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Photoabsorption measurements and theoretical calculations of the electronic state spectroscopy of propionic, butyric, and valeric acids A. Vicente,a R. Antunes,a D. Almeida,a I. J. A. Franco,a S. V. Hoﬀmann,b N. J. Mason,c S. Eden,c D. Duﬂot,d S. Canneaux,e J. Delwiche,f M.-J. Hubin-Franskinf and P. Lima˜o-Vieira*ac Received 7th January 2009, Accepted 30th March 2009 First published as an Advance Article on the web 7th May 2009 DOI: 10.1039/b823500g Absolute photoabsorption cross sections of propionic (C2H5COOH), butyric (C3H7COOH), and valeric (C4H9COOH) acids have been measured from the dissociative p* ’ nO transition (beginning around 5.0 eV) up to 10.7 eV. This constitutes the ﬁrst study of the neutral electronic states of propionic and butyric acids at energies above the p* ’ nO band, while no previous spectroscopic data is available for valeric acid in the present range. The present assignments are supported by the ﬁrst theoretical calculations of electronic transition energies and oscillator strengths for these organic acids. In addition, the excitation energies of the vibrational modes of propionic acid in its neutral electronic ground state and the vertical ionisation energies of all three molecules have been calculated for the ﬁrst time. The He(I) photoelectron spectroscopy of propionic acid has been measured from 10 to 16 eV, revealing new ﬁne structure in the ﬁrst ionic band.



1. Introduction Short-chain fatty acids have been identiﬁed in the atmosphere,1 play signiﬁcant roles in various physiological processes,2 and have diverse industrial applications, notably in food production.3 However, experimental and theoretical studies of the electronic states of propionic, butyric, and valeric acids are scarce. For propionic and butyric acids, the present vacuum ultraviolet (VUV) photoabsorption spectra and absolute cross sections provide the ﬁrst results of their kind at energies above 6.4 eV,4 while no comparable measurements are available for valeric acid. The data can be used to identify these reactive molecules in various contexts. Moreover, the present electronic state spectroscopic analysis and calculations provide key insights into radiation-induced fragmentation processes with applications in modelling gas-phase chemistries. In particular, the present absolute cross sections for the dissociative p* (CQO) ’ nO transition have been used to a
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estimate photolysis rates of these molecules at altitudes below 50 km (section 5.3). A recent in situ study of the chemical composition of aerosol particles has revealed that upper tropospheric aerosols often contain higher concentrations of organic acids than sulfates.1 The interpretation of organic acid spectra is often complicated by the possibility of thermal transitions between several diﬀerent conformers present at room temperature. Moreover, gas-phase studies of these species require heating due to the low vapour pressures associated with quite strong intermolecular hydrogen bonding. These factors may explain the scarcity of electronic state spectra (notably photoabsorption and electron energy loss spectroscopies) of C2H5COOH, C3H7COOH, and C4H9COOH in the literature. Furthermore, to the authors’ knowledge, no previous calculations are available to support the assignment of speciﬁc transitions. Therefore, we present high resolution VUV photoabsorption spectra and absolute cross sections together with the ﬁrst theoretical calculations of the vertical excitation energies and oscillator strengths of electronic transitions of propionic, butyric and valeric acids. In addition, the He(I) photoelectron spectrum of propionic acid has been measured and analysed, particularly in order to clarify Rydberg assignments in the VUV spectrum. The deconvoluted ﬁrst ionic band was studied in detail, revealing new vibrational structure. 2. Brief summary of the structures and properties of C2H5COOH, C3H7COOH and C4H9COOH All three low chain fatty acids studied in the present work have Cs symmetries in their electronic ground states. The symmetry species available to a Cs molecule are A 0 and A00 . The lowest-energy geometries of the molecules are shown in Fig. 1a. The calculated electron conﬁgurations of the 1A 0 Phys. Chem. Chem. Phys., 2009, 11, 5729–5741 | 5729



orbitals (11a 0 )2 (12a 0 )2 (13a 0 )2 (14a 0 )2 (1a00 )2 (2a00 )2 (15a 0 )2 (16a 0 )2 (3a00 )2 (17a 0 )2 (18a 0 )2 (4a00 )2 (5a00 )2 (19a 0 )2; Valeric acid, C4H9COOH: (a) core orbitals (1a 0 )2 (2a 0 )2 (3a 0 )2 (4a 0 )2 (5a 0 )2 (6a 0 )2 (7a 0 )2 (8a 0 )2 (9a 0 )2 (10a 0 )2 (11a 0 )2 (12a 0 )2; (b) valence orbitals (13a 0 )2 (14a 0 )2 (1a00 )2 (15a 0 )2 (16a 0 )2 (17a 0 )2 (2a00 )2 (18a 0 )2 (3a00 )2 (19a 0 )2 (4a00 )2 (20a 0 )2 (21a 0 )2 (5a00 )2 (6a00 )2 (22a 0 )2; The highest occupied molecular orbital (HOMO) in the neutral ground state is localized on the oxygen atom of the carbonyl group (CQO) with nO(16a 0 ) non-bonding character for propionic acid, nO(19a 0 ) for butyric acid, and nO(22a 0 ) for valeric acid. In addition, the present calculations suggest a small contribution to the HOMO from the oxygen lone pair in the hydroxyl group (nO 0 ). The second highest occupied orbital (HOMO-1) has been identiﬁed to have p(CQO) character,5 localized on the carbonyl group. The present calculations support this interpretation, albeit with an additional antibonding contribution from the out-of-plane oxygen lone pair (nO 0 ) on the OH group. The HOMO-2 orbitals have s(CH2) character. Propionic acid diﬀers from butyric and valeric acids with respect to the localization of the highest occupied MOs: whereas the HOMO-1 and HOMO-2 of C2H5COOH are centred on distinct parts of the molecule, the p, nO 0 and s(CH2) orbitals of C3H7COOH and C4H9COOH overlap. As is the case with acetic acid,6 the lowest unoccupied molecular orbitals (LUMO) are of p* antibonding character and localized on the carbonyl group, with contributions from the nO 0 lone pair and the closest CH2 group. Previous experimental studies report several diﬀerent values for the adiabatic and vertical ionisation energies (IE) for propionic and butyric acids,5 while no adiabatic IE measurement is available for valeric acid. In the present analysis of the VUV spectra, vertical ionisation energies have been used to calculate quantum defects in order to test Rydberg assignments (section 5.2). The present photoelectron measurement of the vertical IE of propionic acid is 10.701 eV (section 6), while the ﬁne structure suggests an adiabatic IE of 10.33 eV. For butyric and valeric acids, we have used (IE)v = 10.6407 and 10.53 eV,5 respectively. New photoelectron studies of butyric and valeric acids will be the subject of a forthcoming publication.7



3. Experimental Fig. 1 (a)—Calculated structure and ZPE-corrected energies (meV, B3LYP/PBE0) of the two lowest-energy isomers of (1) propionic acid, (2) butyric acid, and (3) valeric acid. (b)—Calculated structure and ZPE-corrected energies (eV, PBE0, with respect to neutral) of the lowest-energy isomeric path of ionised propionic acid (C2H5COOH).



ground states are given below (see section 4 for computational methods): Propionic acid, C2H5COOH: (a) core orbitals (1a 0 )2 (2a 0 )2 (3a 0 )2 (4a 0 )2 (5a 0 )2 (6a 0 )2 (7a 0 )2 (8a 0 )2; (b) valence orbitals (9a 0 )2 (10a 0 )2 (11a 0 )2 (12a 0 )2 (1a00 )2 (2a00 )2 (13a 0 )2 (14a 0 )2 (15a 0 )2 (3a00 )2 (4a00 )2 (16a 0 )2; Butyric acid, C3H7COOH: (a) core orbitals (1a 0 )2 (2a 0 )2 (3a 0 )2 (4a 0 )2 (5a 0 )2 (6a 0 )2 (7a 0 )2 (8a 0 )2 (9a 0 )2 (10a 0 )2; (b) valence 5730 | Phys. Chem. Chem. Phys., 2009, 11, 5729–5741



3.1 VUV photoabsorption High-resolution VUV photoabsorption spectra of propionic, butyric, and valeric acids were measured at the UV1 beam line of the ASTRID synchrotron facility at the University of Aarhus, Denmark (Fig. 2–4). The experimental apparatus has been described elsewhere.8 Brieﬂy, synchrotron radiation passes through a static gas sample and a photomultiplier is used to measure the transmitted light intensity. The incident wavelength is selected using a toroidal dispersion grating with 2000 lines/mm providing a resolution of 0.075 nm, corresponding to 3 meV at the midpoint of the energy range studied. For wavelengths below 200 nm (energies above 6.20 eV), helium is ﬂushed through the small gap between the photomultiplier and the exit window of the gas cell to This journal is



 c
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Fig. 2 (a)—VUV photoabsorption cross section (megabarn = 1018 cm2) of propionic acid (C2H5COOH). (b)—VUV photoabsorption cross section of butyric acid (C3H7COOH). (c)—VUV photoabsorption cross section of valeric acid (C4H9COOH).



prevent any absorption by air contributing to the spectrum. The sample pressure is measured using a capacitance manometer (Baratron). To ensure that the data is free of any saturation eﬀects, absorption cross-sections are measured over the pressure range 0.01–0.70 Torr, with typical attenuations of less than 10%. The complete experimental chamber system, including the transmission windows (LiF entrance and CaF2 This journal is
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exit) and pressure gauge, is resistively heated in order increase the vapour pressure of the sample uniformly. The sample temperatures for the propionic, butyric and valeric acid measurements were 40, 30, and 45 1C, respectively. The synchrotron beam ring current is monitored throughout the collection of each spectrum and background scans are recorded with the cell evacuated. Absolute photoabsorption Phys. Chem. Chem. Phys., 2009, 11, 5729–5741 | 5731



Fig. 3 Vibrational progressions in the 8.0–10.5 eV absorption band of propionic acid (C2H5COOH).



Fig. 4 Vibrational progressions in the 7.0–10.7 eV absorption band of butyric acid (C3H7COOH).



cross sections are then obtained using the Beer–Lambert attenuation law: It = I0 exp (nsx), where It is the radiation intensity transmitted through the gas sample, I0 is that through the evacuated cell, n the molecular number density of the sample gas, s the absolute photoabsorption cross section, and x the absorption path length (15.5 cm). The accuracy of the cross section is estimated to be 5%. Only when absorption by the sample is very weak (I0 E It), does the error increase as a percentage of the measured cross section. 3.2



Photoelectron spectroscopy



The He(I) (21.22 eV) photoelectron spectrum of propionic acid (C2H5COOH) was recorded at room temperature at the Universite´ de Lie`ge, Belgium (Fig. 5 and 6). The experimental set-up has been described elsewhere.9 Brieﬂy, the spectrometer consists of a 1801 cylindrical electrostatic analyser with a mean radius of 5 cm. The analyser is used in constant energy pass mode and is ﬁtted with a continuous dynode electron 5732 | Phys. Chem. Chem. Phys., 2009, 11, 5729–5741



multiplier. Incident photons are produced by a dc discharge in a two-stage diﬀerentially pumped lamp. The energy scale is calibrated using nitrogen: 15.581 eV for 10 0 the X2S+ and 16.698 eV for the A2Pu, v 0 = 0 g , v = 0 peak 11 + peak of N2 . The 13.711 eV feature in Fig. 5 is due to the small contribution of the He(I) b line. This does not change the spectra since there is no evidence of vibrational excitation in the 13–14 eV PE band. The spectra are corrected for the transmission function of the apparatus. The photoelectron spectrum presented in this paper is the sum of 260 individual spectra. This procedure allows us obtain a good signal-to-noise ratio while keeping the pressure in the spectrometer at a very low level (o1.5  106 Torr), thus minimizing the possible occurrence of dimers. The resolution of the present spectrum is measured from the FWHM of the Ar+ peaks to be 22 meV, in the presence of C2H5COOH. In addition, the spectrum has been deconvoluted using the procedure described by van Cittert12 and subsequently modiﬁed by Allen and Grimm.13 The accuracy of the energy scale is estimated to be 2 meV. This journal is
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Fig. 5 He(I) photoelectron spectrum of propionic acid (C2H5COOH).



Fig. 6 The deconvoluted ﬁrst photoelectron band of propionic acid (C2H5COOH), assigned to ionisation from the nO(16a 0 ) orbital.



3.3



Propionic, butyric, and valeric acid samples



The liquid samples used in the VUV and PES measurements were purchased from Fluka and Aldrich, respectively (quoted purity 499.5%). The samples were degassed by repeated freeze–pump–thaw cycles in all the experiments.



4. Computational methods Calculation of the electronic spectra of small organic molecules is still a diﬃcult task, where the use of state-of-the art ab initio methods, despite the large computational cost, may give poor agreement with experimental data (see ref. 14 and references therein). In the case of acrolein, which is rather similar to the carboxylic acids, Aquilante et al.15 have shown that TDDFT calculations using the PBE0 functional16,17 provide results in good agreement with more costly calculations (i.e. MS-CASPT2), even for Rydberg states. In the present work, we have used the same method to help with the assignment of the measured spectra. Firstly, the energy the lowest-energy isomer of each molecule was obtained at the DFT/PBE0/6-311G** level, and the electronic spectra (transition energies and oscillator strengths in the length gauge) were calculated at the TDDFT//PBE0/6-311++G** level (Tables 1–3). The transition energies and oscillator strengths were also calculated using the B3LYP functional;18 This journal is
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the diﬀerences with the PBE0 results were found to be very small. All the calculations were performed with the Gaussian 03 package.19 For all three molecules, geometry optimisation revealed several equilibrium conformations of Cs and C1 symmetry with energies separations o87 meV. Only the two lowest energy geometries are shown in Fig. 1. For propionic acid, the energy diﬀerence is suﬃciently large to consider that only the lowest isomer will contribute to the UV spectrum in the present experimental conditions. For the other two molecules, the energy splitting is much smaller so the measured VUV spectra arise from both isomers. TDDFT calculations were performed on the two isomers and revealed some minor diﬀerences in the spectra. However, for the sake of conciseness and clarity, only the results for the lowest isomers of butyric and valeric acids are reported. Finally, the ionisation energies of the ionic states of propionic, butyric, and valeric acids were obtained with the outer valence approximation20 at the ROVGF/6-311++G** level (Table 4).



5. VUV photoabsorption results and discussion The present VUV spectra of propionic, butyric, and valeric acids are shown in Fig. 2a–c. The major absorption bands can be classiﬁed as members of Rydberg series and valence transitions of (p*(CQO) ’ nO), (s* ’ s), and (p* ’ p) Phys. Chem. Chem. Phys., 2009, 11, 5729–5741 | 5733



Table 1 Calculated vertical excitation energies (TDDFT/PBE0/6-311++G**) and oscillator strengths compared with the present experimental vertical energies and VUV absorption cross sections of propionic acid (C2H5COOH) Calculated E/eV fL



Experimental HOMO 16a 0 , nO



HOMO-3 HOMO-4 HOMO-1 HOMO-2 15a 0 ,s(CC) Mixed 4a00 , p/nO 0 3a00 , s(CH2) 15a 0 , s



5.96 0.0003 p*(CQO) 7.01 0.0473 3ss/ s*(O–H) 7.55 0.0043 3ps/ s*(O–H) 8.10 0.0028 3ps 8.10 0.0014 3ss/ s*(O–H) 8.13 0.0015 3pp 8.55 0.0029 3ds 8.60 0.1035 p*(CQO) 8.75 0.0004 3ps/ s*(O–H) 8.81 0.0007 3ss/ s*(O–H) 8.89 0.0917 p*(CQO) 8.97 0.0006 9.17 0.0003 3dp 9.27 0.0439 3ds 9.31 0.0028



E/eV



Main transition Cross between electronic section/Mb states



5.89(8) 0.19 7.221 8.01



1 1A00 ’ 1 1A 0 2 1A 0 ’ 1 1A 0



7.773



11.0



3 1A 0 ’ 1 1A 0



7.773



11.0



4 1A 0 ’ 1 1A 0



8.63(4) 16.7 8.486 18.6



5 1A 0 ’ 1 1A 0 6 1A 0 ’ 1 1A 0



9.301



7 1A 0 ’ 1 1A 0



23.5



p*(CQO) 3ss/ s*(O–H)



HOMO-1 - 3ps + HOMO-2 - 3ps/s*(O–H) HOMO-2 - 3ps/s*(O–H) + HOMO-1 - 3ps



9.36 0.0001 9.38 0.0072 9.43 0.0068 9.46 0.0094 3dp 9.51 0.0102



p*(CQO) HOMO-1 - 3pp + HOMO - 3ds



Table 2 Calculated vertical excitation energies (TDDFT/PBE0/6-311++G**) and oscillator strengths compared with the present experimental vertical energies and VUV absorption cross sections of butyric acid (C3H7COOH) Calculated E/eV fL



Experimental HOMO 19a 0 , nO



5.95 7.01 7.53 8.00 8.02 8.08 8.19 8.32 8.37 8.67 8.68 8.72 8.75



0.0002 0.0532 0.0030 0.0005 0.0066 0.0009 0.0048 0.0067 0.0242 0.1250 0.0047 0.0005 0.0293



8.88 8.89 8.99 9.01 9.11 9.11 9.13



0.0012 0.0002 0.0028 3dp 0.0078 3ds 0.0055 3dp 0.0210 0.0399



HOMO-2 HOMO-3 HOMO-4 HOMO-1 5a00 , p/nO 0 /s(CH2) 4a00 , p/nO 0 /s(CH2) 18a 0 , s(CH2) 17a 0 ,s(CC)



E/eV



p*(CQO) 3ss/s*(O–H) 3ps/s*(O–H) 3pp 3ps



Main transition Cross between electronic section/Mb states



5.98(9) 0.23 7.229 8.68 7.778 12.0



1 1A00 ’ 1 1A 0 2 1A 0 ’ 1 1A 0 3 1A 0 ’ 1 1A 0



7.778



12.0



4 1A 0 ’ 1 1A 0



8.310 8.310



19.8 19.8



5 1A 0 ’ 1 1A 0 8 1A 0 ’ 1 1A 0



3ss/s*(O–H) 3ds 3ss/s*(O–H) p*(CQO) p*(CQO) p*(CQO) 3ps/s*(O–H) 3ss/ s*(O–H) p*(CQO) 3ps/s*(O–H)



3ss/s*(O–H) 3ps



character. In the low-energy part of the present range, the calculations reported in Tables 1–3 indicate that the spectra have mixed valence-Rydberg character. Indeed the bands 5734 | Phys. Chem. Chem. Phys., 2009, 11, 5729–5741



show characteristics associated with both types of transition. For butyric acid, ﬁne structure is observed in the 8.0–9.0 eV energy region. The ﬁne structure extending to the ionisation This journal is
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Table 3 Calculated vertical excitation energies (TDDFT/PBE0/6-311++G**) and oscillator strengths compared with the present experimental vertical energies and VUV absorption cross sections of valeric acid (C4H9COOH) Calculated



Experimental HOMO 22a 0 , nO



E/eV fL 5.95 7.01



HOMO-1 HOMO-2 HOMO-4 6a00 , p/nO 0 / 5a00 , p/nO 0 / HOMO-3 21a 0 , s(CH2) 20a 0 ,s(CC) s(CH2) s(CH2)



8.13 8.16



0.0002 p*(CQO) 0.0523 3ss/ s*(O–H) 0.0077 3ps/ s*(O–H) 0.0011 3ps 0.0003 3pp 0.0003 3ss/ s*(O–H) 0.0055 3ds 0.0023



8.27 8.46



0.0087 0.0021



8.49 8.57



0.0016 0.0074



8.63 8.65 8.70 8.73 8.74



0.1174 0.0090 0.0065 0.0142 3ds 0.0087



8.80 8.83 8.85



0.0007 3dp 0.0569 0.0179



7.51 7.90 7.93 8.05



Mixed



E/eV



Main transition Cross between section/Mb electronic states



6.03(3) 0.18 7.204 8.45



1 1A00 ’ 1 1A 0 2 1A 0 ’ 1 1A 0



7.86(2) 12.6



3 1A 0 ’ 1 1A 0



7.86(2) 12.6



4 1A 0 ’ 1 1A 0



5 1A 0 ’ 1 1A 0



HOMO-2 - 3ss/s*(O–H) HOMO-1 - 3ps/s*(O–H)



p*(CQO) 3ss/ s*(O–H) p*(CQO) 3ps/ s*(O–H) p*(CQO)



8.28(8) 21.7



8 1A 0 ’ 1 1A 0



8.85(0) 43.1



10 1A 0 ’ 1 1A 0



p*(CQO) 3ss/s*(O–H) HOMO-2 - 3ps/s*(O–H) HOMO-2 - 3ss/s*(O–H) 3ps 3ps/ s*(O–H)



Table 4 Vertical ionisation energies (ROVGF/6-311++G**) of propionic, butyric, and valeric acids calculated using with the Outer Valence Approximation and compared with experimental PES data Propionic acida



Butyric acida



Calculated MO



IE/eV



Exp.7 IE/eV



11a 0 12a 0 1a00 2a00 13a 0 14a 0 15a 0 3a00 4a00 16a 0



17.142 16.797 16.478 14.735 14.710 13.285 13.285 12.764 11.961 10.716



— — — — — — — — — 10.72



This work — — — 14.633 13.268 12.660 12.069 10.701



Valeric acid



Calculated MO



IE/eV



Exp.7 IE/eV



13a 0 14a 0 1a00 2a00 15a 0 16a 0 3a00 17a 0 18a 0 4a00 5a00 19a 0



17.051 16.692 16.614 15.201 14.748 14.341 13.643 12.553 12.389 12.070 12.034 10.664



— — — — — — — — — — — 10.640



Calculated IE/eV



Exp.5 IE/eV



Exp.7



MO 15a 0 1a00 2a00 16a 0 17a 0 18a 0 3a00 19a 0 4a00 20a 0 21a 0 5a00 6a00 22a 0



17.036 16.677 15.578 16.568 14.767 14.445 14.290 13.478 12.800 11.975 11.969 11.936 11.934 10.637



— — — — — — — — — — — — — 10.53



— — — — — — — — — — — — — 10.6



a The previous adiabatic ionisation energies for propionic and butyric acids are 10.54 eV and 10.46 eV.5 The present PES for propionic acid suggests an adiabatic value of 10.33 eV.



limit in the propionic acid spectrum has been assigned using the calculated vibrational excitation energies presented in Table 5. 5.1.



Valence state spectroscopy



5.1.1 Valence transitions of propionic acid (C2H5COOH). Using the calculations summarised in Table 1, the absorption This journal is
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bands observed at 5.89(8), 7.221, 7.773 and 8.486 eV have been assigned to (p* ’ nO), (3ss/s*(O–H) ’ nO), (3ps/s*(O–H) ’ nO), and (p* ’ p/nO 0 ) transitions, respectively (Fig. 2a). Pure Rydberg transitions are also present but have very low oscillator strengths so their contributions to the spectrum are weak. The ﬁrst band has been identiﬁed as the transition from Phys. Chem. Chem. Phys., 2009, 11, 5729–5741 | 5735



Table 5 Calculated excitation energies (cm1 and eV) for the vibrational modes of propionic (C2H5COOH) in the electronic ground state Cs species



Mode



cm1



eV



Assignment



a0



u1 u2 u3 u4 u5 u6 u8 u9 u10 u11 u12 u13 u14 u15 u16 u17 u18 u19 u20 u21 u22 u23 u24 u25 u26 u27 u28



3817 3147 3068 3064 1868 1498 1455 1431 1412 1315 1191 1102 1021 835 624 473 251 3149 3098 1490 1279 1109 817 670 523 204 45



0.473 0.390 0.380 0.380 0.232 0.186 0.180 0.177 0.175 0.163 0.148 0.137 0.127 0.103 0.077 0.059 0.031 0.390 0.384 0.185 0.159 0.137 0.101 0.083 0.065 0.025 0.006



OH stretch A-sym CH3 stretch Sym CH3 stretch Sym CH2 stretch CQO stretch CH3 bend CH2 bend CC stretch CH3 umbrella OH bend + CH2 rock OH bend + CH2 rock CC stretch CH3–CH2 bend CCCO stretch CCCQO bend C–C–O bend CCC bend A-sym CH3 stretch A-sym CH2 stretch CH3 bend CH2 torsion CH2 CH3 torsion C–C–OQO out of plane OH out of plane OH out of plane CH3 rotation CCCO torsion



a00



the non-bonding nO orbital localized on the oxygen lone pair of the carbonyl group to the ﬁrst p antibonding MO (p* ’ nO, 11A00 ’ 11A 0 ). Considering the diﬀuse nature of this band, the present maximum at 5.89(8) eV is in reasonable agreement with Hintze et al.’s4 values of 6.02 and 5.96 eV for propionic acid monomers and dimers, respectively. The possible eﬀects of dimerization on the present spectra are discussed in section 5.3. Centred at 7.221 eV (21A 0 ’ 11A 0 ) with a maximum cross section of 8.01 Mb, the second band is assigned mainly to the (s*(O–H) ’ nO) transition. However, as the calculations indicate a mixed valence/Rydberg character (3ss), the transition has been labelled (3ss/s*(O–H) ’ nO). With a local maximum cross section of 11.0 Mb at 7.773 eV (31A 0 ’ 11A 0 ), the third band of propionic acid is assigned to the (3ps/s*(O–H) ’ nO) transition. The rather high calculated intensity is due to the strong valence s*(O–H) character of the MO. In other carboxylic acids and esters containing a carbonyl group (CQO) and a hydroxyl (O–H) or alkoxyl group (OX, X being a radical), Nagakura et al.21 proposed that this band may be aﬀected by intramolecular charge transfer between the electron donor (OH) and the electron acceptor (CQO). This suggests that a (p*’p) transition may also be a valid assignment for the band. However, the present calculations do not support this interpretation: the pure (p* ’ p/nO 0 ) valence transition is predicted at 8.60 eV (Table 1), which corresponds more closely to the fourth valence band at 8.486 eV (local maximum cross section 18.6 Mb). Similarly, the equivalent transition in acetic acid6 was calculated at 8.69 eV and assigned to the band centred at 8.349 eV. The structure between 8.0 and 9.0 eV (Fig. 3 and Table 6) is primarily assigned excitation to a p*(CQO) antibonding orbital 5736 | Phys. Chem. Chem. Phys., 2009, 11, 5729–5741



from the HOMO-1 (p/nO 0 ). Accordingly, the associated vibronic series is proposed to be due to C = C stretching (u5), although the broad nature of the features suggests that further modes and combinations may also contribute to the observed structure. The feature at 8.63(4) eV is tentatively assigned to an overlap of this u5 series with a Rydberg transition (see section 5.2.1). Further overlap of vibronic structure associated with valence and Rydberg transitions is proposed to account for the features above 9 eV (Fig. 3 and Table 6). However, the complexity of the structure makes it diﬃcult to assign transitions unambiguously. Indeed the present calculations (Table 1) predict a number of low-intensity transitions (Rydberg and valence) which have not been identiﬁed in the VUV spectrum. The clear increase in the background signal with energy in this range may be related to low-lying pre-dissociative ionic states. The vibronic structure beginning at 8.952 eV is proposed to be due to a pure 4ss ’ nO transition (Fig. 3) combined with CQO stretching (u5), CC stretching (u13), and CCCQO bending (u16). Overlapping with this band, the quite weak u5 series originating at 9.113 eV is tentatively assigned to the 7 1A 0 ’ 1 1A 0 transition (p*(CQO) ’ s(CH2)) on the basis of an approximate agreement with the calculated vertical excitation energy (8.89 eV) and a rather large calculated intensity. The electronic transition associated with the vibronic progression originating at 9.675 eV has not been identiﬁed. In each case, the spacing between features in the vibrational is similar to that observed in the lowest ionic state (section 6). 5.1.2 Valence transitions of butyric acid (C3H7COOH). The ﬁrst four absorption bands observed at 5.98(9), 7.229, 7.778, and 8.31(0) eV have been respectively assigned to (p* ’ nO), (3ss/s*(O–H) ’ nO), (3ps/s*(O–H) ’ nO) and (p* ’ p/n 0 O/s(CH2)) transitions by comparison with the present calculations (Table 2). The ﬁrst band has a local maximum cross section of 0.23 Mb at 5.989 eV (Fig. 2b) and is attributed to the 11A00 ’ 11A 0 transition (Table 2). The energy of this band maximum is consistent with Hintze et al.’s4 respective values of 5.93 and 6.20 eV for butyric acid monomers and dimers (see section 5.3). Centred at 7.229 eV (21A 0 ’ 11A 0 ) with a cross section of 8.68 Mb, the second band has been identiﬁed as having mixed 3ss/s*(O–H) valence/Rydberg character. The third band has a maximum cross section of 12.0 Mb at 7.778 eV and is assigned to a combination of three diﬀerent 3p ’ nO excitations. The fourth band is centred at 8.31(0) eV (19.8 Mb) and attributed to the p* ’ p transition. This is consistent with the calculated energy of 8.67 eV for promotion from the (p/nO 0 /s(CH2)), (4a00 , HOMO-2) orbital. However, this feature may also accommodate a small contribution from the p* ’ HOMO-1 transition (f = 0.0242) as well as some overlap with a 3ds Rydberg transition (Table 2). The 7.0–10.7 eV region is shown in detail in Fig. 4 and the proposed assignments are listed in Table 7. The spectrum exhibits some vibrational structure which is mainly attributed to excitation of the u5 (CQO stretching) mode. The (0 – 0) transitions observed at 8.13(5) and 8.90(7) eV are attributed to the (p* ’ p) transition and to a 4ss ’ nO Rydberg transition, respectively (similar to the propionic acid assignments). The This journal is



 c



the Owner Societies 2009



Table 6



Proposed vibrational assignments in the 8.0 – 10.7 eV absorption bands of propionic acid (C2H5COOH)



Energy (eV)



Assignment



DE (u5) (eV)



DE (u13) (eV)



DE (u16) (eV)



u00 1u5 2u5 3u5



— 0.15(9) 0.17(0) 0.14(8)



— — — —



— — — —



Second band: 4ss ’ nO 8.952 9.004 9.06(6) (s) (?) 9.143 (v) 9.194 9.25(9) (s) (?) 9.336 9.38(6) (s) (?) 9.46(1) (s) (?) 9.53(4) (s)



u00 1u16 1u13 1u5 1u16 1u13 2u5 1u16 1u13 3u5



— — — 0.191 — — 0.193 — — 0.19(8)



— — 0.11(4) — — 0.11(6) — — 0.12(5) —



— 0.052 — — 0.051 — — 0.05(0) — —



Third band: p*(CQO) ’ s(CH2) 9.113 9.301(v) 9.49(3)



u00 1u5 2u5



— 0.188 0.19(2)



— — —



— — —



Fourth band: unassigned 9.675 9.728 9.797 9.860 9.911



u00 1u16 1u13 1u5 1u16 + 1u5



— — — 0.185 —



— — 0.122 — —



— 0.053 — — 0.051



First band: p*(CQO) ’ p/nO 8.15(7) (s) (d) 8.31(6) (d) 8.486 (v) 8.63(4) (d) (?)



0



+ 1u5 + 1u5 + 2u5 + 1u5



(v) indicates the vertical transition; (s) a shoulder; (d) a diﬀuse feature (the last decimal of the energy value is given in brackets for these lessresolved features); and (?) an uncertain assignment



calculated vertical energies (Table 2) for these transitions are in good agreement with the experimental values. A weak contribution from the u16 mode (CCCQO bending) is tentatively identiﬁed in the (4ss ’ nO) band. 5.1.3 Valence transitions of valeric acid (C4H9COOH). The VUV spectrum of valeric acid is shown in Fig. 2c, while Table 3 lists the calculated vertical excitation energies, oscillator strengths, and experimentally-determined transition



Table 7 Vibrational assignments in the 7.0–10.7 eV absorption bands of butyric acid (C3H7COOH) and valeric acid (C4H9COOH) Energy (eV)



DE (u5) (eV)



Assignment



Butyric acid: p*(CQO) ’ p/nO /s(CH2) — 8.13(5) (s) u00 0.17(5) 8.310 (v) 1u5 0.17(0) 8.48(6) (d) 2u5 0.17(2) 8.65(2) (s) 3u5 Butyric acid: 4ss ’ nO 8.90(7) (s) u00 — — 8.95(8) (s) 1u16 0.18(3) 9.09(0) (s) (v) 1u5 — 9.143 1u16 + 1u5 0.19(0) 9.280 2u5 Valeric acid: p* ’ p — 8.10(4) (d) (s) u00 0.18(4) 8.28(8) (d) (s) 1u5



DE (u16) (eV)



energies. The assignments of the four lowest-energy bands essentially follow those of propionic and butyric acids: the 6.03(3) eV band arises from the (p* ’ nO) transition and the 7.204 eV feature is due to the (3ss/s*(O–H) ’ p/n 0 O/s(CH2)) transition. The 7.86(2) eV band is mainly attributed to the Rydberg/valence (3ps/s*(O–H) ’ nO) transition, with a minor contribution from a pure 3ps Rydberg excitation. The fourth band with a vertical excitation energy of 8.28(8) eV is assigned principally to the (p*’ p/n 0 O/s(CH2)) transition (Table 3). Fine structure in this band is tentatively assigned to excitation of the CQO stretching mode (u5, Table 7) with the (0–0) transition at 8.10(4) eV. 5.2 Rydberg transitions



0



— — — — — 0.05(1) — 0.05(3) — — —



(v) indicates the vertical transition; (s) a shoulder; (d) a diﬀuse feature (the last decimal of the energy value is given in brackets for these lessresolved features); and (?) an uncertain assignment
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For the three low chain fatty acids, the VUV spectrum above 8 eV consists of a few structures superimposed on a diﬀuse absorption feature extending to the lowest ionisation energy (IE). The proposed Rydberg structures are labelled in Fig. 2–4. The peak positions, En, have been tested using the Rydberg formula: En = Ei  R/(n  d)2, where Ei is the ionisation energy (vertical values of 10.701 for propionic acid, 10.640 eV7 and butyric acid, and 10.53 eV5 for valeric acid), n is the principal quantum number of the Rydberg orbital of energy En, R is the Rydberg constant (13.61 eV), and d the quantum defect resulting from the penetration of the Rydberg orbital into the core. Quantum defects in the range 0.9–1.2, B0.7, and 0–0.3 are expected for ns, np, and nd transitions, respectively.22 The experimental values for the lowest terms Phys. Chem. Chem. Phys., 2009, 11, 5729–5741 | 5737



of the nss, nps and nds (n = 3) Rydberg series are in good agreement with the calculations in Tables 1–3. 5.2.1 Rydberg series of propionic acid. The low-intensity feature at 7.221 eV is assigned to the Rydberg transition (3ss/s*(O–H) ’ nO(16a 0 )) with a quantum defect d = 1.02 (Table 8). The calculated value of 7.01 eV (Table 2) is consistent with this interpretation. The n = 4 member of this nss series is accompanied by vibronic structure, which is proposed to be due to the excitation of the u5, u15, and u13 modes (Fig. 3 and Table 6). The higher members of this Rydberg series, for which relative intensity decreases, are diﬃcult to assign due to overlap with other transitions and vibronic structure. The ﬁrst member of an nps series is associated with the peak at 7.773 eV (d = 0.85, Table 8). The calculated vertical energy of 7.55 eV (Table 1) is in good agreement with the experimental value for the 3ps/s*(O–H) ’ nO transition. The feature at 8.63(4) eV (Fig. 3, Table 8) is tentatively attributed to the beginning of an nds series (n = 3, d = 0.44) with a calculated energy of 8.55 eV (Table 1). 5.2.2 Rydberg series of butyric acid. The feature at 7.229 eV (Fig. 2b and 4) has been assigned to the mixed Rydberg/valence transition (3ss/s*(O–H) ’ nO(19a 0 )), with a quantum defect of d = 1.00 (Table 8). The calculated energy (7.01 eV, Table 2) for this transition is in good agreement with the experimental value. The n = 4 member (d = 1.04) of this Rydberg series is accompanied by vibronic structure which is tentatively attributed to excitation of the u5 and u15 modes (Table 7). The feature at 7.778 eV has been assigned to the n = 3 member of an nps series (d = 0.82, Table 8) with the calculated energy of 8.02 eV (Table 2). 5.2.3 Rydberg series of valeric acid. The feature at 7.204 eV is assigned to the transition (3ss/s*(O–H) ’ nO(22a 0 )) with a quantum defect of 0.98 (Table 8); the calculated energy of 7.01 eV (Table 3) is in good agreement with the experimental



Table 8 Energies (eV), quantum defects, and assignments of the nss, nps and nds Rydberg series converging to the X˜2A 0 (HOMO1) ionic ground states of propionic (16a 0 1), butyric (19a 0 1), and valeric (22a 0 1) acids Vertical transition energy



Quantum defect (d) Assignment



Propionic acid (d calculated using 10.701 eV = present vertical IE) 7.221 1.02 3s 9.143 1.05 4s 7.773 0.85 3p 8.63(4) (d) (?) 0.44 3d 7 Butyric acid (d calculated using 10.640 eV = vertical IE ) 7.229 1.00 3s 9.09(0) (s) 1.04 4s 7.778 0.82 3p Valeric acid (d calculated using 10.53 eV = vertical IE5) 7.204 0.98 3s 9.07(6) (d) (s) 0.94 4s 7.86(2) (d) 0.74 3p 9.28(0) (w) 0.70 4p (d) indicates a diﬀuse feature; (s) a shoulder; (w) a weak feature (the last decimal of the energy value is given in brackets for these less-resolved features); and (?) an uncertain assignment
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value. The broad peak at 9.07(6) eV (Fig. 2c) is interpreted as the n = 4 term of this series, with a quantum defect d = 0.94. The shoulder at 7.86(2) eV has been assigned as the ﬁrst member of an nps series (d = 0.74, Table 8) with the calculated energy of 7.51 eV (Table 3). The second term is observed at 9.28(0) eV with d = 0.70. The peak at 8.85(0) eV (Fig. 2c, Table 3) has been assigned tentatively to the n = 3 term of an nps series converging to the ionic state associated with removal of an electron from the HOMO-1. The calculated energy of 8.83 eV is in good agreement with the experimental value. No higher-energy members of this series have been identiﬁed. 5.3 Absolute photoabsorption cross sections and atmospheric photolysis Previous absolute VUV photoabsorption cross sections of propionic and butyric acid are only available in the wavelength range 220–195 nm (5.6–6.4 eV)4 and, for propionic acid only,23 at 222 nm (5.58 eV). The present cross section maximum for the p* ’ nO transition of propionic acid is 0.19 Mb (40 1C, 0.49 Torr). This can be compared with 0.19 Mb (30 1C, 0.8 Torr) and 0.18 Mb (50 1C, 0.8 Torr) derived from Hintze et al.’s4 absorbance plots. Evidently, the two data sets are in excellent agreement, while the previously observed cross section dependence on temperature was attributed to the presence of dimers. Indeed Hintze et al.4 derived the respective cross section maxima for the p* ’ nO transition of propionic acid monomers and dimers to be 0.152  0.016 Mb and 0.324  0.022 Mb using previously published enthalpies (DH) and entropy losses (DS) of dimerization.24 These values suggest that the propionic sample used for the present measurement of the p* ’ nO transition contained B20% dimers. At 222 nm (5.58 eV) and 25 1C, Singleton et al.23 reported the absorption cross sections for propionic acid monomers and dimers to be 0.122  0.014 Mb and 0.106  0.009 Mb, respectively. The equivalent value in the present data, 0.125 Mb, is in particularly close agreement with the previous monomer cross section.23 However, the similarity of the reported cross sections for monomers and dimers at this energy mean that we cannot draw meaningful conclusions about dimerization by comparing the present data with Singleton et al.’s23 results. Thomas et al.25 calculated the dimer–monomer ratio in propionic acid vapour to be zero at 27 1C and 0.01 Torr using extrapolated thermodynamic data.26,27 The present measurements above B6.4 eV were carried out in the pressure range 0.01–0.1 Torr and reveal no evidence for changes in absolute cross sections or peak energies as a function of pressure. Therefore it is reasonable to assume that dimerization does not have a signiﬁcant eﬀect on the present propionic acid spectrum at energies above the p* ’ nO transition. The present cross section maximum for the p* ’ nO transition of butyric acid is 0.23 Mb (30 1C, 0.60 Torr). Hintze et al.4 derived the cross section maxima for the p* ’ nO transition of butyric acid monomers and dimers to be This journal is
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0.143  0.052 Mb and 0.349  0.097 Mb, respectively. These values suggest that the butyric acid sample used for the present measurement of the p* ’ nO transition contained B40% dimers. Above 6.4 eV, the measured cross sections do not show evidence for pressure dependence in the range 0.01–0.1 Torr. Therefore, as with propionic acid, we assume that dimerization does not have a signiﬁcant eﬀect on the present data at energies above the p* ’ nO transition. To the authors’ knowledge, no VUV photoabsorption cross sections have been published for valeric acid. The present cross section maximum for the valeric acid p* ’ nO transition is 0.18 Mb (measured at 45 1C and 0.45 Torr). In light of Hintze et al.’s4 work and by analogy with the other carboxylic acids, it seems reasonable to expect a signiﬁcant proportion (410%) of dimers in these experimental conditions and a cross section maximum for the p* ’ nO transition which is greater than that of the monomer. Also by analogy with the propionic and butyric acid data, the present valeric acid spectrum at energies above the p* ’ nO transition is not expected to be aﬀected signiﬁcantly by the presence of dimers. Indeed, the present cross section measurements above 6.4 eV do not show evidence for pressure dependence in the range 0.01-0.2 Torr. The present cross sections can be used in combination with solar actinic ﬂux28 measurements from the literature to estimate the photolysis rates of these molecules in the atmosphere from an altitude of 20 km to the stratopause at 50 km. Details of the programme are presented in a previous publication by Lima˜o-Vieira et al.29 As the destination p* MO in these transitions has CQO antibonding character (see Tables 1–3), the quantum yield for dissociation following absorption is assumed to be unity. The reciprocal of the photolysis rate at a given altitude corresponds to the local photolysis lifetime. In this simple model, the uncertainties associated with dimerization are insigniﬁcant in comparison with those due to atmospheric/UV ﬂux approximations and the large percentage errors on the present cross sections o0.05 Mb. Moreover, the diﬀerences in the calculated photolysis lifetimes of the three molecules are small in comparison with the uncertainties. Photolysis lifetimes of 10–20 and 20–30 sunlit hours were calculated at 50 km and 40 km, respectively. This indicates that the molecules can be broken up quite eﬃciently by UV absorption at these altitudes, releasing OH radicals. Thus the presence of gas-phase propionic, butyric, and valeric acids in the upper stratosphere can aﬀect local chemistries. At 30 and 20 km, the photolysis lifetimes increase to 100–200 and 103–104 sunlit hours, respectively, and will be considerably longer in the troposphere. Therefore, compared with solution in water droplets, UV photolysis is not expected to play a signiﬁcant role in the tropospheric removal of these molecules. 6.



He(I) photoelectron spectroscopy of propionic acid



The He(I) photoelectron spectrum of propionic acid has been measured in the energy region 10–16 eV (Fig. 5). The calculated vertical IEs for propionic, butyric, and valeric acids This journal is
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are presented in Table 4. The lowest vertical IE observed in the present PES of propionic acid (10.704 eV) agrees very well with the ROVGF theoretical predictions (10.716 eV) and with the photoelectron results of Watanabe et al.5 and Kimura et al.30 (both 10.72 eV). Deconvolution of the photoelectron result reveals ﬁne structure in the ionic electronic ground state band, which is analysed for the ﬁrst time in the present work (Fig. 6). By analogy with the modes calculated for the neutral ground state, this structure is assigned to u5 (CQO stretching) excitation coupled with u13 (CC stretching) and u16 (CCCQO bending). The corresponding mean excitation energies are 0.185, 0.124, and 0.055 eV (Table 9). These energies are close to those observed in the neutral excited states (Table 5), while the reduced excitation energy for u5 in comparison with the neutral ground state is consistent with weaker bonding between the carbon and oxygen atoms in the carbonyl group (Fig. 1). The vibrational series in Table 9 suggest an origin (the adiabatic transition) which is too weak to be clearly visible as a distinct feature. This interpretation is consistent with the large slope of the potential energy surface calculated for the isomeric path of ionized propionic acid (Fig. 1b). The present adiabatic IE of 10.33 eV has been derived on the basis of the average excitation energies for the u5, u13, and u16 modes, as well as the positions of the lowest-energy spectral features (10.396, 10.448, and 10.512 eV). Previous adiabatic IEs (from threshold photo-ionization, electron impact ionization, and photoelectron spectroscopy measurements31) range from 10.24  0.03 eV32 to 10.54 eV.5 In a series of mass spectrometry experiments, Arakawa33 has explored the time-resolved dissociation of ionised propionic acid, the appearance energies of several (fragment) ions, metastable ion intensity ratios, and collisional activation mass spectra with kinetic energy release measurements. These studies indicated that the keto form of propionic acid, after ionisation, isomerises prior to dissociation to a more stable tautomer (enol). Using previous thermodynamical data, Arakawa33 proposed that the enol form would be B1.1 eV more stable than the keto isomer. We have tested this hypothesis by searching at the RPBE0/6-311G** level the lowest minima of both forms. Two keto minima, three enol minima of the CH2–CH2–C(OH)2 type, and four minima of the CH3–CH–C(OH)2 type have been identiﬁed. The geometries and energies of the most stable keto and enol forms, together with the saddle points connecting them, are presented in Fig. 1b. The CH2–CH2–C(OH)2 most stable isomer 3 0 is shown in Fig. 1b and is only 0.27 eV above the keto form 1 0 . Isomerisation takes place through the saddle point TS1 with a very high activation barrier of 0.85 eV. However, the lowest enol form 2 0 is of CH3–CH–C(OH)2 type and 1.15 eV lower than 1 0 . This reaction proceeds through a rather high activation barrier of 0.26 eV, via the TS2 saddle point (Fig. 1b). The adiabatic energy of the enol form 2 0 (8.865 eV) is well below the band shown in Fig. 4. Therefore, it is very unlikely that the enol form would contribute to the PES. Conversely, the calculated adiabatic energy of the keto form 1 0 (10.012 eV) is only slightly lower than the beginning of the band. Phys. Chem. Chem. Phys., 2009, 11, 5729–5741 | 5739



Table 9 Energy positions and vibrational analysis of features observed in the ﬁrst photoelectron band of propionic acid (C2H5COOH) following deconvolution and Gaussian ﬁtting Peak energy/eV — 10.396 10.448 10.512 10.569 10.641 10.701 10.757 10.816 10.884 10.936 11.014 11.068 11.124 a



Assignment u00, adiabatic IE u16 u13 u5 u5 + 1u16 u5 + 1u13 2u5, vertical IE 2u5 + 1u16 2u5 + 1u13 3u5 3u5 + 1u16 3u5 + 1u13 4u5 4u5 + 1u16



a



DE (u5)/eV



DE (u13)/eV



DE (u16)/eV



— — — — — — 0.189 — — 0.183 — — 0.184 —



— — — — — 0.129 — — 0.115 — — 0.129 — —



— — — — 0.057 — — 0.056 — — 0.052 — — 0.056



Although not visible in the PES, the ﬁne structure suggests an adiabatic IE at 10.33 eV.



7. Conclusions The present work provides the ﬁrst complete optical electronic spectra of propionic, butyric, and valeric acids. The observed structure has been assigned to valence and Rydberg transitions on the basis of comparisons with ab initio calculations of vertical excitation energies and oscillator strengths. Fine structure has been assigned to vibrational series, dominantly involving excitation of the u5 (CQO) stretching mode. The He(I) photoelectron spectrum of propionic acid has enabled vibrational excitations in the ionic electronic ground state X˜2A 0 (16 a 0 1) to be resolved for the ﬁrst time. The theoretical results are in good agreement with the experiments and predict signiﬁcant mixing of Rydberg and s* states.
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