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The far infrared spectrum of 1-pentyne, CH3CH2CH2CtCH, has been recorded in the gas phase. The
fundamental asymmetric torsional transitions have been observed at 114 and 109 cm-1 for thegauche(synclinal)
andtrans(antiperiplanar; methyl grouptrans to the acetylenic group) conformers, respectively. The methyl
torsional fundamental (249.8 cm-1) has only been observed for thegaucheconformer. Infrared spectra (3500-
400 cm-1) of 1-pentyne dissolved in liquid xenon have been recorded from which variable temperature (-60
to -100°C) studies have been carried out. From these data, the enthalpy difference has been determined to
be 113( 26 cm-1 (323( 74 cal/mol) with thetrans conformer more stable than thegaucheform. The
Raman spectrum (3500-40 cm-1) has also been recorded of the liquid to aid in the assignment of the
fundamentals.Ab initio electronic structure calculations of energies, conformational geometries, vibrational
frequencies, and potential energy functions have been carried out to complement and assist in the interpretation
of the spectra. In particular, the transitions among torsional energy levels for both the symmetric (methyl)
and asymmetric (ethyl) motions have been calculated. The results are compared to the corresponding quantities
for some similar molecules.

Introduction

An analysis of the infrared, Raman, and far infrared spectra
of 1,2-pentadiene (ethyl allene) has been recently reported,1 and
assignments of vibrational and torsional frequencies have been
made. The 1-pentyne molecule, HCtCCH2CH2CH3, is a
structural isomer of 1,2-pentadiene and is particularly similar
in that both have approximately linear C-C-C chains with an
attached ethyl group. Additionally, both of these molecules
exhibit torsional isomerism in which there are two conformations
of approximately the same energy. However, in 1,2-pentadiene
the conformers aresynplanar(calledcis) andanticlinal (called
gauche) with torsional angles of 0° and approximately 120°,
respectively, whereas in 1-pentyne the conformers areanti-
periplanar (called trans) and synclinal (called gauche) with
torsional angles of 180° and 65°, respectively, where 0° is the
eclipsed form.
There are more reports of previous spectroscopic studies of

1-pentyne than for 1,2-pentadiene. Two studies of its micro-
wave spectrum have been carried out2,3 indicating the torsional
isomerism mentioned above. Isotopic species were not inves-
tigated, so a full geometrical structure has not been obtained
from either of these studies.2,3 The infrared and Raman spectra4

have, also, been recorded in the gas and liquid phases and
assignments made on the basis of normal coordinate calculations.
It was necessary to propose two conformers calledCs andC1

to explain the observed bands.4 The conclusion of a subsequent
study5 of the infrared and Raman spectra of 1-pentyne in the
solid phase is that the molecule exists only in thetrans
conformer in the solid. In these studies the low-frequency
vibrations including the torsions have been poorly identified or
left unassigned, indicating the need for the present study, which
includes recording the far infrared spectrum of 1-pentyne in the
gas phase.
In one of the microwave studies, the authors3 concluded that

thegaucheconformer was more stable by 27( 36 cm-1 (77(

103 cal/mol) than thetransrotamer. This result differs markedly
from that forn-butane, where thetransconformer is 234( 33
cm-1 (669( 96 cal/mol) more stable than thegaucheform.6

Thus, it would be surprising if the acetylenic group could alter
the stability by such a large amount. Therefore, in order to
determine the conformational stability, we have carried out
variable temperature studies of the infrared spectra of 1-pentyne
dissolved in liquid xenon.
In conformational studies and vibrational analyses, especially

of molecules with one or more internal rotating groups, it has
been shown1 that ab initio calculations of potential energy
functions and vibrational frequencies have contributed greatly
to understanding the molecular dynamics, with the experimental
and computational studies both being essential and comple-
mentary to each other. For 1-pentyne, it is shown that care
must be taken to make calculations at a sufficient level of theory
and with an adequate basis set in order to obtain the correct
form of the potential energy functions. The results of our
vibrational and theoretical study are reported herein.

Experimental and Computational Methods

The sample of 1-pentyne was purchased from Aldrich Chem.
Co, Inc., Milwaukee, WI. Purification was performed with a
low-temperature, low-pressure fractionation column. The purity
of the sample was checked by recording the mid-infrared
spectrum and comparing it to that previously reported4,5 as well
as by mass spectrometry.
The far infrared spectrum of gaseous 1-pentyne, from which

the low frequency transitions were obtained, was recorded with
a Nicolet Model 200 SXV Fourier transform interferometer
equipped with a vacuum bench, a Globar source, a 12.5µm
Mylar beamsplitter, and a liquid helium-cooled Ge bolometer
with a wedged sapphire filter and polyethylene windows. The
gas sample was contained in a 1 m cell equipped with
polyethylene windows. The spectrum was obtained by record-
ing 256 interferograms at a resolution of 0.1 cm-1 which were
averaged and transformed with a boxcar truncation function.
Typical spectra of low and high pressure are shown in Figure
1.
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The Raman spectrum of the liquid was recorded with a SPEX
Model 1400 spectrometer equipped with a Spectra-Physics
Model 171 argon ion laser operating on the 5145 Å line with a
laser power at the sample of 0.6 W. The sample was sealed in
a spherical cell,7 and a representative spectrum is shown in
Figure 2.
The ab initio calculations were made with the Gaussian 94

program8 and the methods employed were Hartree-Fock (HF)
and Møller-Plesset (MP) to second order.9 Full geometric
optimization of the structure at energy minima, saddle points,
or other specified torsional angles of the methyl and/or ethyl

group has been carried out for some of the HF and MP2
energies, and geometrical parameters are reported. Some
calculations are single point at optimized geometries from
another suitable method, but when energy differences are
reported, they have been obtained with a consistent set of
optimized geometries. A number of basis sets have been used
in order to determine the effect of basis set size and electron
correlation on the torsional potential energy functions, in
particular on the conformational energy difference of the
asymmetric torsional motion.

Conformational Stability

Variable temperature studies of the infrared spectrum of
1-pentyne dissolved in liquid xenon were conducted to determine
the enthalpy difference between the two stable conformers. An
important advantage of this temperature study is that the
conformer peaks are better resolved and their intensity is more
easily measured than bands observed in the infrared spectrum
of the gas. Spectral data were obtained at five different
temperatures ranging from-100 to -60 °C of the infrared
spectrum (Figure 3) from 400 to 3500 cm-1. The spectral data
for three pairs utilized in the enthalpy determination are listed
in Table 1, and typical spectra for the 925/954 conformer pair
are shown in Figure 4. The enthalpy difference between the
transandgaucheconformers was calculated by using the van’t
Hoff equation,-ln K ) (∆H/RT) - ∆S/R. A plot of -ln K
versus 1/T, whereK is the ratio of the intensity of a band due
to the trans conformer to one due to thegaucheconformer,
has a slope that is proportional to the enthalpy difference. The

Figure 1. Far infrared spectrum of 1-pentyne with upper curve at lower
pressure.

Figure 2. Raman spectrum of 1-pentyne: (A) experimental spectrum
of the liquid; (B) calculated spectrum of mixture withtransconformer
more stable with∆H ) 113 cm-1; (C) calculated spectrum of pure
gaucheconformer; (D) calculated spectrum of puretrans conformer.

Figure 3. Infrared spectrum of 1-pentyne: (A) experimental spectrum
of xenon solution; (B) calculated spectrum of mixture withtrans
conformer more stable with∆H ) 113 cm-1; (C) calculated spectrum
of pure gaucheconformer; (D) calculated spectrum of puretrans
conformer.
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transband at 762 cm-1 was chosen, but the corresponding mode
of the gaucherotamer at 730 cm-1 is at a frequency where a
trans fundamental is predicted. Therefore, thetrans band at
762 cm-1 was used with the 494 cm-1 band of thegauche
rotamer to obtain an additional enthalpy value. The data given
in Table 1 for the conformer pairs at 925/954, 530/494, and
762/494 cm-1 yield values of 101( 52 cm-1 (289( 149 cal/
mol) 111( 55 (317( 157 cal/mol), and 127( 47 cm-1 (363
( 134 cal/mol), respectively. The average value for these three
determinations is 113( 26 cm-1 (323( 94 cal/mol), with the
transrotamer the more stable form. It is expected that this value
from the noble gas solution is reasonably close to the value for
the vapor since the dipole moments for thetrans(µ ) 0.853(
0.001 D) andgauche(0.760( 0.006 D) conformers are nearly
the same2 and the volumes for the two conformers are nearly
equal.

Ab Initio Calculations

The energies of thetransconformation of 1-pentyne obtained
by ab initio calculations are given in Table 2 for both Hartree-
Fock (HF) and Møller-Plesset (MP2) methods and with
different basis sets. Full geometry optimization has been carried
out for all the different conformations calculated for any
particular method and basis set, and where indicated otherwise
the geometries have been used in a consistent manner for all
conformers. In Table 2, different conformations of 1-pentyne

are labeled with the first symbol in upper case to indicate the
ethyl torsion (trans, gauche, cis) and the second symbol in lower
case to indicate the methyl torsional angle (staggered or
eclipsed). The actualab initio energy is given for thetrans
(Ts) conformer only, and the energies of the other conformers
are given relative to thetransform. At the Hartree-Fock level
the trans rotamer is lower in energy than thegaucheform (∆E
given in Table 2 as positive) for all basis sets except 3-21G,
whereas with the inclusion of electron correlation at the MP2
level thegaucheconformer is lower in energy than thetrans
form (negative∆E), but the energy of thetrans rotamer is
always given because of its symmetry and the symmetry of the
torsional potential energy function.
It is evident from the data in Table 2 that geometry

optimization makes little difference to the conformational energy
differences as long as a consistent set of geometrical structures
obtained by the same method have been used. It is also evident
that thegauche-trans energy differences obtained with the
6-31G basis set or sets built on it are consistently larger than
differences obtained with the DZ basis set or sets built on it.
From calculations on similar molecules, it appears that MP2
calculations with DZ plus polarization give potential energy
functions more consistent with functions derived from the
observed torsional transitions. The lowering of thegauche(60°)
conformer energy relative to that of thetrans form on perform-
ing MP2 calculations corresponds to increasing theV1 term,
i.e. the coefficient of [1- cos τ], in the potential energy
function. This effect is similar to that found in other molecules
with ethyl internal tops, such as 1,2-pentadiene1 and propanal,10

where thecis conformer is lowered in energy relative to the
gaucherotamer on including electron correlation at the MP2
level.
The geometrical structure parameters oftrans 1-pentyne

obtained by geometry optimizations at the MP2 level are given
in Table 3 for only two basis sets, namely, the DZ(d) and 6-31G-
(d) bases. The labeling of atoms and internal coordinates are
given in Figure 5. Although a complete structure oftrans-1-
pentyne has not been obtained from the microwave spectra,
accurate rotational constants have been obtained. A structure
consistent with these was derived3 by transfer of parameters
from other molecules and by varying the C3-C4 bond length
(U) and the C2C3C4 and C3C4C5 bond angles (θ andø). The
rotational constants from the structure obtained from MP2
calculations with the 6-31G(d) basis set give better agreement
with the observed rotational constants than those obtained from
the DZ(d) calculation; this result is again similar to what is
observed with related molecules.1,10 The agreement is surprising
in view of the long CtC bond length obtained at this level,
although other parameters are in reasonable agreement. At the
HF level, the CtC bond distance is much too short at 1.189 Å,
and it is clear that the 6-31G(d) basis set is not large enough to
treat triple bonds adequately.
Geometrical structure parameters forgauche-1-pentyne ob-

tained by ab initio geometry optimization and from the

TABLE 1: Temperature and Intensity Ratios for
Conformer Doublets of 1-Pentyne

T (°C) 1000/T (K) I925/954 I530/494 I762/494

-60 4.69 4.79 1.34 0.57
-70 4.93 4.60 1.25 0.51
-80 5.18 4.04 1.11
-100 5.78 4.10 1.12 0.46
∆Ha 101( 52 111( 55 127( 47

a Average value is 113( 26 cm-1 (323 ( 74 cal/mol), with the
trans form the more stable conformer.

Figure 4. Temperature study of the infrared spectrum of the 925/954
cm-1 conformer pair of 1-pentyne dissolved in liquid xenon.

Figure 5. Geometric structure and labeling of 1-pentyne.
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TABLE 2: Ab Initio Energiesa (hartrees) and Energy Differences between Conformersb (cm-1) for 1-Pentyne

∆E

E Ts Gs Cs Ss Te Ge

HF/3-21G 2.864 221 3 -52.37 1729.35 1259.62 1062.07 1135.57
HF/6-31G 3.860 682 7 53.20 1796.87 1274.08 1028.65 1295.87
HF/6-31Gdc 3.931 166 9 106.77 1881.58 1340.12 1119.73 1134.27
HF/6-31Gdpc 3.944 189 6 102.76
MP2/6-31Gd 4.573 427 3 -122.05 1619.49 1281.21 1086.45 1176.01
MP2/6-31Gdpc 4.637 253 0 -118.33
MP2/6-311+Gdpc 4.744 336 3 -102.66

HF/DZ 3.878 706 5 119.48 1823.43 1241.35 1029.20 1046.47
HF/DZdc 3.957 023 4 169.31 1948.07 1308.02 1109.08 1102.92
HF/DZdpd 3.970 707 4 156.74 1939.42 1294.34
MP2/DZdc 4.583 736 1 -73.16 1594.43 1239.32 1031.84 1062.67
MP2/DZd 4.584 103 3 -74.62 1584.77 1233.04
MP2/DZdpd 4.650 675 8 -71.89 1562.75 1212.57

MW -31 1559 1062

a Energy of trans conformer given as-(E + 190) Eh. All MP calculations are frozen core. Geometries fully optimized unless indicated.
bConformation labeling: T) trans, G ) gauche(τ ≈ 60°), C ) cis, S ) skew(τ ≈ 120°, barrier betweentrans andgauche), s ) staggered
methyl, and e) eclipsed methyl.∆E is given relative to Ts except for Ge, which is relative to Gs.c At geometries of MP2/6-31Gd.d At geometries
of MP2/DZd.

TABLE 3: Geometrical Parametersa for trans-1-Pentyne Obtained fromab Initio MP2 Calculations and Microwave Spectra

trans gauche

parameter MP2 DZ(d) MP2 6-31G(d) expt MWb MP2 DZ(d) MP2 6-31G(d) expt MWb

C1C2 S 1.229 1.221 1.210 1.229 1.221 1.210
C2C3 T 1.475 1.464 1.460 1.476 1.465 1.460
C3C4 U 1.540 1.534 1.544 1.541 1.535 1.544
C4C5 V 1.533 1.525 1.536 1.533 1.525 1.536
C1C2C3 ê 178.7 178.8 180.0 179.0 179.3 180.0
C2C3C4 θ 112.3 112.6 111.50 112.4 112.6 111.5
C3C4C5 ø 111.6 111.9 111.50 112.6 112.7 112.4
C2C3C4C5 τ 180.0 180.0 180.0 62.4 61.6 65.0
C1H1 r1 1.072 1.066 1.060 1.072 1.066 1.060
C2C1H1 ú 180.6 180.3 180.0 180.6 180.2 180.0
C3H2 r2 1.100 1.097 1.094
C3H2,3 r2,3 1.100 1.097 1.094
C2C3H2 â2 108.7 109.2 109.5
C2C3H2,3 â2,3 108.9 109.5 109.5
C3H3 r3 1.099 1.097 1.094
C2C3H3 â3 108.6 109.2 109.5
C4C2C3H2

c φ2 120.0 121.9 120.0 121.5 121.6 120.0
C4C2C3H3 φ3 -121.9 -122.2 -120.0
C4H4 r4 1.100 1.096 1.094
C4H4,5 r4,5 1.099 1.095 1.094
C4H5 r5 1.099 1.095 1.094
C3C4H4 â4 108.0 108.2 109.5
C3C4H4,5 â4,5 108.8 108.9 109.5
C3C4H5 â5 108.8 108.8 109.5
C5C3C4H4

c φ4 121.8 122.1 120.0 121.4 121.9 120.0
C5C3C4H5 φ5 -122.2 -122.3 -120.0
C5H6 r6 1.098 1.094 1.094 1.098 1.094 1.094
C4C5H6 â6 110.9 111.1 110.1 110.7 111.0 110.14
C3C4C5H6 φ6 180.0 180.0 180. 178.6 179.3 180.0
C5H7 r7 1.097 1.093 1.094
C4C5H7 â7 110.8 110.7 110.14
C3C4C5H7 φ7 -61.2 -60.4 -60.0
C5H7,8 r7,8 1.099 1.094 1.094
C4C5H7,8 â7,8 110.9 111.0 110.1
C3C4C5H7

c φ7 60.0 60.0 60.0
C5H8 r8 1.099 1.095 1.094
C4C5H8 â8 110.7 110.8 110.14
C3C4C5H8 φ8 58.8 59.4 60.0
rotational constants

A 23205.6 23466.6 23340.0 9778.28 9873.16 9921.11
B 2201.33 2220.29 2230.57 3146.40 3178.64 3172.78
C 2089.58 2107.68 2116.39 2609.69 2633.65 2634.03
κ -0.9894 -0.9894 -0.989 -0.8503 -0.8494 -0.852
Iτ 3.1850 3.1534 3.1896 3.1889 3.1585 3.1896
F 6.0936 6.1553 6.0916 5.4068 5.4583 5.4100

a Bond lengths in angstroms, angles in degrees, rotational constants in MHz,Iτ in amu Å2, andF in cm-1. bReference 3.cDihedral angle of
symmetrically equivalent H is negative value.
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microwave data are given in Table 3. The microwave structure
is identical to that for thetrans form in Table 2 except that the
torsional angleτ and the bond angleø have been varied to fit
theA rotational constant. Once again the rotational constants
from the 6-31G(d) calculations are in surprisingly good agree-
ment with the observed values; this is especially remarkable,
as the torsional angleτ differs by 3.5°. In propanal10 and
1-butene,11 adjusting the torsional angle in theab initio gauche
structure to the microwaver0 or rs values gives excellent
agreement of all calculated rotational constants with the
microwave values. In 1-pentyne, adjusting the torsional angle
τ toward the microwave value gives better agreement for theA
constant atτ ) 63° but no better agreement for theB andC
constants, and it appears that in the unadjusted MP2 structure
the low value ofτ is compensated by the long bond lengths.

Vibrational Assignment

The infrared and Raman spectra of 1-pentyne have previously
been obtained4,5 in the gas, liquid, and solid phases. In the
present study, vibrational frequencies have been obtained from
force constants calculated byab initiomethods up to the MP2
level. It is well-known that suchab initio force constants require
scaling, although less severe scaling is required for MP2 force
constants than for those from HF calculations. In order to apply
different scale factors to different types of internal coordinates,
a full vibrational analysis is needed. The symmetry coordinates
used in this study of 1-pentyne are defined in Table 4. There
are 23 A′ and 13 A′′ coordinates including three redundancies.
The C3-C4 and C4-C5 stretching coordinates have been
combined to give symmetrical and antisymmetrical stretching
modes.

The force field in Cartesian coordinates was calculated by
the Gaussian 94 program8 with the MP2/6-31G(d) basis set. The
Cartesian coordinates obtained from the optimized geometry
were used to calculate theBmatrix elements with theGmatrix
program of Schachtschneider.12 The resultingB matrix was
used to convert theab initio force field in Cartesian coordinates
to a force field in internal coordinates. The force fields for the
transandgaucheconformers can be obtained from the authors.
Initially, all scaling factors were kept at a value of 1.0 to produce
pureab initio calculated vibrational frequencies. Calculated and
observed vibrational frequencies of thetrans and gauche
conformers are given in Table 5. It can be seen that unscaled
HF vibrational frequencies are all much higher than observed,
whereas unscaled MP2 frequencies are closer to the experimental
values. Because of the inadequacy of the basis set used (6-
31G[d]) to describe the CtC bonds well, more scale factors
than usual are employed. The force constants for C-C stretches
were scaled by 0.9 except that the CtC stretch was scaled by
0.98. All the other force constants (C-H stretches and
deformations) were scaled by 0.88, except the C-C-C bends
(including CtC-C linear bends) and CtC-H bends, and
torsions were not scaled (factor 1.0). Calculated infrared
intensities and Raman activities obtained from MP2 calculations
without scaling are listed in Table 5. Although the symmetry
labels A′ and A′′ do not apply to thegaucheconformer, the
symmetry coordinate definitions and the numbering of frequen-
ciesν1-ν33 were retained for the vibrational fundamentals of
thegaucheconformer for easy comparison with the correspond-
ing modes for thetrans conformer.
There are a few of the fundamentals that must be reassigned

from those previously given.4,5 For example, the C′H2 wag,

TABLE 4: Symmetry Coordinates for Vibrations of trans-1-Pentyne

species description coordinate

A′ tC-H stretch S1 ) r1
CH3 antisymmetric stretch S2 ) 2r6 - r7 - r8
CH2 symmetric stretch S3 ) r4+ r5
CH3 symmetric stretch S4 ) r6 + r7 + r8
C′H2 symmetric stretcha S5 ) r2 + r3
CtC stretch S6 ) S
CH3 antisymmetric deformation S7 ) 2R6 - R7 - R8

CH2 scissors S8 ) (x6+ 2)ε + (x6- 2)ø - γ4- γ5- δ4- δ5

C′H2 scissors S9 ) (x6+ 2)η + (x6- 2)θ - γ2- γ3- δ2- δ3

CH3 symmetric deformation S10 ) R6 + R7 + R8 - â6 - â7 - â8

CH2 wag S11 ) γ4 + γ5 - δ4 - δ5

C′H2 wag S12 ) γ2 + γ3- δ2- δ3

CH3 rock S13 ) 2â6 - â7 - â8

C′-C-C antisymmetric stretch S14 ) U - V
tC-C′ stretch S15 ) T
C′-C-C symmetric stretch S16 ) U + V
CtC-H bend S17 ) ú
C′-C-C bend S18 ) (x6- 2)ε - (x6+ 2)ø - γ4- γ5- δ4- δ5

C-C′-C bend S19 ) (x6- 2)η - (x6+ 2)θ - γ2- γ3- δ4- δ5

CtC-C′ bend S20 ) ê
redundancy S1R ) ø + ε + γ4+ γ5+ δ4+ δ5

redundancy S2R ) θ + η + γ2+ γ3+ δ2+ δ3

redundancy S3R ) R6+ R7+ R8+ â6+ â7+ â8

A′′ CH3 antisymmetric stretch S21 ) r7 - r8
CH2 antisymmetric stretch S22 ) r4 - r5
C′H2 antisymmetric stretch S23 ) r2 - r3
CH3 antisymmetric deformation S24 ) R7 - R8

CH2 twist S25 ) γ4- γ5- δ4+ δ5

C′H2 twist S26 ) γ2- γ3- δ2+ δ3

C′H2 rock S27 ) γ2- γ3+ δ2- δ3

CH3 rock S28 ) â7 - â8

CH2 rock S29 ) γ4- γ5+ δ4- δ5

CtC-H bend S30 ) ú′
CtC-C′ bend S31 ) ê′
CH3 torsion S32 ) τ1
asymmetric torsion S33 ) τ2

a Since there are two methylene groups, C3 is marked C′.
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ν12, for thegaucheconformer is predicted more than 50 cm-1

higher than the corresponding mode for thetrans rotamer,
whereas these modes were previously assigned as accidentally
degenerate. Therefore, this mode has been assigned to the 1328
cm-1 band, which had previously been attributed to the CH2

wag, ν11. The CH2 wag for thegaucheconformer is now
assigned to the band at 1340 cm-1, with the corresponding mode
for the trans conformer assigned at 1351 cm-1.
For the lower frequencies, measurements of bands were made

from the far infrared spectrum reported in this study. Examples
of the spectrum are shown in Figure 1. The skeletal modes
ν19, ν20, and ν31 are assigned on the basis of theab initio
calculations (scale factor for these modes all 1.0), and the
observed frequencies are listed in Table 5 for thetrans and
gaucheconformers. The strong and broad band around 337
cm-1 is assigned to the C2-C3′-C4 bending modeν19. Since
a depolarized band is observed at 339 cm-1 in the Raman
spectrum of 1-pentyne, the main hump at 337 cm-1 is assigned
to ν19 of thegaucheconformer. The slightly weaker spike at
331 cm-1 is assigned to the same mode of thetransconformer.
The medium intense but still prominent Q spike at 168.0 cm-1

(Figure 6) is assigned to the C3′-C4-C5 bending modeν20 of
thegaucheconformer for three reasons. It is predicted to be 3
times stronger and at a higher frequency than that for thetrans
rotamer, but especially because the rotational fine structure
around the central peak must be that of thegaucheconformer
and not thetrans rotamer. The intervals among the sub-bands
are between 0.43 and 0.50 cm-1, which corresponds ap-
proximately to 2Ã (2A - [B + C]) of thegaucheform. TheÃ
values of thegaucheand transconformers are quite different,
with values of 0.23 and 0.71 cm-1, respectively. A shoulder,
perhaps due to an R branch of a B-type band of a nearly
symmetric top, is seen at 153 cm-1 with a faint sub-band
structure of mean interval 1.12 cm-1 and is assigned to the C3′-
C4-C5 bending modeν20, of the trans conformer.
There are a number of problems with the assignment of the

CtC-C′ out-of-plane bending modeν31 of both conformers,
as they are both predicted with reasonable intensity where there
are no strong bands in the spectrum in the expected region (278
and 297 cm-1). However, since the other bending modes
associated with the CtC group are predicted at too low
frequencies from the MP2/6-31G(d) calculations,ν31 is probably
affected in the same way. Using the mean of the HF and MP2
predictions, it is expected that these modes probably fall near
the strong feature around 340 cm-1 and are swamped by the

stronger C-C-C bending bands. The sharp peak at 348 cm-1

appearing near the top of theν19 peak (Figure 1) and the weaker
shoulder at 362 cm-1 may therefore be assigned toν31 for the
gaucheand trans conformers, respectively, or vice versa.
For frequencies above 400 cm-1 for both conformers, the

agreement between observed4,5 and calculated (scaled) frequen-
cies is relatively good, except for the modes involving the CtC
group. In particular,ν17 andν30, the in-plane and out-of-plane
CtC-H bends, are difficult to predict, being much too high at
the HF level and much too low at the MP2 level. As already
indicated, the MP2/6-31G(d) basis set is not sufficiently large
to be a good predictor for triple bonds. In the case of such
bonds, the mean of the HF and MP2 predictions appears to be
close to or slightly higher than the observed frequency. The
ν18 mode is also affected because of the largeS17 contribution
for both the trans and gaucheconformers. Calculation of
vibrational frequencies with a larger basis set, MP2/6-311G-
(d), has been made for thetrans conformer, and while the
frequencies of these difficult modes have been raised by 20-
30 cm-1, they are not raised sufficiently to merit further
tabulations.

Torsional Transitions

As in 1,2-pentadiene, there are two torsional modes in
1-pentyne, the asymmetric skeletal torsion and the methyl
internal rotation. According to theab initio energy calculations,
the methyl group shows a high barrier to internal rotation, and
from the structure one might expect the barrier to methyl torsion
to be of the same order as in ethane. From theab initio
calculation of harmonic force constants from the MP2/6-31G-
(d) calculation, the methyl torsional frequency given in Table
5 is 248 cm-1 for the trans and 259 cm-1 for the gauche
conformers. On the basis of bothab initio frequency and
intensity predictions, the series of Q peaks around 250 cm-1

(Figure 7) are reasonably assigned to methyl torsional transitions
of gauche1-pentyne. Confirmation of this assignment is given
by the rotational sub-band structure on the high-frequency side
with a mean interval of 0.42 cm-1, which does not correspond
to thetrans rotational constants. In fact, for a molecule with a
planar skeleton which is nearly a symmetric top, the band
contour for an out-of-plane (C-type) transition should not show
strong central peaks. Methyl torsional transitions of thetrans
form may be absent in view of the very small calculated intensity
(Table 5). However, the fact that thegauche conformer

Figure 6. C3′C4C5 bending mode,ν20, of 1-pentyne. The upper trace
is the spectrum of water.

Figure 7. Methyl torsional bands of 1-pentyne.
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dominates the far infrared spectrum does not mean that it is
lower in energy, but it is probably due to its larger dipole
derivatives (Table 5) for most modes whose transitions are seen
in the far infrared spectrum.
The methyl torsional frequency may also be found from the

barrier of the usual methyl torsional potential energy function.
Theab initio energies of fully optimized staggered and eclipsed
forms have been employed and are listed in Table 2 for both
conformers. For mostab initiomethods, the methyl barrier for
thegaucheform is slightly higher than that for thetransrotamer.
The torsional kinetic constantsF have been obtained from the
MP2/6-31G(d) geometries and are given in Table 3. It is evident
from the number of Q peaks and the intervals between them
that they do not all fit one series of consecutive transitions.
Choosing the most prominent series of three bands, a good fit
is obtained using theF constant ofgaucheand varying bothV3
andV6 constants. A further two series with three Q peaks each
can also be fitted, and higher values ofV3 are obtained as they
start with transitions at progressively higher frequencies. These
transitions probably arise as hot bands involving one or more
of the low-frequency modes, namely, skeletal bendingν20 and
asymmetric torsionν33.
Approximate values of the asymmetric torsion fundamentals

of 114 and 106 cm-1 for gauche and trans 1-pentyne,
respectively, have been obtained from satellite line intensities
in the microwave spectrum.3 The ab initio predictions from
harmonic force constants are very similar at 115 and 99 cm-1

for gauche and trans conformers, respectively, but their
predicted intensities are rather small. Very weak absorption
can also be seen in Figure 1, with maxima at 114 and 109 cm-1.
There is also a very weak feature starting at 279 cm-1 with
rotational fine structure degrading to low frequencies which can
be assigned to a combination of 114 and 168 cm-1, and since
168 cm-1 is firmly assigned toν20 of the gaucheconformer,
the 114 cm-1 peak is undoubtedly the asymmetric torsional
fundamental of thegaucheconformer.

Discussion

Vibrational frequencies of bothgaucheandtransconformers
of 1-pentyne were previously assigned in the mid-infrared
spectrum, and it is now shown that vibrational bands of both
conformers are also present in the far infrared spectrum in the
gas phase at room temperature. The temperature study of the
infrared spectrum of xenon solutions indicates that thetrans
conformer is the more stable rotamer in this solution. Since
the dipole moments and molecular volumes of the two conform-
ers are nearly the same, one expects that the stability in the
xenon solution should be the same as that in the gas. However,
the ab initio calculations with electron correlation with a
relatively large basis set, i.e. MP2/6-311+G(d,p), predict the
gaucheconformer as the more stable form by 103 cm-1 (295
cal/mol), which casts some doubt on the conformer that is the
more stable form in the gas phase. A temperature study of the
infrared spectrum of the gas would be of interest for resolving
this difference. However, it should be noted that for the
n-butane molecule thetrans form is more stable by 234( 33
cm-1 than thegaucheform in the gas phase.6 Thus, it would
be surprising if the acetylenic group would alter the conforma-
tional stability by such a large amount that thegaucheconformer
is the more stable form in the gas phase. Additionally, it should
be noted that butyronitrile, CH3CH2CH2CN, which is isoelec-
tronic to 1-pentyne has thetrans conformer more stable than
the gaucheform.13 It would be of interest to see ifab initio
calculations at the level utilized in our study of 1-pentyne also
predict thegaucheconformer more stable for butyronitrile.

Infrared intensities were calculated on the basis of the dipole
moment derivatives with respect to the Cartesian coordinates.
The derivatives were taken from theab initio calculations (MP2/
6-31G[d]) and transformed to normal coordinates by

where theQi is theith normal coordinate,Xj is thejth Cartesian
displacement coordinate, andLji is the transformation matrix
between the Cartesian displacement coordinates and normal
coordinates. The infrared intensities (MP2/6-31G[d]) were then
calculated by

The predicted infrared spectra in the region 700-1500 cm-1

of the transandgaucheconformers are shown in Figure 3D,C,
respectively. The mixture of the two conformers with an
assumed∆H of 113 cm-1 with the trans conformer the more
stable rotamer is shown in Figure 3B. Since the calculated
frequencies are approximately 10% higher than those observed,
the frequency axis of the theoretical spectrum was shifted by a
factor of 0.9. The calculated spectrum is in good agreement
with the experimental spectrum of the sample dissolved in xenon
(Figure 3A) except there are threegauchebands whose relative
intensities are slightly higher in intensity than those predicted.
Nevertheless, the predicted spectrum clearly shows the utility
of the calculated infrared intensities for analytical purposes and
for supporting vibrational assignments.
Raman spectra were also calculated (Figure 2) using frequen-

cies and Raman scattering activities (MP2/6-31G[d]) determined
from the ab initio calculations. The Raman scatter cross
sections,∂σj/∂Ω, which are proportional to the Raman intensi-
ties, can be calculated from the scattering activities and the
predicted frequencies for each normal mode using the relation-
ship14

whereν0 is the exciting frequency,νj is the vibrational frequency
of the jth normal mode, andSj is the corresponding Raman
scattering activity. To obtain the polarized Raman scattering
cross sections, the polarizabilities are incorporated intoSj by
Sj[(1 - Fj/(1 + Fj)], whereFj is the depolarization ration of the
jth normal mode. The Raman scattering cross sections and
calculated frequencies were used together with a Lorentzian line
shape function to obtain the calculated spectrum. The predicted
Raman spectra of thetransandgaucheconformers are shown
in Figure 2D,C, respectively. In Figure 2B, the mixture of the
two conformers is shown, and in Figure 2A the experimental
Raman spectrum of the liquid is presented. The predicted
spectrum shows fair agreement with the experimental spectrum
with the major differences in the carbon-hydrogen stretching
region and the low-frequency region, where the lines appear to
be much closer than those predicted. Also, the doublet in the
800 cm-1 region has the line assigned to thetrans conformer
significantly more intense than the predicted value relative to
the corresponding line assigned to thegaucheconformer.
We have calculated the depolarization ratios for the funda-

mentals for both conformers (Table 5). These data are compared
to the experimental values, and for most of the fundamentals

(∂µu
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) ) ∑

j
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Ii ) Nπ
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the agreement is reasonably good, particularly when one
considers that most of the lines have contributions from both
conformers.
The Vn constants for the potential function for asymmetric

torsion

have been derived from the microwave spectrum by a fitting
technique3 and are given in Table 7. The signs of theVn’s
correspond toτ ) 0° at thetransposition, and hence thegauche
minimum is at 115°. Since the torsional energy levels were
not previously calculated3 using a series ofF constants from a
flexible structural model, the two torsional fundamentals of 114
and 109 cm-1 (106 cm-1 from microwave study) have been
refitted by adjusting the potential constants utilizing thegauche
dihedral angle of 114.6° (61.6°). However, these determined
potential parameters are not significantly different from those
reported3 earlier.
From theab initio energies given in Table 2, a four-term

potential function was determined, and this calculation yields
the values of the torsional fundamentals of 122.7 and 107.5
cm-1, in reasonable agreement with the observed values.
However, a value ofV4 of opposite sign of that predicted from
the microwave data is obtained. On fitting the two frequencies
(microwave values) for the torsional fundamentals by adjusting
V3 andV4, a function very similar to that from the microwave
data is obtained except for the larger conformational energy

difference of-45.5 cm-1. The agreement between the micro-
wave andab initio potential energy functions is good except
for the torsional angle of thegaucheconformer.

We have also determined the potential parameters utilizing
the∆H value obtained from the xenon solution, the torsional
frequencies from both the far infrared and microwave data, and
the gauchedihedral angels from theab initio predicted value
and the microwave results (Figure 8). With the smallergauche
dihedral angle (Table 7, column 5) theV2 term is similar to
that obtained from microwave data, but theV1 term is
significantly larger because of the larger positive value of the
∆H (transmore stable) compared to the-25.4 cm-1 (gauche
more stable) value for∆H from the microwave results. As the
gauchedihedral angle approaches the value of 120°, which is
the value for a pure 3-fold rotor, theV2 andV4 values are nearly
zero and the value of theV1 term is reduced significantly. The
actual value is probably between these two extremes since it is
doubtful that thegauchedihedral angle is as large as 119.4°,
but it is probably not as small as 115.0° either. Changes in the
∆H value with the listed experimental uncertainties would
significantly change only the value of theV1 term. Therefore,
to obtain more accurate values of the potential parameters
governing the conformational interchange requires a more
definitive determination of thegauchedihedral angle, possibly
from an electron diffraction study of 1-pentyne.

TABLE 6: Potential Energy Functions and Torsional
Transitionsa for Methyl Torsions of 1-Pentyne in theGauche
and Trans Conformations

gauche

obs.
1st series

fit b

1st series
fit c

2nd series
trans

fit c 3rd series

F 5.4583 5.4583 5.4583
V3 1534.5 1678.4 1730.9
V6 -44.3 -85.1 -97.0
1r 0 249.81 249.72 251.91 253.46
2r 1 239.25 239.98 245.25 247.58
3r 2 229.26 228.40 237.77 241.25

a All constants and transitions in cm-1. Only the A-A transitions
are shown and fitted, but the A-A/E-E splittings are very small for
the transitions listed.b Fitted potential constants with calculated wave-
numbers for comparison with observed.cObserved wavenumbers with
fitted potential constants.

V(τ) ) ∑
n

1/2Vn(1- cosnτ)

TABLE 7: Potential Energy Functions and Torsional Transitionsa in (cm-1) for Asymmetric Torsions of 1-Pentyne from
Microwave Spectroscopy andab Initio Calculations and Fits to Microwave Data

MWb MW adjusted and fitted ab initioc four-term PEF ab initio adjusted and fitted exptl fit 1d exptl fit 2e

V1 328.8 328.8 187.8 190.4 450.5 132.7
V2 -365.5 -365.5 -249.2 -279.3 -315.2 8.8
V3 1230.4 1258.8 1397.1 1251.8 1267.2 1253.8
V4 24.8 50.0 -32.3 41.0 23.5 5.0
t/gf 1061.6 1110.2 1233.0 1125.3 1161.1 1297.6
g/gf 1590.0 1602.9 1659.4 1491.7 1620.0 1276.9
∆Egauche-trans -30.8 -15.7 -74.6 -49.6 97.8 109.6
τmin 115.0 114.6 117.2 116.1 115.0 119.4
1( r 0- 114.0 114.0 122.7 113.9 114.0 113.4
2( r 1- 120.0 111.4 111.3 110.6
1r 0 106.0 106.0 107.5 106.0 106.0 109.0
2r 1 104.9 103.2 103.2 106.4
∆Hgauche-trans -25.4 -11.6 -66.8 -45.5 +103.2 +112.1
aCalculated transition wavenumbers obtained using a series ofF kinetic constants calculated from the MP2/6-31G(d) geometric structures of

both trans andgaucheconformers. Part of the cosine series isF0 ) 1.2130,F1 ) -0.2644,F2 ) 0.1636,F3 ) -0.0502,F4 ) 0.0196,F5 )
-0.0069 cm-1. bReference 3.c Potential constants from MP2/DZ(d) energies.d To torsional transitions 114 and 109 cm-1, ∆H ) 113 cm-1, and
tmin ) 115.0.eTo torsional transitions 114 and 109 cm-1, ∆H ) 113 cm-1, andtmin ) 119.4.f Trans/gaucheandgauche/gaucheenergy barriers.

Figure 8. Potential function of the asymmetric torsional motion of
1-pentyne. The dihedral angle of 0° corresponds to thetransconformer
(note: the dihedral angle of thegaucheconformer is 360° minus the
angle listed in Table 3).
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