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Mol Phot

Seeing is believing …
but what are our eyes?

▪ Molecular fingerprints: absorption of electromagnetic 
radiation
- Microwaves (Nuclear Magnetic Resonance) 

nuclear spins as probes of spatial and chemical structure
- Microwaves (rotational spectroscopy) 

distribution of mass in object
- Infrared radiation (vibrational spectroscopy) 

internal structure, bond strengths, functional groups
- UV/Vis (electronic spectroscopy)

light absorbing chromophores, electronic distribution

▪ How to achieve laser-limited resolution
- Molecular beams: isolated molecules at 0 K
- Resonance Enhanced MultiPhoton Ionization Techniques
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Spectroscopy: influence
temperature and interactions

Resolution limited by

▪ Many (rotational, 
vibrational) energy 
levels populated at room 
temperature 

▪ Each molecule 
experiences slightly 
different environment

▪ Collisional broadening

Spectral consequences

- Each molecule absorbs at a different energy
- Linewidth determined by collisions
- Loss of spectral information on individual transitions 
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Spectroscopy on non-isolated, 
room-temperature molecules
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Seeded supersonic expansions:
cold and isolated molecules
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Multiphoton ionization 
laser spectroscopy
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Multiphoton ionization 
laser spectroscopy

Excitation energy
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Mass-resolved spectroscopy
under jet-cooled conditions



Mol PhotIR ion dip spectroscopy

S0

S1
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IR hole burn

Probe

Mass- and conformation-selective 
IR absorption spectroscopy



Mol PhotExplore new molecular worlds

Tcarrier gas (He, Ne, Ar)

sample

Time-of-Flight 
Mass Spectrometer

Heatable
valve

Laser Desorption



Mol PhotUncovering what was hidden

Absorption
spectroscopy
on solution

Molecular beam
spectroscopy

J. Am. Chem. Soc. 2002, 124, 149
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High-resolution 
laser spectroscopy

▪ Bad vibrations at work in the universe
- High-resolution IR absorption spectroscopy of Polycyclic 

Aromatic Hydrocarbons (PAHs)
- Anharmonicity and astronomical observations

▪ The dark side of the force
- Time-resolved spectroscopy in the frequency domain
- Tracing photochemical reaction pathways

▪ Molecular heaters
- Excited-state dynamics sunscreens
- Boosting crop yields in horti- and agriculture
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Interstellar PAHs: 
in spectrometer and in silico

Elena Maltseva 
(UvA)

Sander Lemmens
(UvA, RU, FELIX facility)

Cameron Mackie, Alessandra Candian, 
Xander Tielens (Leiden Observatory)

Annemieke Petrignani 
(UvA, Leiden Observatory, FELIX facility)

Anouk Rijs, Jos Oomens, Giel Berden 
(RU, FELIX facility)

Xinchuan Huang
(SETI Institute)

Tim Lee
(NASA Ames Research Center)
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Polycylic Aromatic
Hydrocarbons
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Auto exhaust
along the Milky Way

Tielens, Annu. Rev. Astron. Astrophys. 2008, 46, 289Allamandola et al., Astrophys. J. Lett. 1985, 290, L25



Mol PhotAstronomical models

▪ Band shapes and intensities 
modelled using database
experimental and 
calculated PAH spectra

▪ Experimental spectra not 
compatible with 
astronomical conditions 
- Spectral shifts and broadening 

in matrix
- Loss of resolution at elevated 

temperatures

▪ Calculations not compatible 
with anharmonicity

- Redistribution of intensities

Tielens, Annu. Rev. Astron. Astrophys. 2008, 46, 289
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Naphthalene:PAHs
according to harmonic theory

8 CH oscillators

D2h symmetry

4 IR-active modes
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Naphthalene:PAHs
according to experiment

▪ >23 bands

▪ Anharmonicity
makes forbidden
allowed

▪ Intensities order of 
magnitude larger 
than predicted

Astrophys. J. 2015, 814, 23
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Experiments and theory under 
astronomical conditions

▪ Superior resolution 
experimental spectrum

▪ Anharmonicity determines 
intensity distribution 3 µm band

- Harmonic spectrum misses 
essential features experiment

- Anharmonic spectrum in
excellent agreement

▪ Assignment individual bands 
powerful tool to disentangle
spectra

▪ Database in-silico spectra 
realistic tool for building
astronomical models

Harmonic

Anharmonic

Experiment

Astrophys. J. 2016, 831, 58
J. Chem. Phys. 2016, 145, 084313  
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Enigmas 3 µm band Polycyclic 
Aromatic Hydrocarbons

Bregman et al., Astrophys. J. 1989, 344, 791

Origin 3 µm 
plateau ?

Assignment 
3.40 µm 
band ?

Interpretation 
high-energy 

wing ?

Shape 3.29 µm 
band ?

Source 
weaker 

features ?
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Spectral analysis 
in terms of C-H sites
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Effects of
hydrogenation and methylation

▪ Induces strong IR activity below ~3000 cm-1

▪ Aliphatic region ruled by Fermi resonances
▪ Aromatic region subject to significant changes

- symmetry lowering and steric hindrance
- redistribution intensity over combination bands Astron. Astrophys. 2018, 610, A65 

Phys. Chem. Chem. Phys. 2018 20, 1189 
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3 µm IR absorption spectrum
“Elena Nebula”
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Anharmonicity 
in the mid-IR region

Astron. Astrophys. 2019, 628, A130

▪ Significant activity
‘no-man’s land’

▪ Large influence matrix on 
relative intensities

▪ Calculations indicate 
increase integrated ‘no-
man’s land’ activity for 
larger PAHs

▪ Astronomically observed 
5.25 and 5.7 µm bands 
suggest large similarity 
periphery
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From baby- and puberty-PAHs 
to young grandPAHs

▪ Better agreement 
harmonic calculations

▪ Anharmonicity 
essential for 5-6 µm 
and CH-stretch

▪ Anharmonic 
calculations challenge

Astrophys. J. 2021, 923, 238; Lemmens et al., unpublished

C32H14

C42H18

C48H20
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Astronomical grandPAHs: 
centenials or just retired?

Size 
distribution

Original range:
50-70 atoms 

Corrected range: 
40-55 atoms

Lemmens et al., to be published  

Ratio range NGC 723
Ratio range Orion Bar
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Mol PhotPhotons at work

A.H. Zewail et al., Science 2005, 307, 558 

Light-to-activity path 
determined by 
potential energy 
surfaces electronically 
excited states



Mol PhotConical intersections

Non-degenerate potential 
energy surfaces
- Barrier for crossing
- Rate dependent on barrier 

height

Degenerate potential 
energy surfaces
- Barrierless crossing
- Ultrafast rates



Mol PhotThe dark side of the force …

A.H. Zewail et al., Science 2005, 307, 558 

“Once you start 
down the dark path, 
forever will it 
dominate your 
destiny, consume 
you it will”



Mol PhotPhotons at work

A.H. Zewail et al., Science 2005, 307, 558 

Light-to-activity path 
determined by 
potential energy 
surfaces electronically 
excited states

Tailor photo(re)activity 
by fingerprinting 
potential energy 
surfaces using high-
resolution spectroscopy
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Fingerprinting
potential energy surfaces

- Forces on molecule 
after electronic
excitation

- Changes in 
electronic and
spatial structure

- Dynamics in 
electronically
excited states

Vibrational level structure gives access to

Absorption
spectroscopy
on solution

Molecular
beam

spectroscopy

J. Am. Chem. Soc. 2002, 124, 149
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Scanning potential energy 
surfaces of azobenzene

Eric Tan
Saeed Amirjalayer
Szymon Smolarek
Alexander Vdovin
(University of Amsterdam)

Francesco Zerbetto 
(Università di Bologna)



Mol PhotAzobenzene at work …

N. Katsonis et al., Nat. Chem. 2014, 6, 229 

T.Muraoka, K. Kinbara, T. Aida, Nature 2006, 440, 512 

Angew. Chem. Int. Ed. 2012, 51, 10500



Mol Phot… but how?

Spectroscopic passport azobenzene

Strongly allowed S2(ππ*) state
Forbidden S1(nπ*) state (but here the action occurs …)
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How to flash 170 fs with 10 ns:

S2 (1Bu(ππ*)) ← S0 excitation spectrum

▪ Width (32 cm-1) agrees 
with decay (170 fs)
internal conversion to 
S1(nπ*) dominates

▪ Excellent agreement 
experiment and theory
molecular structure in 
S2(ππ*) determined

S0 (exp) S2 (calc) S2 (recon)

d(C-N) (Å) 1.428 1.369 1.373
d(N=N) (Å) 1.260 1.351 1.324∠N=N-C (°) 113.7 111.5 112.2∠C-C-N (°) 124.8 124.4 124.6

Nat. Commun. 2015, 6, 5860
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How to see the unobservable: 
S1 (1Bg(nπ*)) ← S0 excitation spectrum

REMPI excitation

TD-DFT predicted

Nat. Commun. 2015, 6, 5860
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Simulation
rotational contours

Simulation: 
- Trot ≈ 9K
- 1Bu ← 1Ag transition
- homogeneous

linewidth 0.4 cm-1

▪ S1 (1Bg(nπ*)) ← S0 transition vibronically induced via 
au coupling modes

▪ Lifetime ≈ 13 ps order of magnitude longer than 
reported so far
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Changes in structure
upon excitation

REMPI excitation

TD-DFT predicted

S0 (exp) S1 (calc) S1 (recon)

d(C-N) (Å) 1.428 1.358 1.365
d(N=N) (Å) 1.260 1.251 1.262∠N=N-C (°) 113.7 130.5 124.3∠C-C-N (°) 124.8 122.2 123.3

Reasonable 
agreement with 

predicted 
spectrum

Calculations 
overestimate 

changes 
inversion angle



Mol PhotAzobenzene isomerisation

CNNC torsion (au) most 
effective in inducing 
transition to 1Bg(nπ*)

Excitation induces large 
activity in-plane nitrogen 

inversion (ag)

Isomerisation
proceeds along 

inversion-assisted 
torsional pathway 



Mol PhotIntensities and line widths

▪ Intensities in experimental and predicted spectrum 
start to deviate above ~19250 cm-1

▪ Line width starts to increase above ~19250 cm-1

Barrier for isomerization ~2 kcal/mol in S1(nπ*) 



Mol PhotSunscreens

Eric Tan
Mattijs de Groot
Szymon Smolarek
Michiel Hilbers
Alexander Vdovin
Saeed Amirjalayer
(UvA)

Marcel Drabbels 
(EPFL)

Chris Bardeen
(UC Riverside)



Mol PhotThe bright side of sunscreens

▪ 2-ethylhexyl-4-
methoxycinnamate
UV-B filter

▪ Fast dissipation electronic 
energy into heat by internal 
conversion through conical
intersection

Faraday Disc. 2013, 163, 321

Conical
intersection



Mol PhotThe dark side of sunscreens

Algal toxicity

Products less toxic than
original sunscreen

Recovery of UV-filters

Degradation sunscreen

J. Kockler, M. Oelgemöller, S.Robertson, B.D. Glass, J. Photochem. Photobiol. C 2012, 13, 91
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Excited-state dynamics:
the fast lane

T. Ebata et al., PCCP 2012, 14, 8999

▪ Linewidth
~2-3 cm-1 (2-3 ps decay)

▪ Time-resolved picosecond 
experiments show ps decay

JPC B 2008, 112, 4427
J. Am. Chem. Soc. 2010, 132, 6315

J. Phys. Chem. Letters 2014, 5, 2464



Mol Phot

Fingerprinting dynamics 
by tracking ionization pathways

Proc. Nat. Acad. Sci. U.S.A. 2009, 106, 2510
J. Phys. Chem. Letters 2014, 5, 2464

Excitation

S0

ππ*

M

Internal
conversion nπ*

Probe excitation π orbital
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excitation
n orbital
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From high-resolution 
spectroscopy to application

Water complexation

▪ removes bottleneck 
(switch of ππ* and 
nπ* states)

▪ improves performance 
(lowers isomerization 
barrier)

Improve sunscreens using reverse micelles
J. Phys. Chem. Letters 2014, 5, 2464

Excitation bare

Excitation complex

Absorption complex
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How nature optimizes:
sunscreens with benefits

Y.O. Jung et al., Nat. Chem. 2013, 5, 212W.W. Sprenger et al., 
J. Bacteriol. 2008, 175, 3096

Bacterial phototaxis
e.g. in Extothiorhodospira halophila



Mol PhotRational design of sunscreens

Replace by OH and deprotonate
▪ nπ* to much higher energies
▪ V(bonding MO → anti-bonding MO) 

lowest ππ* state
▪ V(ππ*) isolated from other states

Replace O by S
▪ red shift of V(ππ*) state
▪ additional blue shift nπ* state

Couple to protein backbone
▪ enable photocycle
▪ use photon energy for motion

Use interactions with
environment
▪ tune absorption maximum

(∆E at S0 geometry)

▪ tune S1-S0 energy gap
(∆E at S1 geometry)



Mol PhotFood Security

Projected food 
demand: 

double global crop 
production needed 

by 2050

▪ Increase crop yields
- extend growth season
- grow at high crop 

densities

▪ Increase arable land
- cold stress tolerance
- higher altitudes

Food and Agriculture Organization of the United Nations 2018
The future of food and agriculture – Alternative pathways to 2050 
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Molecular heaters 
to boost crop yields

Convert photon energy into 
temperature increase

Wish list

▪ Absorption at wavelengths 
harmful to plants (UV) or 
not used in photosynthesis 
(Red/Far-Red)

▪ Use natural photoprotective
molecules

▪ Maximize photon-to-heat 
conversion yield

▪ Temperature increase ~3°C 

Benefits

- Protection against harmful UV
agriculture at higher altitudes

- Reduction shade avoidance
higher crop densities

- Minimize toxicity and 
detrimental side reactions

- Temperature increase
avoid cold stress
anticipate growth season
reduce energy costs
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FET-Open
BoostCrop consortium

University of Warwick (UK)

University of Bristol (UK)

University of Amsterdam (NL)

Radboud University (NL)

AgroParisTech (F)

Université d’Aix Marseille (F)

Bundesinstitut für 
Risikobewertung (D)

Plantresponse Biotech SL (ES)
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Boostcrop@Warwick
(pre-corona)

Teun Munnik 
(SILS)

Xandra Schrama
(SILS)

Jiayun Fan
(HIMS)

Ivan Romanov
(HIMS)

Nadav Joosten (BSc); Myrthe Praat, Yorrick Boeije, Laura Finazzi (MSc)
Dr. Wim Roeterdink; Ing. Michiel Hilbers



Mol PhotTarget chromophores

Sinapate esters
- Sinapoyl malate UV-B screening 

agent in plants
- Ultrafast relaxation due to conical 

intersection along isomerisation
coordinate

Diketopyrrolopyrroles
- R/FR dyes
- Large-amplitude motions

induce non-radiative decay

Phytochromes
- Plant R/FR photoreceptor
- Isomerisation methine 

bridge leads to ultrafast 
relaxation
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Proof-of-principle:
temperature increase

▪ Tobacco leaves sprayed with 10 mM sinapoyl malate 
solution

▪ Ambient typical Bristol cloudy-day conditions
▪ Monitoring temperature using thermal imaging

V. Stavros et al., J. Phys. Chem. Lett. 2016, 7, 56 
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(Possible) proof-of-principle:
increase biomass

Low-temperature 
(12°C) conditions

Ambient greenhouse 
conditions
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Optimization molecular heaters: 
spectroscopy and dynamics

Spectroscopy cinnamates

▪ Determined by three close-
lying states (V(ππ*), V’(ππ*) 
and nπ*)

▪ Dependence properties on 
substitutions and 
conformational structure

▪ Influence solvent

Dynamics cinnamates

▪ Optimization productive
nonradiative pathways

▪ Presence of detrimental decay 
pathways

▪ Excitation energy dependence

Alternative natural sunscreens

▪ Tailoring absorption spectrum to solar 
spectrum and photosynthesis
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Harmful 
energy dissipation pathways

HO

O

OCH3

Methylcoumarate

τ1=31 ns (1.00)

HO

OCH3

O

OCH3

Methylfumarate

τ1=3 ns (0.90)
τ1=35 ns (0.10)

H3CO

HO

OCH3

O

OCH3

Methylsinapate

τ1=2 ns (0.93)
τ1=27 ns (0.07)

Mol. Phys. 2021, 119, e1825850; Phys. Chem. Chem. Phys. 2022,  24, 3984; I. Romanov, Y. Boeije et al., to be submitted



Mol PhotEnergy conversion pathways

Fast internal conversion 1ππ* → 1nπ*

only possible in coumarates

kISC
1nπ* → 3ππ* ≫ 1ππ* → 3ππ*

slow ISC in fumarates and sinapates

S0/T1 crossing leads to ns triplet decay
universal feature in all chromophores 

Fast slow decay Slow slow decay
Fast dissipation

CI S1/S0 leads to 
ultrafast dissipation

ideally low photo-
isomerization 
quantum yield

Diagrams courtesy M. Barbatti
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Triplet-mediated photon-energy 
conversion pathway 

▪ Perpendicular geometry T1(ππ*) leads to S0/T1

crossing
▪ Crossing not sensitive to details phenyl substitution 

→ similar lifetimes 

I. Romanov, Y. Boeije et al., to be submitted
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Urocanic acid based 
chromophores

▪ Natural UV-A/B sunscreen 
present in skin

▪ Cis-isomer immunosuppressive 
serotonin receptor agonist

▪ Substitution might avoid 
agonistic effects

W.L. Ryan and D.H. Levy, 
J. Am. Chem. Soc. 2001,
123, 961

Benchmark 
for 

interpreting 
UA studies 
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Excitation spectroscopy 
- but without heating
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Tailoring urocanic acid 
as molecular heater
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Light on the 
dark side of the force

“The dark side clouds everything. 
Impossible to see the light, the future is”

but fortunately there is spectroscopy …
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Light on the 
dark side of the force

Come to the dark side … 

… we have cookies
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Light on the 
dark side of the force

Come to the dark side … 

… we have spectroscopy



Mol PhotConclusions

▪ High-resolution laser spectroscopy essential for 
modelling astronomical observations and 
understanding astronomical PAH inventory
- (Dominating) role of anharmonicity
- Detailed fingerprints of global structure
- Benchmark for quantum chemical calculations

▪ High-resolution laser spectroscopy key to reading 
manual of light-activated molecular materials and 
optimizing them
- Details potential energy surfaces accessible by resolved 

vibronic activity
- Elucidation of photoreactive pathways
- Microsolvation enables controlling interactions with

environment



Mol PhotConclusions

▪ High-resolution laser spectroscopy offers key insight 
into pathways that convert photon energy into heat
- Dependence potential energy surfaces of electronically excited 

states on detailed spatial structure and solvent environment
- Elucidating harmful decay pathways (and how to avoid them)
- Exploration ‘novel’ chromophore motifs as employed by nature
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EC-TMR (RTN), EC-FET, 
EC-NMP, EC-Marie Curie

Physics2Market



Mol PhotMay the photons be with you …
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