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Abstract 

The infrared spectrum of propene in the CH stretching region is complicated by anharmonic 

resonance polyads associated with the coupling of CH stretch fundamentals to overtones and 

combinations of CHn bends and CC stretches.  We report the spectra of propene isolated in both 

helium nanodroplets (HENDI) and solid para-hydrogen (p-H2).  Spectral assignments and 

anharmonic polyad memberships are obtained with a VPT2+K effective Hamiltonian. In the 

2800 to 3120 cm-1 region, the average differential matrix shift in going from HENDI to p-H2 is 

∼4.4 cm-1 to the red, with a standard deviation of 1.9 cm-1.  Moreover, the choice of matrix 

environment influences the positions and intensity ratios of transitions within the resonance 

polyads.  Two-state interaction models are used to confirm that differential matrix shifts less than 

10 cm-1 are sufficient to account for the observed differences.  
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1. Introduction 

Vibrational spectra recorded using matrix isolation techniques exhibit shifts due to the 

perturbative effects of the host environment [1, 2].  The extent to which a band is shifted depends 

on the strength and anisotropy of the guest-host interaction, which is known to be vibrational 

mode-specific.  In comparison to solid-argon, solid-neon exhibits weaker guest-host interactions, 

and infrared (IR) spectra obtained using solid-neon typically exhibit comparatively smaller band 

origin shifts and  reduced inhomogeneous broadening effects [3, 4].  It is generally accepted that 

solid para-hydrogen (p-H2) [5-14] and helium nanodroplet (HENDI) [15-22] isolation techniques 

are even better than solid-Ne in regard to reducing matrix-induced broadening effects, owing to 

the quantum nature of the host environments; and in the case of helium droplets, band origins are 

typically shifted by less than 1 cm-1.  While comparisons between p-H2 and HENDI are 

somewhat limited [23-31], band origins in p-H2 spectra are typically 3-10 cm-1 to the red of those 

in HENDI spectra.  In the present work, we carry out an extensive comparison of the IR spectra 

of propene measured with either p-H2 or HENDI.  

Propene has been studied with microwave [32-35], photoelectron [36] and IR 

spectroscopy [37-48], along with various theoretical methods [49-52].  IR spectra in the 3 m 

region were recorded at temperatures greater than 300 K, to obtain temperature dependent 

absorption cross-sections [46, 47].  It was noted that the spectra in this temperature regime are 

difficult to assign and are complicated by the presence of many overlapping bands, all of which 

exhibit extensive rotational fine structure.  Above 2800 cm-1, intense Q-branch features have 

been assigned to the six CH stretch fundamentals and the overtone of the γ-CH3 antisymmetric 

bend.  However, upon cooling propene to less than 0.4 K in liquid helium droplets, the spectrum 

between 2800 and 3120 cm-1 contains 26 resolved vibrational bands.  The extensive anharmonic 

coupling associated with this frequency region is analyzed with a second order vibrational 

perturbation theory plus resonances (VPT2+K) effective Hamiltonian approach [53], leading to 

several new assignments in the 3 m region.  Moreover, an analysis of the differential matrix 

shifts associated with the p-H2 and HENDI host environments is carried out, revealing an 

average 4.4 cm-1 red shift over this frequency region.  As a result of the anharmonic resonance 

polyads, small differential perturbations by the matrix host environments manifest as large 



3 

 

changes in the relative intensities of bands in the spectrum, as bright/dark states are tuned either 

into or out of resonance.  

 

2. Methods 

2.1. HENDI Experiment 

The instrument used to measure HENDI spectra has previously been described in detail 

[18-20, 54]; a brief description is given for the details relevant to the propene measurements.  

Helium gas at a backing pressure of ~35 bar passes into the vacuum chamber through a ~17 K 

cryogenic nozzle with a ~5 µm orifice diameter, leading to supersonic expansion and subsequent 

homogeneous nucleation of droplets consisting on average of several thousand atoms.  Droplets 

evaporatively cool to ~0.4 K.  The droplets are collimated into a beam by a 0.4 mm conical 

skimmer before entering a differentially pumped pick-up chamber.  Inside the pick-up chamber, 

the droplet beam passes through a ~3.5 cm long pick-up cell where propene is doped into the 

droplets.  Propene is maintained at a pressure of ~2 x 10-6 Torr within the pick-up cell as 

measured by an ion gauge calibrated for N2.  This was determined to be a factor of 2-3 less than 

optimal for pick-up of a single propene molecule.  These conditions were chosen to significantly 

reduce the probability for the sequential capture of two propene molecules by a single helium 

droplet.  

The mid-IR idler output from a continuous wave optical parametric oscillator (cw-OPO) 

counter-propagates the droplet beam.  The tuning and calibration of the cw-OPO have previously 

been described [55].  When propene is vibrationally excited, He atoms are evaporated from the 

droplet to dissipate the absorbed energy.  The loss of He atoms induces a reduction in the 

geometric and ionization cross-sections of the droplets, and the ionization cross-section reduction 

is measured with a quadrupole mass spectrometer (QMS).  The droplets are ionized via electron 

impact ionization by an axial-beam ionizer within the QMS.  The propene molecule then 

becomes ionized via He+ charge transfer; the ionization mechanism has been previously 

described [19, 56, 57].  Ionization and fragmentation of propene leads to a large ion signal at m/z 

= 39 u (C3H3
+), which can be used to discriminate against other impurities and achieve quasi-

species-selective IR spectra.  The cw-OPO is amplitude modulated at ~80 Hz and the ion signal 
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is measured on a lock-in amplifier, leading to low background photon-induced depletion signals 

of the neutral dopant molecules within the superfluid helium nanodroplets as the IR radiation is 

tuned with ~20 MHz resolution.  The IR spectra are normalized to the mid-IR idler power.  

2.2. p-H2 Matrix Isolation Experiment 

The instrument used to measure spectra in solid para-hydrogen matrices has previously 

been described [58-60], so we will only briefly review the important details here.  An ~3.3 K 

gold-coated copper plate serves as both a matrix sample substrate and a mirror to reflect the IR 

beam to the detector.  A Fourier-transform infrared (FTIR) spectrometer (Bruker Vertex 80v) 

equipped with a KBr beam splitter and a HgCdTe detector held at ~77 K is used to record IR 

absorption spectra from 500 – 4000 cm-1.  For each spectrum collected, 200 scans are averaged at 

a spectrometer resolution of ~0.25 cm-1.   

The production of p-H2 gas has been described previously [13].  p-H2 is prepared by 

passing normal hydrogen gas (n-H2: ~75% o-H2 / ~25% p-H2 at room temperature) through an 

iron(III)-oxide catalyst cooled to ~12.9 K, leading to an estimated final concentration of o-H2 at 

less than 100 ppm.  Propene (≥99.5%, AGA Specialty Gases) is mixed with p-H2, and the 

gaseous mixture of propene/p-H2 (~1/1700) is deposited over ~10 hours at a flow rate of 10 – 13 

mmol/hr.  At a concentration of ~600 ppm, the average distance between embedded propene 

molecules is ~4 nm, which makes dimer formation unlikely.  Moreover, intermolecular 

interactions between adjacent propene molecules do not affect the recorded spectra. 

2.3.VPT2+K Calculations 

The theoretical methods used here have been described in detail [53, 61, 62].  All 

electronic structure calculations were carried out using the CFOUR software package [63].  Core 

electrons were kept frozen during the correlation treatment.  Propene was optimized to the Cs 

symmetry electronic global minimum structure and then a semi-diagonal quartic force field was 

computed, all at the CCSD(T)/ANO1 level of theory [64-70].  In addition, propene was 

optimized and harmonic frequencies were computed at the CCSD(T)/ANO2 level of theory.  The 

CCSD(T)/ANO2 quadratic force constants and linear dipole derivatives were used in lieu of their 

CCSD(T)/ANO1 counterparts.  This hybrid force field was used as input into our second-order 

vibrational perturbation theory with resonances (VPT2+K) code [71-74].   
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VPT2+K is implemented using an in-house script written in Mathematica 10 [75]; it 

consists of a full VPT2 treatment, followed by deperturbation of strong interactions as 

determined by energy comparisons of states and the Martin test [53, 76].  These strong 

interactions are then treated explicitly via diagonalization of an effective Hamiltonian that 

accounts for both Fermi and Darling-Dennison type resonances.  The effective Hamiltonian for 

propene contains 61 vibrational states. The entire effective Hamiltonian is given in Table S1 of 

the Supporting Information.  Electrical harmonicity is assumed, i.e. the harmonic intensities of 

the bright CH stretch fundamentals are distributed into the dark states proportional to the squares 

of their eigenvector coefficients.  

 

3. Results 

The spectra of propene from 2800 to 3120 cm-1 are shown in Fig. 1.  The harmonic 

frequency simulation calculated at the CCSD(T)/ANO2 level of theory and scaled by 0.955 is 

shown in Fig. 1(a), with the harmonic modes, frequencies, and intensities given in Table 1.  A 

deperturbed VPT2 simulation calculated at the CCSD(T)/ANO1 level of theory is shown in Fig. 

1(b), with the DVPT2 frequencies and intensities given in Table S2 of the Supporting 

Information.  The VPT2+K simulation calculated using the CCSD(T)/ANO2//CCSD(T)/ANO1 

hybrid force field is shown in Fig. 1(c), with the VPT2+K frequencies, intensities, and 

compositions given in Table 2.  The HENDI spectrum is shown in Fig. 1(d), and the p-H2 

spectrum is shown in Fig. 1(e).  The band origins, intensities, and relative line shifts between the 

HENDI and p-H2 spectra in the region of 2800 – 3120 cm-1 are given in Table 3, with the gas-

phase band origins given where possible for comparison.  The entire p-H2 spectrum from 500 – 

4000 cm-1 is shown in Figs. S1 and S2 of the Supporting Information.  Assignments for the entire 

p-H2 and HENDI spectra, with comparisons to previous literature, are given in Table S3 of the 

Supporting Information. We focus the following discussion on a comparison of spectra measured 

in the CH stretching region, but we note here that a previously unassigned 16  14+17 Fermi 

dyad was found in the p-H2 spectra at 1440.1 / 1472.5 cm-1. All other bands observed below 

2800 cm-1 have been previously assigned in the gas phase (see Table S3).  
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Fig. 1.  Comparison of experimental spectra with simulations for propene in the region from 2800 – 3120 

cm-1. (a) Harmonic frequency simulation scaled by 0.955. (b) Deperturbed VPT2 simulation. (c) VPT2+K 

simulation. (d) HENDI spectrum. (e) p-H2 spectrum. Assignments of the more intense bands observed in 

the HENDI spectrum are based on the eigenvector components from the VPT2+K effective Hamiltonian 

results (see Table 2 for detailed description of anharmonic polyad memberships). The pair of bands 

marked as 15 are members of an anharmonic polyad, but the largest mixing likely occurs between 15  and 

ν7+ν12+ν20.  The bands marked by asterisks are heavily mixed modes whose intensities derive from either 

5 or 15. The bands marked by # are mixed modes whose intensities derive from 5; the intensity 

borrowing in this region is over predicted by VPT2+K (see text). 
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Table 1.  The harmonic modes of propene and their frequencies (cm-1) and intensities (km/mol) at the 

CCSD(T)/ANO1 and CCSD(T)/ANO2 levels of theory.  

   ANO1  ANO2   

   Freq Int  Freq Int  Mode Type a 

ν1 a'  3234.0 14.4  3233.4 13.0  α-CH2 antisymmetric C-H stretch 

ν2 a'  3155.8 11.5  3153.1 10.7  β-CH C-H stretch 

ν3 a'  3141.6 13.6  3138.9 14.2  α-CH2 symmetric C-H stretch 

ν4 a'  3117.3 11.0  3117.7 9.2  γ-CH3 antisymmetric C-H stretch 

ν5 a'  3030.8 19.6  3031.1 19.1  γ-CH3 symmetric C-H stretch 

ν6 a'  1695.0 9.5  1696.6 10.7  α-β C=C stretch 

ν7 a'  1498.0 12.8  1501.0 13.2  γ-CH3 antisymmetric C-H bend 

ν8 a'  1451.8 1.2  1454.2 1.2  α-CH2 C-H bend 

ν9 a'  1406.1 1.5  1408.9 1.5  γ-CH3 symmetric C-H bend 

ν10 a'  1320.5 0.2  1322.1 0.1  β-CH C-H bend 

ν11 a'  1191.5 0.2  1194.0 0.1  in-phase α-CH2 + γ-CH3 rock 

ν12 a'  941.5 3.2  942.8 3.1  out-of-phase α-CH2 + γ-CH3 rock 

ν13 a'  929.4 1.9  932.1 2.0  β-γ C-C stretch 

ν14 a'  419.2 0.9  420.3 0.9  C-C-C bend 

          

ν15 a"  3093.6 16.8  3094.2 14.9  γ-CH3 antisymmetric C-H stretch 

ν16 a"  1484.6 6.3  1487.8 6.3  γ-CH3 antisymmetric C-H bend 

ν17 a"  1067.4 2.6  1068.8 2.6  γ-CH3 rock 

ν18 a"  1018.6 13.0  1018.0 12.6  β-CH H wag 

ν19 a"  929.7 38.8  929.5 38.3  α-CH2 C-H wag 

ν20 a"  583.3 11.0  583.7 11.0  β-CH C wag 

ν21 a"  201.9 0.4  203.8 0.4  γ-CH3 methyl torsion 

 

a Refer to Figure 1 for definition of α, β, and γ. 
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Table 2.  VPT2+K frequencies (cm-1), intensities (km/mol), and percent compositions (squared 

eigenvector coefficients x 100) in the region 2800 – 3120 cm-1. Dark state components are typically 

shown only if they contribute greater than 10 percent to an eigenvector (see Table S4 for more extensive 

version of this table).  Bands that have been confidently assigned in the experimental spectrum are 

marked with bold type. The largest contributing eigenvector components (which inform the assignments 

given in Fig. 1) are also shown in bold.  

Freq Int Percent Composition  

2815.09 0.40 3% ν15 + 81% ν9+ν16 + 12% ν9+ν14+ν17 

2817.46 0.16 1% ν1 + 84% ν6+ν11 + 11% ν7+ν12+ν14  

2827.32 0.60 2% ν2 + 2% ν3 + 82% 2ν8  

2832.92 0.34 2% ν4 + 1% ν5 + 86% ν7+ν9  

2844.07 0.11 1% ν15 + 11% ν9+ν16 + 82% ν9+ν14+ν17  

2867.28 3.95 21% ν5 +  19% ν7+ν8 + 35% 2ν16  

2874.02 0.49 1% ν3 + 3% ν4 + 63% ν7+ν8 +  19% 2ν16  

2887.49 0.19 1% ν15 + 54% ν8+ν14+ν17 + 27% ν9+ν12+ν20  

2894.41 1.49 10% ν15 + 72% ν7+ν16  

2896.00 3.42 18% ν5 + 19% 2ν7 + 40% ν14+ν16+ν17 + 11% 2ν14+2ν17 

2907.42 1.02 3% ν4 + 4% ν5 + 28% 2ν7 + 22% 2ν16 + 23% ν14+ν16+ν17 + 13% 2ν14+2ν17 

2926.11 0.54 4% ν15 +  68% ν7+ν14+ν17 + 21% ν8+ν12+ν20  

2926.56 2.05 1% ν1 + 13% ν2 + 2% ν3 + 3% ν4 + 77% ν6+ν10  

2927.06 0.19 1% ν15 + 20% ν7+ν14+ν17 + 71% ν8+ν12+ν20  

2939.24 5.55 29% ν5 + 35% 2ν7 + 16% ν12+ν16+ν20 + 10% 2ν14+2ν17 

2945.54 0.33 2% ν5 + 10% ν12+ν16+ν20 + 22% ν14+ν16+ν17 + 63% 2ν14+2ν17 

2950.09 2.06 2% ν4 + 10% ν5 + 10% 2ν16 + 56% ν12+ν16+ν20  

2955.44 10.59 71% ν15 + 12% ν7+ν16 + 12% ν7+ν12+ν20  

2968.32 1.06 7% ν15 + 82% ν7+ν12+ν20  

2972.13 8.03 1% ν2 + 16% ν3 + 60% ν4 + 4% ν6+ν8 + 4% ν6+ν10 + 4% 2ν16  

2982.78 0.21 1% ν3 + 85% ν12+ν14+ν17+ν20 

2993.59 9.34 52% ν3 + 21% ν4 + 7% ν6+ν8 + 8% ν6+ν9  

3003.45 2.01 12% ν2 + 5% ν3 + 79% ν6+ν12+ν14 

3022.46 6.50 61% ν2 + 17% ν6+ν10 + 12% ν6+ν12+ν14 

3035.06 1.18 2% ν2 + 6% ν3 + 1% ν4 +  88% ν6+ν9 

3081.60 3.58 15% ν1 + 4% ν2 + 9% ν3 + 67% ν6+ν8 

3091.53 10.87 81% ν1 + 1% ν2 + 2% ν3 + 11% ν6+ν8  

3116.72 0.44 3% ν3 + 93% ν6+ν7  
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Table 3.  Comparison of observed band origins (cm-1), intensities (a.u.), and differential matrix shifts 

(cm-1) in going from HENDI to p-H2. Gas phase values are from Refs. [37, 38, 46, 47] and should be 

viewed as approximate owing to the nature of the high-temperature measurement. Assignments are based 

on the eigenvector components from the VPT2+K effective Hamiltonian analysis. The asterisks indicate 

modes that are heavily mixed; see Tables 2 and S4 for a detailed description of anharmonic polyad 

components. Intensities are given as a percentage of the most intense band in each spectrum. 

 

p-H2 
 

HENDI 
 

Red 

Shift 

Gas Assignment VPT2+K 

Freq Int 
 

Freq Int 
 

Freq Freq  Freq 

2811.65 2.2 
 

2817.28 1.8 
 

5.63    

2816.33 0.5 
 

2821.66 0.4 
 

5.33    

2826.17 2.8 
 

2831.6 0.6 
 

5.43    

2827.66 0.8 
 

2833.89 1.4 
 

6.23    

2855 8.6 
 

2856.25 2.1 
 

1.25    

2862.31 32.9 
 

2867.8 30.2 
 

5.49 2868.2 216   * 2867.3 

2869.44 6.1 
 

2875.23 3.2 
 

5.79    

2888.97 8.6 
 

2895.68 7.2 
 

6.71    

2894.7 44.7 
 

2899.96 31.0 
 

5.26  ν14+ν16+ν17   * 2896.0 

2905.17 2.2 
 

2910.0 3.7 
 

4.83    

2925.61 77.3 
 

2932.0 65.5 
 

6.39 2931.5 5 2939.2 

2934.84 2.8 
 

2937.0 8.4 
 

2.16    

2945.87 100 
 

2952.8 53.1 
 

6.93 2954.3 15 / ν7+ν12+ν20 2955.4 

2950.66 15.1 
 

2955.6 52.0 
 

4.94  15 / ν7+ν12+ν20 2968.3 

2965.5 6.0 
 

2972.4 7.9 
 

6.9    

2972.8 90.4 
 

2976.0 75.7 
 

3.2 2973.0 4 2972.1 

2985.74 36.6 
 

2985.26 6.0 
 

-0.48  3/ ν12+ν14+ν17+ν20 2982.8 

2989.61 65.9 
 

2992.8 74.9 
 

3.19 2991.0 3/ ν12+ν14+ν17+ν20 2993.6 

2995.1 2.5 
 

2997.0 7.8 
 

1.9    

3004.15 8.9 
 

3007.41 11.1 
 

3.26  ν6+ν12+ν14 3003.5 

3011 5.3 
 

3013.77 3.8 
 

2.77    

3017.44 18.5 
 

3019.42 5.8 
 

1.98    

3021.3 33.9 
 

3023.7 44.2 
 

2.4 3012.8 2 3022.5 

3027.87 15.3 
 

3033.14 16.4 
 

5.27  6+9 3035.1 

3074.97 50.8 
 

3079.4 51.4 
 

4.43  6+8 3081.6 

3087.98 96.9 
 

3093.45 100 
 

5.47 3091.6 1 3091.5 

3107.37 3.3 
 

3113.2 3.3 
 

5.83  6+7 3116.7 
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Comparing the HENDI propene spectra to gas-phase assignments reported in the 

literature, we find an average matrix red shift of 1.7  0.8 cm-1.  We note that the HENDI matrix 

shift for 2 (11 cm-1 to the blue) is an outlier, and is not included in the above average.  The 

discrepancy here is likely due to a problem with the reported gas-phase band origin, which is 

derived from low-resolution room temperature data [37].  Comparing the HENDI and p-H2 

spectra, we find that the spectra are qualitatively similar, with the bands in the p-H2 spectrum 

typically red-shifted from those in the HENDI spectrum.  It is also interesting to note that the 

bands in the p-H2 spectra are broader on average, likely owing to an inhomogeneous effect 

associated with the non-crystalline nature of the p-H2 matrix.  On average, there is a 4.4  

1.9 cm-1 red shift observed when going from HENDI to p-H2.  The rather large standard 

deviation suggests the possibility for pairs of peaks shifting closer together or further apart in one 

matrix environment relative to the other, which can induce either a tuning or detuning of 

anharmonic resonances, as described below. We observe this behavior in two spectral regions, 

i.e. between 2940 – 2960 cm-1 and 2980 – 3000 cm-1 (marked by dashed boxes in Fig 1).  

In the lower region from 2940 – 2960 cm-1, the HENDI spectrum contains a pair of bands 

separated by ~2.8 cm-1 (2952.8 cm-1 / 2955.6 cm-1) having a relative intensity ratio of ~51/49.  

This region of the p-H2 spectrum also contains two bands, but they are separated by ~4.8 cm-1 

(2945.9 cm-1 / 2950.7 cm-1) and have a relative intensity ratio of ~87/13.  This suggests that the 

lower of these two states correlates with a bright state (i.e. a CH stretch fundamental, in the 

detuning limit) and that the upper of these two states correlates with a dark state.  Apparently, 

both states have a differential matrix shift to the red, with the lower (bright) state being shifted to 

a larger extent; and therefore, in going from He droplets to p-H2, the resonance is detuned.  From 

the VPT2+K analysis, and via the model described in detail below, the assignment of the 

bright/dark state interaction is determined to be largely an anharmonic resonance between 15 

and ν7+ν12+ν20.  This is not expected to be a direct coupling; rather, the interaction derives from 

mutual coupling to a third state (vide infra).  

Similarly in the upper region from 2980 – 3000 cm-1, the HENDI spectrum contains a 

pair of bands separated by ~7.5 cm-1 (2985.3 cm-1 / 2992.8 cm-1) having a relative intensity ratio 

of ~7/93.  Again, this region of the p-H2 spectrum contains two bands, but they are separated by 

~3.9 cm-1 (2985.7 cm-1 / 2989.6 cm-1) and have a relative intensity ratio of ~36/64.  This suggests 
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that the upper of these two states correlates with a bright state, and the lower of these two states 

correlates with a dark state.  In contrast to the 2940 – 2960 cm-1 region described above, the 

states in this region are tuned into resonance in going from He droplets to p-H2.  

 

4. Discussion 

Assuming a two-state interaction between bright and dark states, 22 effective 

Hamiltonians can be derived for the regions of the HENDI and p-H2 spectra between 2940 – 

2960 cm-1 and 2980 – 3000 cm-1, allowing for an approximate determination of the deperturbed 

state energies and off-diagonal coupling.  The empirical eigenvector matrices (coefficients 

determined from the experimental band intensities) and the eigenvalue matrices (experimental 

band origins) can be used to calculate the initial effective Hamiltonians, as shown in Equation 

S1.  The results of the effective Hamiltonians are shown in Table 4.  In the lower region from 

2940 – 2960 cm-1, the lower, deperturbed (bright) state is red shifted by ~7.7 cm-1 in going from 

He droplets to p-H2, and the upper (dark) state is red-shifted by ~4.2 cm-1.  Thus, while this pair 

of deperturbed states is nearly degenerate in He droplets, the mixing is made less extensive upon 

going to the p-H2 matrix.  In the upper region from 2980 – 3000 cm-1, in going from He droplets 

to p-H2, the lower (dark) state is blue shifted by ~1.3 cm-1 while the upper (bright) state is red-

shifted by ~4.0 cm-1.  Thus, for this pair of states, the mixing is more extensive for p-H2 matrix-

isolated propene. From this rather simple analysis, it is evident that state-specific differential 

matrix shifts less than 10 cm-1 can lead to qualitative changes in the observed spectra, as a result 

of the tuning or detuning of anharmonic resonances. Moreover, the off-diagonal coupling is the 

same within about 0.2 cm-1, which is likely within the error of the model.  

 

Table 4.  Experimentally determined deperturbed states and off-diagonal coupling terms, assuming a two 

state interaction with a bright state and a dark state, as well as the shifts in going from HENDI to p-H2.  

 

 Lower (2940 – 2960 cm-1)  Upper (2980 – 3000 cm-1) 

 Bright Dark Coupling  Dark Bright Coupling 

HENDI 2954.19 2954.21 1.40  2985.82 2992.24 1.98 

p-H2 2946.50 2950.03 1.62  2987.12 2988.23 1.85 

Shift -7.69 -4.18 0.22  1.30 -4.01 -0.13 
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The purely ab initio VPT2+K prediction of the propene spectrum is shown in Fig 1(c).  

The VPT2+K simulation matches the experimental spectra reasonably well, with the exception 

of the region around 2920 – 2950 cm-1.  The theoretical spectrum in this region overestimates the 

extent by which 5 is mixed with nearby dark states, with three moderately intense bands 

predicted (marked by # in Fig 1(c)), in contrast to the one intense band observed in either of the 

experimental spectra (2932 cm-1 in HENDI and 2926 cm-1 in p-H2). We note that the DVPT2 

theory shown in Fig 1(b) fails to qualitatively predict the experimental spectrum, which is due to 

the many strong resonances that are neglected with DVPT2 (see Table S2 for additional 

discussion).  

To investigate the nature of the pairs of interacting states associated with the regions of 

the experimental spectra that differ qualitatively, we inspect the VPT2+K prediction in the 

vicinity of the boxed regions in Fig. 1.  We can arrive at reasonable assignments, despite the fact 

that the predicted band positions are not particularly good in comparison to either the HENDI or 

p-H2 spectra in these regions.  We motivate assignments through the inspection of the 

eigenvector coefficients, which reveal the nature of the mixed states.  For the lower frequency 

boxed region, the pairs of interacting states are assigned to ν15 (lower energy bright state) and 

ν7+ν12+ν20 (higher energy dark state).  We note that the two eigenstates are rather extensive 

mixtures of basis states (see Table 2 and S4), and the assignments are based on the basis states 

with the largest squared eigenvector coefficients (VPT2+K prediction: 2955.4 cm-1, 71% ν15; 

2968.3 cm-1, 82%  ν7+ν12+ν20).  For the higher frequency boxed region, the assignments are 

ν12+ν14+ν17+ν20 (lower energy dark state) and ν3 (higher energy bright state) (VPT2+K 

prediction: 2982.8 cm-1, 85% ν12+ν14+ν17+ν20; 2993.6 cm-1, 52% ν3). Both of these interactions 

derive from coupling pathways involving at least one intermediary state (vide infra). 

The spectra in the boxed regions are shown in greater detail in Fig. 2.  Here the HENDI 

spectra are shown along the top of the figure (Fig 2(vi)), and the p-H2 spectra are shown along 

the bottom (Fig 2(i)). The ab initio VPT2+K predictions are shown either directly above the p-H2 

spectrum (2940 – 2970 cm-1 region; left side of figure (Fig. 2a(ii))) or directly below the HENDI 

spectrum (2980 – 3000 cm-1 region; right side of figure (Fig. 2b(v))). Again, we emphasize that 

the band positions, for either matrix environment, are not predicted accurately in these regions, 

and we were guided by the relative intensities of the red and blue colored bands in choosing the 
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location of the ab initio VPT2+K spectra within Fig. 2.  Notice that the ab initio prediction of the 

relative intensities for the bands assigned to (ν15 / ν7+ν12+ν20)  match more closely the relative 

intensities in the p-H2 spectrum, whereas the predicted intensities for the (ν3 / ν12+ν14+ν17+ν20) 

bands match more closely those observed in the HENDI spectrum.  For the 2980 – 3000 cm-1
 

region, red shifting the deperturbed ν3 state within the 61 state Hamiltonian brings the intensity 

ratio into better agreement with that observed in the p-H2 spectrum.  Similarly, for the 2940 – 

2960 cm-1
 region, a red shift of the deperturbed ν7+ν12+ν20 state brings the simulated intensity 

ratio into better agreement with the HENDI spectrum.  We emphasize here that the magnitudes 

and directions of the applied shifts are somewhat arbitrary (e.g. we could have applied a blue 

shift to ν12+ν14+ν17+ν20, rather than a red shift to ν3), and the goal of the shifts is to simply show 

that the state assignments are reasonable, in the sense that the states are coupled and the 

resonances can be tuned via effective shifts on the order of 10 cm-1.  The intensity ratios and 

splitting results associated with this admittedly crude analysis are given in Table 5.  

2940 2950 2960 2970 2980 2960 2970 2980 2990 3000 3010


4


4


4


12

+
14

+


17

+
20


3


7
+

12
+

20
15


3
 shift

i)

ii)

iii)

iv)

v)

vi)

(a)

Wavenumber (cm
-1

)


20

 shift

0

-3.6

-10

-14.5

-23

-18

-13.6

0

p-H
2


4

Wavenumber (cm
-1

)

i)

ii)

iii)

iv)

v)

vi)

(b)

HENDI

 



14 

 

Fig. 2.  The experimental spectra and the adjusted theoretical spectra for the regions 2940 – 2960 cm-1 

and 2980 – 3000 cm-1.  (a)i) p-H2 spectrum.  (a)ii) Purely ab initio VPT2+K simulation.  (a)iii) 

Theoretical spectrum that best reproduces the intensity ratio of the p-H2 spectrum, with ν7+ν12+ν20 shifted 

by -3.6 cm-1.  (a)iv) Theoretical spectrum with ν7+ν12+ν20 shifted by -10 cm-1.  (a)v) Theoretical spectrum 

that best reproduces the intensity ratio of the HENDI spectrum, with ν7+ν12+ν20 shifted by -14.5 cm-1.   

(a)vi) HENDI spectrum.  (b)i) p-H2 spectrum.  (b)ii) Theoretical spectrum that best reproduces the 

intensity ratio of the p-H2 spectrum, with ν3 shifted by -23 cm-1.  (b)iii) Theoretical spectrum with ν3 

shifted by -18 cm-1.  (b)iv) Theoretical spectrum that best reproduces the intensity ratio of the HENDI 

spectrum, with ν3 shifted by -13.6 cm-1.  (b)v) Purely ab initio VPT2+K simulation.  (b)vi) HENDI 

spectrum.  

 

Table 5.  Relative intensity ratios and splittings of bands in experimental and theoretical spectra in the 

regions 2940 – 2960 cm-1 and 2980 – 3000 cm-1.  

 

Lower (2940 – 2960 cm-1)  Upper (2980 – 3000 cm-1) 

 Intensity Ratio Splitting   Intensity Ratio Splitting 

Original VPT2+K ∼91/9 12.9 cm-1  Original VPT2+K ∼2/98 10.8 cm-1 

       

p-H2 ∼87/13 4.8 cm-1  HENDI ∼7/93 7.5 cm-1 

ν20: -3.6 VPT2+K ∼87/13 10.9 cm-1  ν3: -13.6 VPT2+K ∼7/93 4.5 cm-1 

       

HENDI ∼51/49 2.8 cm-1  p-H2 ∼36/64 3.9 cm-1 

ν20: -14.5 VPT2+K ∼50/50 7.3 cm-1  ν3: -23 VPT2+K ∼36/64 2.7 cm-1 

 

 

In the ab initio VPT2+K Hamiltonian, the two states within each of the lower (ν15 / 

ν7+ν12+ν20) and upper (ν3 / ν12+ν14+ν17+ν20) regions are not directly coupled, owing to the 

absence of ijkl and ijklm type force constants.  Small portions of the effective Hamiltonian are 

extracted to highlight the origin of the indirect couplings, with the extracted Hamiltonian for the 

lower region given by 

𝑯̂𝑒𝑓𝑓
𝑙𝑜𝑤𝑒𝑟 =

     |𝜈15⟩         |𝜈7 + 𝜈16⟩    |𝜈7 + 𝜈12 + 𝜈20⟩

(

 

𝜈15
∗   

1

2√2
𝜙15,7,16 (𝜈7 + 𝜈16)

∗  

~0
1

2√2
𝜙16,12,20 (𝜈7 + 𝜈12 + 𝜈20)

∗
)

  ,     (1) 

 

and the extracted Hamiltonian for the upper region given by 
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𝑯̂𝑒𝑓𝑓
𝑢𝑝𝑝𝑒𝑟

=

   |𝜈3⟩        |𝜈7 + 𝜈8⟩     |𝜈7 + 𝜈12 + 𝜈14⟩  |𝜈12 + 𝜈14 + 𝜈17 + 𝜈20⟩ 

(

  
 

𝜈3
∗     

1

2√2
𝜙3,7,8 (𝜈7 + 𝜈8)

∗

  
  

    ~0       
1

2√2
𝜙8,12,14

~0   ~0

(𝜈7 + 𝜈12 + 𝜈14)
∗  

1

2√2
𝜙7,17,20 (𝜈12 + 𝜈14 + 𝜈17 + 𝜈20)

∗
)

  
  .  (2) 

 

The indirect couplings between the lower and upper states are ascertained by visual inspection of 

the entire effective Hamiltonian and determination of the coupling pathway involving the fewest 

possible intermediary states and the largest off-diagonal coupling terms.  In the lower region, the 

lower state ν15 is coupled to the upper state ν7+ν12+ν20 through the intermediary state ν7+ν16.  In 

the upper region, the lower state ν12+ν14+ν17+ν20 is coupled to the upper state ν3 through two 

intermediary states.  Specifically, ν12+ν14+ν17+ν20 is coupled to ν7+ν12+ν14, which is coupled to 

ν7+ν8, which is coupled to ν3.  The coupling “pathways” therefore consist of either two or three 

linked Fermi Resonances of type νi /νj+νk. The indirectness of the couplings points to the 

approximate nature of the two-state interaction models described above, for which single off-

diagonal matrix elements are used to model entire coupling pathways.  Nevertheless, the current 

analysis suggests that a comparison of p-H2 and gas-phase spectra should be treated with caution 

for systems and spectral regions in which anharmonic resonance polyads are expected to be 

important, such as the CH stretching region. This may also be true for He droplets, although a 

definitive answer with respect to propene awaits a gas-phase jet-cooled spectrum in the 2940-

3010 cm-1 region. 

 

5. Summary 

The infrared spectrum of propene in the CH stretching region was measured in both 

superfluid helium nanodroplets and a solid para-hydrogen matrix, to assess the differential 

matrix shifts associated with each host environment.  Propene is an ideal molecule for testing 

these host environment effects, due to its highly anharmonic CH stretching region, which causes 

small matrix-induced perturbations of states to manifest as large changes in the relative 

intensities of bands in the experimental spectra.  In the limit of 3N-6 uncoupled harmonic 

oscillators, 6 CH stretching vibrations are predicted for propene, and these mode descriptions 
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have been used to assign high-temperature gas-phase absorption spectra.  However, the number 

of bands observed in the experimental He droplet and p-H2 spectra is ∼30, indicating that the 

harmonic approximation is not adequate for describing the CH stretch region for propene. We 

have used an anharmonic treatment to arrive at 14 band assignments, 7 of which have not been 

reported previously. The anharmonic model used here was the VPT2+K approach, which treats 

Fermi and Darling-Dennison resonances explicitly via the diagonalization of an effective 

Hamiltonian matrix.  The Hamiltonian matrix contains deperturbed diagonal elements and off-

diagonal coupling terms derived from a hybrid, semi-diagonal quartic force field computed at the 

CCSD(T)/ANO2//CCSD(T)/ANO1 level of theory.  Two regions of the spectrum exhibit 

qualitatively different behavior, depending on the host environment. Simple two-state interaction 

models were employed to assess the differential matrix shifts that would be required to either 

tune or detune the associated resonances. We find that differential matrix shifts less than 10 cm-1 

are sufficient to qualitatively affect the relative intensities observed in the propene CH stretching 

region.  
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Table S1.  (see Table S1.csv) 

Table S2.  DVPT2 Harmonic and anharmonic frequencies and intensities in the region 2800 – 3120 cm-1.  

The large anharmonic intensities (greater than 20 km/mol) are a consequence of some unidentified 1-1 

and 1-2 resonant terms in the transition moments.  However, the anharmonic transition moment 

expressions are not used to obtain the VPT2+K intensities or in any other subsequent calculations in this 

work.  

 

 Harmonic Harmonic  Anharm Anharm 

 

Frequency 

(cm-1) 

Intensity 

(km/mol) 

 Frequency 

(cm-1) 

Intensity 

(km/mol) 

2ν8 2903.56 0  2824.37 0.12 

ν7+ν9 2904.15 0  2828.20 0.23 

ν7+ν16 2982.67 0  2845.20 0.41 

ν7+ν8 2949.82 0  2866.05 1.18 

2ν7 2996.09 0  2911.15 10.74 

ν5 3030.82 19.59  2914.87 7.65 

ν6+ν10 3015.46 0  2926.17 0.41 

ν15 3093.55 16.79  2948.06 18.36 

ν4 3117.29 10.98  2969.67 14.30 

ν3 3141.55 13.62  3003.45 2088.87 

ν6+ν9 3101.08 0  3019.75 5.33 

ν2 3155.77 11.49  3036.16 85.87 

ν6+ν8 3146.75 0  3046.96 317.88 

ν1 3233.95 14.35  3088.34 17.15 

ν6+ν7 3193.01 0  3111.56 0.58 
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Fig. S1.  p-H2 spectrum from 500 – 2200 cm-1.  
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Fig. S2.  p-H2 spectrum from 2200 – 4000 cm-1.  
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Table S3.  Assignments for the p-H2 and HENDI spectra, with comparisons to previous literature.  

 

 This Work  Silvi, Ainetschian, Lafferty, Es-sebbar, 

Assignment p-H2 HENDI VPT2+K  et. al. et. al. [1] et. al. [2] et. al. [3] 

 3087.98 3093.45 3091.5  3091     3091.62 

 3021.3 3023.7 3022.5          

  +++ 2985.74 2985.26 2982.8        

  +++ 2989.61 2992.8 2993.6   2991      2991.03 

 2972.8 2976 2972.1  2973       

 2925.61 2932 2939.2  2932     2931.46 

 1651.3   1654.4  1653     1653.18 

7 1455.9   1460.1  1459     1451.04 

8 1416.9   1417.9  1414       

9 1376   1377.6  1378     1377.94 

10 1298   1295.5  1298     1297.86 

11 1170.6   1169.3  1170     1170.04 

12 934.4   933  934.5 935.67     

13 918   916.1  919 919.29     

14     422  428     426.02 

  ++ 2945.87 2952.8 2955.4  2953     2954.3 

  ++ 2950.66 2955.6 2968.3          

  + 1440.1   1442.2  1443     1442.71 

  + 1472.5   1470.7          

17 1044   1043.6  1045 1045.2   1045.04 

18 993.1   992.1  990 990.78 990.7761 991.05 

19 912.5   910.9  912 912.67 912.6677 912.62 

20 578.7   574.2  575.2     576.27 

21     187.7  188       

+ 3107.37 3113.2 3116.7          

+ 3074.97 3079.4 3081.6          

+ 3027.87 3033.14 3035.1          

27        2892       

6+12+14 3004.15 3007.41 3003.5          

14+16+17 2894.7 2899.96 2896          

216 2862.31 2867.8 2867.3  2868       

+     1227.8  1231       
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Table S4.  VPT2+K frequencies, intensities, and compositions in the region 2800 – 3120 cm-1. Bands that 

have been confidently assigned in the experimental spectrum are marked with bold type. The largest 

contributing eigenvector components (which inform the assignments given in Fig. 1) are also shown in 

bold.  

cm-1 Int (km/mol) Composition 
2815.09 0.40 3% ν15 + 81% ν9+ν16 + 2% ν9+ν12+ν20 + 12% ν9+ν14+ν17 + 2% ν12+ν14+ν16 

2817.46 0.16 

1% ν1 + 84% ν6+ν11 + 1% ν7+ν9 + 1% ν7+ν10 + 1% 2ν8 + 11% ν7+ν12+ν14 + 

1% 2ν12+2ν14 

2827.32 0.60 

2% ν2 + 2% ν3 + 1% ν6+ν11 + 1% ν7+ν8 + 5% ν7+ν9 + 82% 2ν8 + 1% ν8+ν9 + 

2% 2ν9 + 3% ν8+ν12+ν14 

2832.92 0.34 

2% ν4 + 1% ν5 + 1% ν6+ν11 + 1% ν7+ν8 + 86% ν7+ν9 + 4% 2ν8 + 1% ν8+ν9 + 

2% 2ν16 + 1% ν9+ν12+ν14 

2844.07 0.11 

1% ν15 + 11% ν9+ν16 + 1% ν7+ν14+ν17 + 2% ν8+ν14+ν17 + 1% ν9+ν12+ν20 + 

82% ν9+ν14+ν17 + 1% ν12+ν14+ν16 + 1% ν12+2ν14+ν17 

2867.28 3.95 

21% ν5 + 4% 2ν7 + 19% ν7+ν8 + 1% ν7+ν9 + 4% ν8+ν9 + 6% 2ν9 + 35% 2ν16 

+ 1% ν7+ν12+ν14 + 1% ν12+ν16+ν20 + 6% ν14+ν16+ν17 + 1% 2ν14+2ν17 

2874.02 0.49 

1% ν3 + 3% ν4 + 63% ν7+ν8 + 2% ν7+ν9 + 2% 2ν8 + 19% 2ν16 + 2% 

ν7+ν12+ν14 + 1% ν8+ν12+ν14 + 1% ν12+ν16+ν20 + 5% ν14+ν16+ν17 

2887.49 0.19 

1% ν15 + 3% ν7+ν16 + 7% ν8+ν16 + 1% ν7+ν14+ν17 + 1% ν8+ν12+ν20 + 54% 

ν8+ν14+ν17 + 27% ν9+ν12+ν20 + 1% ν9+ν14+ν17 + 1% ν12+ν14+ν16 + 1% 

2ν12+ν14+ν20 + 2% ν12+2ν14+ν17 

2894.41 1.49 

10% ν15 + 72% ν7+ν16 + 2% ν9+ν16 + 1% ν7+ν12+ν20 + 7% ν7+ν14+ν17 + 5% 

ν9+ν12+ν20 + 1% ν9+ν14+ν17 + 1% ν12+ν14+ν16 

2896.00 3.42 

18% ν5 + 19% 2ν7 + 5% ν7+ν8 + 1% 2ν8 + 2% 2ν9 + 1% 2ν16 + 40% 

ν14+ν16+ν17 + 1% ν12+ν14+ν17+ν20 + 11% 2ν14+2ν17 

2907.42 1.02 

3% ν4 + 4% ν5 + 28% 2ν7 + 2% ν7+ν8 + 22% 2ν16 + 2% ν12+ν16+ν20 + 23% 

ν14+ν16+ν17 + 13% 2ν14+2ν17 

2926.11 0.54 

4% ν15 + 3% ν7+ν16 + 1% ν7+ν12+ν20 + 68% ν7+ν14+ν17 + 21% ν8+ν12+ν20 + 

1% 2ν12+ν14+ν20 + 2% ν12+2ν14+ν17 

2926.56 2.05 

1% ν1 + 13% ν2 + 2% ν3 + 3% ν4 + 1% ν6+ν8 + 77% ν6+ν10 + 1% ν8+ν10 + 1% 

2ν10 + 1% ν6+ν12+ν14 

2927.06 0.19 

1% ν15 + 2% ν7+ν16 + 2% ν8+ν16 + 1% ν7+ν12+ν20 + 20% ν7+ν14+ν17 + 71% 

ν8+ν12+ν20 + 2% 2ν12+ν14+ν20 

2939.24 5.55 

29% ν5 + 35% 2ν7 + 1% ν7+ν8 + 1% ν8+ν9 + 2% 2ν9 + 3% 2ν16 + 16% 

ν12+ν16+ν20 + 1% ν14+ν16+ν17 + 1% 2ν12+2ν20 + 2% ν12+ν14+ν17+ν20 + 10% 

2ν14+2ν17 

2945.54 0.33 

2% ν5 + 2% 2ν7 + 1% 2ν16 + 9% ν12+ν16+ν20 + 22% ν14+ν16+ν17 + 1% 

2ν12+2ν20 + 63% 2ν14+2ν17 

2950.09 2.06 

2% ν4 + 10% ν5 + 8% 2ν7 + 1% ν7+ν8 + 9% 2ν16 + 56% ν12+ν16+ν20 + 1% 

ν14+ν16+ν17 + 4% 2ν12+2ν20 + 8% ν12+ν14+ν17+ν20 + 1% 2ν14+2ν17 

2955.44 10.59 

71% ν15 + 12% ν7+ν16 + 2% ν9+ν16 + 1% ν11+ν16 + 12% ν7+ν12+ν20 + 1% 

ν7+ν14+ν17 

2968.32 1.06 7% ν15 + 7% ν7+ν16 + 82% ν7+ν12+ν20 + 1% ν8+ν12+ν20 + 2% 2ν12+ν14+ν20 

2972.13 8.03 

1% ν2 + 16% ν3 + 60% ν4 + 4% ν6+ν8 + 4% ν6+ν10 + 1% 2ν7 + 1% ν7+ν9 + 

1% 2ν8 + 1% ν9+ν11 + 4% 2ν16 + 1% ν6+ν12+ν14 + 3% ν12+ν14+ν17+ν20 

2982.78 0.21 

1% ν3 + 1% 2ν16 + 7% ν12+ν16+ν20 + 3% ν14+ν16+ν17 + 2% 2ν12+2ν20 + 85% 

ν12+ν14+ν17+ν20 
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2993.59 9.34 

52% ν3 + 21% ν4 + 7% ν6+ν8 + 8% ν6+ν9 + 3% ν7+ν8 + 1% 2ν8 + 2% 2ν16 + 

4% ν6+ν12+ν14 

3003.45 2.01 12% ν2 + 5% ν3 + 1% ν6+ν7 + 1% ν6+ν8 + 79% ν6+ν12+ν14 

3022.46 6.50 

61% ν2 + 1% 2ν6 + 4% ν6+ν8 + 3% ν6+ν9 + 17% ν6+ν10 + 1% 2ν8 + 1% 2ν10 + 

12% ν6+ν12+ν14 

3035.06 1.18 2% ν2 + 6% ν3 + 1% ν4 + 2% ν6+ν8 + 88% ν6+ν9 

3081.60 3.58 15% ν1 + 4% ν2 + 9% ν3 + 3% ν6+ν7 + 67% ν6+ν8 + 1% ν6+ν12+ν14 

3091.53 10.87 81% ν1 + 1% ν2 + 2% ν3 + 2% ν6+ν7 + 11% ν6+ν8 + 1% ν6+ν10 + 1% ν6+ν11 

3116.72 0.44 3% ν3 + 93% ν6+ν7 + 3% ν6+ν8 + 1% ν6+ν12+ν14 
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a)i) Lower – HENDI 

( √0.505 √0.495

−√0.495 √0.505
) (
2952.8 0
0 2955.6

) ( √0.505 √0.495

−√0.495 √0.505
)
−1

= (
2954.19 1.40
1.40 2954.21

) 

 

a)ii) Lower – p-H2 

( √0.869 √0.131

−√0.131 √0.869
) (
2945.87 0
0 2950.66

) ( √0.869 √0.131

−√0.131 √0.869
)
−1

= (
2946.50 1.62
1.62 2950.03

) 

 

 

b)i) Upper – HENDI 

( √0.926 √0.074

−√0.074 √0.926
) (
2985.26 0
0 2992.8

) ( √0.926 √0.074

−√0.074 √0.926
)
−1

= (
2985.82 1.98
1.98 2992.24

) 

 

b)ii) Upper – p-H2 

( √
0.643 √0.357

−√0.357 √0.643
) (
2985.74 0
0 2989.61

) ( √
0.643 √0.357

−√0.357 √0.643
)

−1

= (
2987.12 1.85
1.85 2988.23

) 

 

Equation S1.  Experimentally determined initial states and off-diagonal coupling terms, assuming a two 

state interaction with a bright state and a dark state.  a) Lower region from 2940 – 2960 cm-1, for (i) the 

HENDI spectrum and (ii) the p-H2 spectrum.  b) Upper region from 2980 – 3000 cm-1, for (i) the HENDI 

spectrum and (ii) the p-H2 spectrum.  
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