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Hydrogen Addition to Propene – Kinetics
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Relative Addition Rate Calculations

propyl radical

propene + H

pre-reactive
complex

transition state

𝑎 𝑏

WKB Approximation for 
calculating relative tunneling rates

𝑘 𝑥 =
𝑝 𝑥

ℏ
=

2𝑚 𝐸 − 𝑉 𝑥

ℏ

𝑃𝑡𝑢𝑛𝑛𝑒𝑙 ≃ exp −2 න
𝑎

𝑏

𝑘 𝑥 𝑑𝑥

𝜏𝑡𝑢𝑛𝑛𝑒𝑙 =
1

𝑃𝑡𝑢𝑛𝑛𝑒𝑙 ∗ 𝜈𝑐𝑜𝑚𝑝𝑙𝑒𝑥

𝑟𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 =
𝜏𝑡𝑢𝑛𝑛𝑒𝑙 n−𝑃𝑟𝑜𝑝𝑦𝑙

𝜏𝑡𝑢𝑛𝑛𝑒𝑙 i−𝑃𝑟𝑜𝑝𝑦𝑙
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Relative Addition Rate Calculations
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Relative Addition Rate Calculations

Experimental
𝑖 − propyl

𝑛 − propyl
≈
8 𝑜𝑟 9

1
Theoretical

𝑖 − propyl
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≈
17

1



Conclusions

• We measured the hydrogen addition to propene tunneling rates in 
a p-H2 matrix

• We used the WKB approximation to calculate theoretical 
predictions for the relative tunneling rates

• Theoretical predictions for the relative tunneling rates mostly agree 
with experimental measurements 
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Kinetics Fitting Parameters

n-Propyl i-Propyl
𝑋 0 (1.91 ± 0.10) ppm (17.60 ± 0.13) ppm

𝑋 ∞ (5.044 ± 0.058) ppm (42.124 ± 0.085) ppm

𝐴 (3.131 ± 0.082) ppm (24.521 ± 0.098) ppm

𝑘 (5.26 ± 0.37) × 10-3 min-1 (4.455 ± 0.052) × 10-3 min-1

Propene HCl Propane
𝑋 0 (249.5 ± 2.0) ppm (347.0 ± 5.8) ppm (11.72 ± 0.65) ppm

𝑋 ∞ (164.4 ± 1.5) ppm (808.3 ± 4.4) ppm (47.38 ± 0.49) ppm

𝐴 (85.1 ± 1.3) ppm (461.3 ± 3.7) ppm (35.66 ± 0.42) ppm

𝑘 (2.354 ± 0.087) × 10-3 min-1 (2.490 ± 0.051) × 10-3 min-1 (2.320 ± 0.067) × 10-3 min-1

Growth fitting function: 𝑋 = 𝑋 0 + 𝐴 1 − exp −𝑘𝑡

Decay fitting function: 𝑋 = 𝑋 ∞ + 𝐴 exp −𝑘𝑡



Propene Decay Kinetics



HCl Growth Kinetics



Propane Growth Kinetics



Potential Energy Scan Results
n-Propyl i-Propyl

Radical Bond Distance 1.10 Å 1.10 Å

Radical Energy -12,949.8 cm-1 -13,905.1 cm-1

Transition State Bond Distance 1.92 Å 2.00 Å

Transition State Energy 1193.4 cm-1 693.5 cm-1

Transition State Frequency 865.8 i cm-1 720.6 i cm-1

Complex Bond Distance 3.46 Å 3.53 Å

Complex Energy -42.9 cm-1 -32.9 cm-1

Complex ZPVE -13.0 cm-1 -8.4 cm-1

Complex Frequency 2.32 THz 1.96 THz

Tunneling Probability 1.88 x 10-6 3.79 x 10-5

Tunneling Time Constant 229.7 ns 13.5 ns



Potential Energy Scan Multireference Character



Potential Energy Scan Spin Contamination



MCT

1/4/5000
Propene/Cl2/p-H2

3.3 K

Bruker Vertex 80v FTIR
KBr Beamsplitter
Range: 4000 – 400 cm-1

Resolution: 0.25 cm-1

200 scans

N2

N2

p-H2 Matrix Isolation Experimental Details

L-N2 cooled MCT detector

FTIR

Matrix mirror: 1 in diameter
gold coated copper plate

Deposition time: 5 hr
Gas flow rate: ~4 sccm

(10 - 13 mmol/hr)



Production of p-H2 Details

Fe2O3 catalyst
Temperature: 12.9 ± 0.5 K
Final concentration of o-H2:
~400 – 600 ppm



Basic quantum physics of solid p-H2

Fermion (1H Nuclear spin I = 
1

2
)          𝜓𝑡𝑜𝑡𝑎𝑙: anti-symmetric

𝜓𝑡𝑜𝑡𝑎𝑙 = 𝜓𝑒 𝜓𝑣 𝜓𝑟 𝜓𝑛

𝜓𝑟 𝜓𝑛

Odd J
Anti-symmetric

Ground State:

𝐽 = 1

Symmetric
ortho-H2

Even J
Symmetric

Ground State:

𝐽 = 0

Anti-symmetric
para-H2

The ratio of o-H2:p-H2 is 3:1 @ R.T.
and 0:1 @ 0 K



Benefits of p-H2 as Matrix Host

para-H2

I = 0
ortho-H2

I = 0

No dipole moment

J = 0  rotational state is occupied
spherically symmetric charge distribution

p-H2 Ne Ar

Lattice Constant (Å) 3.78 4.47 5.31

Zero-Point Amplitude Motion 18% 9% 5%

Zero-Point Lattice Vibration (Å) 0.68 0.42 0.27

p-H2 Fe Ar

Thermal Conductivity (W cm-1 K-1) 0.72 0.68 0.04

The host-guest 
interaction in p-H2 is 
weaker than in rare 
gas matrices

p-H2 has a high 
thermal conductivity

Ar and Ne have fcc and 
hcp crystal structures

p-H2 only has an hcp 
crystal structure



Benefits of large ZP vibrational motion in p-H2

p-H2 Ne Ar

Lattice Constant (Å) 3.78 4.47 5.31

Zero-Point Amplitude Motion 18% 9% 5%

Zero-Point Lattice Vibration (Å) 0.68 0.42 0.27

The amplitude of the zero-point lattice vibrations of p-H2 is a substantial fraction 
of the spacing between nearest H2 molecules. 

The matrix is considered to be ‘soft’. 

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

Brings homogeneity to p-H2 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-H2

p-H2 Ne Ar

Lattice Constant (Å) 3.78 4.47 5.31

Zero-Point Amplitude Motion 18% 9% 5%

Zero-Point Lattice Vibration (Å) 0.68 0.42 0.27

Matrix cage effect

hν

Inert-gas matrices

hν

p-H2 matrixDiminished cage effect

Some guest molecule rotation 
possible

CO, CH4, H2O, and HCl: 
slightly hindered rotation in solid p-H2

Larger species: 

Some internal rotation (torsion) 
feasible: CH3OH

Some rotation about a single axis: CH3F

Such rotations not observed in noble-
gas matrices


