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Neutral ion pairs

Gas phase Motivations:
» Explore a class of molecular objects poorly documented in the gas phase
L@
V

» Document the intrinsic properties of supramolecular objects typically

found in condensed phase, but poorly known

- —~rn W

Cristallization/precipitation

Electrolytes (sea water, biological media, batteries)

* lonic liquids (solvent) * Viscosity

* Aerosol particles (atmosphere) * Particle nucleation

Issues:
» Very hard to detect: ion pair type distributions are often unknown

> Poor structural characterization



Neutral ion pairs in the gas phase: a frontier of science
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Neutral ion pairs in the gas phase

——> Microwave spectroscopy

——> Matrix isolation spectroscopy Groen Kovacs Vibrational spectroscopy (2010)

Alkali Halides
(Heating)

Dedonder-Lardeux, Grégoire, Jouvet,

—> Llaser spectroscopy In molecular Jet Martrenchard, Solgadi Chemical Review (2000)

lonic liquid

— Photoelectron spectrosco
(Distillation at 300°C under reduced pressure) P Py

Strasser, Goulay, Kelkar, Maginn, Leone JPCA (2007)
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\N/\N./\ \\ - // —> He droplet IR spectroscopy
TN
\ / oF yd S\\ //S \CF Obi, Leavitt, Raston, Moradi, Flynn, Vaghjiani, Boatz,
— ? o o ’ Chambreau, Douberly JPCA (2013)
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[Emim]* [Tf;N] — Double resonance IR/UV spectroscopy
Earle, Esperanca, Gilea, Canongia Lopes, Rebelo,

Magee, Seddon, Widegren Nature (2006) Cooper, Zolot, Boatz, Sporleder, Stearns JPCA (2013)




I. Molecular folding
of isolated ion pairs

lll. Stark spectroscopy
at very high electric
field using ion pairs
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assisted by gas phase
spectroscopy




l. Gas phase experiment

Vacuum chamber

Pulsed valve

Sample preparation: compound mixed with
graphite, and pressed into a solid pellet

Laser desorption: hot species in the gas phase
with limited fragmentation

Cooling in the supersonic expansion (He/Ne):
complexes are trapped in one or more
conformations

\

| Late expansion |

Internal coordinates

Analysis of the conformational populations by
IR and UV spectroscopy in the interaction
region of a time-of-flight mass spectrometer




\ l. Gas phase experiment = — —ESS—
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. (Li*, PA),

IR/UV double resonance spectroscopy
——> conformation-selectivity
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Lithium Phenylacetate
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Gas phase ion pairs
are formed in our
experiment




Il. Molecular flexibility wihtin ion pairs

Lithium Phenylacetate Lithium Benzylacetate Lithium (4)-phenylbutyrate
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l. 15t characterization of the tt* state of a phenyl ring + cation system

Willey, Cheng, Bishop, Duncan JACS (1991)

Charge transfer state

nie* state absorption not detected
(silver ion channel)

Benzene ion signal
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l. Cation-t interactions with Na* and K*

P
4 \‘@---0
1
3 2
Lithium (4)-phenylbutyrate
(Li*, PB")
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¢ ==0 the cation
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Sodium (4)-phenylbutyrate
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I. Experimental vs. Theoretical conformational landscape

Experiment: Theory:
Apparent conformational VS. Conformational distribution from
distribution from R2PI spectra AG(300K) at the RI-B97-D3/dhf-TZVPP level
Anions 0‘\@
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3 2
Li+ / 0-0 + O-O-&t
0-0 + O-O-m
Na+ / O'O + O-O-TC
0-0 + O-O-m
N
K+ ‘( Work in progress )
Rb*
fails )
Cs*




I. Experimental vs. Theoretical conformational landscape

— @ RI-B97-D3/dhfTZVPP
— ¢ BSSE-corrected-Full-CCSD(T)//RI-B97-D3/dhf-TZV PP
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The relative description of cation-anion (~500 kJ mol?) and cation-rt (~100 kJ mol?)
interactions at the RI-B97-D3/dhf-TZVPP level of theory is poor

Gas phase ion pairs reveal flaws in theoretical methods that would be otherwise
difficult to detect in systems dealing with weaker non covalent interactions




l. lon pairs without UV chromophore
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First experimental IR signature of a contact ion pair between sodium and acetate
No coupling of the (CO, )™ stretch

Common organic salt can be laser desorbed and investigated by spectroscopic
techniques in the gas phase




lll. Stark spectroscopy
at very high electric
field using ion pairs

& s —

ion pairs in solution
assisted by gas phase
spectroscopy
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ll. Accuracy of mode-dependent scaled vibrational frequencies
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Standard deviations = Error between experiment and theory

15 cm! for CO,*™ stretch
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ll. Conformational exploration of ion pairs in solution

Biased Monte-Carlo Exploration
at the polarizable force field level (AMOEBA)

A,

Explicit water molecules

3 solvation
shells

Acetate

Li* Na*K* Rb* Cs*

2 external frozen
solvation shells

Density ~ 1.02



ll. Geometry optimization — Frequency calculations

Sampling

\4
Geometry optimizations
Frequency calculations
(RI-B97-D3/dhf-TZVPP)

V
Averaged frequencies
Averaged intenisties
Spectral width

AcO~M* nH,O; n € [100;140]

2 optimized
solvation

A& shells

I\ﬁ : One frozen

solvation shell

Continuum
solvent model
COSMO

Density ~ 1.02
Concentration ~ 0.4 mol L?



Il. Free acetate ions

(COE)“"“
—— Theory
«---> Error \
Rudolph, Fischer, — Experimental data
Irmer Dalt. Trans. B
(2014) (€Co3)> Y™
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——> Theoretical frequencies and intensities (area) reproduce the experimental
data within the expected error

—> Theoretical spectral width of the antisymmetric is underestimated (temperature
effects are not included in the theoretical model)



Il. Theoretical spectra of ion pairs between acetate and sodium: Conclusions
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ll. Theoretical vs experimental spectra
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The red-shift observed from 0.3 M on both (CO,")*¥™ and (CO,’)2"! is assigned to SIP formation

The change of slope around 2 M can be assigned to CIP formation

This approach enables us to interprete spectral shifts in solution and assign specific
supramolecular structures at different concentration ranges
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lll. Stark spectroscopy
at very high electric
field using ion pairs




lll. UV Spectroscopy of (M*, PA')g

RI-B97-D3/dhf-TZVPP 4°

UV-R2PI spectra
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n—>n* transition
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lll. Electric field and ion pairs

Electric field (E)
0.3-3.6 GV m1

Dipole moment
(Li — Cs)
1.6-8.4D
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Electronic Stark effect on the phenyl ring?

(M", "CHCOO") @ o5

-0.78
063 (3@ 078
C C.. NBO analysis
meg X C,. € 034  RI-B97-D3/def2-QzVPP
C X Mr?nig %
e x C... 0.16/0.16

meta



lll. Electric field profile and orientation
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lll. Stark effect
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to a Stark effect

Phenyl ring weakly



lll. UV spectroscopy rationalization — Stark Shift
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lll. UV spectroscopy rationalization — Stark splitting

Hewett, Bocklitz, Tabor,
Sibert ll, Suhm, Zwier Lithium Benzylacetate B
Chem. Sci. 2017
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lll. Conformational assignment assisted by Stark effects
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lll. Electric field measurement

0-0 transition frequency (103 cm'1)
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ﬁ Capacitor-based Stark Spectroscopy iexperiment
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lll. Electric field measurement

0.01 0.1 1 10 100 GV mt

ﬁ Capacitor-based Stark Spectroscopy iexperiment

M Gasiphase ion pair electtic field range

Biological electric fields

a  Reference state A b Reference spectrum Slocum, Webb Annu. Rev.
" Phys. Chem. 2018

Absorbance

Local electric field measurement using a
vibrational Stark effect (VSE) probe,
provided a calibration

Wavenumber (cm-1)

d Perturbed spectrum

Av
—

Future direction: characterization of
VSE at high electric field

Absorbance

Wavenumber (cm™)




Conclusions

Neutral ion pairs are original objects in the gas phase that can be investigated by the
arsenal of laser spectroscopic techniques

Gas phase ion pairs enable us to tackle various issues from an original point of view:

in solution

of UV and IR chromophores at high electric field (> GV m)
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