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We have recorded vapor-phase CH-stretching overtone spectra of 3-hexyneAincthe 2—8 regions and

of 3-hexynee in the Avcp = 2—7 regions. We have recorded CH-stretching overtone spectra of butane in
the Avcy = 2—7 regions and of propane in thevcy = 7 and 8 regions to facilitate comparison with the
3-hexyne spectra. The spectra were recorded at room temperature with the use of conventional and intracavity
laser photoacoustic spectroscopy. The spectra can be explained in terms of a harmonically coupled local-
mode model (HCAO) with one oscillator for each of the nonequivalent CH bonds. Spectral assignments are
made and correlated with ab initio geometry optimized structures. The intensities of the CH stretching transitions
are calculated using the HCAO local-mode model and ab initio dipole moment functions. Parameters for the
calculations come from a local-mode analysis of the spectra and from ab initio calculations. Our simple
calculations are in good agreement with the observed absolute and relative intensities. The ethyl group in
3-hexyne is freely rotating, but there is little difference in the CH bond length with the ethyl group position.
No peaks due to internal methyl or ethyl rotation are observed in the spectra of 3-hexyne. The frequency of
the in-plane methyl bond increases significantly in 3-hexyne compared to those in propane and butane.

Introduction the barrier to ethyl group internal rotation is low, any such
influence would depend on the variation in CH bond lengths
as the ethyl group rotates. Crowder and Blankerfoipnd no
influence of the ethyl group internal rotation on vibrational
modes with frequencies above 66000 cntl. This suggests

“that one might expect only small changes or no changes in the

CH-stretching overtone spectra.

Overtone spectra of propane and butane have been publish-
ed>13-17|n the present paper, we extend the previous investiga-
tions to higher-energy transitions to facilitate comparison with
our spectra of 3-hexyne. We have first compared the overtone

A low barrier to the internal rotation of the ethyl group gpectra of propane and butane to investigate the effect of
(—CH,—CHg) in 3-hexyne has been suggested by Crowder and lengthening the carbon backbone. We then compare the effect

Blankenshig: They found that lower-frequency peaks in the ot the addition of a triple bond has on the CH stretching
infrared (IR) spectrum could be assigned to different possible o rtone spectra. Previously, McKean has shown that adjacent

structures of 3-hexyne. The methyl group in 3-hexyne and the multiple bonds can have a large effect on CH stretching
methyl groups in propane and butane have relatively high \;p o+0q59

barriers to internal rotation (approximately 1000 cjn In We have investigated the effect of basis sets and the level of
propane and butane, this has led to the observation of OVertO”etheory on calculated intensities for a series of molectiie®
transitions assigned to the nonequivalent in-plane {Céhd In general, we found that the larger the basis set the better the

put-of-plane (Chp) methyl CH bond$:? A low barrier to absolute intensities. Electron correlation mainly seemed to affect
internal methyl rotation in molecules such as toluene has beeny,q jntensity of the fundamental transition. In our previous
found to have a significant effect on the overtone spectra, and c5|cjations on HCN, which has a multiple bond next to the
the assignment of Cfland CHy is no longer possibi& These oy gillator, we obtained quite good agreement with the
§pectra have been succgssfully S|mulatgd with a model that., - |ated absolute CH stretching intensities iy = 2—7
included both CH s_tretchlng _and methyl |nternal_ rotaﬁbh% with an HF/6-313-G(d,p) dipole moment functio®.

In 3-hexyne, it is unlikely that internal methyl rotation will have We have calculated the CH-stretching overtone intensities

any inflyence_on the CH stretching overtone spectra; however, ¢, propane, butane, and 3-hexyne and compare these with the
we will investigate the effect of rotation of the ethyl group. As o\ ~i1apie experimental data.

The overtone spectra of XH oscillators € C, N, O) can

be explained within the local-mode model of molecular
vibration!=2 The peak positions in CH-stretching overtone
spectra can be calculated with a harmonically coupled anhar
monic oscillator (HCAO) local-mode model with reasonable
accuracy?~> When combined with ab initio-calculated dipole
moment functions (DMF), the HCAO local-mode model has
been successful in the calculation of CH-stretching overtone
intensities>™”
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99.93%), and propane (Matheson Gas Products Canada, 99.5%) H
were used without any further purification. The vapor-phase op
spectra were recorded with a conventional spectrometer (Cary
5e) with a multipass White cell (2.25m 21.75m) in theAvcy

= 2—5 regions and with intracavity photoacoustic spectroscopy P
(ICL-PAS) in theAvcy = 5—8 regions. The spectra of 3-hexyne

were recorded in thAvcy = 2—8 regions, and those of butane,

in the Avcy = 2—7 regions, whereas propane spectra were H
recorded only for the\vcy = 7 and 8 regions. The spectra of op

3-hexyned;o were recorded in thAvcp = 2—7 regions and in
the Avcy = 2—5 regions.

Our version of ICL-PAS has been described previodsh?. H
Briefly, a Coherent Innova argon ion laser running at all lines
was used to pump a Coherent 890 titanium/sapphire laser or a
Coherent 599-01 dye laser. DCM, R6G, C6, and C102 dyes
were used in the dye laser to cover the different wavelength
ranges. The photoacoustic cell contained a Knowles Electronics,
Inc. EK3132 electret microphone, and its signal was sent to a
Stanford Research Systems SR510 lock-in amplifier. The laser
was intensity modulated with a mechanical chopper, and the
lock-in amplifier was referenced to the modulation frequency.
The laser output power was measured and used to normalize
the photoacoustic signal. The titanium/sapphire and dye lasers
were tuned with a three-plate birefringent filter rotated by a
s;epp_lng mOt.or attQChed t(.) a m'_crometer screw. The tI’]ree'plateFigure 1. HF/6-311G(d,p) optimized structures of butane (bottom)
birefringent filter gives a line width of about 1 crth and 3-hexyney). Bond lengths are given in Table 1.

The wavenumber axis in th&vcy = 8 overtone region is
slightly more uncertain than in the other regions, as no with the effective harmonic coupling limited%o
absorption lines from water impurities could be used to check
the wavenumber calibration. H'/hc = —V'(afaz + ala;) (3)

Galactic Grams/32 (v5.03) software was utilized for spectral

curve f|tt|ng Of a” SpeCtI’é3 SpeCtra| bandS were curve flt W|th Wherea and a+ are the usua' Step_up and Step_down Operators
GaussiarrLorentzian mixture functions to a linear baseline, and from harmonic oscillators. The effective coupling parameter

no other constraints were applied to the curve-fitting procedure. contains both the kinetic and potential energy coupling and is

given by*®
Theory and Calculations
The dimensionless oscillator strendghof a transition from = (_ cos6__™, ) - FlZ‘)d) (4)
the vibrational ground state g to a vibrational excited state e is 2 \mH +m) 2R

given by24
where0 is the HCH anglem, the atomic masses, aifi, the
f =4.702%x 107 (cm D 2 ¥ 17 I? 1 forc_e constants. The angle and force constants can be galculated
e ( ) Veglileq @ ab initio. The® and &x values are obtained from a Birge
o . . _ _ Sponer-type fit of the observed local-mode transitions (vide
whereiegis the transition frequency in ct andzieg = [#fzz|g0] infra). The model for two nonequivalent CH oscillators is

is the transition dipole moment in debye (D). o similar26 The methyl group is treated similarly, with pairwise
The optimized structure of 3-hexyne that is shown in Figure n5rmonic coupling between CH bonia2s

1 hasC; symmetry, and thus all five CH bonds in the ethyl Dipole Moment Function. For the methylene group, we

group are nonequivalent. In principle, we would expect five aynand the dipole moment function as
peaks in the CH-stretching overtone spectrum. However, the

two methylene CH bonds and two of the methyl CH bonds have - B e
virtually identical bond lengths, and we expect to observe only A4, G) Z/’t ih% ()
three transitions. The coupling between CH-stretching oscillators

is usually only significant if the oscillators share a common e |imit the expansion of eq 5 to sixth order for the diagonal
heavy aton?. Thus, the CH-stretching overtone vibrations in  terms and third order for the mixed terms. Diagonal expansion
3-hexyne can, to a good approximation, be described by thatcoefficients are calculated from 1D grids with 15 points that
of a methylene group and a methyl group. are generated by displacing the CH bond fref.3 to+0.4 A
Vibrational Model. The model Hamiltonians for two and  in 0.05-A steps about the equilibrium geometry. The expansion
three coupled CH-stretching oscillators have been given else-coefficients are determined by fitting a sixth-order polynomial

where, and we refer to these earlier papers for detans? It to these 1D grids. The mixed expansion coefficients are

suffices to outline briefly two coupled equivalent CH oscillators  determined from a 2D grid, which is generated by displacing
here. the CH bonds from-0.1 to+0.1 A about the equilibrium. The

second- and third-order mixed expansion coefficients are

(H° — Eoo/hc= (v, + vp)® — (02 + v,2 + vy + v)dX determined by fitting polynomials to these 2D grids. The mixed

(2) coefficients mainly affect the intensities of the less-intense
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TABLE 1: Calculated CH Bond Lengths (A)

propane butarfe 3-hexyné
HFe B3LYP* HF¢ B3LYP® HFe B3LYP®
CH, 1.0880 1.0960 1.0890 1.0970 1.0860 1.0961
CHy,p 1.0873 1.0948 1.0872 1.0947 1.0848 1.0923
CHp, 1.0863 1.0937 1.0863 1.0936 1.0860 1.0933

a Anti conformer.? C, conformer.¢ Calculated with the 6-31G(d,p)
basis set.

transitions to local-mode combination states. The coefficients
from the 5x 5 grids are reasonably converged.

The optimized geometries and all points in the grids are
calculated at a specified ab initio method with Gaussiad’94.
Values of the dipole moment are calculated with the generalized
density for the specified level of theory, which will provide

Henry et al.
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Figure 2. Room-temperature vapor-phase overtone spectra of 3-hexyne
in the Avcy = 2—5 regions. The spectra were recorded with a path

dipole moments that are the correct analytical derivatives of length of 2.25 m and a pressure of 37.5 Torrfarc = 2 and 3, with

the energy. The fitting of the polynomial to the grid is done
with the Polyfit routine in MATLAB28

The mixed force constants; that are used to determine the
effective harmonic coupling parameter are determined from the
energies associated with the 2D dipole moment grid.

We have used the HF/6-31G(d), HF/6-31G(d,p), B3LYP/
6-31G(d), and B3LYP/6-3HG(d,p) methods for geometry
optimizations and for the calculation of the dipole moment
derivatives. However, we experienced considerable difficulty
in obtaining dipole moment derivatives that were converged
beyond third order with the B3LYP methods for 3-hexyne. We
calculated the derivatives using both the polynomial fit method
described above and from standard numerical techniques.
Neither method was successful in giving converged dipole
moment derivatives. The higher-order terms in the dipole
moment expansion become increasingly important for the higher
overtones. Thus, we have not used the B3LYP method for the
calculation of the dipole moment functions used in the intensity
calculations but instead use the HF/6-313(d,p) method. The
dipole moment expansion coefficients for butane converged up
to fifth order. However, to facilitate comparison with the
calculations for 3-hexyne, the HF/6-3tG(d,p) method was
used in all intensity calculations. The calculated intensities with
the sixth-order dipole expansion are converged to within 20%
at Avcy = 8.

Results and Discussion

The optimized lowest-energy conformer of 3-hexyne with no
imaginary frequencies h& symmetry and is shown in Figure
1. Rotation around the CG2C3 bond leads to transition-state
structures withC,, andC;, symmetry. Both have one imaginary
frequency when calculated with the B3LYP/6-31G(d,p)
method. The B3LYP/6-31G(d,p) energy of th€, conformer
is 90 and 20 cm! below the energies of the trarSy() and cis
(Can) transition-state structures, respectively. Thus, at room
temperature, there will be free rotation of the ethyl group. At
the HF/6-31G(d) level, the energies of these three structures
differ by less than 10 cmi, and all three structures have no
imaginary frequencies. The lowest-energy conformation of
butane has the two methyl groups anti, as shown in Figure 1.
A gauche conformer in which the angle between the two methyl
groups is approximately 8das a B3LYP/6-311G(d,p) energy
288 cn1? higher than that of the anti form. Thus, the gauche
conformer will be present in appreciable amounts at room
temperature.

Calculated CH bond lengths of 3-hexyne, propane, and butane

with the 6-313-G(d,p) basis set are reported in Table 1. We
have reported these results for t8g conformer of 3-hexyne

a path length of 21.75 m and a pressure of 45 ToriNot, = 4, and
with ICL-PAS and a pressure of 20 Torr favucy = 5.

although virtually identical values were obtained for the two

transition states@,,,Con). As expected, B3LYP bond lengths

are longer than HF bond lengths. In propane, the three CH bond
lengths are very similar, and only at the higher overtones are

three peaks associated with the three nonequivalent CH bonds

clearly visible>3Individual vibrational overtone transitions of
nonequivalent bonds are consistently resolved when the bond
lengths differ by as little as 1 mA7 The calculated relative
bond lengths are quite similar among the various methods, apart
from the HF/6-31%G(d,p)-calculated CKH bond length for
3-hexyne, which seems a little too short. An optimization of
3-hexyne with the QCISD/6-31G(d) method gave relative bond
lengths almost identical to the B3LYP results in Table 1.

In the B3LYP calculation, the difference between methylene
(CHm) and methyl (Ck, and CHy) bond lengths increases from
propane to butane to 3-hexyne. This difference is reflected in a
larger observed splitting between the methylene and methyl
bands. Perhaps the most interesting feature is the change in the
relative bond lengths of the GHand CH,, bonds. In propane
and butane, the Gkibond is shorter than the Gplbond, and
the higher-energy peak is assigned toChh 3-hexyne, the
CHji, bond is longer than the Cjd bond, and we expect a
reversal in assignment.

Observed Transitions.The vapor-phase CH-stretching spec-
tra of 3-hexyne in the\vcy = 2—5 regions are shown in the
four panels of Figure 2. The gas-phase CH-stretching spectra
of butane in theAvcy = 2—5 regions are shown in the four
panels of Figure 3. In Figures 4 and 5, we show the vapor-
phase spectra of propane, butane, and 3-hexyne in the regions
of Avcy = 6 and 7. In Figure 6, we show the vapor-phase
spectra of propane and 3-hexyne in the regiomogy = 8.

The vapor-phase CD-stretching spectra of 3-hexgien the
regions ofAvcp = 5 and 6 are shown in Figure 7. Characteristics
of the observed CH stretching transitions in the spectra of butane
and 3-hexynad, and the observed CD stretching transitions in
3-hexyned;o are given in Tables 24, respectively. The
frequencies, line widths, and oscillator strengths from the
deconvolutions of the spectra are given in the Tables. Transitions
measured with the conventional spectrometer have absolute
intensities, whereas the ICL-PAS spectra provide only relative
intensities within an overtone.

We fit the assigned pure local-mode peaks to a Morse
oscillator (Birge-Sponer) energy expression

b Jv=0 — (v+ 1)ix

(6)
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Figure 6. Room-temperature vapor-phase overtone spectra of 3-hexyne
Figure 3. Room-temperature vapor-phase overtone spectra of butane (top trace) and propane (bottom trace) in fhey = 8 region recorded

in the Aucy = 2—5 regions. The spectra were recorded with a path with ICL-PAS.

length of 2.25 m and a pressure of 225 Torr farcy = 2 and 3 and
with a path length of 21.75 m and a pressure of 750 TortNogy =
4 and 5.
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Figure 7. Room-temperature vapor-phase overtone spectra of 3-hex-
ynedio in the Avcp = 5 and 6 regions recorded with ICL-PAS.
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Figure 4. Room-temperature vapor-phase overtone spectra of 3-hexyne Butane. The observed CH-stretching overtone spectra of
(top trace), butane (middle trace), and propane (bottom trace) in the butane are similar to the spectra of prop&r¥his is clearly
Aven = 6 region recorded with ICL-PAS. seen in Figures 4 and 5. The similarity of the £Bhd CH,
peaks in the propane and butane spectra is in good agreement
with the very similar calculated bond lengths. There is an
excellent correlation between the observed local-mode frequen-
cies in Table 5 and the B3LYP/6-3115(d,p) bond lengths in
Table 1. The CH oscillator in butane has a lower frequency
than that in propane, as expected from the calculated bond
lengths, and the observed larger splitting between methylene
and methyl bands in the butane spectra reflects this. Our
measured butane spectra agree well with the previously pub-
lished vapor-phase spectra in thecy = 3 and 6 region$314.17
Two peaks that can be assigned to a Fermi resonance are
17600 17800 18000 18200 observed in the methylenAU(_;H = 4 region. At the higher
overtones, it appears that this resonance decreases as one of
the states shifts further away in frequency and becomes more
Figure 5. ROOm'tempe.ratUre vapor-phase overtone spectra of 3-h.eXyneof a shoulder. In Table 2’ we have combined the |ntens|ty of
(top trace), butane (middle trace), and propane (bottom trace) in the yhq resonance states to give the methylene band intensity. We
Avcy = 7 region recorded with ICL-PAS. _ . -
deconvoluted thé\vcy = 5 and 6 regions with the methylene
. band represented by both one and two peaks. The results from
to obtain the local-mode parameters. The local-mode parametershe two different fits are very similar in the relative methylene
obtained from the butane and 3-hexyne spectra are given intg methyl intensity. In the two peak fits, the frequency of the
Table 5. The effective coupling parameters (eq 4) for butane CH,, transition is taken as the weighted average of the two
and 3-hexyne were calculated ab initio. The local-mode peaks. The local-mode parameters are found from a fit of the
parameters for propane were taken from ref 5 and are given intransitions forAucy = 3—7 to eq 6. For the CHoscillator, we
Table 5 for comparison. The present results for propane wereuse the weighted center peak from the two-peak structure at
obtained with these parameters and an HF/643&(d,p)- Avcy = 4—6. The choice of one peak or two peaks representing
calculated dipole moment function. The effective coupling the methylene band has little effect on the local-mode param-
between the methylene Ghbscillators in all three molecules  eters.
appears to be less than the coupling between the CH bonds in There is little difference in the anharmonicities between the
the methyl group. bonds in propane and those in butane. For both molecules, the

Relative Intensity

Wavenumbers (cm!)
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TABLE 2: Observed Frequencies, Line Widths, Intensities, TABLE 3: Observed Frequencies, Line Widths, Intensities,
and Peak Assignments in the CH-Stretching Overtone and Peak Assignments in the CH-Stretching Overtone
Spectrum of Butane Spectrum of 3-Hexyne
observed observed calculatéd
line calculated Ulemt line width fo Vlemt f assignment
. ) e — :
V/cm™1 width f Vlcm f assignment 5714 37 31107 5679, 41x107 [201
5698 76 1.35¢< 1077 5656, 5661 1.4 107 |20 5685
5712,5731 4.3 1078 |200}|0C [200}|00] 5802 39 1.0x 107 5740, 8.8x 108 [2001/00)
5747 4.2x 1078 00020 5770, 1000200
5783 59 7.04< 10 5790 1.0x 107|110 , oIt ,
5836 54 9.21x 108 5852,5887 2.k 107 |10/10 5846 40 27107 5819 1.7%107 110
5901 50 9.17% 108 5892 6.6x 1078 |ll|:lDD 5864-5964 1.3x 107 5889 1.3x 1077 CHsz 11 comb
5925, 1.2x 107 CHs11comb
8256 50 3.1x 107 5930
8305 125 4.1x 108 8302,8303  4.0< 108 |30Q o o
8419 77 25¢10° 8410,8412  2.6< 10 [300/00 8336 45 18107 8334 58«10 (30U
s s 8413 49 2.0x 10°8 combination
8455 55 1.8« 108 8447 1.8x 1078|0030
8552 40 5.0x 10° 8530 Lax 10° [210) 8462 58  24x 108 8462  1.7x 108 00080
8625 89 6.1x 10° 8581 1.9x 109 |21 8491 87 08<107 8486, 15x 107 |303/00
9
go0s. 6.1x 107 CHs21 comb 8574 70 1.0<10°® 8566, 4.0x10° |21
' 8622
8709 52 2.0x 10 g%g 18x 10-° 8652 56  3.1x 10° 8648, 6.7x10° CHs;21comb
8740 38 2.0x10° 8718 2.9x 10°° gggg’
10781 119 4.0¢10° 10822 42x10° |403:FR 8767 64  5.4x10° g;;g 5.3x 10°° CH;321 comb
10862 163
10987 144 3.5¢10° 10977 3.3x 109 |400|00 10 863 132 2.3 10° 10858 5.1x 10° |40
11035 72 1.4¢10° 11030 2.1x 1079 |00040 10930 54 0.7 10°° combination
11138 42 2.0x 1010 11184 2.6x 1071 310 11 051 29 0.8< 10° 11054 2.3x10°° |00J40
11199 1.6x 10710 310 11080 62 17 10° 11089 2.9x10° [40Q|00
11366 166 3. 10710 11325,11368 4.6 10°° CH;31 comb 11152 56 0.8¢ 10-° combination
10
13184 122 3. 10710 13217 5.5x 10710 |500; FR ﬁ %ﬁg' 1.8x 107 |31
13247 136
13430 149 3.8 1010 13421 4.9x 10720 |500/00 11432 98  3.5< 10710 11401, 52x 1010 CH;31 comb
13515 83 1.6< 10710 13494 3.1x 1070|0050 11 439,
13887,13934 4.% 10°* CHz41 comb 11445
15466 135 1 15 488 8.9 101 |60; FR 13257 155 1.6< 1071 13254 6.1x 1070 |500
15536 180 13 320 141 6.x 101
15752 130 0.87(0.86) 15743 8.7x 1071 |6001|00] 13503 75 7.0< 10 13525 3.3x 10 |00050
15852 107 0.64 (0.55) 15839 5.1x 1071|0060 13570 61 20«10 13573 4.3x10' |5011|00
13974, 5.1x 1011 CH;41 comb
17637 171 0.56 17 634 151071 |700}; FR 14 003,
17729 139 14 006
17944 154 0.72 17 943 15 1071 |7001|00
12 15525 189 1 15522 9.2 1011 |60
18059 158 1 18 064 9.% 10712 00070 1o a66 09 007
aCalculated with local-mode parameters from Table 5 and an HF/ 15812 54 009 N
6-311+G(d,p) dipole moment functior.Relative intensity within the 12 ggi ;g 8'22 ig gzg ?'ﬁ 1gu |gggﬂ
overtone forAucy = 6 and 7. Numbers in parentheses are taken from ’ ’ 160C
ref 17, which gives three bands at 15 474, 15 750, and 15833.cm 17668 212 0.27 17663 1x10°% |700
18 086 55  0.10
: .~ : 18 153 144 1 18114,2.5x 1011 |00[7(]
CHrm bond has slightly larger anharmonicity and a slightly lower 18 189 7001/000
frequency than the methyl CH bonds. The £bbnd in butane 16700 L 19677 3&10°2 (803
is slightly longer and has a slightly lower frequency than that 20 249 188 ~3 20 230, 5.4 1012 |00T8]

in propane, which leads to the GHband in butane at lower 20322 |80 |00

frequency, as seen in Elgures 4 "f‘”d 5. a Calculated with local-mode parameters from Table 5 and an HF/
The methylene peak in butane is broader than both thg CH 6-311+G(d,p) dipole moment functior?. Relative intensity within the
and Chy, methyl peaks. This can be rationalized from the overtone forAvcy = 6-8.
existence of a gauche structure in which thes;Gjfoups are
not 180 opposite (anti) but are at a 6angle (gauche). The  methylene band is a bit broader. There is an excellent fit of the
anti structure ha€,, symmetry whereas the gauche structure observed transitions to eq 6, anth, and @x, are well
has C, symmetry. In the gauche structure, there are two determined for the CH bond. The inclusion ofAvcy = 2 in
nonequivalent CKH bonds. One of these bonds is similar to the the Birge-Sponer fit increase®n, and@xy, significantly. The
CHm bonds in the anti structure whereas the other is shorter. fit without Avcy = 2 gives much better agreement with the
This could lead to a broader methylene band and is anotherobserved peaks. Such a situation is not unusual, as coupling is
possible reason for the frequent “double-peak” structure. much more important in thvcy = 2 region. The standard
Recently, the abundance of the gauche structure has beerleviation for the above fit is small, and the frequencies and
calculated at the 6-31+G(d,p) level of theory (presumably  anharmonicities are very similar to the values for propane, in
HF) to be about 13% Our present BSLYP/6-3H+G(d,p) good correlation with the B3LYP-calculated bond lengths in
calculations predict a somewhat higher abundance of the gaucheTable 1.
structure. In 3-hexyne, the B3LYP-calculated relative (zHo CHop
3-Hexyne. The methylene band is clearly observed in the bond lengths in Table 1 suggest a reversal of the spectral
Avcy = 3, 6, and 7 regions. In th&vcy = 4 and 5 regions, the positions of the Ci{ and CH,, bands compared to those in the
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TABLE 4: Observed Frequencies, Line Widths, Intensities,
and Peak Assignments in the CD-Stretching Overtone
Regions of 3-Hexyned;o Spectra

observed
plem line width fa assignment
8206 82 1 CH
8295 114 2.2 Chl
10 095 85 1 |500)
10 254 142 2.6 |5001|0C) |00m50
11914 89 1 |600)
12 126 136 2.6 |60} |00 |o06
13 665 48 1 |700
13922 116 2.1 |702|00) j00070

@ Relative intensity within the overtone.

TABLE 5: Local-Mode Frequencies, Anharmonicities, and
Effective Coupling Constants (cnt?) of the CH Stretching
Modest

propané butané 3-hexynéd
Om 3036+ 10 3017+ 1.5 3034+ 1
Dop 3052+ 7 3050+ 1.2 3068
Dip 3060+ 9 3057+ 3.3 3062
OXm 629+ 15 62.2+ 0.3 63.8+ 0.1
OXop 61.0£1.1 60.7+£ 0.2 58.5
OXip 599+14 59.4+ 0.6 59.1
Ym 23.4 13.6 14.3
Vipoo 274 20.6 23.F
Y opiop 25.9 19.7 22.

aUncertainty is 1 standard deviatiochTaken from ref 5 From a
fit of peaksAvcy =3—7 with the CH, FR in Avcy = 4—6. 9 From a
fitto Avcnh = 3—8 for CH,,. For the CH bonds, we have estimated the
values on the basis of a fit of the weighted-average; G&bks in the
Avcn = 4—8 regions, which yields 3065 3 and 59.14 0.1 cnT™.
¢ Calculated from eq 4 with parameters obtained with the HF/6-
311+G(d,p) method and experimental frequencies.

propane and butane spectra. For the Gid CH, peaks, the
identification of individual peaks is more difficult than what
we found for propane and butane. Even in the highesgfy =

8 region it is difficult to deconvolute two peaks with certainty.
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TABLE 6: Relative Intensity of the CH-Stretching Pure
Local Modes of the CHy/CH, Groups

propane butane 3-hexyne
v obsd calcd obsd calcd  obsd calcd
3 2.9 1.7 1.1 1.1 0.8 0.7
4 ¢ 2.0 1.2 1.3 11 1.0
5 3¢ 2.4 1.7 1.5 1.7 1.3
6 2224 27 1514 16 1.6 15
7 5.4 2.8 3.9 1.6 3.7 15
8 56 2.8 15 ~29 15

a Calculated with the local-mode parameters in Table 5 and the HF/
6-311G(d,p) dipole moment functior®.From ref 5.¢ Deconvolution
is not meaningfuld Unpublished spectr&.From ref 17.f Assuming that
the peak at 8413 cm obtains its intensity from th¢300. transition.
9 Deconvolution is difficult because of the sloping baseline.

The calculations correctly predict the methylene pure local-
mode transition to be the dominant transition in the-y = 2
region. The methyl pure local-mode state has an intensity that
is weaker than both the methyl and methylene local-mode
combination transitions. We label the methyl local-mode
combination states as “GH11l combinations” rather than
indicate all of the states involved. The calculations overestimate
the total intensity in the local-mode combination peaks.

In the Avcy = 3 region, the|30 transition frequency is
predicted well. The observed intensity is low when compared
to the calculations unless the band at 8413 tim assumed to
steal its intensity from th¢30 transition. The two peaks at
8462 and 8491 cmi are assigned to the methyl pure local-
mode state$3001.|00and |00030] The distribution of intensity
between pure local-mode peaks and local-mode combinations
is predicted fairly well by the calculations.

For Avcy = 4, the pure local-mode states dominate the
spectrum. The sloping baseline/stcy = 7 and even more so
at Avcy = 8 makes the deconvolution more uncertain. The
frequency of the methyl band is more accurately determined
because of its greater intensity.

3-Hexyned;o. The coupling between CD oscillators is
significantly larger than between CH oscillators because of the

We have used a weighted average of the peaks observed in théncreased mass of deuterium, which leads to more complicated

methyl band and have fit these to eq 6. If we excludeAhey
= 2 and 3 bands, the fit is quite good and yiefils= 3065+
3 and@x = 59.1+ 0.1 cmr'. The calculated Ckl and CH,
bond lengths in Table 1 suggest tlaa, should be larger than

spectra in deuterated molecules. In none of the CD-stretching
spectra was it possible to observe two peaks in the methyl
region. In theAvcp = 5 and 6 regions, which are shown in

Figure 7, the methylene and methyl bands can be accurately

@ip- ON the basis of the B3LYP-calculated bond lengths in Table fitted as Lorentzians. The observed CD stretching transitions
1 and a comparison with the relative bond lengths and in 3-hexyneeso in the Avcp = 5—7 regions given in Table 4

corresponding frequencies for butane, we increasggdand
decreasedi, by 3 cntl, left xop unchanged, and lowereak,
to 58.5 cntl. These slightly modified methyl local-mode

were fitted to eq 6 and yielded, = 2220+ 0.4 with X, =

33.44+ 0.1 cnt for the methylene group andl = 22374 4.8

with @x = 31.0+ 0.7 cnt! for the methyl group. Thesé and

parameters lead to better agreement with the observed methylvx values are in reasonable agreement with what one would

transitions than the BirgeSponer-fitted overall methyl-band
values.

We considered the free rotation of the ethyl group in 3-hexyne

expect from the isotopic substitution and the CH stretching
parameters in Table %.

We usually use the spectra of the fully deuterated compounds

as another possibility to explain the overall difficulty in resolving to observe isolated CH stretching vibrations arising from

the presence of bands due to ghHand CH, stretching

hydrogen impurities in the deuterated sample. Some CH peaks

transitions. We found that the bond lengths of the various CH seem to be observed, but systematic assignment is not possible.

bonds in all three structures of 3-hexyr@&,(C,,, andCy,) are

It might be possible to resolve CH peaks from the spectra of

virtually identical. We calculated the intensities for the various 3-hexyneely with the 3-hexyned;o spectra subtracted.

CH oscillators in the three different structures considered for

3-hexyne with the HF/6-31G(d) dipole moment function. As

Line Widths. The line widths of the CH stretching transitions
in both butane and 3-hexyne increase with increasing overtone.

for the bond lengths, we found little change in the intensities In 3-hexyne, the line width for the methyl band increases slowly
for each bond upon rotation of the ethyl group. The small from ~40 cnT! at Avcy = 2 to ~80 cnm?! at Avcy = 6. The
variations in bond lengths and presumably also frequencies withline width then increases markedly +al50 cnTt at Avcy = 7

the rotation of the ethyl group will lead only to some broadening and ~190 cnt! at Avcy = 8. A significant increase in line

of the peaks.

width aroundAvcy = 6 or 7 has previously been observed in
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TABLE 7: Total Absolute CH-Stretching Oscillator Strengths

propane butane 3-hexyne

v obsd calcd obsd calcd obsd calcd

1 8.6x 107°° 1.1x 10 7.8x 10°°
2 46x 1077P 5.0x 1077 46x 107 6.1x 1077 5.8x 1077 9.2x 1077
3 9.3x 10°8b 8.2x 108 1.0x 1077 9.9x 1078 1.0x 1077 1.2x 1077
4 6.1x 107°¢ 8.9x 10° 9.5x 10°° 1.1x 108 6.8x 107° 1.1x 108
5 7.5x 10710¢ 1.2x 107° 8.6 x 10710 1.4x 10° 5.7x 10710 1.5x 10°
6 8.9x 1071td 2.1x 10710 1.1x 10°t0d 2.4x 10710 2.4x 10710
7 40x 1071 45x 10711 44x 101t

2 Calculated with the local-mode parameters in Table 5 and the HF/&G(d,p) dipole moment functiorf. Taken from ref 5¢ Unpublished
spectrad Taken from ref 17 and converted to oscillator strengths.

other molecules. In neopentane, it was considered to be due topossible. However, multiplication by the bond center frequency

through-space interactions between the methyl gréups. allows an approximate conversion of their intensities to the
1-propyne, the increased width of the methyl band was oscillator strengths given in Tables 6 and 7.
considered to arise from the triple boffiThe methylene bands The calculated total CH stretching intensities seem to increase

in 3-hexyne are significantly wider than the methyl bands. The from propane to butane, as might be expected from the increase
methylene group is closer to the triple bond, which could in the number of CH bonds. The agreement between calculated
facilitate larger interaction. In the methyl group, it is possible and observed total intensities is quite good farcy = 2, 3,
that a more efficient pathway for energy transfer becomes and 4. ForAucy = 5 and 6, the calculations overestimate the
available atAvcy = 7. This increased width at the higher observed intensities by about 50%/%atcy = 5 and by a factor
overtones contributes to the difficulty in assigning the;Cihd of about 3 forAvcy = 6. Perhaps increasing the basis-set size
CHop peaks. would improve the agreement for highexvcy.l®72° The
Intensities. Calculated intensities of individual peaks are increased discrepancy with increasinmight also indicate that
given in Tables 2 and 3. Agreement with experimental values a better potential than the Morse potential is required for the
relies on the deconvolution and also on mixing with other states. highest overtone# It is also possible that higher-order terms
In Table 6, we compare the observed and calculated methyl-in the dipole moment expansion become more important.
to-methylene intensity for the various overtones. We have not
included theAwvcy = 2 results because of significant mixing  Conclusions
and the fact that local-mode combination bands can be more
intense than the pure local-mode bands in this region. ~We have used conventional and intracavity laser photoacous-
Both the observed and calculated relative methyl-to-methylene tic Spectroscopy to measure the vapor-phase spectra of 3-hexyne
intensity is larger for propane than for butane and 3-hexyne, as(Avcn = 2-8) and 3-hexyneho (Avcp = 2-7). We have
expected on the basis of the number of methyl-to-methylene €xtended previous measurements of the spectra of propane (to
CH oscillators. The methylene and methyl bands are close in Avcn = 8) and butane (td\vcn = 7) to allow comparisons
energy in propane, and the observed relative intensities haveWith the 3-hexyne spectra. Absolute oscillator strengths have
more uncertainty because of the deconvolution process. ThePeen measured fadvcy = 25 for propane fvcy = 2, 3 from
methyl-to-methylene (CHICH,) intensity ratio is predicted  Previous work), butane, and 3-hexyne. The relative intensities
reasonably well alvcy = 6, where the peaks are resolved. Of transitions involving the Ckiand CH groups have been
The two previous results for this overtone are in good agree- measured for 3-hexyne and butane forc = 3—7. Relative
ments:17 intensities have been obtained for propane from previous work
In butane and 3-hexyne, the intensities of the methyl and (Avcn = 3—6) or from new measurementAdcn = 7, 8).
methylene overtone transitions are more easily determined We have assigned the 3-hexyne spectra successfully with a
because of the larger splitting of the bands. The calculated andharmonically coupled local-mode model in which both the
observed relative intensities agree very well forcy = 3—6. methylene oscillators and the two out-of-plane methyl oscillators
For butane, oufAvcy = 6 relative intensity is in good agreement — are taken as equivalent. No peaks were associated with internal
with the previous resul’ At Avcy = 7, there seems to be a  rotation of either the ethyl group or the methyl group. In the
similar disagreement for the three molecules. It is difficult to case of ethyl rotation, the absence of peaks arises because the
get very good experimental values focy = 8 mainly because CH bond lengths are essentially unchanged on rotation. For the
of the sloping baseline and the reduced signal-to-noise ratio, methyl group, the barrier to internal rotation is too high to
which can significantly affect the deconvoluted intensities. involve torsional states in the overtone spectra. We are able to
The observed and calculated total absolute CH-stretchingaccount for the spectral structure despite a reversal in the
overtone intensities are given in Table 7. We have included the ordering of in-plane and out-of-plane methyl bond lengths in
previously reported intensities for propane and butane in the 3-hexyne relative to the ordering in propane and butane.
Avcy = 6 region and have converted them to oscillator ~We have calculated the intensities of the CH stretching
strengths’” The integrated cross section (ICS) can be defined transitions with an approach that uses the anharmonic local-
as the integral of the cross section @mver the wavenumber  mode model to obtain the wave functions and ab initio HF/6-
(cm™) of the region of the band. The units of ICS thus become 311+G(d,p) calculations to obtain the dipole moment function.
(cm), and conversion to oscillator strength follows frére The calculations give results that are in reasonably good
1.13x 102cm™1 x ICS, where the constant is calculated from agreement with both absolute and relative observed intensities.
the known physical constari&In ref 17, the integrated cross
section is defined as the integral of the absorption coefficient ~ Acknowledgment. We thank Daryl L. Howard for helpful
divided by the wavenumber over the wavenumber. With this discussions and preparation of the figures. We are grateful to
definition, conversion to oscillator strength is not strictly the Natural Sciences and Engineering Research Council of
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