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The microwave spectra of 4-pentyn-1-ol, HO(CH2)3CtCH, and one deuterated species (DO(CH2)3CtCH)
have been investigated in a Stark spectrometer in the 17.5-80 GHz spectral region at about 0°C, as well as
in a pulsed-nozzle Fourier transform spectrometer in the 2.5-14 GHz range. A total of 14 spectroscopically
different all-staggered rotameric forms are possible for this compound. It has previously been assumed that
a conformer stabilized by intramolecular hydrogen bonding predominates in the gas phase, but the microwave
spectrum of this rotamer was not assigned and it is concluded that this form is not present in high concentrations.
However, the microwave spectrum indicates that several forms are present, two of which denotedag+g+ and
ag+a were assigned in this work. In these two forms, the H-O-C-C chains of atoms have an antiperiplanar
conformation and the O-C-C-C links are synclinal (“gauche”). The C-C-C-CtCH link is synclinal in
ag+g+ but antiperiplanar inag+a. Theag+g+ form is determined to be 1.5(6) kJ/mol more stable thanag+a
by relative intensity measurements. The microwave study was augmented by quantum chemical calculations
at the MP2/6-311++G** and G3 levels of theory. Both these quantum chemical procedures indicate that
there are small energy differences between several rotametric forms, in agreement with the microwave findings.
Both methods predict thatag+g+ is the global minimum.

Introduction

It has been known for a long time thatπ electrons of triple
bonds may be involved as an acceptor group in hydrogen (H)
bonding.1 Microwave (MW) spectroscopy studies have shown
that all the preferred conformers in compounds such as
HOCH2CtCH,2 H3CCH(OH)CtCH,3 HOCH2CtN,4 H3CCH-
(OH)CtN,5 H2NCH2CtCH,6 H3C(NH)CH2CtCH,7 H2NCH2Ct
N,8,9 and H3C(NH)CH2CtN10 have a comparatively short
contact between the hydroxyl or amine hydrogen(s) and the
triple bond. This interaction may therefore be categorized as
weak intramolecular H bonding, although other effects may also
be of considerable importance for the conformational preferences
of these compounds. The H bonds in these molecules have a
ring structure formed by the five atoms of the H-X-C-CtY
(X ) O or N; Y ) C or N) chain. This arrangement is
sometimes called a “4.5-member” ring, because the H bond
interaction involves theπ electrons of the triple bond rather
than one of the two atoms forming this bond.

The compounds HO(CH2)2CtCH,11 HO(CH2)2CtN,12 H2N-
(CH2)2CtCH,13 H2N(CH2)2CtN,14 HS(CH2)2CtCH,15 HS-
(CH2)2CtN,16 and H2P(CH2)2CtN17 have an additional me-
thylene group compared to the class of molecules mentioned
above. MW studies11-17 have shown that the preferred rotamers
of these compounds are indeed stabilized by weak internal H
bonds formed between the H atom of the hydroxyl, amino, thiol,
or phosphino group, respectively, and the triple bond. Six atoms,
H-X-C-C-CtY (X ) O, N, S, or P; Y) C or N), form a

ring structure in these cases, but the H bonds are often called
5.5-member bonds, since the triple bond is involved rather than
one of the atoms forming this bond.

There are three methylene groups in the title compound,
4-pentyn-1-ol (HO(CH2)3CtCH), which was chosen for study
as an extension of the these investigations. It is therefore possible
for this compound to form a 6.5-member H bond involving the
triple bond of the H-O-C-C-C-CtC link of atoms.
4-Pentyn-1-ol appears to be the first example of this kind of
compound studied by MW spectroscopy.

The title compound has three internal axes of rotation, namely
O1-C1, C1-C2, and C2-C3 (see Figure 1). A total of 27
conformers with staggered atomic arrangements are therefore
possible, but only 14 of these rotamers are spectroscopically
different, because there are 13 enatiomeric pairs having identical
spectra and one unique rotamer (aaa). Representatives of these
14 forms are sketched in Figure 1.

The H1-O1-C1-C2, O1-C1-C2-C3, and C1-C2-C3-C4
dihedral angles can be used to characterize each rotameric form.
g is used to denote a synclinal (obsolete “gauche”) dihedral angle
of about 60° from synperiplanar (0°). The lettera stands for
antiperiplanar (180° from synperiplanar);+ means clockwise,
and- means anticlockwise rotation about the said three bonds
in the directions O1 to C1, C1 to C2, and C2 to C3.

The best conditions for intramolecular H bonding with theπ
electrons are found in theg-g+g- rotamer, because the distance
between the H atom of the hydroxyl group and the triple bond
is the shortest one of the 14 forms. The MP2/6-311++G**
method predicts the distance between the midpoint of the C4-
C5 triple bond and the hydrogen atom of the hydroxyl group to
be 232 pm in this conformer. This is significantly shorter than
the sum (290 pm) of Pauling’s18 van der Waals radii of hydrogen
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(120 pm) and the half-thickness of an aromatic molecule (170
pm), which is a criterion of H bonding.1

g+g+g- is another candidate for H bonding, but conditions
are much less favorable in this form than ing-g+g-, since the
corresponding MP2 distance is 283 pm, only 7 pm shorter than
the van der Waals sum. H-bonding is not possible in the
remaining 12 rotamers because the said distance is significantly
longer than 290 pm in all of them (Table 1).

An infrared spectroscopic investigation performed for a
solution of 4-pentyn-1-ol in carbon tetrachloride19 showed a
relatively weak absorption band red-shifted by 50 cm-1 from
the major O-H stretching band. This was interpreted as
evidence for the existence of rather weak intramolecular H
bonding.

A combined gas-phase electron-diffraction, molecular-
mechanics (MM2 method),20 and infrared spectroscopic inves-
tigation of the gas has been reported for 4-pentyn-1-ol.21 A red-
shifted O-H stretching vibration, similar to the one observed
in solution, was again seen indicating the presence of internal
H bonding,21 while the MM2 method predicted theaaa

conformer to be the most stable form of the molecule.21 The
electron-diffraction diagrams taken at 72 and 78°C were
interpreted as follows: The gas contains at least 50% of the
H-bondedg-g+g- conformer. Theaaa and/or theg+aa con-
formers also contribute substantially, while the contributions
from additional rotameric forms are uncertain.21

The ultraviolet photoelectron spectrum has been measured
and has been interpreted to indicate that intramolecular H
bonding is present in 4-pentyn-1-ol.22 Quantum chemical
calculations performed recently at the MP2/6-31G(d) and MP2/
6-31+G(d) levels of theory predicted that the H-bonded form,
presumablyg-g+g-, of the said compound is 6.6 and 3.7 kJ/
mol, respectively, more stable than the second most stable
rotamer, which was not specified further.23

Microwave (MW) spectroscopy is ideal for investigating
complicated conformational equilibria because of its extremely
high resolution. It is advantageous that all the 14 rotamers of
4-pentyn-1-ol each possess a sizable dipole moment (≈1.5-
2.5 D), which is a prerequisite for a MW spectrum. It was
decided to study its MW spectrum using two different MW
spectroscopy techniques, owing to the complexity of the
problem. In Oslo, Norway, static Stark-modulated spectroscopy
experiments were performed, while pulsed-nozzle Fourier
transform molecular beam spectrometers24,25were employed in
Kiel, Germany. The experimental work has been augmented
by quantum-chemical calculations, which were conducted with
the purpose of obtaining information for use in assigning the
MW spectrum and investigating properties of the Born-
Oppenheimer potential-energy surface.

Experimental Section

Commercial samples were used in this work. The sample
employed in Oslo, Norway, was purified by preparative gas
chromatography before use. The samples utilized in Kiel were
specified by the manufacturer to be more than 98% pure and
were used as received. The MW spectrum was studied using
the Oslo Stark spectrometer, which is described elsewhere.26,27

The 17.5-80 GHz spectral region was investigated with the
microwave absorption cell cooled to about 0°C. A study at
lower temperatures, which would have increased the intensity
of the spectrum, could not be performed owing to insufficient
vapor pressure of the compound. The spectra were recorded at
a pressure of about 4-10 Pa and stored electronically using
the computer programs by Waal28 and Grønås.29 The accuracy
of the frequency measurements is presumed to be about 0.05
MHz, and the resolution was approximately 0.5 MHz. Micro-
wave frequency, radio frequency double resonance (MWRFDR)
experiments were performed as described by Wodarczyk and
Wilson30 employing the equipment described elsewhere.26,27The
deuterated species, DO(CH2)3CtCH, was produced by admit-
ting fumes of D2O into the Stark cell together with the normal
species, which resulted in the production of roughly 50%
deuteration of the hydroxyl group, as judged by the intensities
of the MW transitions. All experiments with the deuterated
species were performed in Oslo, Norway.

The experiments in Kiel were performed in the 2.5-14 GHz
region with a pulsed nozzle molecular beam spectrometer with
a H01-resonator described elsewhere25 and with a Fabry-Perot
cavity spectrometer with a coaxial beam.24 The low vapor
pressure of the substance at room temperature prevented the
preparation of a mixture of the substance with the carrier gas,
He or Ar, for the supersonic expansion in the cavity. The
compound was therefore exposed to a stream of the selected
carrier gas in a stainless steel vessel placed in a position before
the gas mixture entered the molecular beam valve.

Figure 1. The 14 spectroscopically different rotamers of 4-pentyn-1-
ol. Atom numbering is shown on theg-g+g+ conformer. The MP2
energy difference of each rotamer (in kJ/mol) relative toag+g+ (0 kJ/
mol) is given as the first number in the parentheses, whereas the G3
energy difference is given as the second number in the parentheses.
Asterisks indicate that the spectrum of this conformer has been assigned
(see text).
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The backing pressure varied from 0.5 to 1 bar. Helium was
used for the lower frequencies to enlarge the Doppler splittings,
while argon was employed for the higher ones. The sample
interval was mostly 40 ns for 8k sampling points. The averaging
cycles varied from 128 to 4096, in extreme cases to 12 000
cycles. The power output of the frequency synthesizer was about
5 mW. The measuring accuracy is estimated to be(2 kHz.

The H01-resonator spectrometer25 allows one to reach lower
frequencies (down to approximately 1 GHz) with a resonator
size comparable to that of the Fabry-Perot spectrometer (which
has a Fresnel limit near 4 GHz). The molecular beam, coaxial
to the resonator axis, first introduced by Grabow and Stahl,31

increases the resolution and sensitivity since the interaction
volume of the molecular beam and the resonator field is
increased in comparison with the arrangement where the
molecular beam is perpendicular to the axis of the resonator,
as in the original FTMW spectrometer introduced by Balle and
Flygare.32

Both Fourier transform microwave (FTMW) spectrometers
allowed measurements ofµb and µc transitions, initially not
found by Stark spectroscopy, to be made. The Ritz combination
principle could be used for several lines to confirm the
assignments. The possibility of scanning the spectra automati-

cally proved to be very helpful. The arrangement for scans with
the intrinsically fixed frequency cavity spectrometers was
introduced by Andresen et al.33 and was used extensively in
this investigation.

Results and Discussion

Quantum Chemical Calculations.The quantum chemical
calculations were performed by employing the Gaussian 03 suite
of programs34 running on the 64 processor HP “superdome” in
Oslo, Norway. The structure, rotational constants, dipole mo-
ments, harmonic vibrational frequencies, Watson’s quartic
centrifugal distortion constants,35 and energy differences were
calculated for the 14 conformers shown in Figure 1. Gaussian
03 allows the calculation of anharmonic vibrational frequencies
and the vibration-rotation constants (theR’s),36 but these very
comprehensive calculations were calculated only for one rota-
mer, ag+a, because of restriction on computational resources.
The 6-311++G** basis set, which is of triple-ú quality and
includes diffuse electron orbitals, was employed. Electron
correlation was taken into consideration using the second-order
Møller-Plesset (MP2) perturbation theory37 with frozen-core
electrons. Full geometry optimization, with no symmetry

TABLE 1: Structures a,b of the 14 “Stable” Conformers of 4-Pentyn-1-ol As Calculated at the MP2/6-311++G** (Frozen Core)
Level of Theory

conformer

param g-g+g+ g+g+g+ ag+g+ g-g+g- g+g+g- ag+g- g-g+a g+g+a ag+a aag- g+ag- g-ag- g+aa aaa

Distance (pm)
O1-H1 96.2 96.2 96.1 96.3 96.2 96.1 96.1 96.2 96.1 96.1 96.1 96.1 96.2 96.1
C1-O1 142.6 142.7 142.9 142.1 142.1 142.3 142.6 142.6 142.8 142.7 142.4 142.5 142.4 142.6
H2-C1 109.3 109.8 109.8 109.3 109.9 109.9 109.2 109.8 110.0 110.0 109.2 109.4 109.3 109.9
H3-C1 109.7 109.2 109.7 110.1 109.4 110.0 110.0 109.4 109.8 109.7 110.0 109.7 110.0 109.9
C2-C1 152.6 152.4 151.8 152.8 152.6 151.9 152.4 152.4 151.8 151.8 152.3 152.4 152.4 151.8
H4-C2 109.5 109.8 109.6 109.5 109.7 109.5 109.5 109.8 109.5 109.5 109.5 109.5 109.5 109.4
H5-C2 109.7 109.7 109.6 109.7 109.7 109.7 109.6 109.6 109.6 109.5 109.8 109.7 109.7 109.4
C3-C2 153.8 153.7 153.8 153.9 154.0 154.0 153.6 153.6 153.6 153.7 153.8 153.7 153.6 153.6
H6-C3 109.5 109.5 109.4 109.6 109.6 109.6 109.8 109.7 109.8 109.5 109.5 109.5 109.7 109.7
H7-C3 109.5 109.6 109.6 109.7 109.7 109.8 109.6 109.5 109.4 109.7 109.7 109.7 109.7 109.7
C4-C3 146.6 146.5 146.5 146.7 146.6 146.5 146.3 146.4 146.4 146.6 146.6 146.6 146.4 146.4
C5-C4 122.1 122.0 122.0 122.1 122.1 122.0 122.0 122.0 122.0 122.0 122.0 122.0 122.0 122.0
H8-C5 106.6 106.5 106.5 106.6 106.5 106.5 106.5 106.5 106.5 106.5 106.5 106.5 106.5 106.5
H1‚‚‚πc 305.6 474.0 487.6 232.2 282.5 407.3 529.3 498.2 573.7 501.7 522.2 475.7 556.2 621.0

Angle (deg)
H1-O1-C1 106.6 107.1 107.5 106.9 107.8 107.5 107.7 106.9 107.7 107.5 107.1 107.0 107.0 107.6
O1-C1-H2 106.1 110.8 110.7 105.5 111.0 111.0 105.5 110.8 110.6 110.7 105.7 105.5 105.5 110.8
O1-C1-H3 110.5 105.6 110.7 110.9 105.2 110.6 110.7 105.4 110.8 111.0 110.9 111.0 110.8 110.8
O1-C1-C2 112.5 112.1 107.3 113.3 113.7 108.6 112.9 112.5 107.6 107.4 112.3 112.2 112.4 107.6
C1-C2-H4 109.6 109.3 108.9 108.5 110.2 109.7 109.4 109.6 109.3 109.2 109.0 108.7 109.1 109.2
C1-C2-H5 108.4 109.0 108.8 108.9 107.7 107.4 108.7 109.2 109.0 108.6 109.3 109.6 109.6 109.2
C1-C2-C3 112.7 112.5 112.3 113.7 113.6 113.7 112.5 112.2 111.8 112.1 112.3 112.4 111.9 111.5
C2-C3-H6 109.4 109.3 109.2 109.6 109.4 109.0 109.4 109.3 109.3 109.5 109.6 109.6 109.8 109.8
C2-C3-H7 109.8 109.8 109.6 109.2 109.6 109.3 109.9 109.4 109.3 109.7 109.7 109.5 109.5 109.8
C2-C3-C4 112.5 111.8 112.1 113.8 112.8 114.2 112.4 112.1 112.1 112.6 112.3 112.4 112.1 112.2
C3-C4-C5 178.4 181.0 180.4 180.4 179.0 179.2 178.5 180.8 178.0 180.1 179.4 181.5 181.4 180.0
C4-C5-H8 179.1 179.3 179.0 179.9 178.5 177.9 179.6 179.4 179.0 179.6 179.7 179.3 179.6 179.6

Dihedral Angled (deg)
H2-C1-O1-H1 159.6 -57.1 64.2 -175.2 -77.0 58.3 167.9 -60.0 -58.5 71.4 178.6 178.6 178.0 61.1
H3-C1-O1-H1 42.8 -173.9 -56.6 68.4 166.6 -61.9 51.5 176.5 61.8 -48.9 -64.7 62.0 -65.5 -59.1
C2-C1-O1-H1 -80.3 66.2 183.9 -55.3 46.7 178.4 -72.2 63.4 178.1 -169.0 58.4 -61.7 57.9 -179.0
H4-C2-C1-O1 -67.2 -60.6 -60.7 -43.6 -71.0 -61.9 -58.7 -60.3 -60.9 63.3 57.3 -55.0 55.3 59.0
H5-C2-C1-O1 175.1 -177.7 -178.3 -160.7 172.7 -178.6 -176.1 177.1 -178.3 -54.0 -60.1 62.3 -62.1 -58.5
C3-C2-C1-O1 53.6 60.6 60.1 79.2 51.6 61.4 63.0 61.3 60.6 -174.7 179.4 -176.3 176.9 -179.7
H6-C3-C2-C1 -70.0 -57.0 -60.2 179.8 159.8 158.7 53.5 61.1 56.2 177.8 176.9 175.9 57.2 58.7
H7-C3-C2-C1 173.3 -174.6 -177.8 63.0 42.6 42.5 -64.1 -55.7 -60.6 61.0 59.9 59.0 -59.8 -58.5
C4-C3-C2-C1 51.3 64.0 61.0 -58.6 -79.7 -80.3 174.8 177.6 177.4 -60.8 -61.7 -62.7 178.8 -179.9
H8-C5-C4-C3 178.2 -177.6 178.1 1.7 -174.8 163.2 -178.7 172.6 -176.2 172.1 161.6 164.3 178.7-179.9

a Atom numbering is given in Figure 1.b The microwave spectra ofag+g+ andag+a were assigned.c Distance between H1 and the midpoint of
the triple bond.dMeasured from syn) 0°. Clockwise rotation corresponds to a positive dihedral angle.
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restrictions imposed, was made for all 14 rotamers of Figure 1
employing the default convergence criteria of Gaussian 03.

No imaginary vibrational frequencies were computed for any
of the 14 forms, which is a confirmation that they are indeed
minima (“stable” conformers) on the potential energy hyper-
surface. The geometries calculated for them are given in Table
1, which also includes the nonbonded distances between H1
and the midpoint of the triple bond, whereas Table 2 contains
the rotational constants calculated from the structures in Table
1. The A-reduction quartic centrifugal distortion constants of
Watson,35 the principal-axis dipole moment components, and
the electronic energy differences corrected for zero-point
vibrational energies were calculated for the stable rotamers using
the same computational procedure with the results summarized
in Table 2 and shown in Figure 1 (first number in parentheses
underneath each rotamer). The harmonic zero point energies
vary somewhat among the conformers. The largest value (314.9
kJ/mol) is found for the hydrogen-bondedg-g+g- rotamer, and
the smallest value (312.0 kJ/mol) is computed for theaaa
conformer. This effect therefore affects the ordering of the
conformational energies presented in Table 2 and Figure 1 by
a maximum of 2.9 kJ/mol.

The anharmonic zero point energy ofag+a is reduced to 309.1
kJ/mol, compared to 313.1 kJ/mol calculated for the harmonic
zero point energy. Similar reductions are expected for the
remaining 14 conformers. It is therefore expected that anhar-
monicity corrections would hardly lead to a significant reorder-
ing of the relative MP2 energies from the values presented in
Table 2 and Figure 1. The calculated vibration-rotation
constants for this conformer are discussed below.

It is seen in this table that the MP2 energies of several of the
rotamers vary by only a few kJ/mol. It was therefore decided
to repeat the calculations of relative energies using the G3
method, which is renowned for calculating energy differences
accurately.38 The results of these calculations are included in
the last line of Table 2 and shown as the second number in
parentheses in Figure 1.

Several of the computational results warrant further com-
ments. The MP2 bond lengths and bond angles of all the 14
forms are predicted to take their “normal” values, whereas the
dihedral angles vary relatively more and deviate by as much as

about 20° from their “ideal“ values (0,(60, and(180°) in
some cases; see Table 1. These anomalies are presumably caused
by intramolecular forces of various kinds.

It has been claimed19,21-23 that the H-bonded conformer
g-g+g- is the most stable form of the molecule. Interestingly,
this rotamer is found to be a high-energy form relative toag+g+,
which is the global minimum in both in the MP2 and G3
calculations.ag+g+, which does not have an internal H bond,
is 3.2 kJ/mol more stable thang-g+g- in MP2 and 1.4 kJ/mol
more stable in the G3 calculations.

Further inspection of Table 2 reveals that five rotamers,
g-g+g+, g+g+g+, ag+g+, g-g+g-, andag+a, are predicted by
both methods to fall within an energy range of less than 4 kJ/
mol, which is within the uncertainty limit of these calculations.
The energies ofg+g+a, aag-, g+ag-, g-ag-, and aaa are
predicted to be 3.5-7.7 kJ/mol less stable than the global
minimum (ag+g+). The conclusion is therefore that the quantum
chemical calculations indicate that the gaseous state of 4-pentyn-
1-ol consists of a mixture of several rotamers present in
significant concentrations and it is quite uncertain which
conformer represents the global energy minimum.

MW Spectrum and Assignment of the Ground Vibrational
State of ag+a. The Stark MW spectrum of 4-pentyn-1-ol taken
at about 0°C is comparatively weak and very crowded with
absorption lines occurring every few MHz throughout the entire
frequency range, which indicates that several rotamers may be
present.

Survey spectra taken by the Oslo spectrometer using a
relatively low Stark field strength of about 100 V/cm revealed
the characteristic pile-ups of transitions belonging to a prolate
rotor with a large dipole moment along thea-inertial axis. These
pile-ups were separated by roughly 2.9 GHz. Inspection of Table
2 reveals that this spectrum had to belong to eitherg-g+a,
g+g+a, or ag+a, with ag+a as most likely candidate because
this conformer has a much largerµa than the other two
alternatives. Using the MWRFDR technique,30 several a-type
R-branch transitions withK-1 ) 3 were soon assigned. This
was the key to the assignment of theaR-branch spectrum. The
preliminary spectroscopic constants obtained in Oslo, Norway,
were used to predict the frequencies of low-J b- and c-type lines,
which were subsequently identified employing the pulsed-nozzle

TABLE 2: Rotational Constants, Quartic Centrifugal Distortion Constants,a Dipole Moments, and Energy Differences of the 14
“Stable” Conformers of 4-Pentyn-1-ol As Calculated at the MP2/6-311++G** (Frozen Core) Level of Theoryb

conformer

param g-g+g+ g+g+g+ ag+g+ g-g+g- g+g+g- ag+g- g-g+a g+g+a ag+a aag- g+ag- g-ag- g+aa aaa

Rotational Constants (MHz)
A 5539.3 6433.7 6227.9 5122.4 5622.0 5713.0 13066.2 12367.1 12809.2 7793.0 7615.8 7669.8 15818.9 15960.2
B 2432.8 2075.7 2160.3 2818.0 2576.0 2515.0 1477.5 1490.9 1510.8 1796.6 1803.6 1784.0 1324.0 1334.2
C 2035.0 1877.0 1932.9 1950.8 1937.0 1893.2 1403.3 1428.7 1435.2 1549.7 1549.6 1546.0 1253.6 1260.4

Centrifugal Distortion Constants (kHz)
∆J 5.95 2.34 3.08 2.06 2.05 2.21 0.23 0.28 0.24 0.82 0.84 0.82 0.14 0.14
∆JK -21.6 -17.5 -20.4 -5.34 -4.04 -7.04 -2.26 -5.99 -3.03 -9.78 -9.93 -9.82 -9.33 -9.33
∆K 37.8 54.8 55.2 9.16 10.2 20.2 90.1 163 108 53.4 50.2 52.7 306 305
δJ 1.96 0.55 0.78 0.77 0.64 0.78 0.022 0.004 0.013 0.22 0.23 0.22 0.023 0.023
δK 8.20 2.88 4.01 1.69 3.40 3.73 4.26 1.03 3.13 2.06 1.89 1.65 0.63 0.66

Dipole Moment (Dc)
µa 1.19 1.01 0.64 0.77 0.40 2.50 0.62 0.12 1.95 0.38 0.26 1.21 0.79 1.02
µb 0.76 1.86 0.61 2.18 1.74 0.72 0.19 1.43 1.13 0.70 2.15 0.45 0.23 2.00
µc 0.79 1.09 1.34 0.56 1.31 0.53 1.39 0.94 1.08 1.02 0.66 0.97 1.24 0.00d

µtot 1.61 2.38 1.60 2.38 2.22 2.66 1.53 1.71 2.49 1.29 2.27 1.62 1.49 2.24

Energy Differencee (kJ/mol)
MP2 2.3 3.6 0.0 3.2 10.5 14.8 8.7 5.4 3.7 4.8 6.6 6.0 8.5 7.7
G3 1.5 2.6 0.0 1.4 9.3 14.8 6.6 3.5 2.6 4.3 5.4 4.7 6.2 6.4

a A reduction.35 b The microwave spectra ofag+g+ andag+a were assigned.c 1 D ) 3.33564× 10-30 C m. d For symmetry reasons.e Relative
to ag+g+, which is the global minimum in both the MP2 and G3 calculations. Total energy corrected for zero-point vibrational effects obtained
in the MP2 computations:-708 005.28 kJ/mol. The G3 energy of the same conformer was-709 652.00 kJ/mol.
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Fourier transform spectrometer in Kiel, Germany. The high-J
bQ-lines up toJ ) 42 were then assigned in the Stark spectrum.
No c-type lines could be assigned unambiguously in the Stark
spectrum, presumably becauseµc is too small, producing
insufficient intensities for these transitions. The full spectrum
consisting of 226 transitions is listed in the Supporting Informa-
tion, Table 1S. The spectroscopic constants (A-reduction, Ir

representation)35 are shown in Table 3 together with the
spectroscopic constants calculated for theag+a rotamer for
convenient comparison with their experimental counterparts. The
rotational and the five quartic centrifugal distortion constant
were fitted using Sørensen’s program ROTFIT.39 Inclusion of
Watson’s sextic centrifugal distortion constants35 resulted in
insignificant improvement of the least-squares fit and were
therefore not employed in the final fit shown in Table 1S. The
inverse squares of the estimated uncertainties of 0.002 (Fourier
transform spectrosocpy) and 0.05 MHz (Stark spectroscopy)
were used as weights in the fitting procedure.

Comparison of the experimental spectroscopic constants
(Table 3) with the MP2 counterparts (Tables 1 and 3) shows
that there is very good agreement (better than 1%) between the
theoretical and experimental rotational constants for theag+a
rotamer. The quartic centrifugal distortion constants are also in
good agreement. The dipole moment could not be determined
by Stark spectroscopy owing to the low intensities of the low-J
transitions, which are normally employed for this purpose. The
prediction of a predominatingµa (Table 2) and significantly
smallerµb andµc for this conformer is also in agreement with
the MW observations.

Vibrationally Excited States of ag+a. The ground-state
transitions in the Stark spectrum were accompanied by series
of transitions presumably belonging to vibrationally excited
states ofag+a. TheaR-branch transitions of three such excited
states belonging to two different normal modes of vibration were
assigned. No b- or c-type lines were found presumably because
they are too weak. The spectroscopic constants of these excited
states are listed in Table 4, whereas the spectra are found in
the Supporting Information, Tables S2-S4. The excited states
are assumed to be the first and second excited state of the torsion
about the C2-C3 bond and the first excited state of the lowest
bending vibration.

The vibration-rotation constants can be calculated from the
entries in Tables 3 and 4 using the formulaRX ) X0 - X1,36

whereX0 comprises the rotational constantsA, B, or C of the
ground vibrational state (Table 3) andX1 comprises the

corresponding rotational constants of the excited state under
consideration. The experimental values are (from Tables 3 and
4) RA ) 211.5 MHz,RB ) -2.76 MHz, andRC ) -3.31 MHz
for the torsional vibration, compared to the MP2 values 217.7,
-2.15, and-3.61 MHz, respectively. Relative intensity mea-
surements yielded 65(20) cm-1 for this vibration. The uncor-
rected harmonic and anharmonic values calculated for the torsion
are the same, 68 cm-1. The experimental rotation-vibration
constants for the bending vibration are-257(15), 0.90, and 2.84
MHz, respectively, compared to MP2 result of-206.9, 0.48,
and 0.75 MHz. The first excited state of the lowest bending
vibration was found to be 123(30) cm-1 by relative intensity
measurements, whereas the uncorrected MP2 value for this
normal mode is 133 cm-1, compared to 131 cm-1, which is
found when anharmonicity is taken into account in the calcula-
tions.

Deuterated Species of ag+a. The assignment of theaR-
transitions of the ground vibrational state of theag+a species
of DO(CH2)3CtCH was straightforward. The spectrum is shown
in Table 5S in the Supporting Information, and the spectroscopic
constants are listed in Table 3. Only two quartic centrifugal
distortion (∆J and (∆JK) constants were fitted in this case, while
the three remaining constants ((∆K, δJ, andδK) were preset at
the values of the parent species.

It is now possible to calculate the principal-axes (“substitu-
tion”) coordinates40 of the hydrogen atom of the hydroxyl group
from the rotational constants of the parent and deuterated species
using Kraitchman’s equations.41 The substitution coordinates
of this hydrogen atom obtained in this manner are|a| )
317.0(1), |b| ) 81.1(3), and|c| ) 9.9(29) pm, where the
uncertainties have been calculated by propagating the uncertain-
ties of the rotational constants. The Costain uncertainties42 of
these coordinates using theK-value of hydrogen as recom-
mended by van Eijck43 are almost the same (0.1, 0.4, and 31
pm for |a|, |b|, |c|, respectively). The MP2 values for these
coordinates are 319, 80, and 6 pm, respectively, in good
agreement with the substitution coordinates. This constitutes
independent evidence that the spectra of theag+a conformer
(Tables 1S-5S) have indeed been assigned and not confused
with the spectra of any of the other 13 rotatmers, which are
possible for this compound.

MW Spectrum and Assignment of the Ground Vibrational
State of ag+g+. This rotamer is predicted to be the global energy
minimum both in the MP2 as well as in the G3 calculations.
Searches for this conformer using the Fourier transform
spectrometer in Kiel lead to the successful assignment of its
MW spectrum. Low-J a-, b-, and c-type lines were measured
using this technique. The c-type lines were much stronger than
a- and b-type transitions. The transitions assigned in this manner
were used to predict the frequencies of lines involving higher
values of theJ quantum number. Searches for them were then
made employing the Stark MW spectrometer in Oslo, Norway,
which resulted in the assignment of many additional c-type lines.
No definite assignments could be made for a- and b-type
transitions using this technique, presumably because they have
too low intensities to allow unambiguous assignments to be
made. These observations are in accord withµc being much
larger than bothµa andµb. The calculated values of 0.64, 0.61,
and 1.34 D, respectively, of the three dipole moment compo-
nents (Table 2) are in agreement with these findings.

A total of 431 transitions with a maximum value ofJ ) 60
were ultimately assigned and used to determine the spectroscopic
constants shown in Table 5, while the full spectrum is found in
Table 6S in the Supporting Information. Centrifugal distortion
is prominent in this conformer as values up to≈6.5 GHz were

TABLE 3: Spectroscopic Constantsa of the Ground
Vibrational State of the ag+a Conformer of HO(CH2)3CtCH
and DO(CH2)3CtCH

species

param parentb deuteratedb predictedc

A (MHz) 12723.2440(17) 12521.0(33) 12809.2
B (MHz) 1507.699 00(26) 1463.9219(41) 1510.8
C (MHz) 1435.555 30(28) 1393.4126(46) 1435.2
∆J (kHz) 0.259 15(46) 0.2565(54) 0.24
∆JK (kHz) -4.1472(21) -4.16(7) -3.03
∆K (kHz) 126.0(5) 126.0d 108
δJ (kHz) 0.014 630(77) 0.014 630d 0.013
δK (kHz) 1.928(26) 1.928d 3.13
rmse 2.1129 2.9257
no. of transitionsf 226 39

a A reductionIr representation.35 Uncertainties represent one standard
deviation.b The spectra are listed in the Supporting Information, Table
1S and 6S, respectively.c MP2 predictions for the parent species; see
text. d Fixed. e Root-mean-square deviation.f Number of transitions used
in the least-squares fit.
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found (Table 6S), and this made it possible to determine six of
the seven sextic centrifugal distortion constants (Table 5) in
addition to the five quartic constants. The only sextic constants
that could not be determined wasΦJK, which was assigned a
value of zero in the final least-squares fit, which is reported in
Table 6S. The MP2 rotational and quartic centrifugal distortion
constants of this rotamer have also been included in Table 5
for convenient comparison with experiment. Searches for the
spectra of vibrationally excited states of this rotamer were made
using Stark spectroscopy but met with no success, presumably
because they are too weak.

Deuterated Species of ag+g+ and Conformer Assignment.
Comparison of the experimental rotational constants in Table
5 of the parent species ofag+g+ with the MP2 rotational
constants (Tables 2 and 5) reveals differences of about 3.7% in
the cases ofA andB and 2.4% in the case ofC. The agreement
with the MP2 rotational constants ofg+g+g+ is even better, in
fact less than 1% in each case. A distinction betweenag+g+

andg+g+g+ cannot therefore be made only by comparison of
the rotational constants. Additional evidence is required for a
safe conformer assignment.

The rotational constants of the deuterated species (DO-
(CH2)3CtCH) can be used to distinguish between the two

alternatives. The assignment of the MW spectrum of this species
was straightforward; the spectroscopic constants are displayed
in Table 5, and the spectrum is listed in Table 7S. The
substitution coordinates of the hydrogen atom of the hydroxyl
group calculated in the same manner as above from the entries
in Table 5 are|a| ) 237.9(1),|b| ) 143.4(1), and|c| ) 54.5(3)
pm, where the uncertainties have been obtained by propagation
of the standard deviations of the rotational constants. The
Costain uncertainties42,43 are in this case 0.1, 0.2, and 0.6 pm
for |a|, |b|, and|c|, respectively. The corresponding values of
the MP2 structure ofag+g+ are 221, 154, and 43 pm,
respectively, whereas the corresponding MP2 values ofg+g+g+

are 260, 14, and 78 pm, respectively. The agreement between
the substitution and MP2 coordinates of this hydrogen atom is
therefore much better in the case ofag+g+ than in the case of
g+g+g+.

Additional evidence is the fact that theµc lines are much
stronger than theµb transitions, which indicates thatµc is
significantly larger thanµb. This is predicted (Table 2) for
ag+g+, whereas the opposite is predicted forg+g+g+.

Interestingly, the MP2 centrifugal distortion constants of
ag+g+ (Tables 2 and 5) are in better agreement with the
experimental values (Table 5) than the centrifugal distortion
constants ofg+g+g+ (Table 2) are, which is an additional,
however weak, indication thatag+g+ has been identified and
not confused withg+g+g+. The theoretical predictions (Table
2) thatag+g+ is the global minimum also supports the present
conformer assignment.

Searches for Further Conformers.Extensive searches for
the MW spectra of additional conformers were performed using
both Fourier transform and Stark spectroscopies. While ther-
modynamic equilibrium exists in the static Stark experiment,
this is not the case for the Fourier transform experiment, which
is an additional complication with this molecular beam method.
The quantum chemical predictions in Table 2 guided these
attempts to assign additional rotameric forms. The efforts to
find the spectra of unidentified conformers predicted (Table 2)
to have the lowest energies (i.e.g-g+g+, g+g+g+, g-g+g-, and
aag-) were more extensive than the searches for the high-energy
rotamers (g+g+g-, ag+g-, g-g+a, g+g+a, g+ag-, g-ag-, g+aa,
andaaa). The most comprehensive searches were made in an
attempt to assign the spectrum of the H-bonded rotamerg-g+g-,
because it has been claimed that a large fraction of the gas is
this form.21

The investigations using Fourier transform spectroscopy were
aimed at predicted frequencies from the rotational constants in
Table 2 of comparatively strong low-J transitions of specific
rotamers rather than scanning the full 2.5-14 GHz range. The
frequency range to be scanned for a given transition was

TABLE 4: Spectroscopic Constantsa of Vibrationally Excited States of the ag+a Conformer of HO(CH2)3CtCH

vibrational state

param 1st excited C2-C3 torsionb 2nd excited C2-C3 torsionc 1st excited lowest bendingd

A (MHz) 12511.7(40) 12220(8) 12980(15)
B (MHz) 1510.4585(34) 1512.4586(55) 1506.797(11)
C (MHz) 1438.8658(28) 1441.6317(55) 1432.713(10)
∆J (kHz) 0.2776(24) 0.2416(2) 0.2668
∆JK (kHz) -4.702(9) -1.66(8) -6.437(35)
∆K (kHz) 126.0e 126.0e 126.0e

δJ (kHz) 0.0146 30e 0.0146 30e 0.0146 30e

δK (kHz) 1.928e 1.928e 1.928e

rmsf 2.6123 2.4032 2.1845
no. of transitionsg 66 49 29

a A reductionIr representation.35 Uncertainties represent one standard deviation.b The spectrum is listed in the Supporting Information, Table 2S.
c Table 3S.d Table 4S.e Fixed. f Root-mean-square deviation.g Number of transitions used in the least-squares fit.

TABLE 5: Spectroscopic Constantsa of the Ground
Vibrational State of the ag+g+ Conformer of
HO(CH2)3CtCH and DO(CH2)3CtCH

species

param parentb deuteratedb predictedc

A (MHz) 6469.511 64(56) 6287.3293(75) 6227.9
B (MHz) 2082.944 27(22) 2032.922(22) 2160.3
C (MHz) 1885.279 05(21) 1832.632(30) 1932.9
∆J (kHz) 2.917 45(35) 2.91745d 3.08
∆JK (kHz) -23.2800(31) -22.602(33) -20.4
∆K (kHz) 72.5809(91) 69.06(14) 55.2
δJ (kHz) 0.729 96(13) 0.664(11) 0.780
δK (kHz) 5.208(17) 5.208d 4.01
ΦJ (Hz) 0.02116(20) 0.0d

ΦJK (Hz) 0.0d 0.0d

ΦKJ (Hz) -0.773(18) 0.0d

ΦK (Hz) 2.135(53) 0.0d

φJ (Hz) 0.008 207(55) 0.0d

φJK (Hz) 0.0873(78) 0.0d

φK (Hz) 3.089(52) 0.0d

rmse 1.9981 2.0397
no. of transitionsf 431 62

a A reductionIr representation.35 Uncertainties represent one standard
deviation.b The spectra are listed in the Supporting Information, Tables
6S and 7S, respectively.c MP2 predictions for the parent species. The
sextic centrifugal distortion constants were not predicted; see text.
d Fixed. e Root-mean-square deviation.f Number of transitions used in
the least-squares fit.
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estimated from the assumed uncertainties of the MP2 rotational
constants. The ranges were at least(30 MHz about the predicted
frequency of a selected transition but considerably more in most
cases. The spectrum of theag+g+ conformer was successfully
assigned in this manner.

The Fourier transform spectrum also revealed several uni-
dentified transitions in addition to those that were assigned for
ag+g+ andag+a. These unidentified transitions were in many
cases used to predict frequencies or frequency ranges for
additional transitions of the MW spectrum of the conformer
under consideration. These predicted frequencies or frequency
ranges were then scanned in an attempt to assign the spectrum.
For example, the hypothetical rotamerg+g+g+ is predicted to
haveµa ≈ 1 D and to be 3.6 (MP2) or 2.6 kJ/mol (G3) less
stable thanag+g+ (Table 2). The a-type 10,1 - 00,0 transition of
this conformer has a frequencyν ) B + C, whereB andC are
the rotational constants. This frequency is predicted to occur in
the vicinity of 3952.7 MHz, according to the rotational constants
given in Table 2. A scan from 3920 to 4067 MHz revealed a
line at 3992.5 MHz. However, the line corresponding to the
32,2 - 22,1 transition with a frequency ofν ) 3B + 3C could
not be detected, even with 4098 averaging cycles. Many similar
attempts to assign the spectra of additional rotameric forms were
made in vain.

Several relatively strong lines observed in the Fourier
transform experiment could not be assigned. For example, a
complete scan of the 3.5-4.15 GHz range revealed six such
transitions. It is therefore possible that at a very extensive scan
of the total range of the spectrometer (2.5-14 GHz) would be
useful for the assignment of further conformers.

A fairly large number of comparatively strong transitions in
the Stark spectrum remained unassigned after the assignments
of the spectra of the two rotamers above had been completed.
These unassigned lines could belong to the spectra of additional
conformers, or they could belong to vibrationally excited states
of both assigned and unassigned conformers. The Stark modula-
tion patterns of these transitions were investigated in an attempt
to assign them. The selective and efficient MWRFDR tech-
nique30 was also employed for the same purpose in those cases
where this method is most useful (aR-transitions of prolate
rotors), but these extensive efforts met with no success.

It is concluded that we cannot see how the spectrum of a
large fraction (≈50%) of the H-bondedg-g+g-, as alleged in
the electron-diffraction investigation,21 with a µb as large as≈
2.2 D (Table 2) could have avoided being assigned. The
coexistence of rotamers other than the two assigned here (ag+g+

andag+a), including a minor fraction ofg-g+g- as well as other
of the 14 rotameric forms, seems, however, to be likely.

Energy Difference.The internal energy difference between
conformersag+a andag+g+ has been derived using a variant
of eq 3 of Esbitt and Wilson.44 According to Wilson,45 the
internal energy difference is given by

whereEV andE′V′ are the internal energies of the two conformers
in the V andV′ vibrational states, respectively,E′J′ andEJ are
the lowest energy levels of the two rotational transitions under
investigation,R is the universal gas constant, andT is the
absolute temperature.L is given by

whereSis the peak signal amplitude of the radiation-unsaturated
line, g is the degeneracy other than the rotational degeneracy,
which is 2J + 1. ν is the frequency of the transition,µ is the
principal-axis dipole moment component,l is the radiation
wavelength in the Stark cell,46 ∆ν is the line breadth at half-
height,λ is the line strength, andJ is the principal rotational
quantum number.

The internal energy difference between the ground vibrational
states of conformersag+a and ag+g+ was determined by
comparing the intensities ofK-1 ) 11, 12, and 13 lines of the
a-type 23r 22 transition ofag+a at ≈67.7 GHz with theJ )
13, 14, and 15 of theK-1 ) 8 r 7 c-type Q-branch series at
≈67.2 GHz. These lines were selected because they have very
rapid Stark effects and are comparatively strong. The intensity
comparison was made using a relatively low Stark field strength
of about 45 V/cm. Modulation of unwanted interfering lines
was avoided in this manner. The statistical weights (g) were
assumed to be the same (2) for both rotamers. The dipole
moment components of the two forms were those predicted in
the MP2 calculations (Table 2).

The internal energy difference of the ground vibrational states,
Eag+a - Eag+g+ obtained this in way varied between+1.0
and+2.2 kJ/mol (ag+g+ morestable thanag+a). The average
value was found to beEag+a - Eag+g+ ) 1.5 kJ/mol. There
are several sources of errors in this procedure. One standard
deviation has been estimated to be(0.6 kJ/mol by evaluating
the uncertainties associated with the many parameters of eq 2.

The experimental finding thatag+g+ is more stable thanag+a
by 1.5(6) kJ/mol compares well with the MP2 prediction
(3.7 kJ/mol) and the G3 result (2.6 kJ/mol), as seen from Table
2.

Conclusions

The conformer composition of the gas phase of 4-pentyn-1-
ol, HO(CH2)3CtCH, has been investigated by Stark modulated
and MW Fourier transform spectroscopy and quantum chemical
calculations at the MP2/6-311++G** and G3 levels of theory.
A total of 14 conformers that are spectroscopically different
may exist for this compound. The microwave spectra of the
parent and one deurerated species of the title compound strongly
indicate that several rotamers of this compound are present in
relatively high concentrations. The MW spectra of two con-
formers,ag+a andag+g+, have been assigned andag+g+ has
been determined to bemorestable thanag+a by 1.5(6) kJ/mol
by relative intensity measurements. Extensive, but unsuccessful,
searches were made in the MW spectrum for additional
rotameric forms.

It has previously been claimed21 that the conformational
mixture is dominated by the H-bonded conformerg-g+g-, but
the MW spectrum does not support this view. This form is likely
to be present but in a relatively small concentration.

The MP2 and G3 calculations predict that several rotameric
forms are separated by energy differences of only a few kJ/
mol. The assigned rotamerag+g+ is predicted to be the global
minimum, and the H-bonded conformerg-g+g- is calculated
to be a high-energy form in both theoretical procedures, which
is in agreement with the present experimental observations.
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Supporting Information Available: Microwave spectra of
the parent and deuterated species of 4-pentyn-1-ol. This material
is available free of charge via the Internet at http://pubs.acs.org.
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