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Far Infrared Spectrum, ab Initio Calculations, and Conformational Analysis of 1-Pentyne
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The far infrared spectrum of 1-pentyne, ¢IH,CH,C=CH, has been recorded in the gas phase. The
fundamental asymmetric torsional transitions have been observed at 114 and 168 ¢he gauche(synclina)

andtrans (antiperiplanar, methyl grouptransto the acetylenic group) conformers, respectively. The methyl
torsional fundamental (249.8 ci) has only been observed for thaucheconformer. Infrared spectra (3560

400 cn?) of 1-pentyne dissolved in liquid xenon have been recorded from which variable temperadre (

to —100°C) studies have been carried out. From these data, the enthalpy difference has been determined to
be 113+ 26 cnt? (323 4= 74 cal/mol) with thetrans conformer more stable than tlygaucheform. The

Raman spectrum (356@10 cnt?!) 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 103 cal/mol) than thansrotamer. This result differs markedly

An analysis of the infrared, Raman, and far infrared spectra 'OM that forn-butane, where thgans conformer is 234t 33
of 1,2-pentadiene (ethyl allene) has been recently repbaad, €M ' (669=+ 96 cal/mol) more stable than tlgaucheform.
assignments of vibrational and torsional frequencies have been! NUS; it would be surprising if the acetylenic group could alter
made. The 1-pentyne molecule, BECCH,CH,CHs, is a the stability by such a large amount. Therefore, in order to
structural isomer of 1,2-pentadiene and is particularly similar detérmine the conformational stability, we have carried out
in that both have approximately linear-€—C chains with an variable temperature studies of the infrared spectra of 1-pentyne
attached ethyl group. Additionally, both of these molecules dissolved in Ilqwd xenon. o _
exhibit torsional isomerism in which there are two conformations ~_In conformational studies and vibrational analyses, especially
of approximately the same energy. However, in 1,2-pentadiene0f molecules with one or more internal rotating groups, it has

the conformers arsynplanar(calledcis) andanticlinal (called been showh that ab initio calculations of potential energy

gauch@ with torsional angles of Dand approximately 120 functions and vibrational frequencies have contributed greatly
respectively, whereas in 1-pentyne the conformers aant to understanding the molecular dynamics, with the experimental
periplanar (called trans) and synclinal (called gauch@ with and computational studies both being essential and comple-
torsional angles of 180and 65, respectively, where“Ois the mentary to each other. For 1-pentyne, it is shown that care
eclipsed form. must be taken to make calculations at a sufficient level of theory

There are more reports of previous spectroscopic studies Ofand with an adequate basis set in order to obtain the correct
1-pentyne than for 1,2-pentadiene. Two studies of its micro- form of the potential energy functions. The results of our
wave spectrum have been carried?dindicating the torsional  Vibrational and theoretical study are reported herein.
isomerism mentioned above. Isotopic species were not inves-
tigated, so a full geometrical structure has not been obtained Experimental and Computational Methods
from either of these studiés. The infrared and Raman spedtra
have, also, been recorded in the gas and liquid phases andC
assignments made on the basis of normal coordinate calculations,
It was necessary to propose two conformers callednd C;
to explain the observed bantisThe conclusion of a subsequent
study of the infrared and Raman spectra of 1-pentyne in the

solid phase is that the molecule exists only in tians . .
conformer in the solid. In these studies the low-frequency  1he far infrared spectrum of gaseous 1-pentyne, from which

vibrations including the torsions have been poorly identified or the low frequency transitions were obtained, was recorded with
left unassigned, indicating the need for the present study, which® Nicolet Model 200 SXV Fourier transform interferometer
includes recording the far infrared spectrum of 1-pentyne in the dUiPped with a vacuum bench, a Globar source, a A5
gas phase. M_ylar beamsplitter, a_nd a liquid helium-cooled G_e bolometer
In one of the microwave studies, the autfiarsncluded that with a wedged sapphire filter and polyethylene windows. The

the gaucheconformer was more stable by 2736 cn? (77 + gas sample was contained ia 1 m cell equipped with
polyethylene windows. The spectrum was obtained by record-
T Permanent address: Department of Chemistry, University of Dundee, ing 256 interferograms at a resolution of 0.1dmvhich were
Dundee DD1 4HN, Scotland. ; ; i
* Permanent address: Analytiéa& D Department, ICD Division, Bayer averaged and transformed V.Vlth a boxcar truncation _fun<_:t|on.
Corp., Bushy Park Plant, Charleston, SC 29411. Typical spectra of low and high pressure are shown in Figure

® Abstract published i\dvance ACS Abstractsuly 15, 1997. 1.
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The sample of 1-pentyne was purchased from Aldrich Chem.
0, 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 repdtbes well

as by mass spectrometry.
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Figure 1. Far infrared spectrum of 1-pentyne with upper curve at lower
pressure.
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Figure 3. Infrared spectrum of 1-pentyne: (A) experimental spectrum
of xenon solution; (B) calculated spectrum of mixture witlans
conformer more stable withH = 113 cnt?; (C) calculated spectrum
of pure gaucheconformer; (D) calculated spectrum of put@ns
conformer.

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

Figure 2. Raman spectrum of 1-pentyne: (A) experimental spectrum the enthalpy difference between the two stable conformers. An

of the liquid; (B) calculated spectrum of mixture wittans conformer
more stable withAH = 113 cm%; (C) calculated spectrum of pure
gaucheconformer; (D) calculated spectrum of purans conformer.

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

The Raman spectrum of the liquid was recorded with a SPEX of the gas. Spectral data were obtained at five different
Model 1400 spectrometer equipped with a Spectra-Physicstemperatures ranging from100 to —60 °C of the infrared
Model 171 argon ion laser operating on the 5145 A line with a spectrum (Figure 3) from 400 to 3500 cfn The spectral data
laser power at the sample of 0.6 W. The sample was sealed infor three pairs utilized in the enthalpy determination are listed
a spherical cell,and a representative spectrum is shown in in Table 1, and typical spectra for the 925/954 conformer pair

Figure 2.

are shown in Figure 4. The enthalpy difference between the

The ab initio calculations were made with the Gaussian 94 transandgaucheconformers was calculated by using the van't

progrant and the methods employed were Hartr€®ck (HF)
and MgllePlesset (MP) to second orderFull geometric

Hoff equation,—In K = (AH/RT) — ASR. A plot of —In K
versus 1T, whereK is the ratio of the intensity of a band due

optimization of the structure at energy minima, saddle points, to the trans conformer to one due to thgaucheconformer,
or other specified torsional angles of the methyl and/or ethyl has a slope that is proportional to the enthalpy difference. The
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TABLE 1: Temperature and Intensity Ratios for
Conformer Doublets of 1-Pentyne

T(°C) 10007 (K) l925/954 15301404 17621404
—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
AH?2 101+ 52 1114+ 55 127+ 47

a Average value is 113k 26 cnt?! (323 & 74 cal/mol), with the
trans form the more stable conformer.
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Figure 4. Temperature study of the infrared spectrum of the 925/954
cm* conformer pair of 1-pentyne dissolved in liquid xenon.

920

transband at 762 cm! was chosen, but the corresponding mode
of the gaucherotamer at 730 cmt is at a frequency where a
trans fundamental is predicted. Therefore, ttians band at
762 cnt! was used with the 494 crh band of thegauche

; o . e
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! yield values of 10H- 52 cnt! (289 4 149 cal/
mol) 111+ 55 (3174 157 cal/mol), and 12% 47 cnt?! (363

=+ 134 cal/mol), respectively. The average value for these three

determinations is 113 26 cnt? (323 4 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 thens (u = 0.853+
0.001 D) andyauche(0.760+ 0.006 D) conformers are nearly
the saméand the volumes for the two conformers are nearly
equal.

Ab Initio Calculations

The energies of thigans conformation of 1-pentyne obtained
by ab initio calculations are given in Table 2 for both Hartree
Fock (HF) and MgllerPlesset (MP2) methods and with
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Figure 5. Geometric structure and labeling of 1-pentyne.

are labeled with the first symbol in upper case to indicate the
ethyl torsion {rans gauchecis) and the second symbol in lower
case to indicate the methyl torsional angle (staggered or
eclipsed). The actuab initio energy is given for thérans
(Ts) conformer only, and the energies of the other conformers
are given relative to theansform. At the Hartree-Fock level
thetransrotamer is lower in energy than tlgaucheform (AE
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 thens
form (negativeAE), but the energy of thérans 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 the gauche-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 gfaeiche(60°)
conformer energy relative to that of tknsform on perform-
ing MP2 calculations corresponds to increasing heterm,

i.e. the coefficient of [1— cos 7], in the potential energy
function. This effect is similar to that found in other molecules
with ethyl internal tops, such as 1,2-pentadiesied propanal?
where thecis conformer is lowered in energy relative to the
gaucherotamer on including electron correlation at the MP2
vel.

The geometrical structure parameters tadns 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 structuretizns-1-
pentyne has not been obtained from the microwave spectra,
accurate rotational constants have been obtained. A structure
consistent with these was derivebly transfer of parameters
from other molecules and by varying the-€C4 bond length

(V) and the GC3C4 and GC4Cs bond anglesq andy). 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 molecule¥} The agreement is surprising

in view of the long G=C bond length obtained at this level,
although other parameters are in reasonable agreement. At the

different basis sets. Full geometry optimization has been carried HF level, the GC bond distance is much too short at 1.189 A,

out for all the different conformations calculated for any

and it is clear that the 6-31G(d) basis set is not large enough to

particular method and basis set, and where indicated otherwisetreat triple bonds adequately.

the geometries have been used in a consistent manner for all

conformers. In Table 2, different conformations of 1-pentyne

Geometrical structure parameters fmuchel-pentyne ob-
tained by ab initio geometry optimization and from the
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TABLE 2: Ab Initio Energies (hartrees) and Energy Differences between Conformebs(cm~1) for 1-Pentyne

AE

ETs Gs Cs Ss Te Ge
HF/3-21G 2.864 2213 —-52.37 1729.35 1259.62 1062.07 1135.57
HF/6-31G 3.860 6827 53.20 1796.87 1274.08 1028.65 1295.87
HF/6-31Gd 3.9311669 106.77 1881.58 1340.12 1119.73 1134.27
HF/6-31Gdp 3.944 1896 102.76
MP2/6-31Gd 4573427 3 —122.05 1619.49 1281.21 1086.45 1176.01
MP2/6-31Gdp 4.637 2530 —118.33
MP2/6-31H-Gdpf 4.744 336 3 —102.66
HF/DZ 3.878 7065 119.48 1823.43 1241.35 1029.20 1046.47
HF/DZc* 3.957 0234 169.31 1948.07 1308.02 1109.08 1102.92
HF/Dzdg! 3.970 707 4 156.74 1939.42 1294.34
MP2/DZd 45837361 —-73.16 1594.43 1239.32 1031.84 1062.67
MP2/Dzd 45841033 —74.62 1584.77 1233.04
MP2/Dzdp' 4.650 6758 —71.89 1562.75 1212.57
MW —-31 1559 1062

aEnergy oftrans conformer given as-(E + 190) E. All MP calculations are frozen core. Geometries fully optimized unless indicated.
b Conformation labeling: T= trans G = gauche(r ~ 60°), C = cis, S = skew(r ~ 12(°, barrier betweernrans and gauche, s = staggered
methyl, and e= eclipsed methylAE is given relative to Ts except for Ge, which is relative to GAt geometries of MP2/6-31Gd.At geometries
of MP2/DZd.

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

trans gauche
parameter MP2 DZ(d) MP2 6-31G(d) expt MW MP2 DZ(d) MP2 6-31G(d) expt MW
CiC S 1.229 1.221 1.210 1.229 1.221 1.210
C.Cs T 1.475 1.464 1.460 1.476 1.465 1.460
C3Cy U 1.540 1.534 1.544 1.541 1.535 1.544
CiCs \Y 1.533 1.525 1.536 1.533 1.525 1.536
CiC.Cs 3 178.7 178.8 180.0 179.0 179.3 180.0
C,CsCy 0 112.3 112.6 111.50 112.4 112.6 1115
C3CsCs X 111.6 111.9 111.50 112.6 112.7 112.4
C,CsCsCs T 180.0 180.0 180.0 62.4 61.6 65.0
CiH: 1 1.072 1.066 1.060 1.072 1.066 1.060
C,CiH; g 180.6 180.3 180.0 180.6 180.2 180.0
CsH: ra 1.100 1.097 1.094
CsHz3 r23 1.100 1.097 1.094
C,CsH; o] 108.7 109.2 109.5
CoCsH2 3 B3 108.9 109.5 109.5
CsHs rs 1.099 1.097 1.094
C,CsH3 B 108.6 109.2 109.5
C4CCaH* b2 120.0 121.9 120.0 121.5 121.6 120.0
C4C,C3H3 3 —-121.9 —122.2 —120.0
CsH, rs 1.100 1.096 1.094
CsHas las 1.099 1.095 1.094
C4Hs rs 1.099 1.095 1.094
C3CsH4 Pa 108.0 108.2 109.5
C3sCsHas Pas 108.8 108.9 109.5
C3CsHs Ps 108.8 108.8 109.5
CsCsCaHs® on 121.8 122.1 120.0 121.4 121.9 120.0
CsCsCyHs 3 —122.2 —122.3 —120.0
CsHs re 1.098 1.094 1.094 1.098 1.094 1.094
C4CsHe Pe 110.9 1111 110.1 110.7 111.0 110.14
C3C4CsHs b6 180.0 180.0 180. 178.6 179.3 180.0
CsHy r7 1.097 1.093 1.094
C4CsH7 B 110.8 110.7 110.14
C3C4CsH7 o7 —61.2 —60.4 —60.0
C5H7vg 78 1.099 1.094 1.094
C,CsH7 s Prs 110.9 111.0 110.1
C3C4CsH7* o7 60.0 60.0 60.0
CsHs s 1.099 1.095 1.094
C4CsHg Ps 110.7 110.8 110.14
C3C4CsHs s 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
K —0.9894 —0.9894 —0.989 —0.8503 —0.8494 —0.852
I 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

aBond lengths in angstroms, angles in degrees, rotational constants inIMiHzamu A2, andF in cm2. ® Reference 3¢ Dihedral angle of
symmetrically equivalent H is negative value.
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TABLE 4: Symmetry Coordinates for Vibrations of trans-1-Pentyne

J. Phys. Chem. A, Vol. 101, No. 34, 1999991

species description coordinate

A’ =C—H stretch S=n
CHs antisymmetric stretch S=2r6—r7—1g
CH, symmetric stretch S=r4+Trs
CHs symmetric stretch S=retrrtrg
C'Hz symmetric stretch S=r,+r;3
C=C stretch S$=S
CH; antisymmetric deformation S=206— 07— Qg
CH, scissors S=(/6+2)e+ (vV6—2)y —ya— y5— 04— 05
C'H, scissors S=(W6+2y+ (vV6—2)0 —y2— y3— 02— 3
CHs; symmetric deformation So=astar+as—fs— f7— Ps
Cngag 311:)/44‘}/5*(34*65
C'szag S_r|_2=j/2+j/3—(§2—63
CHsrock Si3= Zﬁe — ﬂ7 — ﬁg
C'—C—C antisymmetric stretch Syu=U-V
=C—C' stretch Ss5=T
C'—C—C symmetric stretch Se=U+V
C=C—H bend S7=¢
C'—C—C bend Sis=(v6—2) — (V6+ 2}y — ya— y5— da— 05
C—C'—C bend Sio=(v6— 20y — (vV6+2)0 — y2— y3— da— 5
C=C-C bend So=¢&
redundancy Sr=ytetystystdatos
redundancy Sr=0+n+y,t+yst+dtds
redundancy Sr= 06+ a7+ ag+ fs+ f7+ fs

A" CHs antisymmetric stretch S1=r7—1rg
CH, antisymmetric stretch So=r4—1rs5
C'H, antisymmetric stretch S3=Tr2—1r3

CHs; antisymmetric deformation Su=0a7—ag

CH> twist 325 = Y4~ Y5— 64+ (55
C'Hz twist Szez Y2~ Y3 — (32"!‘ 63
C'H, rock S7= Vo — ]/3+ (32 - (33
CH3 rock Szg = ﬁ7 - ,33

CHa rock Sg= Va— )/5+ 64— (35
C=C—H bend Sp=7_'

C=C—C bend Sp=¢&

CH; torsion So=1

asymmetric torsion S3=12

a Since there are two methylene groups,i€marked C

microwave data are given in Table 3. The microwave structure  The force field in Cartesian coordinates was calculated by

is identical to that for théransform in Table 2 except that the  the Gaussian 94 progr&with the MP2/6-31G(d) basis set. The

torsional angler and the bond anglg have been varied to fit ~ Cartesian coordinates obtained from the optimized geometry

the A rotational constant. Once again the rotational constants were used to calculate tlematrix elements with th& matrix

from the 6-31G(d) calculations are in surprisingly good agree- program of Schachtschneid@r. The resultingB matrix was

ment with the observed values; this is especially remarkable, used to convert thab initio force field in Cartesian coordinates

as the torsional angle differs by 3.5. In propanal® and to a force field in internal coordinates. The force fields for the

1-butenél! adjusting the torsional angle in tlab initio gauche transandgaucheconformers can be obtained from the authors.

structure to the microwavey or rs values gives excellent Initially, all scaling factors were kept at a value of 1.0 to produce

agreement of all calculated rotational constants with the pureab initio calculated vibrational frequencies. Calculated and

microwave values. In 1-pentyne, adjusting the torsional angle observed vibrational frequencies of thens and gauche

7 toward the microwave value gives better agreement foAthe  conformers are given in Table 5. It can be seen that unscaled

constant att = 63° but no better agreement for tizand C HF vibrational frequencies are all much higher than observed,

constants, and it appears that in the unadjusted MP2 structurewhereas unscaled MP2 frequencies are closer to the experimental

the low value ofr is compensated by the long bond lengths. values. Because of the inadequacy of the basis set used (6-
31GId]) to describe the €C bonds well, more scale factors

Vibrational Assignment than usual are employed. The force constants fo€Gtretches

The infrared and Raman spectra of 1-pentyne have previouslyWere scaled by 0.9 except that the=C stretch was scaled by
been obtainetf in the gas, liquid, and solid phases. In the 0.98. All the other force constants {&l stretches and
present study, vibrational frequencies have been obtained fromdeformations) were scaled by 0.88, except theG=-C bends
force constants calculated la initio methods up to the Mp2 ~ (including G=C—C linear bends) and £C—H bends, and
level. Itis well-known that suchb initio force constants require ~ torsions were not scaled (factor 1.0). Calculated infrared
Sca”ng, a|th0ugh |ess severe Sca“ng |S required for MP2 force intensities and Raman activities Obta|ned from MP2 Ca|Cu|atI0nS
constants than for those from HF calculations. In order to apply Without scaling are listed in Table 5. Although the symmetry
different scale factors to different types of internal coordinates, labels A and A" do not apply to thegaucheconformer, the
a full vibrational analysis is needed. The symmetry coordinates Symmetry coordinate definitions and the numbering of frequen-
used in this study of 1-pentyne are defined in Table 4. There ciesv;—v33 were retained for the vibrational fundamentals of
are 23 A and 13 A’ coordinates including three redundancies. thegaucheconformer for easy comparison with the correspond-
The G—C, and G—Cs stretching coordinates have been ing modes for therans conformer.
combined to give symmetrical and antisymmetrical stretching  There are a few of the fundamentals that must be reassigned
modes. from those previously giveh®> For example, the €I, wag,
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Figure 6. C3'C4Cs bending modey»o, of 1-pentyne. The upper trace  Figure 7. Methyl torsional bands of 1-pentyne.
is the spectrum of water.

stronger G-C—C bending bands. The sharp peak at 348tm

appearing near the top of thrgy peak (Figure 1) and the weaker
houlder at 362 crit may therefore be assigned e, for the

%aucheandtrans conformers, respectively, or vice versa.

For frequencies above 400 cinfor both conformers, the
agreement between obserfednd calculated (scaled) frequen-
cies is relatively good, except for the modes involving tkeC
group. In particulary17 andvsg, the in-plane and out-of-plane
C=C—H bends, are difficult to predict, being much too high at
?he 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
v1g mode is also affected because of the laggecontribution
for both thetrans and gauche conformers. Calculation of
vibrational frequencies with a larger basis set, MP2/6-311G-
(d), has been made for theans conformer, and while the
frequencies of these difficult modes have been raised by 20
30 cnT?, they are not raised sufficiently to merit further
tabulations.

v12, for the gaucheconformer is predicted more than 50 tn
higher than the corresponding mode for ttians rotamer,
whereas these modes were previously assigned as accidentall
degenerate. Therefore, this mode has been assigned to the 132
cm! band, which had previously been attributed to the,CH
wag, v11. The CH wag for the gaucheconformer is now
assigned to the band at 1340 ¢hwith the corresponding mode
for the trans conformer assigned at 1351 cin

For the lower frequencies, measurements of bands were mad
from the far infrared spectrum reported in this study. Examples
of the spectrum are shown in Figure 1. The skeletal modes
V19, V20, @and v3; are assigned on the basis of thb initio
calculations (scale factor for these modes all 1.0), and the
observed frequencies are listed in Table 5 for ttas and
gaucheconformers. The strong and broad band around 337
cmtis assigned to the £ C3'—C4 bending modes. Since
a depolarized band is observed at 339-&rin the Raman
spectrum of 1-pentyne, the main hump at 337 &is assigned
to v19 Of the gaucheconformer. The slightly weaker spike at
331 cntlis assigned to the same mode of trens conformer.
The medium intense but still prominent Q spike at 168.0tm
(Figure 6) is assigned to the;& C,—Cs bending moder,, of
the gaucheconformer for three reasons. It is predicted to be 3 Torsional Transitions
times stronger and at a higher frequency than that fotrtres
rotamer, but especially because the rotational fine structure As in 1,2-pentadiene, there are two torsional modes in
around the central peak must be that of ga@icheconformer 1-pentyne, the asymmetric skeletal torsion and the methyl
and not thdransrotamer. The intervals among the sub-bands internal rotation. According to theb initio energy calculations,
are between 0.43 and 0.50 cthn which corresponds ap- the methyl group shows a high barrier to internal rotation, and
proximately to A (2A — [B + CJ) of the gaucheform. TheA from the structure one might expect the barrier to methyl torsion
values of thegaucheandtrans conformers are quite different, to be of the same order as in ethane. From dheinitio
with values of 0.23 and 0.71 crh respectively. A shoulder, calculation of harmonic force constants from the MP2/6-31G-
perhaps due to an R branch of a B-type band of a nearly (d) calculation, the methyl torsional frequency given in Table
symmetric top, is seen at 153 cinwith a faint sub-band 5 is 248 cnt! for the trans and 259 cm! for the gauche
structure of mean interval 1.12 cihand is assigned to thesG conformers. On the basis of botib initio frequency and
C4—Cs bending mode,, of thetrans conformer. intensity predictions, the series of Q peaks around 250'cm

There are a number of problems with the assignment of the (Figure 7) are reasonably assigned to methyl torsional transitions
C=C-C' out-of-plane bending modes; of both conformers, of gauchel-pentyne. Confirmation of this assignment is given
as they are both predicted with reasonable intensity where thereby the rotational sub-band structure on the high-frequency side
are no strong bands in the spectrum in the expected region (278with a mean interval of 0.42 cm, which does not correspond
and 297 cm?). However, since the other bending modes to thetransrotational constants. In fact, for a molecule with a
associated with the =C group are predicted at too low planar skeleton which is nearly a symmetric top, the band
frequencies from the MP2/6-31G(d) calculations,is probably contour for an out-of-plane (C-type) transition should not show
affected in the same way. Using the mean of the HF and MP2 strong central peaks. Methyl torsional transitions of titaas
predictions, it is expected that these modes probably fall near form may be absent in view of the very small calculated intensity
the strong feature around 340 chand are swamped by the (Table 5). However, the fact that thgauche conformer
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dominates the far infrared spectrum does not mean that it is Infrared intensities were calculated on the basis of the dipole
lower in energy, but it is probably due to its larger dipole moment derivatives with respect to the Cartesian coordinates.
derivatives (Table 5) for most modes whose transitions are seenThe derivatives were taken from thb initio calculations (MP2/

in the far infrared spectrum. 6-31G[d]) and transformed to normal coordinates by
The methyl torsional frequency may also be found from the
barrier of the usual methyl torsional potential energy function. au,, uy,

Theab initio energies of fully optimized staggered and eclipsed
forms have been employed and are listed in Table 2 for both
conformers. For mostb initio methods, the methyl barrier for _ _ ) _ ) _
thegaucheform is slightly higher than that for theansrotamer. ~ Where theQ; is theith normal coordinate; is thejth Cartesian

The torsional kinetic constani have been obtained from the ~ displacement coordinate, artg is the transformation matrix
MP2/6-31G(d) geometries and are given in Table 3. Itis evident between the Cartesian displacement coordinates and normal
from the number of Q peaks and the intervals between them coordinates. The infrared intensities (MP2/6'3lG[d]) were then
andVe constants. A further two series with three Q peaks each g2

that they do not all fit one series of consecutive transitions. calculated by
Choosing the most prominent series of three bands, a good fit
is obtained using thE constant ofyjaucheand varying both/; _Nz (%)2 + (%)2 + (%)2
Q) " \aQ) " \9Q
can also be fitted, and higher values\Gfare obtained as they
start with transitions at progressively higher frequencies. These The predicted infrared spectra in the region 72800 cnt?
transitions probably arise as hot bands involving one or more of thetrans andgaucheconformers are shown in Figure 3D,C,

—|=Y =
Q T\ 90X

of the low-frequency modes, namely, skeletal bendifgand respectively. The mixture of the two conformers with an

asymmetric torsionss. assumedAH of 113 cnt?! with the trans conformer the more
Approximate values of the asymmetric torsion fundamentals stable rotamer is shown in Figure 3B. Since the calculated

of 114 and 106 cm' for gauche and trans 1-pentyne, frequencies are approximately 10% higher than those observed,

respectively, have been obtained from satellite line intensities the frequency axis of the theoretical spectrum was shifted by a
in the microwave spectrufh. The ab initio predictions from factor of 0.9. The calculated spectrum is in good agreement
harmonic force constants are very similar at 115 and 99'cm  with the experimental spectrum of the sample dissolved in xenon
for gauche and trans conformers, respectively, but their (Figure 3A) except there are thrgauchebands whose relative

predicted intensities are rather small. Very weak absorption intensities are slightly higher in intensity than those predicted.
can also be seen in Figure 1, with maxima at 114 and 10¢.cm  Nevertheless, the predicted spectrum clearly shows the utility

There is also a very weak feature starting at 279 tmith of the calculated infrared intensities for analytical purposes and
rotational fine structure degrading to low frequencies which can for supporting vibrational assignments.
be assigned to a combination of 114 and 168 trand since Raman spectra were also calculated (Figure 2) using frequen-
168 cnr? is firmly assigned tory of the gaucheconformer, cies and Raman scattering activities (MP2/6-31G[d]) determined
the 114 cm? peak is undoubtedly the asymmetric torsional from the ab initio calculations. The Raman scatter cross
fundamental of thggaucheconformer. sections do;/9R2, which are proportional to the Raman intensi-
ties, can be calculated from the scattering activities and the
Discussion predicted frequencies for each normal mode using the relation-
ship*4

Vibrational frequencies of bothaucheandtransconformers
of 1-pentyne were previously assigned in the mid-infrared 90, A4 (v — Z/_)4 h
spectrum, and it is now shown that vibrational bands of both i Y LKL} 0 S
conformers are also present in the far infrared spectrum in the 9L 45 \1 - eXp[—hC"i/ KT] 87TZCVJ-
gas phase at room temperature. The temperature study of the
infrared spectrum of xenon solutions indicates that ttaas wherev, is the exciting frequency; is the vibrational frequency
conformer is the more stable rotamer in this solution. Since of the jth normal mode, and is the corresponding Raman
the dipole moments and molecular volumes of the two conform- scattering activity. To obtain the polarized Raman scattering
ers are nearly the same, one expects that the stability in thecross sections, the polarizabilities are incorporated $itoy
xenon solution should be the same as that in the gas. HoweverS[(1 — pj/(1 + p;)], wherep; is the depolarization ration of the
the ab initio calculations with electron correlation with a jth normal mode. The Raman scattering cross sections and
relatively large basis set, i.e. MP2/6-31®(d,p), predict the calculated frequencies were used together with a Lorentzian line
gaucheconformer as the more stable form by 103@ni295 shape function to obtain the calculated spectrum. The predicted
cal/mol), which casts some doubt on the conformer that is the Raman spectra of thieans andgaucheconformers are shown
more stable form in the gas phase. A temperature study of thein Figure 2D,C, respectively. In Figure 2B, the mixture of the
infrared spectrum of the gas would be of interest for resolving two conformers is shown, and in Figure 2A the experimental
this difference. However, it should be noted that for the Raman spectrum of the liquid is presented. The predicted
n-butane molecule theeans form is more stable by 234 33 spectrum shows fair agreement with the experimental spectrum
cm™! than thegaucheform in the gas phas®.Thus, it would with the major differences in the carbehydrogen stretching
be surprising if the acetylenic group would alter the conforma- region and the low-frequency region, where the lines appear to
tional stability by such a large amount that tieicheconformer be much closer than those predicted. Also, the doublet in the
is the more stable form in the gas phase. Additionally, it should 800 cnT! region has the line assigned to ttrans conformer
be noted that butyronitrile, G4€H,CH,CN, which is isoelec- significantly more intense than the predicted value relative to
tronic to 1-pentyne has theans conformer more stable than  the corresponding line assigned to gp@ucheconformer.
the gaucheform.’® It would be of interest to see #b initio We have calculated the depolarization ratios for the funda-
calculations at the level utilized in our study of 1-pentyne also mentals for both conformers (Table 5). These data are compared
predict thegaucheconformer more stable for butyronitrile. to the experimental values, and for most of the fundamentals
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TABLE 6: Potential Energy Functions and Torsional
Transitions? for Methyl Torsions of 1-Pentyne in the Gauche
and Trans Conformations

gauche
obs. fito fite trans
1stseries 1stseries 2nd series fit® 3rd series

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

a2 All constants and transitions in crh Only the A-A transitions
are shown and fitted, but the-AA/E—E splittings are very small for
the transitions listec? Fitted potential constants with calculated wave-
numbers for comparison with observé®bserved wavenumbers with
fitted potential constants.
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Figure 8. Potential function of the asymmetric torsional motion of

1-pentyne. The dihedral angle df orresponds to thieans conformer
(note: the dihedral angle of trgaucheconformer is 360 minus the

. . angle listed in Table 3).
the agreement is reasonably good, particularly when one

considers that most of the lines have contributions from both

conformers. , 1 .
The V,, constants for the potential function for asymmetric difference Of__4_5_'5 cm = _The agreement_ betvyeen the micro-
torsion wave andab initio potential energy functions is good except

for the torsional angle of thgaucheconformer.

We have also determined the potential parameters utilizing
the AH value obtained from the xenon solution, the torsional
frequencies from both the far infrared and microwave data, and
the gauchedihedral angels from thab initio predicted value
and the microwave results (Figure 8). With the smaji@ache
dihedral angle (Table 7, column 5) th& term is similar to
that obtained from microwave data, but thé term is
significantly larger because of the larger positive value of the
AH (trans more stable) compared to the25.4 cnt! (gauche
more stable) value foAH from the microwave results. As the
gauchedihedral angle approaches the value of 2 2@hich is
the value for a pure 3-fold rotor, th& andV, values are nearly

V(7) = zl/zvn(l — cosm)

n

have been derived from the microwave spectrum by a fitting
techniqué and are given in Table 7. The signs of thi§'s
correspond ta = 0° at thetransposition, and hence thgauche
minimum is at 118. Since the torsional energy levels were
not previously calculatédusing a series dof constants from a
flexible structural model, the two torsional fundamentals of 114
and 109 cm! (106 cnt?! from microwave study) have been
refitted by adjusting the potential constants utilizing gaeiche
dihedral angle of 114%(61.6°). However, these determined

otential parameters are not significantly different from those . N
IrJeported garlier g y zero and the value of thé; term is reduced significantly. The

From theab initio energies given in Table 2, a four-term actual value is probably petween these'two extremes since it is
potential function was determined, and this calculation yields doubtful that thegauchedihedral angle is as large as 119.4
the values of the torsional fundamentals of 122.7 and 107.5 butitis probably not as small as 115 @ither. Changes in the
Cmfl’ in reasonable agreement with the observed VaerS.AH value with the listed eXperimentaI uncertainties would
However, a value 0¥/, of opposite sign of that predicted from  significantly change only the value of tha term. Therefore,
the microwave data is obtained. On fitting the two frequencies to obtain more accurate values of the potential parameters
(microwave values) for the torsional fundamentals by adjusting governing the conformational interchange requires a more
V3 andV,, a function very similar to that from the microwave definitive determination of thgauchedihedral angle, possibly
data is obtained except for the larger conformational energy from an electron diffraction study of 1-pentyne.

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

MwpP MW adjusted and fitted  ab initio® four-term PEF  ab initio adjusted and fitted ~ exptl fithL  exptl fit 2°
\ 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
\ 24.8 50.0 -32.3 41.0 23.5 5.0
tgf 1061.6 1110.2 1233.0 1125.3 1161.1 1297.6
g/d 1590.0 1602.9 1659.4 1491.7 1620.0 1276.9
AEgauchetrans ~ —30.8 —15.7 —74.6 —49.6 97.8 109.6
Tmin 115.0 114.6 117.2 116.1 115.0 1194
1+ —07 114.0 114.0 122.7 113.9 114.0 113.4
2= —17 120.0 111.4 111.3 110.6
1—0 106.0 106.0 107.5 106.0 106.0 109.0
21 104.9 103.2 103.2 106.4
AHgaucherans ~ —25.4 —11.6 —66.8 —45.5 +103.2 +112.1

a Calculated transition wavenumbers obtained using a seri€skafetic constants calculated from the MP2/6-31G(d) geometric structures of
both trans and gaucheconformers. Part of the cosine seriesris= 1.2130,F; = —0.2644,F, = 0.1636,F; = —0.0502,F, = 0.0196,Fs =
—0.0069 cm™. P Reference 3¢ Potential constants from MP2/DZ(d) energi&3o torsional transitions 114 and 109 thAH = 113 cn1?, and
tmin = 115.0.8 To torsional transitions 114 and 109 tihAH = 113 cn1?, andtmin = 119.4.f Trans/gaucheand gauche/gauchenergy barriers.
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