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Astrochemistry

“Chemistry under extreme conditions: low
temperatures, low densities, and

Rich chemistry (more than 280
molecules so far, including
ones).

DESY



Astrochemistry and PAHs

i ~ «+ Chemistry under extreme conditions: low
temperatures, low densities, and

Rich chemistry (more than 280
molecules so far, including

Green: emission from PAH molecules (Imﬁb}aken by Spitzer looking towards the plane of the Milky Way)

« present in many extreme chemical environments:

combustion, atmosphere, interstellar medium, also in charged states
« an estimated 10-20% of the total galactic carbon is locked in PAHs
« “relatives” of fullerenes

DESY



Astrochemistry and PAHs

- Chemistry under extreme conditions: low
temperatures, low densities, and

Rich chemistry (more than 280
molecules so far, including
ones).




Grains, fullerenes, and polycyclic aromatic hydrocarbons (PAHs)

big PAHSs,
small carbon medium-sized diamond-like structures,  grains,
molecules small PAHs PAHs fullerenes, nanotubes amorphous carbon

carbon evolution;
top-down vs.
bottom-up processes

d=10"%cm? d=10°cm? d=10°-10°cm™

[

DESY. Adapted from Pascoli & Pollux (2000) distance from star




free-electron lasers

lab

and synchrotrons
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Unraveling the role of PAHs in astrochemistry
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Unraveling the role of PAHs in astrochemistry
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Unraveling the role of PAHs in astrochemistry
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Unraveling the role of PAHs in astrochemistry

\‘h\;/
Response to harsh radiation; - g$ U

r >
-ray 2 extreme states of matter
FLASH 5
4 ROV 2 Photochemistry XUV IRIUV
Bottom-up vs. top-down Pump probe
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Outline

* |IR-UV ion-dip spectroscopy @ FELIX
PAH growth (and other processes) in a plasma
(and a comparison with CP-FTMW measurements)
IR fingerprints of PAH clusters

* Time-resolved pump-probe experiments using FLASH
- interplay between ionisation & fragmentation of PAHs
life times of electronically excited states in different charge
states

kXl (1, 2) channel

2.5 e N A N
(1, 1) channel i - e -

2.0

 Conclusions

1.5 - L e =

(1, 0) channel

1.0

Momentum x 10% / kgms™

0.5

0.0
-0.50 -0.25 0.00 0.25 0.50 0.75 1.00 1.25

Pump-Probe Delay / ps
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FELIX

Free-Electron Laser for Infrared eXperiments at the Radboud U Nijmegen

> Four lasers:

* FELIX-1
* FELIX-2
* FLARE

* FELICE

» Tuning range:

6 —3600cm?1?

..... - FELIX-1: 30 - 150 uym
FELIX-2:3 -45 ym
FLARE : 100 - 1500 ym

* IR-UV double-resonance experiments
«fingerprint region

In collaboration with A. Lemmens, P. Ferrari, A. Rijs, B. Redlich
DESY. 9



IR-UV ion-dip spectroscopy at FELIX

Reﬂectnon
UV/VIS laser - Q Resonance-enhanced multi-
olecuiar . . .
( beam |V MO detedor photon ionisation (REMPI)

Freeelectron laser

Electron
— accelerator

Undulator




IR-UV ion-dip spectroscopy at FELIX

IR off-resonance REMPI followed by
ion detection
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IR-UV ion-dip spectroscopy at FELIX

IR off-resonance REMPI followed by IR on-resonance

ion detection

lon signal
lon signal
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IR-UV ion-dip spectroscopy at FELIX

Experimental conditions REMPI followed by IR on-resonance
ion detection

T=135°C
Ar @ 5 bar
U=0.5-0.6 kV

S S
[1+1’] REMPI
Dye laser (255 nm) B
ArF (192 nm)
r'y A
IR spectroscopy >
Fel FELIX I3 v
£
550- 1800 cm™ 0000
v Frequency I Frequency
Vo.()()()()()()()l)()()()(!)_

r—lpy

At At

DESY.
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PAH chemistry

DC discharge pulsed valve

Pulsed general valve g E é

==
«~———— Sample
. ‘ «——— Teflon case
Iy Ground electrode
N

N <« Teflon spacer

N
- -<— Charged electrode

< Recombination zone
A

Discharge nozzle

Amanda
Steber
(now at Donatella
Loru

U Valladolid, Spain)

DESY
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The precursor molecules WHO1
Gayatri Batra partner

Examples of PAHs WH02 molecules

Donatella Loru

Pyrene (C15H10) . .
Naphthalene (CioHs) Phenylsilane (CgHgSi)

METHODS
IR-UV ion-dip

I \\/(

// \\

Acetonitrile (CH;CN)

Phenanthrene (C,,H0)

CP-FTMW spec
DESY. PHE P 13




Electrical discharge of PAHs

naphthalene

TOF
mass spectrum

—— Discharge Naphthalene and acetonitrile

N

N

I

153 ¢
- C//
/ OO +

CH,CN

CH,CN

141

_ \
L hdh

T
120 140 160

m/z
A. K. Lemmens et al. “Polycyclic aromatic hydrocarbon formation chemistry in a plasma jet revealed by IR-UV action spectroscopy.” Nat Commun 11, 269 (2020).

DESY 14
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Electrical discharge of PHE with acetonitrile

Phenanthrene (C;4H;)

PHE
M=178 g/mol ({'

Acetonitrile (CH;CN)

C elimination

m/z=166j ; ; (

ol

— Exp.
— Theo.

i

m

VNI NI

T
600

T T T T T
800 1000 1200 1400 1600 1800
Wavenumbers (cm™)

DESY.

C insertion

m/z = 190 § 5 ::

v

— Exp.
— Theo.

i

T T T T T T
600 800 1000 1200 1400 1600 1800

Wavenumbers (cm™)

Theoretical calculations: B3LYP/def2-TZVP 15



Electrical discharge of PHE with acetonitrile

substitution

Phenanthrene (C;4H;)

PHE
M=178 g/mol .

Acetonitrile (CH;CN)

C elimination

m/z=166j ;g ; (

— Exp.
— Theo.

' e

I IR

T T T T T T
600 800 1000 1200 1400 1600 1800
Wavenumbers (cm™)

DESY.

C insertion

%
m/z = 190 § E; ::

v

— Exp.
— Theo.

i

T T T T T T
600 800 1000 1200 1400 1600 1800

Wavenumbers (cm™)

m/z =191 j ; : :v

7/ v

— Exp.
— Theo. (summed)

b

T - : : - :
600 800 1000 1200 1400 1600 1800
Wavenumbers (cm™")

Theoretical calculations: B3LYP/def2-TZVP

m/z = 192 HH "

7 ) v

— Exp.
— Theo. (summed)

i

T T T T T T
600 800 1000 1200 1400 1600 1800

Wavenumbers (cm™)

15



Electrical discharge of PHE with acetonitrile

C insertion substitution

m/z = 192

— Exp. — Exp.
— Theo. (summed) — Theo. (summed)
Phenanthrene (Cy4H;0)
e | M
Acetonitrile (CH;CN)
600 800 1000 1200 1400 1600 1800 600 800 1000 1200 1400 1600 1800 600 800 1000 1200 1400 100 1800
Wavenumbers (cm™) Wavenumbers (cm™) Wavenumbers (cm")

C elimination

— Exp. — Exp. — Exp. — Exp.
— Theo. — Theo. (summed) ~— Theo. (summed) — Theo. (summed)

| (11

T T T T T T T T T T T T
600 800 1000 1200 1400 1600 1800 600 800 1000 1200 1400 1600 1800 600 800 1000 1200 1400 1600 1800 600 800 1000 1200 1400 1600 1800
Wavenumbers (cm™) Wavenumbers (cm) Wavenumbers (cm™) Wavenumbers (cm™)

DESY Theoretical calculations: B3LYP/def2-TZVP 15



Observed processes

SUBSTITUTION A

[ ] \C
H,

//N
/23N

INSERTION —

ELIMINATION -

« Similar outcomes observed for pyrene, fluorene, naphthalene...
 Important for discussions regarding bottom-up vs. top-down chemical processes.

DESY

——

Carbon insertion

S20

Carbon elimination

16



Complementary spectroscopy approaches

Broadband rotational spectroscopy

Dlscharge source =y

Broadcasting horn

Receiving horn

IR-UV spectroscopy

reflectron

uv

discharge
nozzle

IR beam

* Molecules must possess a permanent dipole moment

* Molecules are identified via uniqgue microwave spectra.

Molecules must have a suitable UV cross section.
Molecules are identified via a combination of their mass

and their IR signatures.

DESY.




Electrical discharge of PAHs

CP-FTMW spectroscopy

Precursors

with & without

+ HC ——N
Sample

Acetonitrile (CH;CN) Teflon case
Phenanthrene (C;,H,) W (s —— Ground electrode
\ «—— Teflon spacer
W B —— Charged electrode
Carrier gas (Ar, He or Ne) —— |=4(F ‘ Recombination zone
\d‘-
-
Broadcast horn Receiving horn

Excitation FID collection

radiation

(‘ Analysis FFT

DESY. 18



Unsaturated

Phenanthrene & acetonitrile S ohame

e ¥ ..

0.06 0.03
Phenanthrene (Cy4H,) Electrical discharge 3
+ g 0.00 | h IL” 0.00
Experimental conditions £
=N
e T=135°C
Acetonitrile (CH;CN) Ne @ 2.5 bar
V=1.0kV
HC;N
HC: :N <V4:1,V6:1+V7:1,V7:1,V7:2)
-0.06 T T T -0.03 T T
9000 9050 9100 9150 9200 9600 10200 10800 11400
HC—— N Frequency (MHz)
HC,N
HC— —N
HCoN
HC— N
cyanopolyynes

DESY.



Unsaturated

Phenanthrene aine

(T B
No additional precursor { <> B
0.02 0.01 0.02
0.01 i 0.01
Q Q Electrical discharge
s
Experimental conditions £ M | I‘
-‘é 0.00 0.00 0.00
Phenanthrene (C;4H ) T=135"C £
Ne @ 2.5 bar
V=1.0 kV
C4H -0.01 i -0.01
HC—Cc=—c=—c!
CsH :
HC—=————c
-0.02 - -0.01 -0.02
9400 9600 10000 10200 10400 11600 11800 12000
HC C Frequency (MHz)
CeH_
HC=—=C=—=C=—=C=—=C=—=C=—=C=—C:
CoH
HC C
C1oH

linear radicals
DESY. 20



Polyynes are omnipresent

Unsaturated
carbon
chains

P a® W W ..

The formation of highly
unsaturated (cyano-)polyynes
IS @ common observation.

DESY.

A variety of precursors

5e

Cyano polyynes
(HC,N)

Y
o~

21



Isotopic labelling with 13CH313CN B

Phenanthrene-acetonitrile discharge

® b .

—— parent
—— 13C-isotopologue

frequency

0.006 0.004 0004

—— Phe/"CH;CN

Intensity (mV)
§

—— HCCCCCC3CN

—— HCCIeN
Lﬁ% o W o P —— HCCCCBCN

-0.006 T T -0.004 T T -0.004 T T
9058 9060 9062 79086 79093 79100 111504 111512 111520

Frequency (MHz)

Representative rotational transitions of  HCC3CN, HCCCC3CN and
HCCCCCCCN identified in the electrical discharge experiment of
phenathrene and *CH,CN.

DESY. 22



Aromatic Unsaturated
molecules carbon

Isotopic labelling with 13CH313CN e

Phenanthrene-acetonitrile discharge

® b .

—— parent
h Z —— 13C-isotopologue

= 8n?l,

B

frequency

—— Phe/"CH;CN

—— HCC™CN

Intensity (mV)
§

1. Fragmentation

Lm# - VV o Proposed mechanism

2. Recombination

—

-0.006 . . -0.004 . . ~0.004 4——
9058 9060 9062 79086 7909.3 79100 111504 11151.2

Frequency (MHz) 6
Representative rotational transitions of  HCC3CN, O @ — H—t=—0),

HCCCCCC'CN identified in the electrical discharge
phenathrene and *CH,CN.

u,c—S—_N = TH, + TN

DESY. 22



Grains, fullerenes, and polycyclic aromatic hydrocarbons (PAHs)

big PAHSs,
small carbon medium-sized diamond-like structures,  grains,
molecules small PAHs PAHs fullerenes, nanotubes amorphous carbon

carbon evolution;
top-down vs.
bottom-up processes

d=10"%cm? d=10°cm? d=10°-10°cm™

DESY. Adapted from Pascoli & Pollux (2000)
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Far-IR spectral signatures of PAH complexes

Acenaphthene
|a)
Ace o
i PBEh-3c ® @

€
%
| | | | ! I ! | ! | ! | ! 1 € @ "-.(( "; ;
200 400 600 800 1000 1200 1400 1600 1800 re ¢ ér ‘
Wavenumber (cm™) ‘

+ spectra are very similar for the clusters
- only small differences visible in the far-IR
- weak interactions between the moieties

A.K. Lemmens, S. Gruet, A. L. Steber, J. Antony, S. Grimme, M. Schnell, A.M. Rijs, PCCP (2018). 24



Far-IR spectral signatures of PAH complexes

Acenaphthene
|a)
Ace o
- PBEh-3c F b 4

260 | 4(I)0 | 6(I)0 l 8(I)0 l 10I00 | 12I00 | 14
Mipasmaerat ) FF03: A. Lemmens -

+ spectra are very similar for th _
- only small differences visible PAH water CIUSterS

- weak interactions between thi

A.K. Lemmens, S. Gruet, A. L. Steber, J. Antony, S. Grimme, M. Schnell, A.M. Rijs, PCCP (2018). 24



Phenanthrene and its (many) clusters

| | | Phe

178 (parent) i / a
£
g
g
= 1 |
[72]
| == Mass (amu)
3
=
- | 356 _ (Phe)s, zoom 2
- _ 2|
2
178 £
534 zoom 1 zoom 2
11 lH i‘_’l “ h | P Y
1 I 1 I I 1 I I I I I 1 I I I I 1 I 1
0 1000 2000 3000 4 000 Mass (amu)

Mass (amu)

... work in progress...
DESY 25



Phenanthrene and its (many) clusters

Mass spectrum

| Phe !
. . . . . (Phe), zoom 1
Phe i / ]
(Phe)s— (Phe), z
g ]
£ (Phe)s
2 ] (Phe)s (Phels
2 <= i (Phe)s | (Phe); iy
£ I (Phe)s
Il (fhe)s (Phe);o
1l .“\__}’\._JA
' 5&0 l l 10‘00 ‘ ; ; . vvlvv ' I I 2000
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. J T T T
T L L L B S B B O S S B S B B BB B (Phe)y, Zoom2
1200 1250 1300 1350 1400 1450 1500
Mass (amu)
- z
2
178 £
>
534 zoom 1 zoom 2
>
11 lH i‘_’l “ h a o r~
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2000 2500 3000 3500 4000
0 1000 2 000 3000 4 000 Mass (amu)
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DESY.

... work in progress...
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Phenanthrene and its (many) clusters

Mass spectrum

Intensity

]

(Phe),

(Phe)g— (Phe),

(Phe)g

.

T
1200

1250

T T T T T T T T T
1300 1350

Mass (amu)

L B

1400

1450

T 1 T T T T

1500

DESY.

178

534 s0om 1

- lH h‘_’. '\ h | P Y

2000
Mass (amu)

. WOI

(i)
Ry

'u

Reflection R, /

Free flight j

]
Detector

Vs

Extraction

Excitation
laser V\/\/\,. +@ M

Vi

Intensity
T

Phe

(Phe), zoom 1

/

(Phe)s

| (Phe), (Phelg I
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| —
2000

)20
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4000
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mz=178 |R spectra

m/z =534

v b e Lo b Lo b b Lo fa 1y

m/z =712

e be Lo b Lo b b Luadfa 1y

m/z = 890

m/z = 1068

v b bens b b b b b Lo I

m/z = 1246

ol bena v bewna b v v bewa s Laa a1y

m/z = 1424

T T
350 400 450 500 550 600 650 700 750

™ and its (many) clusters

(Phe), I Phe ! T T
— (Phel - zoom 1
: | ]
z
Phe g ~ -
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| < _ | (Phe), (Phel.: I i
(i) (ii)
R: R, )9 (Phe)o
(Phe), SN
Reflection R2 /1 RZ | ¢ 2000
AERRS | [
(Phe)s 1s0 1500
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| |
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+
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)20
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(Phe)7 2 000 4000
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Outline

* |IR-UV ion-dip spectroscopy @ FELIX
PAH growth (and other processes) in a plasma
(and a comparison with CP-FTMW measurements)
IR fingerprints of PAH clusters

 Time-resolved pump-probe experiments using FLASH
- interplay between ionisation & fragmentation of PAHs
life times of electronically excited states in different charge states

i1-00

- 0.75

kXl (1, 2) channel

2.5 e N A N
(1, 1) channel i - e -

 Conclusions

2.0

W eee— e [

(1, 0) channel

Momentum x 10% / kgms™

1.0
- 0.25
0.5

1 — . - -
e B T i . I
0
0.0 0.00

-0.50 -0.25 0.00 0.25 0.50 0.75 1.00 1.25
Pump-Probe Delay / ps
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Unraveling the role of PAHs in astrochemistry
A multi-spectroscopic approach

Response to harsh radiation;\)@
extreme states of matter y
2
Photochemistry ﬁgnV lR;éLé\e/
Bottom-up vs. top-down pump P

mechanistic insight after
photo-excitation

5 e C om p | exes;
Role in grain formation e & N
C B\ o
§ O
_ Structures ‘

W 4

g

~
r o

frequency

eeeeeeeeeeeeeeeeeeeee
nnnnnnnnn

SOULEIL

“Exotic” PAHs

Molecular fingerprints
MW

27
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The Bahrenfeld campus - DESY




The Bahrenfeld campus - DESY "“““’WW

European

XFEL - = e




XUV § % IR i
um probe
The Bahrenfeld campus - DESY i % L
FLASH Key parameters FLASH1 FLASH2

» Photon energy fundamental 24 — 295 eV 14 — 310 eV
(3rd harm. ~900 eV) (with Frequency
doubler ~400 eV)

:; Photon pulse duration 30 - 200 fs 10 - 200 fs
£ (FWHM)
== Pulse energy (average) 1—-500 pd 1-1100 pJ
0.7-2%

-

DESY 28



XUV IR
The Bahrenfeld campus - DESY "”’“"§m %‘““
FLASH ley barameters

. » Photon energy fundamental 24 — 295 eV 14 — 310 eV

(3rd harm. ~900 eV) (with Frequency
e doubler ~400 eV)
Photon pulse duration 30 — 200 fs 10 -200fs
o (FWHM)
== Pulse energy (average) 1—-500 pd 1-1100 pJ

\ Spectral width (FWHM) 0.7-2%

\.l
\
3
1

FLASH pumb-pfobe fs laser

* 800 nm fundamental
* 400 nm and 266 nm possible

« 30-70 fs pulse duration

28



CAMP@FLASH

Time-of-flight
(TOF) detector

PUMP 9

FLASH pulse
at 30.3 nm, (40.9 eV),
10 Hz, 25 uJ, t~90 fs

PROBE

Laser pulse
810 nm (1.53 eV),

10 Hz, 1- 50 p, j
T=200 °C L

t =060 fs
Carrier gas He at 2 bar

Co-Pls Bastian Manschwetus, Jason Lee, Denis Tikhonov
the Bari, Kupper, Rolles, Johnsson teams,
as well as the FS-LA and CAMP@FLASH teams;
PImMS camera Oxford (Brouard, Vallance, Burt)

DESY

TOF mass spectrometry of ion
species

Velocity map imaging
spectrometer for electrons and
lons

Pixel Imaging Mass Spectrometry
(PImMS) camera for parallel
acquisition of the ion kinetic
energy release and angular
distribution of different fragments.
Installed and operated by
collaborators from Oxford
University

Lee et al. Nature Communications 12 (2021) 6107.



lon-TOF mass spectra (FLASH: 40.9 eV)

—— Phenanthrene

0,2 -
Parent cations

+
He Dications  Multiple

H Ioss\

T f

Trications (Parent - C,H,)*
1 T T 1 I

' I ' I I ' I
0 25 50 75 100 125 150 175 200

H,0"
(Parent - C,H,)**

lon Yield (arb. units)
o
i

0,0

m/q (amu/e)

« Formation up to the parent trication
« Characteristic fragmentation pattern

DESY



CAMP@FLASH

Time-of-flight
(TOF) detector

PUMP 9

FLASH pulse
at 30.3 nm, (40.9 eV),
10 Hz, 25 uJ, t~90 fs

PROBE

Laser pulse
810 nm (1.53 eV),

10 Hz, 1- 50 p, j
T=200 °C L

t =060 fs
Carrier gas He at 2 bar

Beamtimes 2016 and 2018:
Co-PI Bastian Manschwetus,

the Bari, Klpper, Rolles, Johnsson teams,
as well as the FS-LA and CAMP@FLASH teams;
DESY PImMs camera Oxford (Brouard, Vaillance)

TOF mass spectrometry of ion
species

Velocity map imaging
spectrometer for electrons and
lons

Pixel Imaging Mass Spectrometry
(PImMS) camera for parallel
acquisition of the ion kinetic
energy release and angular
distribution of different fragments.
Installed and operated by
collaborators from Oxford
University

Lee et al. Nature Communications 12 (2021) 6107.



Recoil-frame covariance analysis

(a) velocity-map images intensity
Fluorene CH CH
C13H10

0.750

0.625

“ 0.500

all fragments recorded
simultaneously per

laser pulse 0575

—> determine

statistical correlation 3km s 15kms” .
(b) recoil-frame covariance images

CaH,* cov(C,H,", C,;H,) cov(C,.H,", C,H,) ‘

velocity distribution of the
T ion of interest relative to

/’energy the trajectory direction of

.\. ' ’if-f ‘ the reference ion

CioHy*

3 kms” 1.5kms”

Vg

O cov(X,Y) = (X = (X)) - (Y = (1)) = (XY) = (X)|(Y)




Breakup of PAH2* XUV IR

. . . um probe
Recoil-frame covariance analysis pump

Fluorene
CizHio  c11 cov(CH,", CH,)| [cov(CH,", CH,) 1000

— . 9.00
C10 |=—: | T >

...... o . 8.00
...... 7.00
c8 1 - cov(CH,’, C,H,)
______ : 6.00

""" . - : : & 5.00

o e S

C9

C7

C6

Reference lon

C5

doi]e e e S 1t R S , 3.00

C4

01 X Ajisusju| soueEA0D

doi - AU B f . 2.00

C3
— 1.00

oo | ki D
: : : : : : ; L 0.00

C3 C4 C5 C6 C7 C8 C9 C10 Cif
lon of Interest using PImMS, U Oxford




PAH breakup XUV IR

. . . um probe
Recoil-frame covariance analysis pump
< At >
Fluorene
10.00
CisH1o c11 cov(C,oH,", CH,)| | cov(C,H,", C,H,")
. 9.00
C10 13t T 5
. T o . 8.00
also generation of c9 : ' 8
neutral fragments { « <
""" ™™ 7.00 Q
c c8 |[—: : f - cov(C,H,’, CH,) o
@) 1 = | !
= T s i : 600 3
8 c7 B O ®
qCJ """ : : T : é 500 3
— : : 1 ; : ol
) C6 : : 1 4 | 1 % L g
oS S e e ey w0 g
Cocs| if | : || g
Hotn) = L s  — e , 3.00 X
c4 3 N | . b =
N RO (SN SO AN S S S S T 200
C3 : : : : ' : ' :
_ — 1.00
C2
- 0.00

C3 C4 C5 C6 C7 C8 C9 C10 Cif
lon of Interest using PImMS, U Oxford




lon Yield (arb. units)

XUV
lon-TOF mass spectra pump
0,2 -
Parent cations

He" Dications  Multiple

0,1 1
H loss
H,0"*
(Parent - C,H,)**

0,0

! f

Trications (Parent C Hz)

DESY °

T — —
0 25 50 75 100 125 150 175 200

m/q (amu/e)

Formation up to the parent trication
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Pump-probe delay curve
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Pump-probe delay curve
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Pump-probe delay curve
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Pump-probe delay curve
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Pump-probe delay curve
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Pump-probe delay curve
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Pump-probe delay curve
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Schematic of the PAH states
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Schematic of the PAH states
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Delay-dependent yields
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Delay-dependent yields

Exponential Lifetime / fs

Charge State | FLU | FLU (Theory) | PHE PYR
PAH* 35 £ 8 54 £+ 2 20 £ 17 162 £ 71
PAH™* 57 £ 13 42 £ 8 76 £ 14 | 24 £ 11
PAH* 17+ 5 — 74 £19 (28 £ 10

» green: IR pump — XUV probe

. _ A Monte Carlo sampling procedure is used to
blue: XUV pump — IR probe obtain the relaxation times of the PAH**
 red: change in signal due to different PAH species.

ionisation rates populated by the pump laser
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Summary PAH photophysics

fs time-resolved pump-probe experiments (XUV-IR)
using CAMP@FLASH

relaxation lifetimes of PAHs in different charge states
—> ultrafast relaxation of electronically excited. states
break-up processes of PAH dications:

—> various combinations

—> release of neutral acetylene




Summary and conclusions

PAH spectroscopy covering different wavelengths

accurate structures using rotational spectroscopy,
including molecular fingerprints

PAH clusters: rather similar IR spectra, large clusters can
be observed, observation of delayed fragmentation

C insertion & elimination as well as rich substitutions
observed in PAH electric discharge

Using CP-FTMW spectroscopy: highly'unsaturated carbon
chains observed in electric discharge experiments using
various precursors

Time-resolved analysis upon XUV excitation réveals
ultrafast relaxation & fragmentation |
THANK YOU!
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FLASH: The XUV to soft-X-ray FEL in Hamburg
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Phenanthrene and its (many) clusters
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* Emission of IR * Energy redistribution * Cluster dissociation

. work in progress...
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PAH breakup Fluorene XUV R
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PAH breakup Fluorene XUV R
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PAH breakup Fluorene XUV R
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PAH breakup Fluorene XUV R
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PAH breakup Fluorene XUV R

C13H10 .
Time dependence pump probe

CsHx* momentum profile At

A
N

ol (1, 2) channel

‘TU) .....................................................
g 2o 0.75
o)
= 20 I
©
< o
x 1 5 ------------------------------ 00 DDDDD OO oopood—g,
g (1, 0) channel i
g
c 1.0 00 L
GEJ only small effect of O
o IR on dynamics o L(1,1) Channelég
. - A []\ -
2 0 . 5 I /E]/; D\DDD\DDD\DDDDDDDDDDDDDDDDD‘
06 | d i

O

0.0 0.3 -]DDDDDDDDDD i
-0.50 -0.25 0.00 0.25 0.50 0oL ]
Pump-Probe Delay / ps g °¢[(1.0) Channel: o

06 | E]/ ofad o o0 DDDDDD O]

L soPoo 005 0 i

04 - .

[ o DDD/ .
0.2 n0p—0opood : i

Normalized Channel Intensity / arb. units

0-0"...1....1....[....1....1....1....1....1.‘
-0.50 -0.25 0.00 0.25 0.50 0.75 1.00 1.25

Pump-Probe Delay / ps
DESY. 52




PAH breakup Fluorene XUV R
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Secondary fragmentation — elucidating mechanisms
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Secondary fragmentation — elucidating mechanisms

C.H,*, C;H.* (ref) [l C.H,, CH,* (ref) CoH, ", CJH, (ref)
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Secondary fragmentation — elucidating mechanisms
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Secondary fragmentation — elucidating mechanisms

C.H,*, C;H.* (ref) [l C.H,, CH,* (ref) CoH, ", CJH, (ref)
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