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Two different conformational isomers of propanal, cis and gauche, are investigated by the vacuum-UV mass-
analyzed threshold ionization (VUV-MATI) spectroscopy to give accurate adiabatic ionization potentials of
9.9997 ( 0.0006 eV and 9.9516 ( 0.0006 eV, respectively. cis-Propanal, which is the more stable conformer
in the neutral state, becomes less stable in the cation compared to gauche-propanal. Vibrational structures
revealed in the MATI spectra indicate that cis and gauche isomers undergo their unique structural changes
upon ionization. The ionization of gauche-propanal induces a geometrical change along the conformational
coordinate, suggesting that the steric effect in the ground state is diminished upon ionization. Natural bonding
orbital (NBO) calculations provide the extent of hyperconjugation in each conformational isomer of propanal.

I. Introduction

Conformational isomers are identified when the internal
rotation about the single bond of the molecule gives rise to at
least a double-well potential along the rotating angle. Since the
barrier height for the internal rotation about the single bond is
very low in general, conformational isomers are hardly isolated
at ambient conditions. Therefore, it has been nontrivial to extract
the conformer-specific information of chemical reactivity,
although the structure-based chemistry is ubiquitous in chemistry1,2

and biology.3,4 Accordingly, the conformer specificity has often
been conjectured in the explanation of many important chemical
reactions. Supersonic jet spectroscopy provides a great op-
portunity for the investigation of the conformer-specificity in
chemical reactions in this sense. Recently, the conformer-specific
chemical reactivity has been unambiguously demonstrated for
the photodissociation of 1-iodopropane ion5 and propanal ion6

or the decarboxylation reaction of alanine and �-alanine ions.7

The selection of a specific conformational isomer may be thus
utilized as a tool for reaction control. Distinct spectroscopic
properties of different conformers such as vibrational frequen-
cies, excited electronic energy, and ionization potential (IP) are
therefore quite essential in understanding the conformational
preference and studying the conformer-specific chemical reac-
tion dynamics.

Here, we present the ionization spectroscopic result for two
conformational isomers of propanal. Propanal is a particularly
interesting molecule since its two isomers, cis and gauche, have
been recently reported as showing conformer-specific chemical
reactivity in the photodissociation reaction of the molecular
cation.6 The Suits group, using the photoelectron imaging
technique, has reported the IP value of each conformer of
propanal with some vibrational features associated with the
ionization of each conformer.8 In this work, we performed
vacuum-UV mass-analyzed threshold ionization (VUV-MATI)
spectroscopy of cis and gauche conformers of propanal. In this
way, IP is very accurately determined with much less uncertain-

ties. Moreover, since each conformer is directly ionized by the
VUV laser pulse, the structural change that each conformer
undergoes upon ionization has been clearly revealed in the high-
resolution MATI spectra of cis and gauche propanals. The
experimental results along with theoretical calculations provide
insight into the origin of the conformational preference of the
propanal molecule.

II. Experimental Section

Propanal (Aldrich) was purchased and used without further
purification. The details of the experimental setup have been
described in our previous reports.9,10 Briefly, the sample at room
temperature is mixed with He or Ar carrier gas, expanded into
a vacuum through a nozzle orifice (general valve, 0.3 mm
diameter) with a backing pressure of 1-3 atm, and skimmed
through a 1 mm diameter skimmer (Precision Instrument
Services), which is located ∼10 cm away from the nozzle end.
The vacuum chamber was equipped with two turbo pumps to
maintain the background pressure of 10-7 Torr when the nozzle
was operated at 10 Hz. A tunable vacuum UV laser pulse was
generated via the four-wave mixing of the UV pulse at 212.552
nm for the 5p[1/2]0-4p6 transition of Kr and VIS laser pulse in
a Kr gas cell. The third harmonic output of the Nd:YAG laser
(Continuum, Precision 2) was used to pump two independently
tunable dye lasers (Scanmate 2 and Lumonics) to generate UV
and VIS laser pulses for the VUV laser pulse. The frequency
of the VIS laser pulse was calibrated using a wavemeter
(Coherent, 33-2619) within an accuracy of 0.5 cm-1.

The VUV laser pulse was collinearly overlapped with the
molecular beam in a counter-propagation way to excite the
molecule to high-n Rydberg states. After a delay time of ∼10
µs, the long-lived high-n,l Rydberg states were pulsed-field
ionized using a small electric pulse of ∼10 V/cm. No spoil field
was necessary because of the long delay time between the laser
excitation and pulsed-field ionization. Resultant MATI ions were
separated according to their mass/charge ratios in the time-of-
flight tube prior to being detected by a multichannel plate. The
ion signal digitized via an oscilloscope (LeCroy, LT584M) was
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then monitored as a function of the exciting VUV wavelength
to give the MATI spectrum. All dye lasers, autotrackers, and
data taking processes were controlled by a personal computer.
Calculations of molecular structures and normal modes were
carried out at the MP211 or DFT12,13 level using the Gaussian
03W program package.14 Franck-Condon analysis was done
based on the Duschinsky transformation method15 using a code
developed by Peluso and co-workers.16,17 Natural bonding orbital
(NBO) calculations were carried out at the MP2 level.

III. Results and Discussion

The conformational coordinate of propanal is along the
dihedral angle between the plane containing C(1)dO and that
of C(2)-C(3), resulting in the difference of the relative
orientation of the C(1)dO group with respect to the C(3)H3

group (Figure 1). The conformational preference of propanal
has much been studied, and it is now widely accepted that the
cis conformer is more stable than the gauche conformer in the
neutral ground state. The density functional theory (DFT)
calculation predicts that cis is about 0.84 kcal/mol more stable
than gauche. From thermodynamics, the relative population of
gauche is then estimated to be ∼20%, whereas that of cis should
be ∼80% at 300 K. The VUV MATI spectrum shows two
distinct origin bands associated with cis and gauche propanals,
giving the accurate IPs of 9.9997 ( 0.0006 eV and 9.9516 (
0.0006 eV, respectively, which are quite consistent with
previously reported IP values8 (Figure 2). The relative intensity
of the MATI origin of gauche located at 80 265 cm-1 is slightly
more than 30% of that of the cis conformer at 80 653 cm-1.
The interesting aspect of the experimental observation is that
the propanal molecule does not undergo conformational cooling
in the process of supersonic expansion with the carrier gas of
He. In other words, the relative population of cis and gauche at
300 K seems to be maintained even in the supersonic jet where

the final temperature of each conformational isomer is around
5 K. On the other hand, it should be noted that the conforma-
tional cooling becomes quite effective when Ar is being used
as a carrier gas. Namely, when propanal is expanded with the
Ar carrier gas, the MATI band due to the gauche propanal is
completely vanished, whereas only that of cis is strongly
observed (Figure 2). This is a very interesting observation and
could be attributed to the different partial cross-sections of
collisions with He or Ar depending on the vibrational mode of
propanal. In general, the Ar carrier gas should be more effective
in the momentum transfer per collision because of its heavier
mass compared to He.18 Apparently it thus seems to be that the
heavier and slower collision is more effective in the confor-
mational cooling, although the detailed mechanism needs to be
clarified.

The much higher IP of the cis propanal compared to that of
gauche indicates that the conformational preference becomes
reversed in the cationic ground state of propanal. Provided that
the stabilization energy difference of cis and gauche in the
neutral ground state is 0.84 kcal/mol, the gauche conformer is
expected to be more stable by ∼0.63 kcal/mol than the cis
conformer in the cationic ground state (Figure 1). Since the
origin bands of both conformational isomers are strongly
observed in the VUV-MATI spectrum, the structural change
upon ionization is not expected to be drastic. This implies that
the nuclear layout of the gauche conformer is more favored for
the charge delocalization compared to that of the cis conformer
in the cationic ground state. The extent of the charge delocal-
ization is closely related to the stabilization energy attributed
to the hyperconjugation effect. NBO calculation at the MP2 level
strongly supports the role of hyperconjugation in the stabilization
of gauche in the cationic ground state. Namely, the delocaliza-
tion energy of the cis conformer is calculated to be larger than
that of the gauche conformer by 5.64 kcal/mol in the neutral
ground state, while the delocalization energy in the cationic
ground state is calculated to be larger for gauche than for cis
by 7.53 kcal/mol.

The VUV-MATI spectroscopy provides direct information
about the structural change that the molecule undergoes upon
ionization. It is very intriguing, therefore, to investigate the

Figure 1. The DFT (B3LYP/6-311++G(d,p)) calculated potential
energy curves of cis (left) and gauche (right) propanals along the
conformational coordinate. The calculated IP difference of cis and
gauche is 515 cm-1, which is higher than the experimental value of
388 cm-1 (see the text).

Figure 2. (a) The VUV-MATI spectrum of propanal expanded with
He. (b) The simulation using the Franck-Condon analysis based on
the DFT calculations. (c) The VUV-MATI spectrum of propanal
supersonically cooled with Ar carrier gas at a backing pressure of 1
atm. In panel c, the gauche conformer is absent (see the text).
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conformer specificity in the ionization-driven structural change.
Interestingly, the progression bands of which the fundamental
frequency is 81 cm-1 is found to be activated only for the gauche
propanal (Figure 2). This band, according to the DFT calculation
(Table 1), is associated with the torsional motion about the
C(1)-C(2) bond, which corresponds to the conformational
coordinate along which cis and gauche are separated by a certain
barrier (Figure 1). This experimental fact, therefore, indicates
that the gauche conformer, once ionized, undergoes a confor-
mational change in order to be more stabilized. Meanwhile, the
DFT calculations at the B3LYP level with the basis set of
6-311++G(d,p) support this experimental observation, and
detailed geometrical parameters of each conformer are listed in
Table 2. On the basis of the calculated geometry and vibrational
frequencies, Franck-Condon analysis has been carried out for
each conformer to simulate the corresponding MATI spectrum.
The simulation matches with the experiment extremely well,
as shown in Figure 2.

Even though the conformational change of gauche upon
ionization is not drastic, it is intriguing to consider the driving
force for this interesting conformer-specific movement of the
molecule as it is ionized. The cis propanal does not undergo
the structural change upon ionization along the conforma-
tional coordinate, even though its geometry in the cationic
ground state is less favored in terms of the hyperconjugation
compared to the gauche conformer ion. This suggests that
the ionization-driven geometrical change of gauche along the
conformational coordinate may not originate from the better
hyperconjugation in the energy minimum structure. Rather,
the steric effect caused by the valence electron repulsion
could be mainly responsible for the torsional motion along
the conformational coordinate. Namely, as the electron
in the highest occupied molecular orbital (HOMO) is
removed, the steric tension at the neutral gauche geometry
is somewhat released to induce the conformational change.
This makes sense if one notices that the HOMO is asymmetric
with respect to the methyl moiety at the gauche geometry,

whereas it is symmetric at the cis geometry (Figure 3). In
other words, since the HOMO at cis is symmetrically oriented
with respect to the other valence electrons, the depletion of
electron in the HOMO does not affect the steric repulsion as
far as the geometry is concerned. Meanwhile, because of the
asymmetric arrangement of the HOMO at the gauche
geometry, the deficiency of electrons in the HOMO of the
gauche propanal should give an unbalance of the steric
repulsion with other valence electrons, resulting in the
torsional motion along the conformational coordinate. This
experimental fact suggests that the steric effect due to the
valence electron repulsion may be significantly responsible
for the relative instability of gauche in the neutral ground
state. The asymmetric arrangement of valence electrons in
the three-dimensional geometrical layout of gauche could also
be responsible for the efficient conformational cooling of
gauche into cis when Ar is used for the supersonic expansion
(Vide supra) since it may contribute to the increase of
collisional cross section.

TABLE 1: Vibrational Frequencies of Cis and Gauche Propanals in the Neutral and Cationic Ground States (cm-1)

cis gauche

cation cation

neutral calc expt description neutral calc expt description

ν1 a′ 3106 3097 CH3 str. a 3104 3151 CH2 str.
ν2 3041 3005 CH3 str. 3101 3134 CH3 str.
ν3 3000 3000 CH2 str. 3082 3086 CH3 str.
ν4 2862 2819 C1H str. 3031 3018 CH2 str.
ν5 1804 1733 CdO str. 3008 2987 CH3 str.
ν6 1501 1489 CH3 deform. 2854 2889 C1H str.
ν7 1449 1417 CH2 deform. 1803 1734 CdO str.
ν8 1422 1389 CH3 deform. 1506 1488 CH3 deform.
ν9 1408 1280 CH2 wag. 1501 1446 CH2 deform.
ν10 1363 1098 C1H rock. 1467 1409 CH3 deform.
ν11 1107 1006 CH3 wag. 1422 1379 CH3 deform.
ν12 1003 898 CH3 rock. 1410 1273 CH2 wag.
ν13 846 586 C1C2 str. 1327 1221 CH2 twist.
ν14 671 466 OCC bend. 1272 1147 C1H rock.
ν15 252 245 240 OCCC bend. 1157 1017 CH2 twist.
ν16 a′′ 3110 3144 CH3 str. 1131 1010 CH3 rock.
ν17 3020 3043 CH2 str. 1009 906 CH3 rock.
ν18 1493 1420 CH3 deform. 920 860 C1H deform
ν19 1279 1240 CH2 twist. 875 792 CH2 rock.
ν20 1144 1051 CH2 twist. 759 629 C1C2 str.
ν21 905 864 C1H deform. 508 368 OCC bend.
ν22 670 650 CH2 rock. 328 320 CCC bend.
ν23 225 256 CH3 torsion 211 231 CH3 torsion
ν24 131 72 CHO torsion 78 92 81 CHO torsion

TABLE 2: Minimum Energy Structures of the Neutral and
Cationic Ground States of Two Conformers of Propanal
Calculated at the B3LYP Level with the Basis Set of
6-311++G(d,p). (Å, °)

cis gauche

neutral cation neutral cation

R(C1-O) 1.206 1.183 1.206 1.185
R(C1-H) 1.113 1.117 1.114 1.111
R(C1-C2) 1.509 1.571 1.509 1.574
R(C2-Ha) 1.099 1.100 1.092 1.089
R(C2-Hb) 1.099 1.099
R(C2-C3) 1.527 1.509 1.537 1.524
R(C3-Ha) 1.093 1.098 1.092 1.100
R(C3-Hb) 1.092 1.090 1.093 1.091
R(C3-Hc) 1.094 1.090
∠ C1C2C3 114.78 115.91 111.93 108.82
∠ OC1C2 125.14 125.86 125.19 121.39
∠ OC1C2C3 0.00 0.00 125.94 119.54
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IV. Summary and Conclusions

The cis and gauche conformational isomers of propanal have
been investigated by VUV MATI spectroscopy. The ionization
energy of each conformer has been most accurately and precisely
measured. The gauche propanal, which is less stable compared
to the cis propanal in the neutral ground state, is calculated to
be more stable than cis in the cationic ground state. The more
efficient charge delocalization at the gauche geometry compared
to cis in the cationic ground state may be responsible for this
observation. The MATI spectrum reflects the conformer-
specificity in the ionization-driven structural change, providing
the unique opportunity to investigate the role of the electron of
the HOMO in the conformational preference. The torsional
vibrational bands are found to be active only in the MATI
spectrum of the gauche conformer ion, indicating that the gauche
propanal undergoes a geometrical change upon ionization along
the conformational coordinate. Asymmetric arrangement of the
HOMO with respect to other valence orbitals at the gauche
geometry seems to be the origin of the steric effect, especially
in the neutral ground state. Hyperconjugation and steric effects
are both responsible for any conformational preference, and the
MATI spectroscopy is particularly useful since the role of

HOMO in those effects can be unambiguously investigated for
each conformer separately.
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Figure 3. The HOMOs of (a) cis-propanal and (b) gauche-propanal.
On the right, Newman projections are given.
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