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Hydrogen Addition to Propene
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Hydrogen Addition to Propene

/\transition state

propene + H

V(x)

pre-reactive
complex

]

* propyl radical




Hydrogen Addition to Propene

transition state p
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Conclusions

 We measured the spectrum of propene using two different
experimental methods

* We observed significantly different intensity ratios in two regions of
the spectra

* These differences were determined to arise from very weakly and
indirectly coupled modes that only interact and share intensity
when they are very close in energy, and any slight matrix
perturbation can shift them into or out of resonance, inducing or
removing intensity borrowing

 We measured the hydrogen addition to propene tunneling rates in
a p-H, matrix

* Theoretical predictions for the relative tunneling rates mostly agree
with experimental measurements
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Propene Harmonic Frequencies

ANO1 ANO2
Freq Int Freq Int Mode Type
v, A' 3234.0 14.4 3233.4 13.0 a-CH, antisymmetric C-H stretch
Vv, A' 3155.8 11.5 3153.1 10.7 B-CH C-H stretch
vV, A' 3141.6 13.6 3138.9 14.2 a-CH, symmetric C-H stretch
v, A' 3117.3 11.0 3117.7 9.2 y-CH. antisymmetric C-H stretch
Ve A' 3030.8 19.6 3031.1 19.1 y-CH, symmetric C-H stretch
Ve A' 1695.0 9.5 1696.6 10.7 a-B C=C stretch
Vv, A' 1498.0 12.8 1501.0 13.2 y-CH; antisymmetric C-H bend
A A' 1451.8 1.2 1454.2 1.2 a-CH, C-H bend
Vg A' 1406.1 1.5 1408.9 1.5 y-CH, symmetric C-H bend
Vo A' 1320.5 0.2 1322.1 0.1 B-CH C-H bend
V,, A' 1191.5 0.2 1194.0 0.1 in-phase a-CH, + y-CH, rock
Vi, A' 941.5 3.2 942.8 3.1 out-of-phase a-CH, + y-CH, rock
V.2 A' 929.4 1.9 932.1 2.0 B-y C-C stretch
| Vig A' 419.2 0.9 420.3 0.9 C-C-C bend
V. A" 3093.6 16.8 3094.2 14.9 y-CH. antisymmetric C-H stretch
Ve A" 1484.6 6.3 1487.8 6.3 y-CH. antisymmetric C-H bend
vy, A" 1067.4 2.6 1068.8 2.6 y-CH, rock
V.o A" 1018.6 13.0 1018.0 12.6 B-CH H wag
Vg A" 929.7 38.8 929.5 38.3 a-CH, C-H wag
Vyo A" 583.3 11.0 583.7 11.0 B-CH C wag
V,, A" 201.9 0.4 203.8 0.4 y-CH. methyl torsion




Propene + H Scan Multireference Character
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p-H, Matrix Isolation Experimental Details

1/1700
Propene/p-H,

FTIR

Filter
> 4000 cm!

Bruker Vertex 80v FTIR

KBr Beamsplitter

Range: 4000 — 400 cm™!
Resolution: 0.25 cm1

200 scans

IR filter: Spectrogon LP-2500 Matrix mirror: 1 in diameter
cut-off wavelength ~2.4 um gold coated copper plate
(~4200 cm™) Deposition time: 10 hr

Gas flow rate: ~4 sccm
L-N, cooled MCT detector (~11 mmol/hr)




Production of p-H, Details

Fe,O; catalyst —— He
Temperature: 12.9 + 0.5 K e Compressor
Final concentration of o-H,:
~400 — 600 ppm ,.f/_;;;gfg; 3
P pH, )
7—4 : \HF:‘\_/,L,_/
%5) @Q .
AN
-®.| I Needl—e-l_ _|-®_
Valve ®__’ pump

| :
n-H, “ / Cooling \
head

S

_____ }!4” Cu tube Turbo - -
Pump i
1/8” Cu tube 104 tor A Fe,O,

+% Cucoll




Basic quantum physics of solid p-H,

: : 1 : :
Fermion (*H Nuclear spin | = E) m) 1)), .. anti-symmetric

Yiotal = Ye Yy Yr Y

The ratio of 0-H,:p-H, is 3:1 @ R.T.
and 0:1 @ OK

Yr Yn (3

06 -
Odd J
Anti-symmetric Symmetric @ 86
i af+Ba

Ground State: AT, En;}
\_ 7/ g 04f
£ 02

Even J

Symmetric Anti-symmetric
(1] 100 200 30
para'Hz w ﬂﬂ—ﬁu Temperature (K)
3 4 1. Equalshriven fracton of pars-hydrogen & a fusction of 1emperature

Ground State:
/=0




Benefits of p-H, as Matrix Host

No dipole moment
Ar and Ne have fcc and

J =0 rotational state is occupied hcp crystal structures

spherically symmetric charge distribution
p-H, only has an hcp
/0'.\ crystal structure
para-H, O & ortho-H,
1=0 1=0

The host-guest p-H, Ne Ar
interaction in p-H, is Lattice Constant (A) 3.78 4.47 5.31
weaker than in rare Zero-Point Amplitude Motion 18% 9% 5%
gas matrices Zero-Point Lattice Vibration (A) 0.68 0.42 0.27
p-H, has a high p-H, Fe Ar
thermal conductivity Thermal Conductivity (W cm™K?) | 0.72 0.68 0.04




Benefits of large ZP vibrational motion in p-H,

p-H, Ne Ar
Lattice Constant (A) 3.78 4.47 5.31
Zero-Point Amplitude Motion 18% 9% 5%
Zero-Point Lattice Vibration (A) 0.68 0.42 0.27

The amplitude of the zero-point lattice vibrations of p-H, is a substantial fraction
of the spacing between nearest H, molecules.

The matrix is considered to be ‘soft’.

Crystal defects around guest species are expected to be repaired automatically.

Brings homogeneity to p-H, matrix.

Reduces the possibility of having multiple trapping sites and leads to reduced
inhomogeneous broadening of lines of the guest molecules.




Benefits of large ZP vibrational motion in p-H,

p-H, Ne Ar
Lattice Constant (A) 3.78 4.47 5.31
Zero-Point Amplitude Motion 18% 9% 5%
Zero-Point Lattice Vibration (A) 0.68 0.42 0.27

Some guest molecule rotation
possible Matrix cage effect Inert-gas matrices

CO, CH,, H,0, and HCl:
slightly hindered rotation in solid p-H,

Larger species:

Some internal rotation (torsion) o
feasible: CH,OH Diminished cage effect p-H, matrix

Some rotation about a single axis: CH;F
Such rotations not observed in noble- I h_v) -y ‘3 + @
gas matrices H e = iy




Introduction to VPT2+K

a-CH
. . . . Y-CHJ 5 m2
VTP2 with explicit treatment of Fermi o s
and Darling-Dennison Resonances r-CH, sym. and j-CH, . .
¢10 10,7 1
Q 10, Ki010115 Dio1o \
/ 10, 4 Zﬁ 10,10;11,8 10,10;10,8
¢'10,10,7 0 ¢'11,8,7 ‘p'lD,B,?
7
4 Z\E Zﬁ Fermi and Darling-Dennison Resonances
1 K . ¢11,B,7 0 D..
_2\5 10,10;11,8 Z\E 11,84 11,8;10,8 ‘ l 5 l , I | I l ‘ l L
(,f)lg 87 No Resonances «—7-CH, (a"; a")
D'lD,'lD;'lU,S — DlLB;'lD,B ﬂlO 8 ) p-CH, (@") :
2V2 o B—CHZ(i')\ +CH; (@) ’ s w-CH, (a) 4-CH, (2)
The VPT2+K method was applied using “semi-diagonal” l l L
quartic force fields computed at the CCSD(T) level of e ——
theory with the ANO1/ANO?2 basis sets, using the 2800 2850 2900 2950 3000 3050 3100
CFOUR package. Our implementation of VPT2+K Wavenumber (cm’)

entails a full treatment of the vibrational problem with VPT2 (red trace) followed by deperturbation of the strong
interactions between CH stretch fundamentals and CH bend overtones/combinations. The strong interactions are then
treated explicitly via diagonalization of an effective Hamiltonian (small example provided above), yielding a theoretical
spectrum that accounts for both Fermi and Darling-Dennison type resonance interactions (blue trace). The propene
effective Hamiltonian contained 61 vibrational states. Electrical harmonicity was assumed (i.e. the harmonic intensities of
the bright CH stretch fundamentals was distributed into the dark states proportional to the squares of their eigenvector
coefficients).




Lockheed-Martin Aculight ARGOS continuous-wave mid-infrared
optical parametric oscillator lasers (cw mid-IR OPOs).

Wavenumber (cm'1)
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Typical Power vs. Wavelength for Model 2400-SF-15

(http://www.lockheedmartin.com/content/dam/lockheed/data/ms2/documents/aculight/Argos_Model_2400_SF_Series_Brochure.pdf)




