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Free Electron Laser: widely tunable, high intensity
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Other common IR laser sources

CO: laser
line tunable 9-11 um

OPO: thump = thignaI + hvidier

tuning range depends on NL crystal transparency

~3.0 um 1064 nm  dye laser

DFG: hv= thump- hvtune

tuning range depends on NL crystal transparency

Quantum cascade / diode laser

narrow tuning range

Far IR Time-Domain Spectrometer

THz range (<100 cm-1)
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Infrared spectroscopy

N, 0'/-\ Detector

Typical values:
oA)In~0.1-1

o~ 1019 cm?

Dispersion device

Entrance slit

o

| ~10 cm
Source 9 ne~ 1018 cm'3
T(A) =1,/ 1y=egoBIn <
\ What if we have only
104 molecules cm~3?

Lambert-Beer law



vibrational spectroscopy in polyatomic molecules

Normal modes may resemble local modes
One (or few) oscillator contributes dominantly to normal mode
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The QM 1-dim harmonic oscillator — a diatomic molecule

Linear restoring force: F(x) = —kx
Harmonic potential: V(x) = %kx2

Taylor expansion of potential: V(x) =V, + [

constant J \J

O at equilibrium

h? 92
Hamiltonian: H = _Zﬁ-l_ “kx?2 = HY = EyY

1
Squtions:Ev=(v+%)hw and Y, (x)~H, e o 20X
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_Lox2
Vibrational wavefunctions: 1, (x)~H,, - e 2"

r)=1

r) = 2x Hermite polynomials

r) = da® — 2 2 _ n, x> —x?
x)=(—1)"e* —e

r) = 8z° — 12¢ n(x) = (=1) dx™

= 322° — 1602° + 120z

r) = 64x® — 4802* + 7202% — 120

r) = 12827 — 13442° + 336027 — 1680z

r) = 2562° — 35842° + 13440z* — 134402% + 1680

r) = 5122”7 — 921627 + 48384x” — 80640x° + 30240z
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Vibrationele golffuncties met Hermite polynomen
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Vibrationele waarschijnlijkheidsverdeling
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Intensities / selection rules: tranition dipole moment

Taylor expansion for dipole moment: u(x) = uy + [%] X+ -
x=0

I'DM = fool/)v.u(x)l/)v’dx —

.Uof 1/)v1/Jvrdx + d—“ Yx rdx

O due to
orthogonahty

dipole derivative



Vibrational wavefunctions are orthogonal
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Overlap vibrational wavefunctions = selection rules
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TABLE 16.5 The Character Table for the D,4, Point Group

CH stretch normal mode. ¢ a® ab ow o(xy) olxz) oly)

1

Ag 1 1 1 | 1 1 1 1 xz,yz,zz

B, 1 1 -1 -1 1 1 -1 -1 R, xy
voor C2Ha (D2n) B 0§ 4 4 o 1 - R x

By, 1 -1 | 1 1 =] 1 R, yz

A, 1 1 1 1 -1 - -1

By 1 | —1 -1 -1 -1 1 z

B,, 1 -1 1 —1 -1 1 1 y

By, 1 -1 -1 1 -1 1 -1 3
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Vibrational structure of molecules

3N - 6 vibrational normal modes / frequencies
Complete orthogonal set

Vibrations assumed to be harmonic oscillations

F(z) = —kz
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Normal modes — localized vs. delocalized

NH bend 1561 cm-1 CO stretch 1729 cm-1
CH stretch 3094 cm-1

%ﬂ;% ﬁ;\{—% 5%;11

delocalized 661 cm-1
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Energy

Anharmonicity — Morse potential

Dissociation Energy

Harmonic

¥

I, ZPE

Internuclear Separation (r)






What determines spectral linewidth?
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What determines spectral linewidth?

Homogeneous broadening
- lifetime (excited state)
- pressure broadening
- transit time

Inhomogeneous broadening
- solvent (or environment) interactions
- Doppler broadening (velocity distribution)
- conformeric heterogeneity

Unresolved fine structure (rotational, T-dependent)
Instrumental resolution



supersonic molecular beam expansion

P ~10-° mbar

"'-'!r:'"_.

P -10-% mbar
F -2 bar

Temperature lowered (conservation of energy):
1. Fewer quantum states populated (Boltzmann distribution)
rotational: pop ~ (2J+1)exp[E,/KkT]
vibrational: pop ~ g ¢ exp[E, /kT]
2. Fewer conformational structures populated (freeze out)
3. All molecules move in same direction
4. All molecules move with same velocity (no collisions)
reduce Doppler broadening
low velocity spread = low temperature
no interactions, molecules are isolated
5. Stabilize weakly bound complexes (e.g. M-Ar)




Laser Probes of Conformational Isomerization in Flexible Molecules and Complexes

Timothy S. Zwier’
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Conformational energy landscape

As function of two torsional coordinates
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Maxwell Boltzmann velocity distribution
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Typical molecular beam parameters

Terminal velocity ~ 500 — 1000 m/s (depend on seed gas Vo, ~+/ 1/m)
Beam diameter ™~ several mm

Density ~ 104 cm™3
Seed ratio ~ 1 — 10 percent

P ~10-% mbar

I(V) = Ioe_a(v)nl

P -10% mbar
P -2 bar

a(v)nl =~ 107%cm?10%em=310"1em
~ 107>

can hardly detect
attenuation of

light beam 0 — 5

Meat
[ | ammaonia
beam

1.000 1500
Velocity (ms=")




Spectroscopy in molecular beam
determine decay time instead

Cavity enhanced methods of attenuation of intensity-
Insensitive to intensity fluctuations

Cavity ring down spectroscopy

I(t)

without sample (z,)
¢ / with sample (1)
\
\ | \
E— 2 >
[z I(t) = Iy exp(—t/T)
Laser pulse "\/L' 1 ’
L -
Mirrors Time

T = n. E molecular absorption (A dependent)
¢c 1—R+ IM* other losses
\f mirror reflectivity = 0-99999...
Note: R = R(A)




Action spectroscopy in molecular beam
UV/vis (electronic spectroscopy)

F/UOI“e
. SCe
Laser induced fluorescence (LIF) 1ce

quﬂ/?f:um
detect fluorescence with photomultiplier

Yield/s
 Tune laser A: excitation spectrum

* Fixed A, disperse fluorescence: ground state spectrum
|
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R s T .
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Action spectroscopy in molecular beam
UV/vis (electronic spectroscopy)

1 L_ri a2 ar—\

Lase

Conical intersection may quickly remove electronic Le
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Photochemical selectivity in guanine—cytosine

base-pair structures

Watson-Crick

Ali Abo-Riziq', Louis Grace', Eyal Nir', Martin Kabelac*, Pavel flobza*, and Mat‘tanjah S. de Vries™

33000 34000 cm-1

Fig. 2. REMPI spectra recorded at the mass of guanine-cytosine (B and
C), 9-ethylguanine-1-methylcytosine (A1), guanine-cytidine (A2), and
guanosine—cytidine (A3). All spectra are one-color, two-photon spectra, ex-
cept B, which is a two-color spectrum with 266 nm for the ionization laser. All
spectrawere recorded at the parent mass of the respective cluster. The cluster
structures in the figure were optimized at the DFT (B3LYP/6-311G**) level.

Jfl‘r l\f)ﬁ"a_'é;firf -h}‘?‘ @
a28 041 2 9.681 .’_. ( aB (
W3 EHEH

-

Fig.1. Twenty lowest-energy hydrogen-bonded GC structures. Stabilization
energy for each is indicated in kcal /mol relative to that of the lowest-energy
configuration, the WC structure (11). Blue circles indicate structures that are
not possible with 1-substituted cytosine, and gray circles indicate structures
that are not possible with 9-substituted guanine.

PNAS 2004



Action spectroscopy in molecular beam
UV/vis (electronic spectroscopy)

Resonance enhanced multiphoton ionization(REMPI)
detect ions (combine with mass spectrometry!)

 Tune laser A: excitation spectrum
f\Time of Flight ms

TOF tube
A
e b ,
[s) Excimer laser
. 7.9 eV
mol . /
_ﬂq w4 beam Y. Laser Ne 2
e

Skimmer



Action spectroscopy in molecular beam
UV/vis (electronic spectroscopy)

Resonance enhanced multiphoton ionization(REMPI)

detect ions (combine with mass spectrometry!)
 Tune laser A: excitation spectrum

lon

lonization
Continuum ROSAY RANS
IPo Wavelength |
‘r - ?b
uv ho 2
S Intermediate state
1 hu 1
Vv . - - - i - - - Virtual state A 1
Intensity A
hu l
So Initial state 1

1+ 1 REMPI 2 +1 REMPI 2 + 1’ REMPI



Action spectroscopy in molecular beam
IR (vibrational spectroscopy) ?

Mirror reflectivity typically lower and over limited A range

No fluorescence in IR (Einstein A coefficient ~ v3, detectors
insensitive in IR, thermal background radiation, ...)

IR multiple photon excitation leads to dissociation rather
than ionization (IP > D,)



Action spectroscopy in molecular beam
IR (vibrational spectroscopy) ?

Resonant Ionization Using IR Light: A New Tool To Study the Spectroscopy and Dynamics
of Gas-Phase Molecules and Clusters

Gert von Helden,*" Deniz van Heijnsbergen,” and Gerard Meijer™=$ JPCA 2003
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Fullerenes have high D, and low IP Transition metals have low IP



Molecular beam / REMPI / ToF MS
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REMPI is conformation
specific!

S, € S, transition is slightly different for different conformers
of the same molecule
Excite one specific conformer with narrow-band laser



Combine UV and IR

e UV selects one conformer
e |R probes that specific conformer






IR-UV ion dip spectroscopy

ion

Probe
Fix A




IR ion-dip spectroscopy
Combine with UV ionization (REMPI) spectroscopy

Mass spectrum — % ion
uv

.1ll.@ ———
L —
0 200 400 mass (amu)
\UV scan
REMPI spectrum IR spectrum

all conformers of egch conformer

1[\ IR scan
IR

L
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— — ]
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IR-UV hole-burning spectroscopy

(iii)

ion

Probe
Tune A




lon dip spectroscopy
Neutral molecules in beam
Conformer selective due to UV excitation step !

Application to tryptophan

=Different conformers with different H-bonding network
=Stabilization by intramolecular hydrogen bonds

=Can we see differences in the IR spectrum ?



REMPI spectroscopy of tryptophan
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lon dip spectroscopy of tryptophan

Relative cross-section (arb. u.)
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Bakker, MacAleese, Meijer, von Helden, Phys. Rev. Lett. 91

203003 (2003)



_2 IR-VUV double resonance spectroscopy

If no chromophore is present: valine CHa
VUV HaC
118 nm
Not conformer selective
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IR-VUV double resonance spectroscopy
If no chromophore is present: NMA
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A gl d Spectroscopy in far-IR
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Normal modes — localized vs. delocalized

NH bend 1561 cm-1 CO stretch 1729 cm-1
CH stretch 3094 cm-1
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Born-Oppenheimer Molecular Dynamics

Alternative method to compute IR frequencies

H.(r;q)¥(r;q) = E.(q)¥(r;q)  Solve t.i. Schrodinger eq for nuclear geometry q
}' (single point calc of electronic wavefunction)

0E, d*q, Determine PES derivatives to calculate new
7 atom positions

Trajectory on ‘on-the-fly’ calculated PES

v

Take FT of fluctuating dipole moment
over trajectory

we @& A R O N 2 @ 0@ O
GO [ SRR | A I

21w’ [
lw) = 2 Ej' J de(5M(2) - SM(0)) exp(iwt)
aC
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Probing dynamics
Finding the barriers between different conformers

a) Cooling in Expansion

Hole-burn

Boltzmann distribution of
conformers prior to-expansion

b = . . Collisional re-cooling to zero-point
) Initial Cooling in Expansion vibrational level

Probe

Boltzmann distribution of
conformers prior to expansion

Excite single conformer
with well defined energy /'/'
New conformer distribution
detected via LIF




LIF spectrum A
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Probing dynamics
Finding the barriers between different conformers
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Mass spectrometers

Determine molecular weight based on trajectories of ionized
molecule in electric or magnetic field



Using E- and B-fields to measure molecular weights

Gravitational force can be ignored!
Forces

F=ma = q(E + vB)

F
where q = charge - , F >> F
E = electrical field i E g
v = velocity g FL >> Fg
B = magnetic field

Gravitational force: F, = mg = atomic mass x 1.66x1027 [kg] x 9.8 [m/s?] = 102 x amu [N]

Electrical force: F; = qE = 1.602x101° [C] x E-field [V/m] ~ 10719 x field [N]

Lorentz force: F, = qvB = 1.602x101° [C] x 400 [m/s] x B-field [T] ~ 10-1¢ N x B-field [N]



Time-of-flight (TOF) mass spectrometer

Wiley MclLaren type

O E E ions signal
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Vi> V2 MCP detector
N ) MICROCHANNEL PLATE

1
Ly, =qU =E, = Em*vg , U= (Vi+V2)/2

L _ 20U t=dﬁ
-> m V2u Vg

. .
N
ELECTRODING \ \\\ H-RAYS
(on each face) Y *,
‘ N D
\ -
__\ — — -

e

o
GLASS STRUCTURE CHAMMWELS
CQUTPUT ELECTRONS

=103y



Wiley MclLaren type TOF

Space focusing

d
S
4_
@Ot 0
1 e >®
Vi V2 O

rep extr field free region

dt/ds=0 = V1/V2 :space focusing

Space focusing corrects for spread in kinetic energy

Wiley, McLaren, Rev. Sci. Instrum. 26, 1150 (1955)



| Lorentz force

Right-hand rule (for + ions)
Thumb: ion velocity v

Index: magnetic field B
Middle finger: Lorentz force F,

F =qv®B

Absolute value only:
F. =qvB(sina)

o = angle between vand B
oo =90° - sin(90°) =1




lons moving in B-field

current in coils
around yoke

beam of
positive
ions

2qU

Remember from TOF: V= |——

m

F. always perpendicular to v
—> ion traverses a circular path

m v*

FL=qB=F.=——

I

F.=centripetal force

myV

f = —
qB

m _rzB2

qg 22U

.

Momentum —
magnetic sector
is @ momentum
analyzer




Select KE with electrostatic analyzer (ESA)

positive ESA plate

negative
ESA plate

/

divergent ion \ /

\ beam \ radius re
/
entrc?_tnce 2 / exit
sli

ESA angle ¢

#ig. 4.21. Direction focusing of a radial electric field. Ions of appropriate kinetic energy are
Socused at the exit slit. Divergent ions pass the ESA close to either plate. Here, the electric
potentials are set to transmit positive 1ons. The image distance /. depends on the ESA angle.

m v

|:e:qE:FC:

r

mv2 e—

' Kinetic energy selector

2qU 2U
gE substituting V= | gives I =—

m E



Double-focusing sector instruments

‘Forward’ geometry: first electrostatic, then magnetic (EB)

electrostatic
analyzer

(+)

magnetic
analyzer

I
|
|
| energy resolved
1
|

beams
— hypothetical beam i fggg;eiﬁﬂ'
single mass dual energy
=1 7ok
source slit c:oll:ltizttor im;ge

Nier-Johnson geometry

No slit after electrostatic analyzer

R>10,000 possible



Fourier transform ion cyclotron resonance

) 5 ) FTICR MS
V X v
F F
Lorentz force
2
Vv
quB =m-—
r
w=angular frequency of the ion (rad s1)
V=w-TI g=charge (C)
B=magnetic field strength (T)
gB _
D= —— m=mass (kg)
m




QR | | o
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4.7 T actively shielded magnet  Es| source (2-Spray)

lon optics controls




Excitation and Detection of the ions

Initial cyclotron radius is very small

and ions have a random phase
- excite

coherent motion of ion packet
induces image current between
two oppositely placed electrodes
- detect

—
t

T—

Wt” el

@



Excitation and Detection of the ions

Excite

Mass-selective excitation also for ion

¢ manipulation:

1. Collisional activation
2. ejection

-

— TEI:IIII-E

2dB,

(S.1. units).

e|le

FIGURE 5. TUses for 1on cyclotron excitation. Left: Acceleration of 1ons
to form a spatially ccherent packet at detectable oriatal radis. Middle:
Increase 1n 1on kinetic energy to above the threshold for cellision-acti-

vated dissociation or reaction. Faght: Ejection of ions of a given mass-
to-charge ratio.




Resolution and accuracy

Same nominal mass,

Raw Diesel Feedstock Ci7H21* .
1pL Septum Injection . C1eHas* but different
Ci6H170
Measured Theoretical 16717 / elemental formulae.
C15H13S* 225.07326 225.07325 + :
C16H170* 225.12733 225.12739 015H138\ e.g. to determine S-
Cq17H21* 225.16375 225.16378 I ! !l l : :
Ci6H33*+ 225.25769 225.25768 ’J_‘ : content in crude oil
221 225 229
A AR : _ LUVl .
150 200 250 300
m/z

Marshall et al.
NHMFL, Tallahassee, FL



Quadrupole mass analyzer

A\ N N N
NVVAVVAV.VA
NARAEA
AT
oS Va = Voc + Vrecos(wt) . // v \\J/ v \// - \\/ /
Ve = = Voc — Vrecos(ot) N

0 2 4 6 8 10 12 14 16 18 20
time
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3-D quadrupole ion trap (QIT)
a.k.a. Paul trap

Wolfgang Paul (1913 — 1993)
Nobel Prize Physics 1989

1 ring electrode (middle) and two end-cap electrodes.


http://www.google.nl/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&docid=o9JBFzuIzYcVyM&tbnid=DlQJ5CLvX3l7JM:&ved=0CAUQjRw&url=http://zh.wikipedia.org/wiki/%E6%B2%83%E5%B0%94%E5%A4%AB%E5%86%88%C2%B7%E4%BF%9D%E7%BD%97&ei=IACOU9SxN4PrPOnfgfAM&psig=AFQjCNH-A48IqaJpnLEzksalroJ-bMhIfw&ust=1401901459505527

Stability diagram in z-dimension

=a.7

0.2 04 06 0.8 1.0 1.2 1.4 1.6

Figure 7. Stability diagram in (a,;, q,) space for the region of
simultaneous stability in both the r- and z-directions near the
origin for the three-dimensional quadrupole ion trap; the iso-8,
and iso-#, lines are shown in the diagram. The g,-axis intersects
the A =1 boundary at g, =0.908, which comresponds 10 g g in
the mass-selective instability mode.

Note: DC voltage between
ring and end-cap electrodes

If Voc=0, a,=0

Very similar to
guadrupole filter
(transmit wide range of
m/z’s), in QIT trap wide
range of m/Z’s.

For a,=0, B,=1 q,=0.908

“ \pe (Outside of q,<0.4 limit)



Ejection at the stability limit

If U=0, a,=0
B RBel
== r,? + 22,007

e g value inversely dependent

on m/z = higher m/z ions have

lower g values

e if g>0.908 ion will be
ejected along the direction of
the end-caps

e by increasing the rf ring
electrode voltage,
progressively higher m/z can
be ejected from the trap

a;

| I T T |)

0.2 04 06 08  0.1g,

Figure 2.20

At a fixed value of the RF potential V applied to the ring electrode, heavier
ions will have lower 8, values and thus lower secular frequencies. If V is
increased, B, values increase for all the ions, as do the secular frequencies.
In the example given, the lightest ion now has a B value larger than unity
and is thus expelled from the trap. The highest mass that can be analyzed
depends on the limit V value thar can be applied: around 7000-8000 V
trom zero to peak. For a trap having 7, = 1 cm and operating at a v

frequency of 1.1 MHz, the highest detectable mass-to-charge ratio is about
650 Th
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