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A combined experimental and theoretical approach has been used to examine the signature antisymmetric C=C=O 
stretch of prop-1-enylketene and prop-2-enylketene, as well as a series of ketene multimers and hydrates.  
Optimization and frequency calculations executed at the B3LYP/6-311G++(d,p) level of theory reveal four 
conformers of prop-1-enylketene and three conformers of prop-2-enylketene.   These ketenes were generated via the 
pyrolysis of 3-pentenoic anhydride and 4-pentenoic anhydride, respectively, and isolated in low-temperature argon 
matrices prior to FTIR analysis.  The resultant spectra display several bands consistent with B3LYP predictions.  A 
similar computational and experimental survey of ketene multimers and hydrates, generated by the pyrolysis of 
acetic anhydride, has generated a list of frequencies for the antisymmetric C=C=O stretching mode.  The results 
provide useful benchmarks for identification of propenylketenes in future experiments as well as insight for 
assigning other substituted ketenes in infrared spectra. 
 

INTRODUCTION 

 Ketene, H2C=C=O, is an important intermediate in the high-temperature combustion and 

pyrolysis of hydrocarbons.1-5  Accordingly, it has been well characterized spectroscopically6-8 

and thoroughly studied for understanding of its reaction mechanisms in high-temperature 

environments.  Substituted ketenes, R1R2C=C=O, are also important intermediates in pyrolysis 

and oxidation of hydrocarbons.9-10  They are especially important to the mechanisms of 

oxygenated hydrocarbons that are key components of biofuels.11-13  They also have many 

applications in organic synthesis,14 polymers,15 and catalytic processes.16  Given the importance 

of substituted ketenes to many chemical processes, it is important to spectroscopically 
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characterize these molecules, particularly via infrared absorption, for detection and identification 

in experiments. 

 The characteristically strong antisymmetric C=C=O stretch (2) of ketene and its 

substituted variants is by far the most intense.6, 8, 17  In one of the earliest comprehensive 

measurements of the vibrational spectrum of condensed-phase ketene, Moore and Pimentel8 

reported the 2 mode at 2142 cm-1 in an argon matrix, and 2133 cm-1 in the pure solid.  A reliable 

assignment of ketene, and substituted ketenes, would preferably include more than one 

vibrational band, so it is important to consider other prominent modes.  The next strongest mode 

of ketene in the solid, 1, appears at 3043 cm-1 (3062 cm-1 in the argon matrix).  In the argon-

matrix spectra, the 5 band at 525 cm-1 was highest in intensity after 2.   The relative peak 

intensities for 2 and 1 observed by Moore and Pimentel in the solid phase were reported as ∞ 

and 1.2, respectively.  Calculated B3LYP/cc-pVDZ intensities of ketene by Winter et al.18 are 

28.5, 564.7, and 25.8 km∙mol-1 for 1, 2, and 5, respectively.    For the well-characterized and 

simplest substituted analogue methylketene,18 the strongest mode, 4, appears in an argon matrix 

at 2130 cm-1 with a B3LYP-calculated intensity of 619.3 km∙mol-1 and the next strongest mode, 

16, appears at 551 cm-1 with 46.5 km∙mol-1 calculated intensity.  The vast disparity in intensities 

between the antisymmetric C=C=O stretch and the next most intense band can present an 

obstacle to confidently assigning a substituted ketene.  When experimental conditions preclude 

the production of large concentration of a substituted ketene, often the antisymmetric C=C=O 

stretching mode is the only discernable vibrational mode, as the other modes are too 

comparatively small to rise above the noise.     

 Gano and Jacob19 studied the effects of substitution on the antisymmetric C=C=O stretch 

of ketene.  Using argon-matrix FTIR frequencies from the literature and their own experiments 
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on X2C=C=O, where X = H, CN, Cl, CH3, and t-butyl, parameters for the Swain-Lupton 

approach were determined in order to predict the antisymmetric ketene stretching frequency 

based on an inductive field parameter and a resonance parameter.  McAllister and Tidwell17 

furthered efforts to develop accurate prediction methods for the antisymmetric stretch of 

substituted ketenes by surveying a range of mono- and di-substituted ketenes with ab initio 

molecular orbital calculations at the HF/6-31G* and MP2/6-31G* levels of theory. The 

calculated frequencies were compared to available argon-matrix FTIR literature values.  

 Many substituted ketenes have been isolated in low-temperature matrices for FTIR 

analysis.  These include simple alkyl-substituted ketenes like methylketene,18, 20-21 ethylketene,11, 

22 and dimethylketene,23 as well as more complex cyclic and conjugated alkylketenes.24-29  

Ketenes incorporating nitrogen-based functional groups such as cyanoketene,30 imidoylketene31 

and ketenimines31-32 have been observed.  Oxygenated ketenes including hydroxy,33-34 alkoxy,30, 

35 and carbonyl36-40 functional group substituents, and also halogenated ketenes including 

chlorine or bromine atoms30, 35, 41-43 have also been observed.  All of these substituted ketenes 

have been generated by flash vacuum pyrolysis or photolysis. 

 Matrix-isolation FTIR spectroscopy is a technique well suited for the detection of 

molecules that are unstable, including the many substituted ketenes.  Matrix-isolation FTIR 

instruments can easily be coupled to pyrolysis or photolysis sources.  The combination of 

techniques is perfect for generating and characterizing ketenes.  It is also very appropriate for an 

undergraduate research laboratory, in both budget and skill level.  Pyrolysis and matrix-isolation 

FTIR require no high powered lasers or pulsed high voltages that could be dangerous for 

undergraduate students doing independent laboratory work.  The experiments are also is 



 

  4

intellectually accessible to undergraduate chemistry students; even a first-year student can be 

trained to work independently within a semester.     

 The purpose of this work is to examine the signature stretching mode of two unsaturated 

alkylketenes, prop-1-enylketene (CH3CH=CHCH=C=O) and prop-2-enylketene 

(CH2=CHCH2CH=C=O), as well as those of ketene multimers and ketene hydrates through a 

combined approach of matrix-isolation FTIR and ab initio calculations. Gas-phase pyrolysis was 

used to generate the substituted ketenes from appropriate precursor molecules.  The results will 

be instructive in understanding the effect of overall chemical structure on the vibrational modes 

of ketenes.  They will also serve a practical purpose of providing both experimental and 

computational benchmarks for the identification of a wide range of ketenes in matrix-isolation 

FTIR experiments, lending insight for the identification in other environments.   

 
METHODS 
 
Pyrolytic Generation and Matrix-Isolation FTIR of Ketenes 
 Prop-1-enylketene and prop-2-enylketene were generated by gas-phase pyrolysis of 3-

pentenoic anhydride (synthesis described below) and 4-pentenoic anhydride (Sigma-Aldrich, 

98%), respectively.  (Scheme 1)  Ketene was generated by pyrolysis of acetic anhydride (Fisher, 

≥97%) for the purpose of characterizing ketene multimers and ketene-water complexes.  The 

precursors were degassed and used without further purification.  In each case, vapor of the 

precursor molecule was mixed with 1000 Torr ultra-high purity argon using standard manometric 

techniques.  The concentration of precursor in the mixture ranged from 0.01 to 0.4%, depending 

on the room-temperature vapor pressure of the precursor as well as the goal of suppressing or 

promoting multimer/complex formation.  The mixture was expanded through a resistively heated 

silicon carbide (SiC) tube, with a length of 38 mm and inner diameter of 1 mm, mounted on the 
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face of a pulsed valve (General Valve Series 9).44 The pyrolysis temperature (800-1200 K) was 

controlled by a Series 16A temperature controller (Love Controls) and measured by a type C 

thermocouple mounted on the outside of the SiC tube.  The pyrolysis products were isolated in 

an argon matrix on a 15 K cesium iodide window mounted in a cryostat (Janis Research) with a 

base pressure of 1.0 x 10-6 Torr.  The CsI window was cooled by a closed-cycle helium 

refrigerator (Sumitomo Heavy Industries Ltd.) and its temperature was regulated by a Lake 

Shore 331 Temperature Controller.  Prior to recording an FTIR spectrum, the window was 

cooled to 4 K.  FTIR spectra were collected for 128 scans at 0.5 cm-1 resolution with a Bruker 

Vertex 70 spectrometer that was purged with dry air.  The apparatus for pyrolysis and matrix-

isolation FTIR has been described in detail previously.45  Optimization and frequency 

calculations were performed on all substituted ketenes and ketene complexes at the B3LYP/6-

311G++(d,p) level of theory using Gaussian 09.46 

Synthesis of 3-Pentenoic Anhydride  
To a solution of 3-pentenoic acid (2.02 mL, 20.0 mmol) in CH2Cl2, (50 mL) was added 

N,N’-diisopropylcarbodiimide (1.55 mL, 9.99 mmol) dropwise at room temperature. The 

resulting solution was allowed to stir at room temperature for 1.5 hours, at which point the 

reaction was determined to be complete by thin layer chromatography. The reaction was 

quenched with saturated aqueous NaHCO3, and the organic layer was washed with saturated 

aqueous NaCl. The organic layer was dried over Na2SO4, filtered, and concentrated under 

reduced pressure. The resulting crude residue was purified by flash column chromatography 

(10% EtOAc/hexane) to afford 3-pentenoic anhydride (725 mg, 40%) as a colorless oil: 1H NMR 

(400 MHz, CDCl3): δ 5.69 – 5.46 (m, 4H), 3.18 – 3.15 (m, 4H), 1.73 – 1.70 (m, 6H). 13C NMR 

(100 MHz, CDCl3): δ 168.0, 131.3, 121.0, 39.0, 18.2. 
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Scheme 1.  Pyrolytic generation of ketene and propenylketenes 

 

RESULTS AND DISCUSSION 

A) Ketene multimers and hydrates 

 The pyrolysis of acetic anhydride was employed to generate ketene and to determine the 

optimal conditions for isolating ketene while avoiding ketene multimers and ketene-water 

complexes that could complicate the spectrum and interfere with the assignment of substituted 

ketenes in other pyrolysis experiments.  Figure 1 shows the matrix-isolation FTIR spectra 

collected following pyrolysis of acetic anhydride at different temperatures and concentrations in 

argon.  The spectrum collected following 800 K pyrolysis of 0.01% acetic anhydride provides 

satisfactory absorbance for the antisymmetric stretch at 2142 cm-1 while minimizing the 

contributions from ketene complexes observed at 2125-2138 cm-1.  Other characteristic bands8, 47 

of ketene were observed at 3155, 3063, 1380, 1114, 973, 590, and 524 cm-1. 



 

  7

 

Figure 1.  Matrix-isolation FTIR spectra (4 K) recorded following the pyrolysis at 800 K and 
1000 K of acetic anhydride in argon.  The bottom trace shows the spectrum of an unheated 
sample as a control. 
  

The top trace in Figure 1 shows significant contributions from many ketene complexes in 

the 2125-2138 region, a result of the high concentration of acetic anhydride.  The most 

prominent bands at 2138, 2136, and 2130 cm-1 are presumed to belong to ketene multimers or 

ketene-water complexes.  To facilitate the assignment, electronic structure calculations were 

undertaken on ketene dimers, trimers, and tetramers, as well as complexes of ketene with one or 

two water molecules.  Table 1 shows the experimental and computationally predicted 

frequencies used to obtain a proper scaling factor for the calculated C=C=O antisymmetric 

stretching frequencies that could then be applied to calculated frequencies of the ketene 

multimers and hydrates, as well as those of substituted ketenes like prop-1-enylketene and prop-

2-enylketene isolated in a 4 K argon matrix.  Table 2 shows the calculated 2 bands, raw and 

scaled, as well as intensities for the selected ketene multimers and hydrates, with the optimized 
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structures shown in Figure 2.  The ketene∙H2O structures are in agreement with those found by 

Louie et al.48, although Structure C could not be optimized at the B3LYP/6-311G++(d,p) level of 

theory so the 6-311G++(3df,3pd) basis set was used instead.  The scaled vibrational bands for all 

of the ketene complexes occur over the range of frequencies observed in the experimental 

spectrum, 2125-2138 cm-1.  Given the overlapping bands in the experimental spectrum, and the 

closely spaced predicted bands, it is impossible to definitively assign any of the ketene 

complexes in the spectrum.  Nevertheless, it would be reasonable to assume that the most 

populous clusters in the matrix would be the ketene dimer and ketene∙H2O.  The results in Table 

2 suggest that these clusters could account for bands at the high end of the 2125-2138 cm-1 range.  

The ketene∙(H2O)2 is more likely to appear at the low end of the range, as well as the ketene 

tetramer, although that cluster seems less likely to form. 

 

Table 1.  Experimental (4 K argon matrix) and computational bands of assorted ketenes and the 
resultant scaling factor for the C=C=O antisymmetric stretching frequency.   
 Experimental 

frequency (cm-1) 
Ref. Raw B3LYP//6-311G++(d,p) 

frequency  (cm-1) Scaling Factor 

ketene 2142 47 2221 0.9643 
methylketene 2126 49 2207 0.9632 
ethylketene 
(anticlinal)   2130 22, 45 

2202 0.9671 

ethylketene 
(synperiplanar) 2201 0.9678 

   Average Scaling Factor: 0.9656 
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Table 2.  Antisymmetric stretching frequency (2) in several ketene multimers and ketene 
hydrates calculated at the B3LYP//6-311G++(d,p) level of theory with predicted intensities 
(km∙mol-1) in parentheses. 

  Raw B3LYP//6-
311G++(d,p) frequency  
(cm-1) 

Scaleda 2 (cm-1) 

ketene dimer 
(structure A) 

2214.7659   (0)   
2219.6314   (1353) 

2139 
2143 

ketene dimer 
(structure B) 

2212.7059   (966) 
2222.7411   (533) 

2137 
2146 

ketene trimer 
(structure A) 

2207.9594   (0.1) 
2217.4268   (1071) 
2217.7518   (1071) 

2132 
2141 
2142 

ketene trimer 
(structure B) 

2207.9407   (1065) 
2217.8971   (818) 
2222.6627   (427) 

2132 
2142 
2146 

ketene tetramer 
(structure A) 

2199.6528   (0) 
2213.7475   (1280) 
2213.7477   (1280) 
2221.5405   (382)   

2130 
2138 
2144 
2146 

ketene tetramer 
(structure B) 

2205.3594   (1520) 
2213.8038   (521) 
2219.8663   (946) 
2222.3794   (190) 

2130 
2138 
2144 
2146 

ketene·H2O 
(structure A) 

2214.6792   (779) 
 

2139 
 

ketene·H2O 
(structure B) 

2213.8751   (687) 
 

2138 
 

ketene·H2O 
(structure C) 

2211.6195   (663) 2136 

ketene·(H2O)2 
(structure A) 

2203.6034   (714) 
 

2128 
 

ketene·(H2O)2 
(structure B) 

2205.1242  (676) 
 

2129 
 

aScaling factor = 0.9656 
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Figure 2.  B3LYP-optimized structures for selected ketene multimers and hydrates. Among 
groups of structures for a given complex, relative energies (kJ/mol) are given under each 
structure.  
 

B) Prop-2-enylketene 

 The pyrolysis of 4-pentenoic anhydride generated prop-2-enylketene.  Figure 3 shows 

bands at 2123, 2128, and 2132 cm-1.  The bands at 2139 and 2142 cm-1 that appear in all three 

traces are due to CO and ketene, respectively, and are trace contaminants from the pyrolysis 

source that could be observed even when heating pure argon in the source.  The CO and ketene 
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may also be due to alternate pyrolysis pathways of the anhydride, especially at higher 

temperatures.  Table 3 shows the scaled calculated frequencies for the conformers of prop-2-

enylketene.  There are three stable conformers of prop-2-enylketene, each defined by two C-C-

C-C dihedral angles. (Figure 4)  The scaled calculated frequencies are in reasonable agreement 

with the experimentally observed bands; however, assigning individual conformers to the 

experimentally observed bands would be speculative because of the close spacing of both the 

calculated and experimental frequencies, combined with an expected error a few wavenumbers 

in the scaled frequencies.  Prop-2-enylketene is not as stable as ketene under these pyrolysis 

conditions.  The top two traces in Figure 3 show that the bands disappear for pyrolysis at 1000 K 

and 1200 K, while bands for CO, ketene, and CO∙H2O emerge.  This observation highlights the 

importance of choosing the appropriate temperature for the pyrolytic generation of substituted 

ketenes in general.  A survey of the concentration dependence of the pyrolysis experiments in 

Figure 5 confirms that the observed bands are not due to any multimers or hydrates of prop-2-

enylketene, nor due to any complexes of regular ketene.  The bands at 2123, 2128, and 2132 cm-1 

persist at the lowest concentration of 4-pentenoic anhydride, whereas any cluster peaks should be 

suppressed in comparison.   
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Figure 3.  Matrix-isolation FTIR spectra (4 K) recorded following the pyrolysis at 800-1200 K 
of 4-pentenoic anhydride in argon (0.4% mixtures for all temperatures, except 0.22% for 800 K).  
The bottom trace shows the spectrum of an unheated sample as a control.  The y-axis for each 
trace has the same magnitude of scale. 
 

Table 3.  Antisymmetric stretching frequency in propenylketene conformers calculated at the 
B3LYP//6-311G++(d,p) level of theory.   
 Raw B3LYP//6-311G++(d,p) 

frequency  (cm-1) 
Scaleda 2 
(cm-1) 

prop-2-enylketene 
(Conformer A) 2204 2128 
prop-2-enylketene 
(Conformer B) 2207 2132 
prop-2-enylketene 
(Conformer C) 2204 2128 
prop-1-enylketene 
(Conformer A) 2200 2125 
prop-1-enylketene 
(Conformer B) 2201 2125 
prop-1-enylketene 
(Conformer C) 2195 2120 
prop-1-enylketene 
(Conformer D) 2191 2116 
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aScaling factor = 0.9656 

 

   

 

Figure 4.  B3LYP/6-311G++(d,p) optimized structures of prop-2-enylketene conformers and 
relative (zero-point corrected) energies. 
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Figure 5.  Matrix-isolation FTIR spectra (4 K) recorded following the 800 K pyrolysis of 4-
pentenoic anhydride in argon at various concentrations.  The y-axis for each trace has the same 
magnitude of scale. 
 

C) Prop-1-enylketene 

 The pyrolysis of 3-pentenoic anhydride generated prop-1-enylketene.  Figure 6 shows 

bands at 2128, 2124 and 2115 cm-1.  Table 3 shows the scaled calculated frequencies for the four 

conformers of prop-1-enylketene, each defined by the two C-C-C-C dihedral angles.  Optimized 

structures and relative energies for these conformers are shown in Figure 7.  There is satisfactory 

agreement between the experimental and calculated bands, although assignment of specific 

conformers is not recommended due to the close spacing of the vibrational bands.  The 

generation of prop-1-enylketene is also sensitive to pyrolysis temperature, but has a different 

optimal temperature than prop-2-enylketene.  Figure 6 shows no signal following pyrolysis at 

800 K, but clear features of prop-1-enylketene at 1000 K.  At 1200 K, the prop-1-enylketene has 

undergone subsequent thermal decomposition and been replaced by CO CO∙H2O and ketene in 

the spectrum. 
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Figure 6.  Matrix-isolation FTIR spectra recorded following the pyrolysis of 0.08% 3-pentenoic 
anhydride in argon at 800-1200 K.  The bottom trace shows the spectrum of an unheated sample 
as a control. The y-axis for each trace has the same magnitude of scale.  
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Figure 7.  B3LYP/6-311G++(d,p) optimized structures of prop-1-enylketene conformers and 
relative (zero-point corrected) energies. 
 

CONCLUSIONS 

 The C=C=O antisymmetric stretching region has been investigated for ketene, several of 

its complexes, and the propenylketenes.  The experimentally observed matrix-isolation FTIR 

spectra provide useful benchmarks for identification of these species in future experiments.   A 

scaling factor to be applied to B3LYP/6-311G++(d,p) predicted frequencies for  the C=C=O 
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antisymmetric stretch in substituted ketenes will be useful for identification of other species in 

experiments utilizing matrix-isolation FTIR detection. 
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