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Nuclear Spin Conversion
in Molecules

JonT.Hougen and Takeshi Oka

olecules with identical nuclei hav-  as initially shown by Bonhoeffer and
M ing nonzero spin can exist in differ-  Harteck in 1929 (3). Cnce prepared, a para-

ent states called nuclear spin modi- ~ H, sample can be preserved for mor*'
fications by most researchers and nuclear  » et

spin isomers by some. Once prepared in = .
o [review of C,H , study:

Sun, Takagi, Matsushima,
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Conservation and

Science 310, 1938(2005)]
preservation?

To conserve vs. To convert

To preserve vs. To pervert

or transition?

perversion
Widespread and extreme mixing.of species

reported in CF4, SiFy4 and SFg :

Ch. Borde, Phys. Rev. A20,254(1978)(expt.)
Harter, Phys. Rev. A24,192 (1981)(theory)



HOW CONSERVED IS ROVIBRONIC-SPIN SYMMETRY?

g1 What preserves it? versus What messes it up?
_ou
No Way!

...because nuclear moments...
...are so very slight...”
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or perverted?

HOW CONSERVED, IS ROVIBRONIC-SPIN SYMMETRY?

g1 What preserves it? versus What mixes it up?
No Way! WAY!

“..because nuclear moments...
...are so very slight...

E,’ = (é

...because levels of different species
are forced together by angular wave
localization or “level-clustering” or

..too darn small (~kHz)...

= (rarely) by “accidental” degeneracy
pertu%at n~| (A 3| spin- rovzb £, g5 ) |2

% E E “Accidental” degeneracy ?

= ‘4 1g3 - Ly 2g5 Lea, Leask & Wolf JPCSol.23,138 /(19 62)

= % . Level-clustering

= .too darn big (likelOMR2)... 5 0 =0 ison JMS 42,135(1972)

= ...exponentially E  Harter and Patterson PRL38,224(1977)

g tiny! < T] JCP 66,4872(1977)

= ik 50 — A RE Surface precession vs. tunneling

g (like 10~"Hz) Harter and Patterson JMP 20,1453(1979)

g JCP 80,4241(1984)

RE Superhyperfine transitions
Hyperfine effects may rule! A, T, E T, A, get seriously mixed up.

Ig — Harter, Patterson,and daPaixao, Rev.Mod.Phys. 50, 37(1978)
Harter and Patterson, Phys. Rev. A19,2277(1979) (CF,)

Harter, Phys. Rev. A24,192-262(1981) (SFy)




\)3/2V4 See RJ06 & RI09

Symmetry-level-cluster effects in SF' ., SiF’,, CH,, CF  Michel

4 & Boudo
Graphical approach to rotation-vibration-spin Hamiltonian

<H> ~ Vvib+B J( J+1 )_|_<HScalar Coriolis;+<HTensor Centrzj‘ugal>\+<HNuclear Spin>+<HTensor Coriolis~ +.

to help understand complex rotational spectra and dynamics.

OUTLINE
Introductory review Example(s)
- Rovibronic nomograms and POR structure v, and v, SF,

— Rotational Energy Surfaces (RES) and Gl‘é-cones v, P(88) SF,
—e Spin symmetry correlation tunneling and entanglement sr,

Recent developments

* Analogy between PE surface and RES dynamics

* Rotational Energy Eigenvalue Surfaces (REES) v; SF,



Graphical approach to rotation-vibration-spin Hamiltonian

I
<H> ~ Vvib+B J( J+1 )_|_<HScalar Coriolis> <y Tensor Centrifugal~ 1 <yNuclear Spin> 1 <y Tensor Coriolis> +. .

OUTLINE

Introductorv review Example(s)
-» Rovibronic nomograms and POR structure v, and v, SF,

K



<H>~V 'b+B J( J+1 )+<HScalar Coriolis>+<HTensor Centrifugal>_|_<HTens0r Coriolis>_|_<HNuclear Spin~ 4
vi
N+1 for : J=N+1
<H>~V_ +BN(N+1)+2B(1-()- {0  for:J=N
N  for:J=N-1 J — 3’

Rotation-polarized
HScalar Coriolis — 'BZ 2JTOtal.[vibe |x> + l|y>

= -B{[ J*-(3?-0)*+£?] mode

= B{[ - N? +7] =1
— B[ J(J+1)-N(N+1)+£(¢+1)] J =2<

mostly goes

— 6) _J left handed




<H> ~ Vvib+B J( J+1 )+<HScalar Coriolis > 4 < Tensor Cengrifugal~ 1 < Tensor Coriolis  <yNuclear Spin +

N+1 for : J=N+1
<H>~V_ +BN(N+1)+2B(1-)-{0  for: J=N|
N  for:

HScaZar Coriolis — -B Z 2 JTotal. [vibe
= B Z [ J2_( J2_ 5)24_ 132]
= -B{[J- N? +7]
= -BL[ J(J+1)-N(N+1)+£(¢+1)]

mostly goes

right handed
mostly goes

left handed




<H>~V 'b+B J( J+1 )_|_<HScalar Coriolis> y < Tensor Centrifugal~ < Tensor Coriolis~ y <pNuclear Spin>
vi
N+1 for : J=N+1 |

<H>~v_, +BN(N+1)+2B(1-()- {0  for:J=N
N  for:J=N;1

N

HScalar Coriolis — 'BZ 2 JTotal. Evibe
= 'BZ[ J2_(J2_€)2+£2]
= B{[F- N? +
= -B{[ J(J+1)-N(N+1)+£(¢+1)]

mostly goes
left handed




<H> ~ VVib+B J(J+ 1)_|_<HScalar Coriolis> 4 <y Tensor Centrifugal~ 4 <y Tensor Coriolis>  <fyNuclear Spin> 4

Summary of
low-J (PQR)
ro-vibe structure

(Using rovib. nomogram) |
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Graphical approach to rotation-vibration-spin Hamiltonian

\ |
<H> ~ Vvib+B J( J+1 )_|_<HScalar Coriolis> <y Tensor Centrifugal~  <fyNuclear Spin~ 1 <fyTensor Coriolis> 4

OUTLINE
Introductory review Example(s)
~¢ Rovibronic nomograms and POR structure v, and v, SF,

— Rotational Energy Surfaces (RES) and G[g—cones v, P(88) SF,



<H> ~ VVib+B J( J+1 )+<HScalar Coriolis > <y Tensor Centrifugal~ y < Tensor Coriolis > <Nuclear Spin> 4

Oy, or T; Spherical Top: (Hecht CH, Hamiltonian 1960) Kg=88 —88=ng
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SF s Spectra of Oy, Ro-vibronic Hamiltonian described by RE Tensor Topography

and J-cone intersection
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Borde’, et. al
PRL 45,14 (1980)

Borde’, et. al
PRL 45,14 (1980)




Graphical approach to rotation-vibration-spin Hamiltonian

\ |
<H> ~ Vvib+B J( J+1 )_|_<HScalar Coriolis> <y Tensor Centrifugal~  <fyNuclear Spin~ 1 <fyTensor Coriolis> 4

OUTLINE
Introductory review Example(s)
~¢ Rovibronic nomograms and POR structure v, and v, SF,

e Rotational Energy Surfaces (RES) and &/-cones v,rpes) sF,
—>» Spin symmetry correlation tunneling and entanglement sr,




(a) SF /s Rotational Structure FT IR and Laser Diode Spectra

K.C. Kim,W. B. Person, D. Seitz, and B.J. Krohn
J.Mol. Spectrosc. 76, 322(1979).
Primary AET species mixing
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(b) P(88) Fine Structure (Rotational anisotropy effects)
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Duality: The “Flip Side” of Symmetry Analysis.
OUTSIDE or LAB | LAB versus BODY,  STATE versus PARTICLE, ~ INSIDE or BODY

Symmetry reduction boils down to : Symmetry reduction
results in OUTSIDE versus INSIDE results in
Level or Spectral Example: Level or Spectral
SPLITTING Cubic-Octahedral O UN-SPLITTING
reduced to — .y
External B-field Tetragonal C, (“clustering”)
does Zeeman splitting Cy 0g 1y 24 34 jl\zternfl J geti “st‘uck” on RES axes
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Spin-Permutation to Octahedral Correlations S 00,

DISentanglement! ¢, o, | EyTie T Thg Ajp Ay, 4o,

How F-nuclei become

distinguished 4 |
(but not distinguishable) E
in SFg. T

|

If rotation is not too stuck on C, axis

:
]
%

all six @ nuclei are equivalent b

Species Spin Weights

Greatly simplified
sketches of ultra

M6 ¢ high resolution IR
SF g spectroscopy of

\ / Christian Borde',
\ ; C. Saloman, and
\ / Oliver Pfister
who did SiF 4, too.




FT IR ond Laser Diode Spectra
K.C. Kim,W. B. Person, D.Seitz, and B.J. Krohn
J.Mol. Spectrosc. 76, 322(1979).

(a) SF ¥, Rotational Structure
Primary AET species mixing
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32
1) SF, Y, Rotational Structure s FT IR and Laser Diode Spectra

| 054SF K.C. Kim,W. B. Person, D. Seitz, and B.J. Kroh
. - — | p{4o) P(6O) J.Mol. Spectrosc. 76, 322(1979).
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Graphical approach to rotation-vibration-spin Hamiltonian

| | | |
<H> ~ Vvib+B J( J+1 )_|_<HScalar Coriolis> <y Tensor Centrifugal~  <fyNuclear Spin~ 1 <fyTensor Coriolis> 4

OUTLINE
Introductory review Example(s)
~¢ Rovibronic nomograms and POR structure v, and v, SF,

—e Rotational Energy Surfaces (RES) and G[g—cones v, P(88) SF,
—e Spin symmetry correlation tunneling and entanglement sr,

Recent developments

 * Analogy between PE surface and RES dynamics
* Rotational Energy Eigenvalue Surfaces (REES) v, SF,




Potenial Energy Surface (PES) Dynamics
Inter-PES electronic transitions
Vibrational Franck-Condon effects
*Frequency mismatch of PES

Rotation Energy Surface (RES) Dynamics
Inter-PES electronic transitions
Rotational “Franck-Condon” effects
*Frequency mismatch of RES

\ /
\/A ~—~— / Analogy
ST between
\_//
\ / Vibronic and Rovibronic/
\ /
\ /
/
N e;MV

*Shape or position mismatch of PES
A
\ /

N

N1
\ / Duschinsky
\ / rotation or
\ / translation
NUENL




Non-Born-Oppenheimer Surfaces
Strong vibration-electronic mixing
Jahn-Teller-Renner effects
*Multiple and variable conformer minima

Rotation Energy Eigen-Surfaces (REES)
Inter-PES electronic transitions
Rotational JTR effects
*Multiple and variable J-axes

Analogy
between
\ \ / / Vibronic and Rovibronic Example for 2-state
\ A/ vibronic-rotor coupling ~ Avoided
\ \\_//// // crossings
\_/
N\ X / Outer
\___/’\_/
RE
eigen-
surface
\ /
\ / Inner
‘ N/ / RE
\ /
\\ S ! / .
\ N 7 eigen-
Y— <7 surface
~ ~——— -~
N— /




Recall scalar Coriolis

POR plots vs. B( oo}

Here 1s a J=60 piece of it:

B~
o]

N=60=J

=6/=J+1
-0.5 BZ=0 +0.5

Now consider this plot

with fensor Coriolis, 10Oy

(Just 41 _rank [2x2]4 tensor here.
See next talk RJ06 and a 4pm talk RI09
by Mitchell er. . and Boudon e . Who will

pull much higher rank!)

EXACT Dl.&GONALJgﬂTlON J=60
1 I I | 1

WGH,
P*(el)_R Patterson,
Galbraith
JCP 69, 4906

(1978)
N=59=J-1 ¢ T =i -
=
g
J=60 i —

.50 -040

i

ENERG
=}

-8

=5

-24

-2

1030-020-010 O 040 0.20 0.30 0.40.0.50 \

3-FoLD I,
CLUSTERS —

4-FOLD Z, CLUSTERS
| et

-40
-0.20-0.16-0.12-008-0.04 C 0.04 008 0.2 QI6 0.20



How to display such monstrous avoided cluster crossings:
REES: Rotational Energy Eigenvalue Surfaces

Vibration (or vibronic) momentum £ retains

its quantum representaion(s).
For /=1 that 1s the usual 3-by-3 matrices.

Rotational momentum J 1s treated semi-classically. |Jj=\JJ+1)

Usually J is written in Euler coordinates: J =|J|cosY sinf3, etc.

Plot resulting H-matrix eigenvalues vs. classical variables.
( £=1) 3-by-3 H-matrix e-values are polar plotted vs. azimuth y and polar 3.



Body-2I1+-Basis N+>  Z+> N>

B peVsinB 0
100 FOSP e TsImE
<H>=(V3+BJ}){0 1 0]|+2BL|J||ye¥sinp 0 ,e™sinB
001 0 \/ZeiysinB -cosf3
3cos?pB-1 -V8eVsinBcosP  sin?B (6cos2y+idsin2y)
+2¢,, I -V8eVsinBeosp 0 -6c0s%B+2 V8¢V sinBcosp
i sin?B (6¢cos2y-i4sin2y) V8el¥ sinBcosP 3cos?f-1
Lab-PQR-Basis [P>|Q>[R>
100 +10 0 (Either basis should give same REES)
<H>=(v,+BJ[%)0 1 0|+2BLJ| [ 00 0
001 00 -1
Hpp=(35c0s*B-30cos?B+5sin?Psindy+5)/4=Hp
Hpp Hpg Hpg

Hpo=5 sinB(7cos?B-3cosB-sin?B(cosPcosdy+isindy))/\ 8=Hg
Hpo=5 (-7 cos*B+8cos?B+(1-cos*B)cosdy+2icosPsin’PBsindy-1)/4

%
+2t, )] H:Q Hoq Hor

HRP HQ*R HRR
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iolis Operator
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Lowest V3
REES

REES for v, with no scalar Coriolis (B(; = 0)

Middle v, Highestv,
REES

REES




Summary

* Spin symmetry, orientation, rotation, and permuation
are underlying properties that molecules have before
any excitation begins. Ignore them and you may miss
some cool stuff!

* Graphical techniques help to expose symmetry
properties. We discussed

rovibronic nomograms

rotational energy surfaces (RES)

rotation energy eigenvalue surfaces (REES)
effects that entangle and disentangle spin states

*REES effects have useful analogy with vibronic effects.

. . . Perhaps, they may be
*Spin symmetry species are are quite mutable. epically controlied.



(a) Sk ¥ 4 Rotational Structure
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FT IR and Laser Diode Spectra

K.C. Kim,W. B. Person, D. Seitz, and B.J. Krohn

J.Mol. Spectrosc. 76, 322(1979).
Primary AET species mixing

mcreases with dzstage from
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(b) P(88) Fine Structure (Rotational anisotropy effects]

--——0I25el'll = 3.735 GHz
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