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asstraian Autodetachment of CH,CN™

National

niversity Why CHQCN*?
Reasons for studying the cynaomethyl anion:

@ CH,CN™ is an important molecule in diffuse interstellar bands

@ It is an excellent prototype for studying dipole bound states of negative
ions:

Electron affinitey (EA) is well defined

Vibrational frequencies are well known

Neutral has a large dipole moment (~ 3.6 D)

Autodetachment resonances have been observed above threshold

Autodetachment in CoH30M Autodetachment in CH,CN
CoH30™ at 609 nm CoH30™ at 612 nm CH,CN at 660 nm CH>CN at 661 nm
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fustralen Autodetachment of CH,CN™

What is autodetachment?
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. If we know the photon energy hr and can measure the
electron kinetic energy eKE, then we can calculate the
binding energy BE

BE = hv — eKE

Now repeat for millions of ions, photons, electrons ...

Number of electrons (normalized)

Electron binding energy (eV)

What about excited anion states?

@ Excited electronic states in anions are rare

@ However if molecule had a permanent dipole 2 2D it may
support at dipole bound state (DBS)

@ Analogous to Rydberg states in neutrals:

o Foc1/r? not oc 1/r
e Only 1 or 2 states, not o

@ Weakly bound (< 100cm™1)
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Autodetachment of CH,CN™

What is autodetachment?

Anion photoelectron spectroscopy:

What about

Q

If we know the photon energy hv and can measure the
electron kinetic energy eKE, then we can calculate the
binding energy BE

BE = hv — eKE

Now repeat for millions of ions, photons, electrons ...

excited anion states?

At all photon energies we still get regular
photodetachment. However, if the photon energy hv is
resonant with an energy level in the DBS, this opens a

new absorption channel.

Changes the relationship between ¢ and hv!

10 1 20
Electron binding energy (eV)

2 30
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fustralian Cross section experiments

Absorption spectroscopy of negative ions
Wigner threshold law

Absorption spectroscopy

@ If orbital has angular momentum /, outgoing @ Absorption only occurs if photon
electron must have momentum A/ +1 energy hv is resonant with a

@ Detached photoelectron experiences a transition.

centrifugal potential, V(r) o< £(¢ 4 1)/r? @ The resonance width includes both
Doppler broadening, and lifetime \

broadening, where Av > 1/2nAT I
(’J’O((GKE)H—]'/Z & 21/ |

o(a.u)
o(a.u)

00 01 02 03
v (ev) 00 01 02 03

hv (ev)

2 experiments at once!
Direct detachment + absorption -> autodetachment
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fustralian Cross section experiments

Absorption spectroscopy of negative ions
Wigner threshold law Absorption spectroscopy

@ If orbital has angular momentum /, outgoing @ Absorption only occurs if photon
electron must have momentum A/ +1 energy hv is resonant with a
transition.

@ Detached photoelectron experiences a
centrifugal potential, V(r) o< £(¢ 4 1)/r?

o(a.u)
o(a.u)

@ The resonance width includes both
Doppler broadening, and lifetime \
broadening, where Av > 1/2x ATt

(rO((eKE)H'l/2 H
I\
00 02”6\”“ 03 00 01 02 03
hv (ev)
What does this look like in CH,CN™7?
Photoelectron spectrum of CH,C™ Cross section measurements of CH,CN™ el
at 650.3 nm? o g 3. 5 35 3
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[2] Lyle, J. Chem. Phys. 147 234309 (2017) ~  ==2822% L REREERL
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fustralian Cross section experiments

Absorption spectroscopy of negative ions
Absorption spectroscopy

Wigner threshold law

@ If orbital has angular momentum /, outgoing @ Absorption only occurs if photon
electron must have momentum A/ +1 energy hv is resonant with a
transition.

@ Detached photoelectron experiences a
centrifugal potential, V(r) o< £(¢ 4 1)/r?

o(a.u)
o(a.u)

@ The resonance width includes both
Doppler broadening, and lifetime \

broadening, where Av > 1/2nAT |
ooc(eKE)+1/2 & =1

0.0

What does this look like in CH,CN™7?

02 03

0.1
v (ev) 00 01 02 03

hv (ev)

Cross section measurements of CH,CN™ 2]

o, 2 a1 G 4 122 A2
' % 3oz, % 3% 3

High resolution cross section

0.5

measurements can map out

04

the absorption channels to the
DBS - but what about the ” Hm D

02

detachment channels?

[2] Lyle, J. Chem. Phys. 147 234309 (2017) #gpugac EREEEER
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Experimental set-up
ANU photoelectron spectrometer

VMI Detector
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Experimental set-up
ANU photoelectron spectrometer

@ Radial position only depends on electron velocity, r o €

@ All energy and angular information from event, with ~ 100% efficiency
G @ High resolution, A€ x €

TOF Chamber 2" Potential Switch

1
w

ov -2.2kv -2.2kV :-1.65kV 0

cco camera 2D Projection 3D Slice

MCP Plates And
Phosphorus Screen

Inverse Abel
—_—

Transform

R~ Repeller
E - Extractor
G - Ground
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asstaian  Photoelectron spectra of CH,CN™

National . .
nversity  \/ibrational structure

Photoelectron spectrum of CH,CN™ at 532.1 nm

5 EmmmSRS—— Calculated frequencies!®!
Mode | CH2CN™ (G) | CH2CN (Gyy)
wl(al) 3148 3177
2 wa(a1) 2087 2117
w3(a1) 1419 1453
o wa(a1) 1061 1023
§ W5(b1) 130 640
we(b1) 552 410
wr(b2) 3232 3289
we(b2) 1015 1032
0 wo(b2) 418 361
vs umbrella mode
- @ Due to inversion doubling of the umbrella .
mode, AEvs =0 — vs = 1 is only Transitions of by symmetry
o ~ 130 cm™! with Av = odd, should be
N @ Therefore, the v5 = 1 hot band in the totally forbidden!
- d anion is substantially populated

[3] Weichman J. Chem. Phys. 140 104305 (2014)
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Photoelectron spectra of CH,CN™
Hunting for autodetachment resonances

CH,CN -

eBE (cm™?)

Searching for resonances
Looking for autodetachment resonances requires a LOT of
measurements

@ Looking at how the intensity varies with hv gives us information
about the absorption channels

e > 130 wavelengths measured
e — energy structure of DBS

@ By measuring a full PES at each ), the intensity variation with
eKE gives us information about the autodetachment channels

e High resolution, > 1 million electrons per A

@ By combining both sides of the problem, we can get a full picture
of the DBS chemistry

— a lot of data to try decode...

12 peaks of interest found: A-L
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asstaian  Photoelectron spectra of CH,CN™

National . .
Universty  Assigning resonances

650 — 675 nm  cp,en- Peak A

@ Appears to be forbidden 5(1) transition

M4 066nm @ Is not sensitive to hv - not AD
M 663.064nm

Peak B
661.564nm

@ Very sensitive to hv - likely AD
B
661.214nm @ Narrow resonance suggests long lifetime

661.114nm

660.564nm
M 660.064nm

659.064nm
O,M sy 650.0640M

7

7 T 7
12000 13000 14000 15000 16000 17000
eBE (cm™?)

intensity (arb. units)

Absorption Autodetachment

A hv =15.126 cm-

£ = 637.03(8) cm
FWHM = 19.2(2) em-

lstee  1sioe  1siz0  1si40  isieo isieo 00 30 40 sto 60 70 80 900 1000
Photon energy (cm3) Electron kinetic enrgy (cm)
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650 — 675 nm CH,CN -

B

intensity (arb. units)

i

M/\ 674.066nm
M 663.064nm

M 661.114nm

M cs0.s64nm
660.564nm
659.064nm

661.564nm

661.214nm

g 650.06'4nm

: : : :
12000 13000 14000 15000 16000 17000
. eBE (cm™
Absorption ¢ ) Autodetachment
300 . 107 = 15126 e
b vk e BRSTOST
\ I
|
o I
I
[ ! \
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Photon energy (cm ™)

Electron kinetic enrgy (cm)

[4] Simons J. Am. Chem. Soc. 103 3971 (1981)

Photoelectron spectra of CH,CN™
Assigning resonances

15000
14500

14000

By measuring both hv AND
eKE we can assign the
resonance!

13500

I

Follows the expected propensity
rules Av = +11
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intensity (arb. units)
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Photoelectron spectra of CH,CN™
Assigning resonances

{ A Fus
[N St A mememinast | Wt papanedth 692,660

M

691.900rim
691.760rm
691.710Mm

691.700nm

691.680nm

691.650r{m

691.610rm
691.560rm
691.4201m

689.710pm

GSS.OJ)Onm

12000 12500

13000 13500 14000 14500 15000

eBE (cm™)

Peak A
@ Forbidden 5(1, transition still present 1000
Peak C

@ Sensitive to hv, but over a larger range

14500

14000

@ Broad structure in the eKE domain
Peak D 1500
@ Very sensitive to hv

@ Very sharp resonance in the eKE domain

12500

Multiple autodetachment channels to assign in
peak C
0 — 35! 5% e
00 -5 55246
5, — 3151 52 e
eKE range ~ 600 — 800 cm™!
All follow Av = +1
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asstaian  Photoelectron spectra of CH,CN™

National . .
niversity A55|gn|ng resonances

685 — 694 nm chyen- Peak A =
N @ Forbidden 56 transition still present e
1\
i Peak C esto ’
I\ .
Il h ,f& @ Sensitive to hv, but over a larger range
L S “Anontinat 1) Wik 692.660nM 14000
@ Broad structure in the eKE domain !
691.900m Peak D e
‘\«Wwf“wxmwm” Mty 691.7601m @ Very sensitive to hv
691.7101m @ Very sharp resonance in the eKE domain
691.700rim 12500
D

Kinetic energy of peak D does not match the
691.6800m Main Vs progression

intensity (arb. units)

)
M \ 00 = 4% 5 4l o™

(
\

[ \

I\ f M s00

N o1 cs01)
bl ) Nty 61650 range = 966 — 968 cm !

Follows Av = *+1
‘ N\‘ 691.610rm S
I [\ WAty il 69156071 Very narrow resonance!
691.420m \ ot
689.710hm - \

685 OJmnm

12000 12500 13000 13500 14000 14500 15000
eBE (cm™?) BAL ANU 15 / 24




asstaian  Photoelectron spectra of CH,CN™

National . .
Universty  Assigning resonances

Peak C
@ Sharp resonance sitting on top of the 1000
peak we saw last slide s
697.000nm)| 14500
696.900nm| Peak E
696.800nm) @ Very sensitive to hv range :

@ Very sharp resonance in the eKE domain ,,,
Peak F

@ Sensitive to hv, but over a larger range

696.600nm|

13000

696.450nr

@ Broad structure in the eKE domain 2500 ¢
g 696.350nm . i 3 o 1
2 o6 500mn  Absorption into 5° and 56" bands of the DBS.
E; so6.250n] Peak C — 52
2 606.200nn] Peak F — 5t o0
g Peak E — 637
696.100nn 500

Peak E has an eKE = 706 cm™! suggesting
detachment to mode 6°
£96.010nm But this would break Av = 41

695.990n! \

M
i A ops
I \M,N/ Mg \Nw 695.970nm 200
695.950nr
]\V\A 695.900nn y

M//M‘m ok 692.660n|

14000 14500 15000

12000 12500 13000
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asstaian  Photoelectron spectra of CH,CN™

National . .
Unwversty  Assigning resonances
697 — 703 nm crpen- Peak F
@ Broad resonance F is still present
M 03,0000 @ Position of F walks with hv
W Peak G
702.000nm @ Sensitive to hv, but over a larger range
701.500nm @ Broad very high resolution structure in the eKE
701.000nm domain
700.000nm
699.200nm @ Very small kinetic energy - likely 53 — 5261

M 699.000nm Peak H
|
M\ JNL i @ Very sensitive to hv range

M N ) 9700 @ Very sharp resonance in the eKE domain

698.500nm @ Not readily assignable to an allowed autodetachment
698.400nm

698.300nm transition

698.200nm Peak I

698.000nm

intensity (arb. units)

@ Very sensitive to hv range

@ Very sharp resonance in the eKE domain
697.700nm

@ Not readily assignable to an allowed autodetachment

697.500nm transition

697.400nm|
697.300nm
697.200nm

Analysis of this region is a work in progress!
: Q97 000nm)
14000 14500 15000
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asstaian  Photoelectron spectra of CH,CN™

National . .
Universty  Assigning resonances

721 — 781 nm cHyen- Peak J

@ Very sensitive to hv

@ Very sharp resonance in the eKE domain
781.150nm

i @ Position of J walks with hv

I MWW'M 768.650nm Peak K

e8.a50mm @ Sensitive to hv, but over a slightly larger range
768.350nm

@ Very sharp resonance in the eKE domain
768.250nm

M @ Position of K doesn't shift with hv
728.202nm Peak L

§ @ Very sensitive to hv range

:“z et @ Very sharp resonance in the eKE domain

é Tf: Tfi’:“ @ On the low eBE side of the origin!

) 726.570nm High resolution cross section measurements!?]

726.550nm
. °q
240 . Q, ‘Q,
726.180nm 2
|
|

l

A\NMWM 724.157nm

|
IV
/| \\MM

[ |
M
’,wa 723.450nm
*_,v_._f// \\ﬂww/' v 723.350nm
723.250nm
723.146 0.0
J/w 3.146nm 13650 13700 13750 13800 13850 13900
721.1500m

12000 1250 13000 13500 14000 14500 [2] Lyle, J. Chem. Phys. 147 234309 (2017) BALANU 18/ 24

Extra rotational structure near 13,900 cm™?!

Possible absorption to DBS 3! ?




asstaian  Photoelectron spectra of CH,CN™

National

Universty  Assigning resonances

721 — 781 nm chyen- High resolution cross section
measurements!?!
_E10- ' Q, ‘Q i La
781.150nm

13500

M_.J‘ NLJ» 768.650nm

768.450nm
13000
768.350nm

768.250nm

cm’)

12500

)

€

E

s .

5 726.850nm

2

2 00

2 726.650nm

5

g 726.640nm
726.570nm s00
726.550nm

MM 726.180nm

A,_/ WVMM 724.157nm
0.0
/_’JMM 723.450nm 13650 13700 13750 13800 13850 13900 200 \ "I
_A,_._,// \\»-\W/'M’J W 723.350nm
723.250nm X = 723.146nm ~ 13830 cm

W 723.146nm 100 Lo
i i : ’ 721.159nm

12000 12500 13000 13500 14000 14500 [2] Ler, J. Chem. Phys. 147 234309 (2017) BAL ANU 19 / 24




asstaian  Photoelectron spectra of CH,CN™

National

Universty  Assigning resonances
721 — 781 nm chyen- Peak L

@ Very sensitive to hv range

14000

@ Very sharp resonance in the eKE domain #a,

781.150nm
. M @ On the low eBE side of the origin!
A J\ ;ﬁ 768.650nm Can we work out the transition? .
S @ EA (CHoCN) = 12,468 cm !

13000
768.350nm

hv = 13,011 cm™!
768.250nm

d o
728.202nm @ eKE(L) = 656 em™1

) \ |
g M
£ N 726.850nm 1
2 vs inversion splitting = 113 cm™"!
2 726.650nm
£ J‘W‘\ oo 726.64001T
726.570nm cood 500
726.550nm 1500
1000
726.180nm o
‘»‘ — 500
| A | =
JN 4\/‘” 2 ¢ 200
\ WAV M 724.157nm w
_ e ‘ o 24.157nm

/i A | 723.450nm 500 20
7 M .
I ey % 723.350nm 3
723.250nm v, umbrella mode
W 723.146nm 100 §
: 721.159nm

12000 12500 13500 14000 14500
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Anisotropy parameter g

Autodetachment of CH,CN™

What about the anisotropies?
Anion photoelectron angular distribution

3 model’! All of the direct detachment transitions follow a
Cooper-Zare like pd mixed-character curvel®

0.2 +’

000 |0
Fzuas

0.01

2(1 — 74) B2€e[A2€2 — 2A1€] + 274A2€2[1 + 6A2€2 — 18Az¢]

-0.24 10

Bpd =
P (1 — vq) B2e[1 + 2A2e2] + 74 A2€2[2 + 3A2¢2?]

_041
where the Hanstorp coefficients are defined as

—0.64

2
_lxi Ay = 1x23 B, — 1Xio

Ay L2
€ X1,0 € X2,1 € X34

0.00 0.25 0.50 0.75 1.00 1.25 150 1.75 2.00
ekKE (eV)

What about the autodetachment resonances?
@ All of the autodetachment resonances appear to be near isotropic

@ This provides a direct measurement of the character of the DBS orbital

@ The forbidden peak A transitions also appear definitively more positive
Peak A 56 transition likely a sign of Herzberg-Teller coupling!

[5] Khuseynov, J. Chem. Phys. 141 124312 (2014)
BAL ANU
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Anisotropy parameter g

asstraian Autodetachment of CH,CN™
National . .
What about the anisotropies?

N
S

180"
270

i 0
d modell! 0

|
o o
N o
h !
000 |0
Frase

|

I

IS
L

|

4

o
L

0 200 400 600 800 1000
Detector radius (pixels)

000 025 030 075 100 125 150 175 200 Difference in the anisotropy is very noticeable

ekKE (eV)

in the raw slice profiles!
What about the autodetachment resonances?

@ All of the autodetachment resonances appear to be near isotropic
@ This provides a direct measurement of the character of the DBS orbital

@ The forbidden peak A transitions also appear definitively more positive
Peak A 56 transition likely a sign of Herzberg-Teller coupling!

[5] Khuseynov, J. Chem. Phys. 141 124312 (2014)
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asstraian Autodetachment of CH,CN™

National
University What's next?
quickANUVMI.py: 781.15nm/4Feb19/CH2CN-4F1CM.bin Rotatio na |
calibrated
10] — PES
pgo
0.8
0.6 [ | ‘ i
0.4+ ‘N ‘W
\“
024 |
0.0

11600 11800 12000 12200 12400 12600 12800
eBE (cm™})

What more can we learn?

structure
768.35nm/7Feb19/CH2CN-7F1CMI1536PESBE.dat

1.0 08

0.81

I o
IS EY

intensity (arb. u.)

o
N}

0.0 4

11600 11800 12000 12200 12400 12600 12800 13000
eBE (cm~?

@ With rotational resolution we can extract more detailed information about detachment

mechanisms

@ Difference resonance "types’ have been observe - broad vs narrow resonances, is this a

difference in the lifetime broadening?

@ Can we deduce the exact rotational transitions involved in AD?

BAL ANU

23 /24



austraian  Acknowledgements

National

| Australian
<>/, National _i!«“ Australian Government
=23 University X' Australian Rescarch Council

BAL ANU 24 /24



