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Abstract 

Trans-1,3-butadiene was investigated by Correlated Rotational Alignment Spectroscopy (CRASY) in 

which pure rotational Raman information coupled to ion mass information. The rotational Raman 

spectra with a broad spectral bandwidth of 500 GHz were calibrated to a GPS stabilized external clock 

that enhanced the high accuracy in rotational constants. . Opto-mechanical delay stage, sparse sampling 

and pulse jumping settled CRASY into high resolution spectroscopic regime. We performed an analysis 

of the gas-phase rotational Raman spectrum of butadiene (BD) and its most abundant isotopologues of 

1-13C-BD and 2-13C-BD. In this work, we advanced an order of magnitude better rotational constants 

for main BD isotope. The rotational constants of pure 2-13C-BD were also revealed for the first time. 
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1. Introduction 

1.1.Rotational Spectroscopy 

  Rotational spectroscopy provides information on the geometry of molecules by predicting bond 

lengths and bond angles. To carry out the analysis of rotational spectra, moments of inertia should be 

calculated. The rotational structure can be interpreted in terms of the moments of inertia for each axis. 

The molecule of interest of this paper is butadiene, so the focus will be on the asymmetric top molecules 

throughout this paper. An asymmetric molecule has three different moments of inertia with the axes 

chosen as Ic < Ib < Ia. By introducing the rotational constants with respect to each moment of inertia,  

𝐴 =
ћ

4𝜋𝑐𝐼𝑎
 , 𝐵 =

ћ

4𝜋𝑐𝐼𝑏
 and 𝐶 =

ћ

4𝜋𝑐𝐼𝑐
 

where ћ is the Planck’s constant. Therefore, the energy of an asymmetric rotor can be expressed as, 

𝐸(𝑎, 𝑏, 𝑐) =
𝐴𝑃𝑎

2 + 𝐵𝑃𝑏
2 + 𝐶𝑃𝑐

2

ћ2
 

where 𝑃𝑎, 𝑃𝑏 and 𝑃𝑐 are the components of the angular momentum along the principle inertia axes 

a, b and c. [3] 

 

  So far, the molecules were treated as rigid rotors. However, there is a distortional force acting on 

molecules upon their rotational motion and this force also affects the moments of inertia of the molecule. 

There are three centrifugal distortion constants; 𝐷𝑗 acts on 𝐽2(𝐽 + 1)2 quartic centrifugal distortion, 

𝐷𝑘  acts on 𝐾4  quartic centrifugal distortion, and 𝐷𝑗𝑘  acts on  𝐽(𝐽 + 1) 𝐾2  quartic centrifugal 

distortion. Higher distortion moments exist but are ignored here. 

 

  The rotational quantum numbers J and K are used to describe the rotational energy of rotational 

transitions. J describes the total angular momentum. K is the projection angular quantum number that 

indicates the component of J on the principal axis, as shown in Figure 1.  

 

Figure 1. The scheme illustrating the quantum numbers of J and K. K quantum number is the projection of the total angular 

quantum number J on the principal axis. 
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  The origin of spectral lines in a rotational spectrum stem from the transitions occurring from one 

rotational energy state to another. Not all transitions between all rotational states can occur. The allowed 

and forbidden transitions are expressed by the selection rules. The shape of the spectrum then is inferred 

by the population of states and the transition moments for allowed transitions. 

The selection rules for Raman excitation of rotational transitions in asymmetric top molecules are ΔJ=0, 

± 1, ±2 and ΔK=0, ±2. [1,2,3]  

 

  The spectral intensity is determined by the probability of that transition to occur. This probability is 

proportional to the population of the initial state of the transition and the degeneracy of the rotational 

states. By considering only J quantum number for the simplicity, the population is expressed by the 

Boltzmann distribution [4].   

Probability ~ (2𝐽 + 1)𝑒
−𝐸𝑗

𝑘𝑇  

and the degeneracy is given as, 

Degeneracy ~ (2𝐽 + 1) 

where 𝐸𝑗 is the energy of the rotational transition, k is the Boltzmann constant and T is the absolute 

temperature. A transition intensity is directly proportional to the degeneracy and to the Boltzmann 

probability of the initial state. The above terms are more complicated for an asymmetric top molecule 

but were not discussed here for the fact that all the calculations were carried out by a simulation program 

called PGOPHER. [20] 

 

  Nuclear spin is another factor that effects the appearance of a spectrum. The Pauli principle [6] 

requires the total wavefunction to be antisymmetric with respect to an exchange.  

𝜓𝑡𝑜𝑡𝑎𝑙 =  𝜓𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑖𝑐𝜓𝑣𝑖𝑏𝑟𝑎𝑡𝑖𝑜𝑛𝑎𝑙𝜓𝑟𝑜𝑡𝑎𝑡𝑖𝑜𝑛𝑎𝑙𝜓𝑠𝑝𝑖𝑛 ( = antisymmetric) 

The electronic ground state and vibrational ground state has an even wavefunctions. Hence, the product 

of the rotational wavefunction and the nuclear spin wavefunction must be antisymmetric.  

 

  The spectral resolution is limited by the Heisenberg uncertainty [5], 

∆𝐸. ∆𝑡 ≥  ћ 

Therefore, the resolution ∆𝐸  of the frequency-domain spectrum is inversely proportional to the 

measurement time ∆𝑡. The longer the measurement, the better the resolution we can get.     
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1.2.Butadiene

  Conjugation is a concept that describes the delocalization of electrons in the π-orbitals, resulting in 

higher stability and lower total energy. Butadiene (BD) is the simplest conjugated diene with a point 

group symmetry of C2h. The molecular structure is shown in Figure 2. BD is a near-prolate asymmetric 

top molecule with a Ray’s asymmetry parameter of κ = -0.9786 [21] (where κ = 
2𝐵−𝐴−𝐶

𝐴−𝐶
 and κ = -1 

indicates the molecule to be a prolate symmetric top). BD has no permanent dipole moment due to its 

molecular symmetry, therefore, it is not accessible by microwave spectroscopy. However, the high 

polarization anisotropy of the delocalized pi-electrons makes BD a good candidate for rotational Raman 

excitation. 

 

 

Figure 2. Molecular structure and atomic labelling of BD. Labelling of hydrogen and carbon atoms is performed according 

to the distance from the inversion of symmetry. 

 

  Butadiene has five major heavy isotopes, 1– 2D, 2– 2D, 3– 2D, 1 – 13C, 2 – 13C shown in Figure 3. 

The probability of observing deuterated BD and 13C substituted BD is 6 x 0.0115% and 4 x 1.1%, 

respectively. Therefore, deuterated isotopes can be neglected in the interpretation of the lines in the 

spectrum. Hence, the rotational spectra in Figure 17 were assigned to the most abundant isotopes of 1 

– 13C and 2 – 13C.  
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Figure 3. The most abundant heavy isotopes of BD.  

 

 

  The interaction of BD with the electric field components of the laser, as shown in Figure 4a, is 

dependent on the angle θ between the electric field and the principle axis of the molecule. It is 

maximized at θ=00 and minimized at θ=900. Figure 4b illustrates the energy of BD with its angle 

dependent character. BD has no dipole moment due to its molecular symmetry, however, the electric 

field can distort the electron cloud along the molecular axis and induce a dipole moment. BD molecules 

in gas phase rotate freely. Upon a non-adiabatic rotational Raman excitation with a linearly polarized 

IR pulse, the induced dipole moments are aligned along the electric field direction of the pulse. They 

then rotate coherently with a new angular momentum. The rotational motion occurs in the GHz to THz 

regime, which corresponds to a period of greater than picoseconds. For BD, the rotational periods are 

greater than 4 ps ( ≈ 250 GHz) ~ 40 ps ( ≈ 25 GHz) under the condition of < 10 K.  

   
Figure 4. (a-left) The smallest interaction is obtained when the principle axis of the molecule is perpendicular to the electric 

field component of the laser. (a-right) The largest interaction is obtained when the principle axis of BD is parallel to the electric 

field component of the laser. (b) Energy diagram with respect to the angle between the electric field component of the pump 

laser and the principle axis of BD.  
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The rotational motion can be observed by rotational coherence spectroscopy (RCS) [8]. RCS is a 

time-domain spectroscopic technique that provides precise structural information of isolated species by 

monitoring modulations of quantized rotational motion. A polarized ultrashort laser pulse (ps duration) 

creates an initial alignment of molecular dipoles of gas phase molecules. Subsequent manifestation of 

alignment, due to the dephasing and rephasing of the rotational wavefunctions, can be observed by a 

probe pulse (fs duration) as a function of time. 

 

  Resonance enhanced multiphoton ionization (REMPI) is an ionization method, in which more than 

one photon is absorbed by the molecule to be ionized. [9] UV light is broadly used for this purpose. 

REMPI uses the resonant intermediate excited states to achieve efficient ionization with a longer 

wavelength (lower E) laser source. The evolution of the rotational wave packet can be monitored in the 

time-domain using REMPI, because the excitation dipole moment needs to be aligned correctly to 

observe REMPI signals.  

 

 

Figure 5. The UV absorption spectrum of trans-1,3-butadiene in the region of its π-π* transition. The transition is from the 

S0(11Ag) ground state (HOMO) to the bright S2(1Bu) state (LUMO). [10] 

 

  BD shows an UV absorption spectrum due to a π-π* transition as shown in Figure 5. [10] The broad 

absorption band ranges from 44000 cm-1 (227 nm) to 51000 cm-1 (196 nm). The maximum absorption 

is around 47600 cm-1 (210 nm). The electronic excitation can be performed with 200 nm light, which is 

the forth harmonic of the Ti:Sa laser fundamental wavelength of 800 nm. By utilizing REMPI, 

ionization of BD can be achieved with a 200 nm laser beam.  



11 

 

 

 

Figure 6. The electronic states, occupancy of π electron orbitals, energetics and excited state dynamics in BD, C4H6. [10] 

 

  UV laser light excites a π-electron from the S0(11Ag) ground state to the S2(1Bu) excited state. This 

transition is the HOMO-LUMO transition. Due to ultrafast non-adiabatic dynamics, the S2(11Bu) excited 

state quickly relaxes into the lower lying S1(21Ag) state by internal conversion. In reference [10] (Figure 

6), the bright S2(11Bu) state is probed by single photon ionization, where S1(21Ag) state is probed by 

two-photon ionization. In our CRASY experiment, the bright S2(11Bu) state serves as resonant 

intermediate state and is ionized by another 200 nm photon.  

  

1.3.CRASY 

  Correlated Rotational Alignment Spectroscopy (CRASY) [11,12,13] is a mass-selective RCS 

technique that probes ground state rotational Raman excitation with femtosecond two-photon ionization 

(REMPI). This correlates rotational information with mass information. Figure 7 illustrates the CRASY 

experiment. In step A, an 800 nm IR pump pulse excites the rotational states by coherent Raman 

excitation in the vibrational ground state. In step B, a 200 nm UV probe pulse (generated by forth 

harmonic generation) excites molecules from the electronic ground state S0(11Ag) to the electronic 

excites state S2(1Bu), followed by ionization to a final ionic state. 
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Figure 7. Energy diagram of the pump-probe process for BD in CRASY. (Step A) Coherent rotational Raman excitation by an 

alignment beam with 800 nm wavelength creates a rotational wave packet in the ground state. (Step B) A subsequent probe 

beam with 200 nm wavelength generates transitions from the ground state to the ionic state by femtosecond two-photon 

ionization. 

 

  Isotopic substitution is a powerful method to collect structural data in terms of isotopes and their 

associated dissociative reactions. Molecular structure can be extracted from isotopic substitution using 

the Kraitchman [7] method. Synthesis of isotopically labelled compounds, however, is expensive and 

time-consuming. The mass-CRASY experiment couples the ground state rotational structure with ion 

mass. This allows the identification of naturally occurring isotopologues by assigning their 

corresponding signals at their respective mass-to-charge ratio. This removes the need for isotopologues 

synthesis.   
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  Compared to preceding RCS experiments, CRASY provides several improvements: (1) Mass 

correlation [13] of the rotational spectrum for each species in a molecular beam. (2) High spectroscopic 

resolution for the rotational Raman spectra. Since CRASY is a time-domain technique, the resolution 

is limited by the Heisenberg energy uncertainty. Combining opto-mechanical delay stage with 

electronic delays extended the delay range up to the microsecond range and enhanced the resolution up 

to a single MHz [11]. (3) Highly accurate spectroscopic frequencies. Absolute frequencies were 

obtained by directly referencing the oscillation repetition rate to a GPS-stabilized external clock [11].  

 

  Halonen et al.[14] obtained high-resolution rotational constants for jet-cooled trans-1,3-butadiene in 

rotationally resolved IR spectra and investigated the C-H stretching region. They presented a highly-

accurate ground vibrational state rotational constants for the main BD isotope. In the same year, Craig 

et al. [15,16,17,18] interrogated the gas-phase IR and liquid-phase Raman spectrum for 1-13C-BD, 

completing the analysis of its rotational structure. BD has been analyzed by our group [19] and CRASY 

revealed the atomic scrambling in the ionic states of BD. In this work, we show correlated data for 

butadiene isotopologues by means of mass-selective high-resolution rotational spectroscopy. 

 

 

 

2. Experimental part 

Vaporized butadiene was carried by 10 to 20 bar pressure Helium gas at the room temperature. A 

mixture of Butadiene and Helium gas with the ratio of 1:100 were released through a pulsed valve 

(Evan Lavie, E.L-7-4-2007-HRR, 150 μm nozzle, operating at 500 Hz and 80 ℃). The expanding 

molecular beam was skimmed and arrived in a Wiley – McLaren type mass spectrometer (vacuum 

pressure « 10-6 mbar) after passing the interaction region (vacuum pressure < 10-4 mbar). A collimation 

angle of 0.10º was calculated for the skimmed beam, based on the 1 mm skimmer that was positioned 

at 280 mm distance from the pulsed valve. The mass spectrometer analyzed the masses of photo-ionized 

cations. 

  A single femtosecond (fs) laser oscillator (Coherent, Vitara-T, 80 MHz repetition rate) generated 

amplified fs laser pulses with a central wavelength of 796 nm. The laser pulses were split into two parts, 

alignment and probe pulses, synchronized with electronic timing units (Coherent SDG Elite) and going 

into regenerative amplifiers (Coherent, Libra USP-1k-HE-200, 1 KHz repetition rate). The alignment 

pulse was compressed to 150 ~ 1500 fs duration and attenuated to 50 ~ 150 μJ energy. The ionization 

pulse was compressed to 45 fs duration and attenuated to 0.5 μJ by non-linear BBO crystals. The two 

pulses with identical linear polarization, were focused with a spherical mirror with 75cm focal length 

into the interaction region. 



14 

 

 

 

Figure 8. Experimental scheme. A BD molecular beam was expanded from the pulsed valve and passed through the skimmer. 

Subsequently, the molecular beam interacted with an alignment laser pulse (red) exciting coherent rotational motion. After a 

time delay of Δt, probe laser pulse (blue) ionizes BD molecules. Formed positive charges move towards the mass detector. 

 

The time delay between the two pulses was controlled by selecting oscillator pulses going into the 

regenerative amplifiers and by an opto-mechanical delay stage. Oscillator pulses were selected 

separately for the alignment and ionization amplifiers. Both amplifiers received the selected pulses from 

the same frequency stable initial oscillator. Those allowed to add discrete delay of Δt = 1/(80 MHz) = 

12.5 ns with negligible timing-jitter. A frequency counter (Aim-TTITF930) measured the oscillator 

repetition rate against a cheap GPS-stabilized clock (Leo Bodnar GPSDO) with a relative accuracy Δν/ν 

< 10-8. An Allan deviation of <10-10 confirmed a stable oscillator repetition rate. The alignment laser 

pulse was passed through a 30 cm opto-mechanical delay stage (Physik Instrumente, MD-531) with a 

100 nm internal encoder. The pathway was folded 16-fold over the stage to acquire 4.8 m (16 ns) 

adjustable delays with femtosecond step size (≥ 5 fs). 

 

For large time delay of the two pulses, a motorized mirror mount modified the position of the 

alignment laser on the molecular beam to correct for the velocity of the molecular beam of 1100 m/s. A 

slight deviation from right angle (91.6±0.4)º between the molecular beam and two laser beams induced 

a small Doppler shift of (1.0±0.26)·10-7. Doppler broadening was negligible on account of the small 

collimation angle of the skimmed molecular beam. 
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A chopper wheel (Thorlabs MC2000) was used to alternatingly detect alignment-ionization signal 

and reference signal. The temporal signal modulations from each mass channel were Fourier 

transformed to gain rotational Raman spectra. 

 

  The laboratory environment temperature and humidity was controlled as (20±0.5)℃ and 

(40±10) %RH. We used the NIST shop-floor equation to calculate the air refractive index with an 

accuracy under 10-7 during the measurement. The delay stage positions were calibrated by measuring 

cross correlation signals that were displaced by a oscillator pulse jump (12.5 ns) and in regard to a 

temperature insensitive optical encoder (Sony Laserscale BL57-RE, thermal expansion coefficient of 

0.7·10-6 m/(m·K)). 
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3. Results and Discussion 

 

 

Figure 9. REMPI Mass spectrum of BD and its fragmentation. 

  

  The mass spectrum of BD is shown in Figure 9 and its resolution is about 560 (resolution in m/ΔM) 

at 55 u with a FWHM of 0.09874 (ΔM). The fragmentation products of the REMPI process can be 

tracked along the ion mass axis. The mass peak at 54 u is the cation of BD (C4H6
+) and is assigned to 

be the base peak. The parent BD ion is formed by UV multi-photon ionization. In this spectrum, the 

dominant fragment ions observed are C4H5
+(-H loss) at 53 u, C3H3

+(-CH3 loss) at 39 u and C2H3
+(-C2H3 

loss) at 27 u. The mass signal 55 u and 40 u originate from 13C-isotopes of the mass 54 u and 39 u 

species, respectively. Minor fragment ions are C2H2
+(- C2H4 loss) at 26 u, C2H4

+(- C2H2 loss) at 28 u, 

C4H2
+(- H4 loss) at 50 u, C4H3

+(- H3 loss) at 51 u, and C4H4
+(- H2 loss) at 52 u. [4] Their small relative 

signal amplitudes are due to their high ionization energy as compared to the energy of the REMPI 

process. Two-photon REMPI of BD with photons of 200 nm (by forth harmonic generation of 800 nm 

laser beam) introduces 12.4 eV of energy into the molecules. Other fragmentation channels with higher 

ionization energy are beyond the range of this experiment. Apart from butadiene signals, there is a signal 

of carbon disulfide at 76 u, which we used as our calibration signal. It has a relative intensity of 0.55 % 

compared to the base peak.  
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Figure 10. Alignment-ionization time trace for all BD mass channels, including fragments and isotopologues.  

 

  Mass spectra were measured at 1 ps steps over a time delay of 100 ns (equivalent to a 30 m mechanical 

delay). The signals were obtained by impulsive rotational Raman excitation of a coherent rotational 

wave packet and temporal evolution of subsequent resonant two-photon ionization signals. Each mass 

signal is modulated by the rotational motion of the molecules in the time domain. Therefore, a 

corresponding alignment-ionization time trace was obtained for each mass signal in the mass spectrum. 

Figure 10 shows the summation of the time-resolved mass signals of all mass channels. This 

measurement of mass spectra over a large alignment-ionization time delay range would generate a huge 

data set. Nyquist sampling is required to recover a frequency signal, (i.e. 1 ps sampling to recover 

frequencies ≤ 500 GHz). A better frequency resolution requires a longer sampling time. To 

simultaneously obtain a large frequency range (= small sampling step size) and a high resolution (= 

long sampled delay range) would result in a tremendous experimental cost in terms of time. The 

experiment may take days even weeks. Hence, random sparse sampling was performed to expedite long 

measurements. Sparse sampling basically abolishes the requirement of measuring all Nyquist points to 

recover a signal. Less data points with a random sparsity were measured to build the signal. This, on 

the other hand, introduces a random noise, resulting in a lower signal-to-noise ratio. The signal noise in 

the time-domain is converted by Fourier transformation to baseline noise in the frequency spectrum. 

The sampling ratio in our experiment is 8.79 %. 
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Figure 11. Fourier transformed rotational Raman spectrum from trace in Figure 2. 

 

  The rotational Raman spectrum contains information on the rotational transition frequencies and the 

molecular moments of inertia. To obtain spectra, time domain signals of each mass channel in Figure 2 

were Fourier transformed into frequency domain signals as shown in Figure 11. The rotational Raman 

frequency range in our experiment is 500 GHz (corresponding to the Nyquist theorem with a temporal 

step size of 1 ps). The resolution of each spectral line is approximately 10 MHz full-width-half-maximum 

(FWHM), close to the Fourier limit for the scanned delay range of 107400 ps. Each peak indicates a 

rotational Raman transition from one rotational state to another. For the 54 u mass channel, the rotational 

transitions are shown in Figure 12. We observe predominantly signals for the S-branches (ΔJ= +2) with 

high amplitudes and only weak signals for the R-branches (ΔJ= +1).  

 

Figure 12. The rotational transitions that in the rotational Raman spectrum of the 54 u mass channel. Red transitions indicate 

S branches (ΔJ= +2) and green transition indicates the R branches (ΔJ= +1). 
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Figure 13. The comparison of mass channel 52 u (BD fragment) and 76 u (main CS2 isotope). 

 

  Now we look closer at one of the smallest peaks in the mass spectrum in Figure 13. We expect the 

rotational Raman spectrum of the 52 u mass channel (0.55% of the base peak) to have a signal 

comparable to the noise signal. However, the mass signal in 76 u (0.33 % of the base peak) with a 

smaller ion counts intensity shows a high signal-to-noise ratio. The reason is that CS2 molecules have a 

perfectly symmetric linear molecular structure as oppose to the near-prolate structure of BD. CS2 

therefore has a higher anisotropic polarizability and its rotational Raman excitation is more efficient. 

Its linear structure leads to a higher degree of alignment that creates larger signal peaks. In addition, 

CS2 has less spectral lines due to the nuclear spin statistics whereas BD has much more spectral lines. 

The spectral lines of BD are spread all over the spectrum, and this causes higher signal-to-noise ratio,. 

This CS2 signal in mass channel 76 u was used as our calibration signal.  
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Figure 14. Mass-CRASY data of butadiene and its major fragments. The cations of C4H5
+(-H loss) at 53 u, C3H3

+(-CH3 loss) 

at 39 u and C2H3
+(-C2H3 loss) at 27 u show identical rotational spectra, they therefore belong to the same BD precursor. 

 

  The mass-CRASY data of major fragments of BD is shown in Figure 14. The parent molecular ion 

C4H6
+, butadienyl cation C4H5

+ and cyclopropyl C3H3
+ and C2H3

+ were observed at mass 54 u, 53 u, 39 

u, and 27 u, respectively. As clearly seen, all three cations showed identical rotational Raman signals, 

indicating that they are formed from the same parent precursor of butadiene. The reason behind this is 

the following: The pump-probe experiment of CRASY is performed in a Wiley-McLaren mass 

spectrometer’s interaction region. Therefore, parent BD molecules are excited and probed into the BD 

cation before any fragmentation occurs. The measured (probed) rotational Raman spectra shows the 

rotational Raman frequencies that corresponds to the quantized rotational motion of the BD neutral. 

The dissociation later generates different fragment ions to be detected by the mass spectrometer.  
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  Fragmentation of BD in the ionic state occurs on a time scale comparable to that of ionic acceleration 

(microseconds) in the TOF spectrometer. Some fragment signals therefore showed a tail towards higher 

mass channels. The elongated tails appeared at ion masses of 40 u and 53.5 u [Appendix B] in Figure 9 

and are from the slow fragments corresponding to 39 u and 54 u, respectively. Figure 15 illustrates the 

mass channel 40 u, where both the heavy isotope- C3H3
+ (40 u) fragment and the slow fragmentation 

product C3H3
+ (39 u) are present. The overlap integrals in the zoomed boxes shows the agreement of 

Raman transition frequencies of mass channels 39 u and 40 u. However, signals due to the light isotope 

are clearly recognizable yet heavy ones are not. The first reason is that there are two isotopologues of 

cyclopropenyl cation which are 1 – 13C and 2 – 13C Hence, that divides the signal by a factor of 2. The 

second reason is due to the symmetry of the light isotope of BD versus the broken symmetry of the 

heavy-carbon substituted BD. The broken symmetry divides the signal by another factor. With the 

mentioned reasonings, the signal in 40 u is split into many distinct lines which vanish into the noise. 

The current CRASY experiment cannot resolve the peaks of heavy of BD isotope in mass channel 40 

u. 

 

 

Figure 15. Comparison of Rotational Raman spectra of ion mass channels 39 u (black) and 40 u (orange). The signals in mass 

channel 40 u are due to the cyclopropenyl cation C3H3
+ containing a heavy carbon isotope. The signals in mass channel 39 u 

are only due to the cyclopropenyl cation C3H3
+. The zoomed insets illustrate the overlapping integral of the signals for both 

ion mass channels. 
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Figure 16. Experimental (top) and simulated (bottom) rotational Raman spectrum of BD. The top spectrum shows the main 

isotope of butadiene. The dots represent the peak assignment for the fitting of our data. 

An analysis of Raman rotational spectra was carried out using PGOPHER. [20] Spin state statistics 

were considered to obtain the correct amplitude ratios in the PGOPHER simulation. By means of Fermi 

statistics, the population statistics of even to odd states of BD shows the ratio of 28:36. Rotational 

constants for the main BD isotopologue were obtained by fitting 59 bands for mass channel 54 u, 

assigned through a comparison with simulated spectra. The assigned peaks are marked in Figure 16. 

Rotational constants A, B, C and distortion constants Dj, Djk, Dk from the work of Craig [15], were used 

as starting parameters. We fixed A, Dj, Djk, Dk constants and fitted B, C constants. Further details on the 

simulation parameters [Appendix C] and band assignment [Appendix D, Table 3] for main BD isotope 

can be found in Supporting information. Fitted rotational constants and literature values are summarized 

in Table 1.  

 

Table 1. Measured rotational constants and corresponding literature values for BD. * and ** respectively represent 

Halonen2004, Craig2008. 
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Our values for the main BD isotope are in good agreement with the reported literature values of 

Halonen et al., however there is an approximately 9σ difference with Craig et al. The precision of our 

result is 1 order of magnitude better than that of [14], which is the most accurate literature data. The 

rotational constants for 1-13C-BD agree with the literature [14,18]. The distortion constants could not 

be refined as compared to the literature values, because only low rotational states (around J’=25) were 

observed.  

 

Figure 17. Experimental and simulated data for 1-13C and 2-13C. The experimental spectrum (top) is obtained from the ion 

mass channel 55 u. The PGOPHER simulated spectrum (bottom) shows the heavy-carbon isotopes of BD, which are 1 – 13C-

BD (blue) and 2 – 13C-BD (red). 

 Due to the superposition of five isotope signals of butadiene (1-2D, 2-2D, 3-2D, 1-13C, 2-13C) and due 

to the breaking of symmetry, the mass channel 55 u showed a more complicated spectrum as compared 

to the mass channel 54 u. As the rotational moment of inertia increases with isotopic substitution, the 

rotational constants decrease and the transition frequencies are shifted toward smaller values. The 

probability ratio of observing deuterated BD over 13C-substituted BD is 1:64. Therefore, deuterated 

isotopes can be neglected in the interpretation of the lines in the spectrum. The spectra in Figure 17, 

therefore, were assigned to the major isotopes of 1-13C and 2-13C. The simulated transition frequencies 

coincided accurately with the measured rotational Raman signal. However, the band amplitudes of the 

PGOPHER simulation and the CRASY data differ. The possible reason for this discrepancy is the low 

signal-to-noise ratio in our data. High-resolution CRASY allowed us to separate the two main 13C 
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isotopes of BD and rotational constants for pure 2-13C-BD are calculated for the first time by CRASY. 

We assigned 11 bands for 1-13C-BD [Appendix D, Table 4] and 10 bands for 2-13C-BD [Appendix D, 

Table 5]. The rotational constants were obtained by fitting the mass channel 55 u spectrum in 

PGOPHER and listed in Table 2. Due to the low isotope abundance of 13C, a greater uncertainty 

appeared for 1-13C-BD as compared to the main isotope. 

 

 

Table 2. Measured rotational constants and corresponding literature values for BD. ** respectively represent Craig2004 

literature. 

 

4. Conclusion 

Butadiene was investigated by a novel spectroscopic method, CRASY, in which rotational Raman 

excitation, rotational coherence spectroscopy (RCS), resonance enhanced multiphoton ionization 

(REMPI) and time-of-flight mass spectrometry were combined into a single experiment. CRASY 

allowed us to observe the mass data of naturally occurring isotopologues and their corresponding 

rotational signals simultaneously. An analysis of the gas-phase rotational spectrum of 1,3-trans-

butadiene (BD) and its most abundant isotopologues of 1-13C-BD and 2-13C-BD was performed. The 

correlated nature of CRASY allowed us to resolve the BD isotopes. Opto-mechanical delay stage, sparse 

sampling and pulse jumping settled CRASY into high resolution spectroscopic regime. This achieved 

an order of magnitude better precision in rotational constants compared to the established high-

resolution experiments. A GPS-stabilized external clock provided a highly accurate rotational constants 

within our precision, because it removed any systematic error in the experiment. We also revealed the 

rotational constants of pure 2-13C-BD for the first time.  
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6. Supplementary Information 

 

 
APPENDIX A 

 
Rotational Raman spectra of all BD fragments 

 
Figure 18. Rotational Raman spectrum of 26 u mass channel. 

 
Figure 19. Rotational Raman spectrum of 27 u mass channel. 
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Figure 20. Rotational Raman spectrum of 28 u mass channel. 

 

 
Figure 21. Rotational Raman spectrum of 39 u mass channel. 
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Figure 22. Rotational Raman spectrum of 40 u mass channel. 

 

 
Figure 23. Rotational Raman spectrum of 43 u mass channel. 
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Figure 24. Rotational Raman spectrum of 50 u mass channel. 

 

 
Figure 25. Rotational Raman spectrum of 51 u mass channel. 
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Figure 26. Rotational Raman spectrum of 52 u mass channel. 

 

 
Figure 27. Rotational Raman spectrum of 53.5 u mass channel. 
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Figure 28. Rotational Raman spectrum of 53 u mass channel. 

 
Figure 29. Rotational Raman spectrum of 54 u mass channel. 
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Figure 30. Rotational Raman spectrum of 55 u mass channel. 

 
Figure 31. Rotational Raman spectrum of 76 u mass channel. (CS2) 

 

 

  



32 

 

 

APPENDIX B 
Slow fragmentation 

 
Figure 32. Slow fragmentation channel. Comparison of rotational Raman spectra of ion mass channels 53 u (black) and 53.5 

u (blue). The signals in mass channel 53.5 u is due slow fragments of 53 u. 

 

 

APPENDIX C 
 

PGOPHER simulation 
Symmetry is one of the most crucial components on assigning an asymmetric-top molecule in 

PROGPHER. For BD, which is a near-prolate asymmetric top molecule, the point group, representation, 

C2z axis and C2x axis were set to C2h, Ir, c and a, respectively. In examination of the symmetry of 

rotational wavefunction, the notations of eeWt/eoWt/oeWt/ooWt are required. These notations define 

whether the quantum numbers Ka and Kc respectively are even or odd. In PGOPHER simulation, spin 

state statistics is considered for correction of the amplitude ratios. By means of Fermi statistics, the 

population statistics of even to odd states of BD shows the ratio of 28:36. Hence eeWt/eoWt/oeWt/ooWt 

respectively are set to 28/36/28/36. As mentioned before, Gaussian contribution to FWHM is 10 MHz. 

Since CRASY use rotational Raman excitation to pump to molecules, the transition rank is set to 2. 

Finally, the rotational and distortion constants are taken from the work of Craig et al as listed in Table 

1. We fixed A, Dj, Djk, Dk and fitted B, C constants throughout PGOPHER simulation. 
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APPENDIX D 
 

The assigned peak list of main BD isotope 

J 
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Table 3. PGOPHER peak assignment. 59 peaks for main BD isotope were fitted to get the rotational constants introduced in 

Table 1. Double prime (“) stands for the ground state and single prime (‘) stands for the excited state. E/O are the even and 

odd rotational states. v is the vibrational state.  

 

 

 

The assigned peak list of 1-13C-BD isotope  

 

Table 4. PGOPHER peak assignment. 11 peaks for 1-13C-BD isotope were fitted to get the rotational constants introduced in 

Table 2. Double prime (“) stands for the ground state and single prime (‘) stands for the excited state. E/O are the even and 

odd rotational states. v is the vibrational state. 
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The assigned peak list of 2-13C-BD isotope  

 

Table 5. PGOPHER peak assignment. 10 peaks for 2-13C-BD isotope were fitted to get the rotational constants introduced in 

Table 2. Double prime (“) stands for the ground state and single prime (‘) stands for the excited state. E/O are the even and 

odd rotational states. v is the vibrational state. 
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