation of population in the two lowest

rotational states. More precisely, 36.7±1.2% of the population is
found in the |v = 0,J = 0�X state, 15.2±1.2% in the |v = 0,J = 1�X
level and the remaining population is distributed among the
|v = 0,J ≥ 2�X levels, with at most 6% in a single level. The fraction
of molecules in the rovibrational ground state is equivalent to that
of a thermal rotational distribution at 21.4±0.8K.

In Fig. 3b, the temporal evolution of the population in the
rotational ground state during cooling is shown. Here, the
ground-state population is observed to saturate after 40–60 s. For
comparison, theoretical predictions presented in ref. 13, based on a
simplified rate equation model, are reproduced in Fig. 3c,d. Besides
spontaneous emission and the laser-driven cooling transition,
this model includes all dipole-allowed transitions driven by BBR
between the levels |v = 0,J = 0 ...20�X and |v = 1,J = 0 ...20�X.
Clearly, there is good agreement between the experimental and
model results with respect to the timescale for the rotational
cooling process as well as to the qualitative features of the
cooled rotational state distribution. This fact supports that the
essential physical processes are indeed included in the model.
The quantitative difference between the experimentally obtained
ground-state population and the model result may have several
origins, including slight differences between the experimental
conditions and the assumptions of the model, non-exact calculated
values for the transition rates applied in the model and finally the
rate model might be too simplistic. These potential reasons for the
difference are being investigated for optimization of the present
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Before  
optical pumping

After  
optical pumping

Ro-vibrational energy level 
scheme of  MgH+NATURE PHYSICS DOI: 10.1038/NPHYS1604 LETTERS
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Figure 3 | Rotational cooling results. a, Deduced rotational state distributions obtained from the REMPD measurements. The red bars indicate the results
without application of the laser cooling beam and the blue bars indicate the distribution after a two-minute cooling period. For comparison, a thermal
distribution at 293 K is presented by crosses. The population in all the rotational levels, except those with J= 1 and J= 2, was directly measured by exciting
the |v= 0,JiX –|v= 0,J+ 1iA transition (R-branch) in the REMPD event. As the populations in levels with J= 1 and J= 2 were not spectroscopically
resolvable using R-branch transitions (see for example, ref. 13), P-branch transitions |v= 0,JiXscsl–|v= 0,J� 1iA were used instead. To account for the fact
that only 1/3 and 3/5 of the population in the levels with J= 1 and J= 2, respectively, is expected to be excited, owing to the fixed polarization of the
exciting laser light, these experimental results were multiplied by 3 and 5/3, respectively. The results are the average of typically 15 REMPD events and the
darker colours at the top of the bars indicates the ±1 standard deviation error. b, The temporal evolution of the population in the ground state during
rotational laser cooling. The population is clearly seen to saturate after one minute. The error bars are ±1 standard deviation. c, Theoretical prediction of
rotational state distributions. The red bars correspond to a thermal distribution at 293 K and the blue bars indicate the cooled distribution based on the
model described in detail in ref. 13. d, The temporal evolution of the population in the ground state during rotational laser cooling, based on the model
presented in ref. 13.

from a Nd:YAG laser (266 nm) and frequency doubling light
from a dye laser pumped by the frequency doubled output
from the same Nd:YAG laser (281 nm). The lengths of both
pulses are 9 ns (FWHM).

When the pulse energies are set to 5 µJ and 1mJ for the 281 nm
and the 266 nm pulses, respectively, a single REMPD event is
found to dissociate more than 90% of the MgH+ ions in the
rotational state addressed by the tunable 281 nm laser without
significant off-resonant dissociation from other states (total of
less than 2%). In region 4 of Fig. 2b, an example of the stepwise
decrease in the number of rotationally cooled MgH+ ions in the
ground state |v = 0, J = 0iX after successive REMPD events is
shown. In Fig. 2a (III) and (IV) corresponding projection images
are presented for reference. The combination of essentially perfect
rotational level selectivity and nearly 100% dissociation probability
in a single REMPD event provides a direct measure of the rotational
state distribution at any chosen instant.

In Fig. 3a, the rotational state distributions for the 11 lowest-
lying levels are presented both for the situation without cooling and
for the case where cooling has been applied for two minutes. Here,
the directly measured populations in the 11 rotational levels, both
before and after cooling is applied, sum up to about 90% within an
uncertainty of only ⇠5%.

Whereas the uncooled distribution fits well with a thermal
distribution at room temperature (293K), the cooled distribution
shows a pronounced accumulation of population in the two lowest

rotational states. More precisely, 36.7±1.2% of the population is
found in the |v = 0,J = 0iX state, 15.2±1.2% in the |v = 0,J = 1iX
level and the remaining population is distributed among the
|v = 0,J � 2iX levels, with at most 6% in a single level. The fraction
of molecules in the rovibrational ground state is equivalent to that
of a thermal rotational distribution at 21.4±0.8K.

In Fig. 3b, the temporal evolution of the population in the
rotational ground state during cooling is shown. Here, the
ground-state population is observed to saturate after 40–60 s. For
comparison, theoretical predictions presented in ref. 13, based on a
simplified rate equation model, are reproduced in Fig. 3c,d. Besides
spontaneous emission and the laser-driven cooling transition,
this model includes all dipole-allowed transitions driven by BBR
between the levels |v = 0,J = 0 ...20iX and |v = 1,J = 0 ...20iX.
Clearly, there is good agreement between the experimental and
model results with respect to the timescale for the rotational
cooling process as well as to the qualitative features of the
cooled rotational state distribution. This fact supports that the
essential physical processes are indeed included in the model.
The quantitative difference between the experimentally obtained
ground-state population and the model result may have several
origins, including slight differences between the experimental
conditions and the assumptions of the model, non-exact calculated
values for the transition rates applied in the model and finally the
rate model might be too simplistic. These potential reasons for the
difference are being investigated for optimization of the present
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Example: MgH+. Use an IR laser to pump on the v=0,J=2 → 
v=1, J=1 transition. The v=1, J=1 level can only fluoresce 
down to the v=0, J=0 and J=2 levels (selection rules !).

Transitions between rotational levels in the v=0 state 
induced by blackbody radiation constantly redistribute 
the population.

LETTERS NATURE PHYSICS DOI: 10.1038/NPHYS1604
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Figure 1 | Schemes for rotational cooling and for rotational state distribution determination. a, The main rovibrational states (ν is the vibrational
quantum number, J is the rotational quantum number and P is the parity of a given state) and electric-dipole-allowed transitions (only �J= ±1 owing to
parity) involved in the rotational cooling scheme. The straight red arrow indicates laser excitation; wavy arrows represent possible spontaneous decay
paths after laser excitation. The blue arrows indicate rovibrational transitions driven by the BBR field. b, The population in a given rotational level |v=0,J�X
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Figure 2 | Experimental sequence. a, Projection images of Coulomb crystals recorded by a CCD (charge-coupled device) camera: after Mg+ ion loading
(I), during equilibration after formation of MgH+ ions (II), and after one (III) and four (IV) REMPD events. The dashed ellipses indicate the contour of the
initial crystal (I). b, The number of Mg+ (blue curve) and MgH+ (red curve) ions deduced from projection images of Coulomb crystals (for details see
ref. 13). The intervals separated by the dashed vertical lines correspond to: trapping and cooling of Mg+ (1), formation of MgH+ (2), equilibration in the
presence or absence of the cooling laser (3) and the period where subsequent REMPD events lead to dissociation of MgH+ (4). The labels I–IV indicate the
times at which the images in a were recorded.

at a partial pressure of 1× 10−9 mbar. When the desired number
of molecular ions is produced (typically about 400 ions), a valve
is closed and the partial pressure of H2 is reduced within 20 s to a
level below 10−10 mbar using an ion getter pump (the total pressure
is then 2–3× 10−10 mbar). As shown in Fig. 2a (II), the formed
MgH+ ions are sympathetically cooled by the remaining Mg+

ions into a two-species Coulomb crystal, with the non-fluorescing
MgH+ ions positioned radially outside the fluorescing Mg+ ions.
The radial separation is caused by the slight mass difference
between the two ion species23,27. The ion densities of Mg+ and
MgH+ are, however, almost identical (ρMg+ = 10.2(4)× 107 cm−3

and ρMgH+ = 9.8(4) × 107 cm−3). As practically no loss of ions
happens during the reaction period, the total ion number is
furthermore unchanged. The numbers of Mg+ and MgH+ ions
in a two-component Coulomb crystal can therefore rather easily

be determined from projection images, such as the one presented
in Fig. 2a (II), by assuming that the spheroidal outer shape of the
two-component crystal is identical to the one in Fig. 2a (I).

After the valve has been closed, the MgH+ ions are allowed
to equilibrate internally for a period of two minutes in the
presence of the room-temperature BBR field and optionally with
a PbSe diode laser beam applied for cooling, by excitation of the
|v = 0,J = 2�X–|v = 1,J = 1�X transition at 1,609 cm−1. Both in
the presence and absence of the rotational cooling beam, ample
time is available to reach the rotational steady-state distribution.
During the equilibration period the numbers of Mg+ and MgH+

ions remain constant, as can be seen from region 3 in Fig. 2b.
After equilibration, two laser pulses at 266 nm and 281 nm,

respectively, are applied simultaneously to carry out a REMPD
event. The pulses are generated by frequency quadrupling light

272 NATURE PHYSICS | VOL 6 | APRIL 2010 | www.nature.com/naturephysics

black body 
radiation

In combination with the 
optical pumping, an 
accumulation of  the 
population in the v=0, 
J=0 level results.
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 Sympathetic cooling of  state-prepared molecular ions 

Principle: Prepare the molecular ions right from the 
beginning in a specific rotational-vibrational state by 
threshold photoionization of  their neutral precursor 
moelcules (i.e., photoionization just above a given 
ionization energy) and then sympathetically cool their 
translational motion.

1. Ionisation energy

Neutral 
molecule

Cation

X

X+  |a〉

X+  |b〉

X+  |c〉

A

X+  |d〉

p
h

o
to

n
 1

p
h

o
to

n
 2

X. Tong, A. H. Winney and S. Willitsch, Phys. Rev. Lett. 105 (2010), 143001

Threshold photoionization 
of  molecules
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Example: threshold photoionization of  N2:
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• [2+1’] resonance-enhanced threshold photoionisation via the a” 1Σ+g, J’=2 

intermediate state of  N2:

1290 S.R. Mackenzie e t  al. 

Figure 3. 

== 

125640.0 

 9 i i i 

Q-Branch i 

S-Branch 

O-Branch Ir [ I [ 

i I i I i I 

125660.0 125680.0 125700.0 
3-Photon wavenumber / cm -1 

Pulsed field ionization spectrum recorded via the unresolved Q' branch 2-photon 
transitions. 

. . . . . . . . .  i . . . . . . . . .  i . . . . . . . . .  i . . . . . . . . .  i . . . . . . . . .  i . . . . . . . . .  

Rotational State of the  I on  

I I I I I I I 
N+= 0 1 2 3 4 5 6 

~ J ' = 0  
I n t e r m e d i a t e  a" (v' --0, J' ) s tate  

= ..... : , , - _ - _  . . . . .  ~ J'=2 

~ i A. . , .  _ . , . ~  , ~  J' 3 

, i  

125640.0 125660.0 125680.0 125700.0 125720.0 125740.0 125760.0 

T e r m  v a l u e  / cm -1 
Figure 4. Pulsed field ionization spectrum recorded via different intermediate a" 1Eg(V'=0, J') 

states, demonstrating the production of clean populations of N~-X 2 , y ~ ; ( / ) +  = 0 )  in 
rotational states N + = 0-6. The term value represents the energy with respect to the 
N 2 X 1Zg+(v" = 0, J" = 0) state. 

Do
wn

lo
ad

ed
 B

y:
 [

Th
e 

Un
iv

er
si

ty
 o

f 
Ma

nc
he

st
er

] 
At

: 
15

:4
8 

1 
Se

pt
em

be
r 

20
09

Via S’(0) 

Via S’(1) 

Via S’(2) 

Ionization laser frequency

Via S’(0) 

Via S’(1) 

Via S’(2) 



Cold molecular ions in traps: methods and applications

3. Applications: 1. Molecular-ion quantum technologies and 
quantum-logic spectroscopy

 Resolved sideband cooling of  ions into the quantum regime

The motion of  an ion in the harmonic pseudopotential of  the 
ion trap corresponds to a QM harmonic oscillator problem:

• Motional states = the harmonic oscillator eigenstates 	 , n = 0,1,2,..

• Motional states form a ladder of  equidistant energy levels 

|n=0〉
|n=1〉

|n=2〉

..
.

ω

Resolved sideband cooling: cooling to the motional ground state by addressing 
the individual motional states

atomic two-level system

ground state

excited state

|n=0〉
|n=1〉

|n=2〉

..
.

⊗ =
..

.
..

.
ω

ω

ω

ω0

ω0

motional states 
in ion trap
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Simple resolved sideband cooling scheme:
..

.
..

.

red sideband 
transition 
Δn=-1

1

..
.

..
.

sponaneous 
emission 

with Δn=0 (±1)

2

..
.

..
.

red sideband 
transition 
Δn=-1

3

..
.

..
.

sponaneous 
emission 

with Δn=0 (±1)

4

D. Leibfried et al., Rev. Mod. Phys. 75 (2003), 281

H. Häffner et al., Phys. Rep. 469 (2008), 155

Lit.:
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Example: Resolved-sideband cooling and 
spectroscopy of  the Ca+ 4p 2S1/2→ 3d 2D5/2 transition 
at 729 nm in a Ca+ - N2+ two-ion crystal

0 0.02 0.04 0.06 0.08 0.1
qx

-6

-4

-2

0

2

4

6

a x

10-3

Ca+ N2
+

f

Ca+ N2+

|n=0〉
|n=1〉

40Ca+ 14N2+

Ca+ spectroscopy

40Ca+a

N=0 F=5/2

F=3/2

F=5/2
F=7/2
F=9/2

F=1/2
F=3/2

J=1/2

X2Σg+

N=2

J=3/2

J=5/2

F=5/2
F=3/2
F=1/2

F=7/2

14N2
+

I=0 I=2

c

Coherent	
control	
molecule

v=0

v=1

4S1/2

4P1/2(6.9ns)

4P3/2	(6.8ns)

3D3/2(1.19s)	

3D5/2(1.16s)

Ca+
Cooling

Ca+ Coherent	
control

1/2

-1/2

1/2
3/2
5/2

-5/2
-3/2
-1/2

mJ

b

X+ 2Σ+g
v+=0

a’’	1Σ+g
v’=0

X	1Σ+g
v’’=0

O(2)

S(0)

0
J’’

1
2
3
4

0
J’

1
2
3
4

0
1
2
3
4
N+

397 nm 729 nm

854 nm

866 nm

before SB cooling

after SB cooling



Cold molecular ions in traps: methods and applications

Quantum-non-demolition state detection of  
single molecular ions by coherent motional 

excitation of  a two-ion crystal

Step 3: Application of  an 1D optical lattice near-
resonant with a spectroscopic transition in the 
molecule to generate an optical dipole force (ODF)

!"Σ$%	 ' = 0

*"Π,%	(' = 2)

0 + 2 0

Δ2,0

Ca+ N2
+

IR	QCL

!"Σ$%	 ' = 1

0 + 2 0

Δ3,1

65	THz

Ca+ N2
+

*"Π,%	(' = 3)
a b

Step 4: Modulation of  the optical lattice at 
the frequency of  vibration of  the ions in 
the trap to excite their motion

Step 5: Detection of  the motional 
excitation of  the ions by sideband Rabi 
spectroscopy on Ca+

Step 2: Sympathetic cooling of  the molecule 
to the QM ground state of  the trap

+

n  = 20

n  = 2
n  = 1
n  = 0+

flattice flattice+ ftrap ftrap
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Step 1: Preparation of  a Ca+ - N2+ two-ion string
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M. Sinhal et al., Science 367 (2020), 1213 

Non-destructive state-detection and 
spectroscopy of  a single molecule
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Step 3: ODF for N2+  in different spin-rotational states
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Steps 4 and 5: Rabi flops on the Ca+ 2S1/2 ← 2D5/2 
sideband transition after CME of  N2+ in N+=0

M. Sinhal et al., Science 367 (2020), 1213
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3. Applications: 2. Unravelling the details of  chemical 
reaction mechanisms with controlled molecules

cis-3AP 
μ=2.33 D

trans-3AP 
μ=0.77 D

How does chemical reactivity depend on the 
shape of  a molecule (i.e., its conformation) ?

Example: 3-Aminophenol (3AP) 
2 conformers: cis / trans

Conformations: why bother ?

• Conformers are the dominant form of  
structural isomers of  complex molecules, 
e.g., proteins such as hemoglobin. 

• The chemical reactivity of  complex 
molecules often depends on their 
conformation (“steric effects”) 

• Conformers often easily interconvert 
between one another under ambient 
conditions: single conformers are difficult to 
isolate and study ! hemoglobin
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Electrostatic separation of  molecular conformations in a molecular beam:

F. Filsinger, J. Küpper, G. Meijer, et al., Angew. Chemie Int. Ed. 48 (2009), 6900

collimated using two skimmers before it enters the 15 cm-long
electrostatic beam deflector. Inside the deflector an inhomo-
geneous electric field with a nearly constant gradient over a
large area around the molecular beam axis is created. The
deflector is mounted such that the deflection occurs vertically,
and the 3-aminophenol molecules are deflected upwards.
After passing the deflector, the molecular beam enters the
target area, where it is crossed by a focused pulsed dye laser,
which allows conformer-selective detection.

The spatial separation that is obtained is demonstrated by
the conformer-selective deflection profiles in Figure 3. The
density of a specific conformer[30] is measured as a function of
the height y of the focused detection laser by a species-
selective resonance-enhanced multiphoton ionization
(REMPI) setup. When high voltages are applied to the
deflector, both conformers are deflected upwards. However,
the shift is considerably larger for the more polar cis-3-
aminophenol, and above y = 1 mm a pure sample of cis
conformers exists. Additionally, owing to the low internal
temperature (ca. 1 K) of the initial molecular beam, the
population of cis-3-aminophenol can be almost completely
depleted for heights smaller than y =!0.75 mm, and an

almost pure sample of trans-3-aminophenol is obtained there.
In the inset of Figure 3, the fractional intensity of the cis
conformer in the deflected molecular beam is shown. It is
clear that the fraction of cis-3-aminophenol in the probed
sample can be continuously tuned by scanning the height of
the probe laser focus, and importantly, at heights above the
cut-off of the trans-3-aminophenol beam profile at y = 1 mm,
the density of the cis conformers is still comparable to the
density in the free jet.

The clean separation of the two conformers is also
confirmed by the vibrationally resolved REMPI spectrum
(Figure 4). The spectrum measured in the deflected part of
the molecular beam (y = 1.15 mm) only contains bands arising
from cis-3-aminophenol. In contrast, the spectrum measured
in the depleted beam (y =!0.75 mm) shows only features that

Figure 1. Molecular structures, dipole moments m, and energies W of
the lowest rotational states of cis- and trans-3-aminophenol as a
function of the electric field strength E.

Figure 2. The experimental setup, consisting of the molecular beam
source, the electrostatic deflector, and a photoionization time-of-flight
mass spectrometer. Inset: a section through the deflector with a
contour plot of the electric field strength.

Figure 3. Molecular beam intensity I as a function of the vertical
position y of the detection laser for cis- and trans-3-aminophenol.
Experimental data are given by symbols, and simulations by solid
lines. The vertical profiles of the undeflected beams of cis- and trans-3-
aminophenol are shown as circles (dark blue) and diamonds (orange),
respectively. Squares (light blue) and triangles (red): corresponding
deflection profiles with high voltage (10 kV) applied to the deflector.
Inset: the fractional population Irel of the cis conformer, which is
obtained by dividing the cis intensity by the sum of the intensities of
cis and trans at the respective height y ; the horizontal line indicates the
value in the original beam.

Figure 4. UV spectra of 3-aminophenol for the original beam (black),
the deflected ensemble (blue), and the depleted beam (red). The
spectral signatures and the complete discrimination of the individual
conformers are thus demonstrated.

Angewandte
Chemie

6901Angew. Chem. Int. Ed. 2009, 48, 6900 –6902 ! 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org
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Experimental setup Stark energies W of  the 
lowest rotational states of  

cis/trans-3-aminophenol as 
a function of  the electric 

field strength E

"Deflection 
profiles" of  cis-/

trans-3-
aminophenol 

(3AP)
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Chemical reactions of  selected molecular conformations: 

• Spatially separate specific molecular conformations from a molecular beam 
• Direct the conformationally selected components of  the beam at a stationary 

reaction target consisting of  a Coulomb crystal of  cold ions 
• Measure conformation-specific reaction rates to probe conformation-specific 

chemical reactivities

Y.-P. Chang, K. Dlugolecki, J. Küpper, D. Rösch, D. Wild and SW, Science 342 (2013), 98
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Example I: Mechanism of  Diels-Alder reactions

The Diels-Alder reaction:

O O O O

(a) (b)

diene dienophile cyclic 
transition 

state

cyclic 
product

O. Diels and K. Alder, Justus Liebigs Ann. Chem. 460 (1928), 98
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Open questions:

• Conformational selectivity
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Activated Diels-Alder reactions:

s-cis

diene dienophile
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• Mechanism in asymmetric systems:  
concerted or stepwise, synchronicity

• Polar cycloadditions: effect of  charge
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Conformer-specific polar cycloaddition of  2,3-
dibromobutatdiene with propene ions 

A. Kilaj et al., Nat. Commun. 12 (2021), 6047
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Both conformers react fast 
(capture limited) ! 
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A. Kilaj et al., Nat. Commun. 12 (2021), 6047
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Rationalisation: simultaneous competition of  concerted and stepwise reaction 
mechanisms involving both conformers
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Example II: Different reactivities of  ortho- and para-water

Like H2 (see Sec. 2.1.3), water H2O consists of  
two nuclear spin isomers ortho (o, I=1) and 
para (p, I=0) 

The interconversion between the two isomers 
is in principle forbidden in isolated molecules, 
by dipole radiation and by dipole collisions 

Interconversion rates between the two isomers 
are still disputed in the literature 

Because of  the generalised Pauli principle, 
they are associated with different rotational 
wavefunctions (like in H2, Sec. 2.1.3) 

Is there a difference in their chemical 
reactivity ?

O

H H

O

H H

para (I=0) 
KaKc = ee or oo 
ground state: 

JKaKc=000

ortho (I=1) 
KaKc = eo or oe 
ground state: 

JKaKc=101

A. Kilaj, H. Gao, D. Rösch, U. Rivero, J. Küpper and SW, Nat. Commun. 9 (2018), 2096
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Target reaction: H2O + N2H+ → H3O+ + N2
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population

ortho para

61(1)% 39(1)%

38(2)% 62(2)%

100% 0%

➜Water samples with  
different ortho/para ratios

Femtosecond laser ionization
➜ isomer insensitive
➜ total beam density

I II IIISim. 0 kV
Sim. 15 kV
Superposition
Exp. 0 kV
Exp. 15 kV
Pop. o-H2O
Pop. p-H2O

Deflection coordinate y (mm)

I

II

III

para

ortho

ortho para

para

Wavenumber

220 ← 101

221 ← 000

220 ← 101

221 ← 000

220 ← 101

ortho

REMPI

Fits give accurate 
populations

Reaction rate measurements 

Time t (s)

Deflection profile Pseudo-first-order reaction rates at 
positions I, II and III

Second-order rate constants: • k(para) = 6.0(10) x 10-9 cm3 s-1  
• k(ortho) = 4.8(9) x 10-9 cm3 s-1  
• relative difference: 23(9) % 

(as inferred from pseudo-first order rate const.)



Cold molecular ions in traps: methods and applications

Relative difference of  rate constant according to 
adiabatic capture theory: 24(5) % (expt.: 23(9) %)

D.C. Clary, J. Chem. Soc. Faraday Trans. II 83 (1987), 139;  T. Stoecklin et al., J. Chem. Soc. Far. Trans. 88 (1992), 901

Conclusion: The difference is due to different 
rotational averaging of  ion-dipole long-range 
interactions for the two nuclear-spin isomers.

Rationalisation of  results: adiabatic capture theory 

V (R,�) = �
↵q2

2R4
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qµD cos�
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charge- 

induced dipole
charge- 

permanent dipole

Long-range interaction 
potential:

Adiabatic Capture Theory

• Collision rate is determined by  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anisotropic 

➜ rotational effects expected 
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Stoecklin et al.,  
J. Chem. Soc. Faraday Trans. 88, 901 (1992) 
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Summary  

1. Cold molecular ions represent a versatile and powerful 
platform for performing highly controlled experiments 
on the single-particle level 

2. Applications range from molecular quantum 
technologies over precision spectroscopy to accurate 
studies of  chemical reaction mechanisms
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