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Research programme

Incipient aerosol nucleation

Microsolvation complexes motivation – probing solute-solvent interactions

motivation – understanding secondary aerosol 
formation mechanism

Helium-messenger spectroscopy of cations formed from doped helium droplets

CsI-water Acetic acid-water

Metastable clusters motivation – link to extended structures

Formic acid dimer – the basic structural 
component of crystalline formic acid Acetic acid dimer



Infrared (IR) depletion spectroscopy

Infrared depletion spectra measured utilizing 

mass-selective ion detection

e- +  M@HeN  He+[M@HeN-1]  +  2e-  M+ in gas phase 



Carboxylic acid clusters

Molecular clusters in helium nanodroplets

Acetic acid (AA) dimer

Global potential energy minimum 
of FA and AA dimers have two
strong H-bonds

Formic acid (FA) dimer

No electric dipole moment

Strongly red-shifted OH stretching bands





‘Pendular’ effect in free OH 
stretching region – shows the 
dimer has a substantial electric 
dipole moment





Trapping metastable clusters

Formation of clusters in HeDs is influenced by dipole-dipole interactions, which 
dominate at long range 

Sander & Gantenberg, 
Spectrochimica Acta A 62, 902 (2005)

For the dimer, rapid cooling traps it in a higher energy structure



Crystalline acetic acid

Section of an infinite chain

Dimer

Crystalline structure

Crystalline structure contains one strong C=O···H-O bond and a weak C=O···H-C bond 
between adjacent molecules  



Results:  Acetic acid clusters in HeDs

Mass spectrum at low pressure of AA
(N.B. molar mass of acetic acid = 60 g/mol)

H (CH3COOH)               CH3CO+ (m/z 43) + OH

(CH3COOH)2 CH3CO+ (m/z 43) 
+ CH3COOH + OH

(CH3COOH)               COOH+ (m/z 45) + CH3

(CH3COOH)2 COOH+ (m/z 45)
+ CH3COOH +  CH3

(CH3COOH)2 (CH3COOH)H+ (m/z 61)
+ CH3COO

+ He+

+ He+

+ He+

+ He+

+ He+

free OH
stretch

H-bonded
OH stretch

CH stretch
region

PCCP, 2019, DOI: 10.1039/c8cp05934a



Pressure dependence for IR peak intensities
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Assignment of dimer structures

Ab initio calculations by 
Lopes et al, J Chem Phys 
143, 104307 (2015) at the
MP2/6-311++G(2d,2p) 
level of theory 

DFT calculations by our
collaborators at University 
of Nottingham at the
M06/6-311++G(d,p) level
of theory 

c.f. crystalline structure

Nonpolar isomer



+ He+

Larger clusters

Mass spectrum at slightly higher 
pressure, <n> = 1.5

(CH3COOH)2 (CH3COOH)H+ (m/z 61)
+ CH3COO

(CH3COOH)3 (CH3COOH)H+ (m/z 61)
+ CH3COO + CH3COOH

(CH3COOH)3 (CH3COOH)2H+ (m/z 121)
+ CH3COO

(CH3COOH)4 (CH3COOH)2H+ (m/z 121)
+ CH3COO + CH3COOH

(CH3COOH)4 (CH3COOH)3H+ (m/z 181)
+ CH3COO

(CH3COOH)5 (CH3COOH)3H+ (m/z 181)
+ CH3COO + CH3COOH

+ He+

+ He+

+ He+

+ He+

+ He+

CH or OH
stretches?

dimer

trimer

CH or OH
stretches?



Acetic acid clusters in HeDs

Crystalline structure (X-ray diffraction)Assigned dimer Trimer structure

n3,4

Polar isomer with large dipole moment

If this assignment is correct then this means (1) the 2 peaks at 3000 cm-1 are most likely 
due to CH (and not OH) stretches and (2) one trimer structure dominates in HeDs

Difference spectrum obtained by subtraction of m/z 181 spectrum from m/z 121



CH3CO+ at m/z 43

HOCO+ at m/z 45

(CH3COOH)H+ at m/z 61

Complications

While tweaking the exptl conditions 

we came across wavelength-

dependent ion signals that 

sometimes showed depletion and 

sometimes enhancement.

Acetic acid precursor

AA dimer 

AA monomer 

m/z 15
31 42

103
121

6145

43



Depletion signal from neutral molecules

IR laser beam

pickup cell

mass 
spectrometerelectron 

ionizer

nanodroplet
beam

Wavelength @ 
resonance for a 
neutral molecule



Laser misalignment

Aligned

Misaligned

IR laser beam

pickup cell

mass 
spectrometerelectron 

ionizer

nanodroplet
beam

IR laser beam

pickup cell

mass 
spectrometerelectron 

ionizer

nanodroplet
beam



m/z 45 (HOCO+)

Two different types of resonances 



m/z 45 (HOCO+)

T0 = 16 K, wide gate (1 ms)

T0 = 16 K, narrow gate (0.2 ms)

T0 = 12 K, wide gate (1 ms)

T0 = 12 K, narrow gate (0.2 ms)



HOCO+

Is this the IR spectrum of HOCO+?



HOCO+

Dopfer et al., CPL 296, 585 (1998) 

Is this the IR spectrum of HOCO+?



Signal enhancement

Previous spectrum  detected in signal enhancement mode – why as ion signal gain?

hνIR + HeN-HOCO+  HeN + HOCO+

e- + CH3COOH@He   HeN-HOCO+ +  CH3 +  2e- +  mHe

So IR absorption strips away the helium and thus increases the signal for bare HOCO+ ions. 

The spectrum recorded is therefore an average of the spectra for different values of N

weighted according to their abundance. 



HeN-HOCO+

Expand 





Energy level diagram indicating the resonant ionization scheme used to record IR spectra of ions (left). Timing diagram indicating temporal structure 

and timing of the ionization (UV) and excitation (IR) laser pulses (upper right). Schematic time-of-flight spectrum indicating the contributions of bare 

ions produced by the UV ionization of neutral molecules and those resulting from the IR excitation of ions in helium droplets.



Infrared spectra of aniline ions in helium droplets..

Excitation spectrum corresponding to the Ã 2A2←X̃ 2B1

electronic transition of aniline cations in helium nanodroplets. 

Brauer et al., J. Phys. Chem. Lett. 2, 1563 (2011)

Complication: needs an accessible REMPI 
transition to generate the ions 







Protonated acetic acid

CH3CO+ at m/z 43

HOCO+ at m/z 45

(CH3COOH)H+ at m/z 61

He(AA)H+

He5.HOCO+

He5.HOCO+ + hν He5 + HOCO+ He.(AA)H+ + hν He + (AA)H+

(where AA = acetic acid)

?
?

m/z 65



McMurray Organic Chemistry

Assumption that protonation always occurs at the carbonyl oxygen atom



Protonated acetic acid – suggested structures



IR spectrum of protonated acetic acid

Davies et al. J. Phys. Chem. Lett. 10, 2108-2112 (2019) 

E,E conformer
E,Z conformer
Z,Z conformer
protonated OH

He7.HOCO+



IR spectra for neutral precursors AND ion fragments

IR absorption by neutral dopant (acetic acid dimers)

IR absorption by ion fragment, He.(CH3COOH)H+
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Spectra for neutral precursors AND ion fragments

IR absorption by neutral dopant (acetic acid dimers)

IR absorption by ion fragment, He.(CH3COOH)H+
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Take-home messages

We can do ion spectroscopy using the same experimental 

configuration that we use for recording IR spectra of neutral 

species – does not require a more complex exptl setup

We can use this approach to link the species we see as 

neutrals to those formed as ions, e.g. the structure of the 

neutral may dictate the structure of the ion

We can use helium messenger spectroscopy to see how 

vibrational spectra are affected by the number of helium 

atoms attached to the ions
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