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The O-H stretching∆ν ) 3, 4, and 5 vibrational overtone spectra of 2-butanol (sec-butyl alcohol) in the gas
phase are measured using cavity ring-down spectroscopy (CRDS), where two bands are observed for each
vibrational level. They are assigned to the absorption of the O-H stretching vibrations of different
conformations and further confirmed by density functional theory (DFT) calculations. The mechanical
frequenciesωe, anharmonicitiesωeøe, and dissociation energiesD are evaluated by the local-mode theory.
The band intensities of each band are obtained as well. The band shapes are simulated by a Lorentzian-
Gaussian sum function. The molecular geometry, abundance, and O-H stretching frequencies of the calculated
conformations are in good agreement with experimental results.

Introduction

Molecular conformation is an important aspect of stereo-
chemistry. The compound 2-butanol (sec-butyl alcohol) is one
of the typical alcohols with a stereo structure similar to those
of ethanol and propanol.1 Because the energy differences among
different conformations of the molecule are small, resolving such
differences by fundamental IR and Raman spectra is usually
difficult.2,3 However, optical overtone spectroscopy has higher
resolving power for different molecular conformations because
of the sensitivity of the overtone vibration to the local
environment of X-H oscillators (X) C, N, O).4 Meanwhile,
for higher frequency, the overtone experiment can also be used
to obtain information on molecular conformations that change
on a time scale much shorter than the conventional NMR time
scale.5 Fang et al.6 have studied successfully the molecular
conformers of gas-phase ethanol by its vibrational overtones.
Wong et al.7 have studied the molecular conformation of alkanes
and alkenes in the gas phase by overtone spectroscopy. They
found, for a CH bond length change of 0.001 Å, a frequency
shift of 69 cm-1 for the CH stretching∆νCH ) 6 overtone
spectrum as compared to a frequency shift of 10 cm-1 for the
fundamental. For the detection of even very weak absorptions
by means such as overtone spectroscopy, techniques including
photoacoustic laser spectroscopy,8 long-path absorption spec-
troscopy,9 and thermal-lens spectroscopy10-12 have been used
in the past decades. Recently, the advanced cavity ring-down
spectroscopy (CRDS) technique has also shown great advantage
in measurements for the overtone spectroscopy of weak absorp-
tions,13 especially for that of of 2-propanol andiso-butanol.14,15

Furthermore, it yields absolute quantitative spectroscopic mea-
surements.16,17

For overtones of 2-butanol, the O-H stretching∆ν ) 2, 3,
5, and 6 overtones in the liquid phase were measured in low
resolution by means of the thermal-lens technique,12,18and the
O-H stretching∆ν ) 5 overtone in the gas phase was measured
roughly by an intracavity dye-laser photoacoustic spectrometer.19

For conformational studies of this molecule, the total and relative
energies of the gauche O-C-C-Me and anti O-C-C-Me
conformations were calculated using restricted Hatree Fock
(RHF) theory with the 3-21G and 6-31G* basis sets and single-
point second-order Møller-Plesset (MP2) theory with the
6-31G* basis set.20 The two-dimensional conformational energy
maps for internal rotation of dihedral angles C-C-C-C and
C-C-O-H were calculated using MM3 calculations, and only
three stable conformers were discussed.3 In this article, we report
higher-resolution overtone spectra of the O-H stretching
∆ν ) 3, 4, and 5 vibrations of 2-butanol in the gas phase using
the highly sensitive CRDS technique and full information for
nine stable molecular conformations calculated by highly
accurate DFT theory at the Becke3LYP/6-31G* level.

Experimental Section

The CRDS experimental setup is similar to that used in our
previous works.14,15,17The ring-down cavity is formed by two
high-reflection concave mirrors with a diameter of 25 mm and
a radius of curvature of-1 m, placed at a distance of slightly
less than 1 m. The mirrors are connected through bellows with
a glass cell, which is filled with pure molecular sample at a
pressure of 15 Torr. A Nd:YAG laser-pumped (Precision,
Continuum) pulsed OPO laser system (Sunlite, Continuum) runs
at 10 Hz and in the range of 940-960 nm. Another excimer
laser-pumped (EMG103, Lambda Physik) pulsed dye laser
(FL2002, Lambda Physik) runs at 10 Hz and in the range of
720-750 nm when pumped by rhodamine 700 and 590-620
nm when pumped by rhodamine B. The laser light transmitted
through the cavity is monitored using a photomultiplier tube
(PMT), placed close behind the cavity. The ring-down signal
from the PMT is digitized on a digital oscilloscope (LeCroy,
9350CM) with a 500-MHz sampling rate. The data are
transferred into a computer via a GPIB interface connection.
The characteristic ring-down time is determined by fitting the
natural logarithm of the ring-down exponential decay to a
straight line and by using a weighted least-squares fitting
algorithm. We averaged the ring-down time for each laser shot
instead of averaging the decay curve. At each wavelength, we
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averaged 10 times. The empty cavity ring-down times in our
setup are about 1.5, 3, and 9µs, respectively, for the wavelength
ranges of 944-960, 725-740, and 595-610 nm, which
correspond to mirror effective reflection coefficients of 0.9978,
0.9989, and 0.9996, respectively.

The purity of racemic 2-butanol (99.5%, Shanghai First
Chemical Company) was verified by GC runs.

Results and Discussion

A. Spectroscopic Analysis of Overtones.The O-H stretch-
ing ∆ν )3, 4, and 5 overtone spectra of 2-butanol are shown
in Figure 1, where two resolved vibrational bands, A and B,
are found for each overtone transition. The A and B bands have
different band shapes, but they are almost identical in the
∆ν ) 3, 4, and 5 spectra. The tendency of separation increases

with the vibrational levelν. The band origins are measured by
fitting the band shapes and calibrated by the standard water lines
in the Hitran database 1996.21 The values of the band origins
of the O-H stretching∆ν ) 5 overtone listed in Table 1 are
the same as those in ref 19, but a weak unassigned band at
16 372 cm-1 in the spectrum of ref 19 is not observed in this
work. Shifted frequencies due to hydrogen bonding in the pure
liquid phase have also been reported.12,18

The band intensities of the O-H stretching vibrations are
also obtained from the CRD spectra. The band intensity formula
for CRD absorption spectra15 is expressed as

with units of cm-1 km-1 atm-1, whereP is the sample pressure,
room temperatureT ) 300 K, c is the speed of light,τ is the
ring-down time with molecular absorption,τ0 is the ring-down
time at the off-resonance baseline, andνj is the frequency. The
experimental band intensities of the overtones are determined
by the integrated area of the whole band shape, obtained by
extending the fitted band shapes, as shown in Figure 1.
Comparing the band intensities of the different vibrational levels
in Table 1, the∆ν ) 3 overtone is 10 times stronger than
∆ν ) 4, and the∆ν ) 4 overtone is almost another 10 times
stronger than∆ν ) 5. The relative ratio for the band intensities
of band A and band B are near 3:1 for the different vibrational
levels.

Because the O-H stretch in alcohols is, to a very good
approximation, nearly a local mode,15,22 each band in the
overtone spectra is assigned to the O-H stretching vibration.
Therefore, O-H anharmonic oscillators can be treated by the
Birge-Sponer equation23

where∆Eν,0 is the observed energy difference between theνth
quantum level and the ground state,ωe ) A - B is the
mechanical frequency,ωeøe ) -B is the anharmonicity, and
D ) -A2/4B is the dissociation energy. Theωe, ωeøe, andD
values of the O-H stretching vibration for the A and B bands
evaluated from the above spectra are listed in Table 1. The
corresponding three parameters of the O-H stretching vibrations
of 2-butanol in the gas phase are evidently different from their
values for the liquid phase in ref 18, but these parameters are
nearly identical with those of other alcohols in the gas phase
such as methanol,24,25ethanol,6 2-propanol,14 andiso-butanol,15

which areωe ) 3792-3855 cm-1, ωeøe ) 83-86 cm-1, and
D ) 117-119 kcal mol-1. Therefore, we can conclude that the
O-H vibration in alcohols fits into the local mode in general.
The obvious cleavage bands of the O-H vibration and the
asymmetric band shapes of band A and band B should result
from molecular geometric structure, namely, the different
conformations of 2-butanol.

B. DFT Calculations of Molecular Conformations. The
2-butanol molecule exhibits different conformations because the
functional group-OH bond staggers between the C-H bond
and the-CH3 group and the-CH2CH3 group rotates around
the C-C single bond.26 There were several conformational
energy minima shown in the two-dimensional energy map for
internal rotation of dihedral angles C-C-C-C, C-C-O-H
using MM3 calculations.3 To more accurately calculate these
different conformations of the molecule, DFT calculations are
performed with the Gaussian 98 programs.27 All possible

Figure 1. O-H stretching∆ν ) 3, 4, and 5 overtone spectra measured
by CRDS for 2-butanol. The dashed curves are smoothed spectra, the
solid curves are simulated spectra, the dotted curves are simulated two
bands, and the dash-dotted curves are simulated spectra of each
conformation by the sum of Lorentzian-Gaussian function.

Sn ) 1
P∫1

c(1τ - 1
τ0

) dνj (1)

∆Eν,0 ) ν(A + Bν) (2)
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conformations of 2-butanol are optimized using the B3LYP/6-
31G* theory methods,28,29and their corresponding frequencies
are also calculated. The possible conformations of 2-butanol
can be named according to different angles of dihedral angles
C1C2C3O5, C2C3O5H15, and C1C2C3C4, where trans (t) is 180°,
gauche (g) is 60°, and gauche′ (g′) is -60°, respectively. The
conformations of forms a,gg′t (g′gt); b, g′tg (gtg′); c, gtt (g′tt);
d, ttg′ (ttg); e,g′g′g (ggg′); f, g′gg (gg′g′); g, tg′g′ (tgg); h, tgg′
(tg′g); and i,ggt (g′g′t) in Figure 2 are all stable, because all of
the fundamental frequencies of each conformer are real numbers.
The conformational conformers in parentheses are mirror images
of the corresponding conformers out of the parentheses because
of the chirality of the molecule. The populations of these mirror

images (named conformational enantiomers), and hence of
exactly equal stability are, of course, equal.

The optimized geometries of the nine forms are listed in Table
2. The calculated values for the nine forms at the B3LYP/6-
31G* level are as follows: bond lengthsrCC ) 1.529-1.540
Å, rOC ) 1.431-1.433 Å, rHC ) 1.095-1.105 Å, andrHO )
0.969-0.977 Å, and bond angles∠COH ) 107.1-107.8°
∠CCH (methylene)) 108.8-110.1°, and ∠CCO ) 105.7-
106.7° (HOCC trans) and 110.5-111.7° (HOCC gauche). These
values are in good agreement with the experimental microwave
data of methanol30 and ethanol,31 which arerCC ) 1.5297 Å,
rOC ) 1.4246-1.4273 Å,rHC ) 1.0936 Å, andrHO ) 0.9451
Å; and ∠COH ) 108.5°, ∠CCH (methylene)) 110.3°, and
∠CCO ) 107.3° (HOCC trans) and 112.3° (HOCC gauche).
Comparing calculated values of different forms, changes of CC
bond lengths are less than 0.012 Å, and changes of other bond
lengths are less than 0.004 Å. There are about 1-1.5° changes
for bond angles∠CCC among the different dihedral angle
CCCC forms, where∠C1C2C3 ) 113.5-113.8° (CCCC trans)
and 114.4-115.1° (CCCC gauche), and∠C2C3C4 ) 112.3-
112.6° (CCCC trans) and 113.6-114.1° (CCCC gauche). For
the different dihedral angle HOCC forms, the bond angles
∠CCO of the HOCC trans forms are less by about 5° than those
of the HOCC gauche forms. Changes in the other bond angles
among different conformations are less than 1°.

The calculated total energies, OH atomic charges, O-H
stretching vibrational frequencies, and IR intensities for the
molecular conformations are listed in Table 3. The calculated
vibrational frequencies are scaled by factors of 0.977 for the
B3LYP/6-31G* level, because of neglected anharmonicity and
electron correlation.32-34 According to thermodynamics, the
lower the total energy of conformation, the more stable the
conformation becomes. The total energy of form i is the lowest
of the forms, and relative energies for forms a-h compared to
that of i are 0.32, 1.31, 0.18, 0.91, 1.15, 1.42, 0.83, 0.79 kcal
mol-1, respectively. Therefore, the stability order of the nine
forms should be form i> form c > form a > form h > form
g > form d > form e > form b > form f. Generally, the
C1C2C3C4 trans conformations are 0.4-0.9 kcal mol-1 more
stable than the C1C2C3O5 trans conformations, and the C1C2C3O5

trans conformations are 0.3-0.6 kcal mol-1 more stable than
the C1C2C3H11 trans conformations. Compared with previous
calculated results, the C1C2C3C4 trans conformations are 0.8
kcal mol-1 (calculated by RHF/6-31G* and MP2/6-31G* in ref
20) or 0.5 kcal mol-1 (calculated by MM3 in ref 3) higher in
energy than the C1C2C3O5 trans conformations. The energies
of all of the conformations are closed to each other, and hence,
the molecule can exist in any form under normal conditions.
The relative percentage of the abundance of the molecular

TABLE 1: Observed Band Origins, Band Intensities, Mechanical Frequenciesωe, Anharmonicities ωeøe, and Dissociation
EnergiesD for the O-H Stretching Overtones of 2-Butanol

molecule νOH ) 3 νOH ) 4 νOH ) 5

banda
confor-
mationb

band origin
(cm-1) Sn

c
band origin

(cm-1) Sn

band origin
(cm-1) Sn

ωe

(cm-1)
ωeøe

(cm-1)
D

(kcal/mol)

band A form a
form b
form c 10 461 13 680 13 614 1930 16 590d 187 3826( 2 -84.5( 1.0 118.4( 1.0
form d
form e
form f
form g

band B form h
form i 10 378 4256 13 497 557 16 449d 56 3798( 2 -84.8( 0.4 116.2( 1.0

a See Figure 1.b See Figure 2.c Sn band intensity in unit of cm-1 km-1 atm-1. d The bands were also measured in ref 19.

Figure 2. The nine stable conformations of 2-butanol: (a) C1C2C3C4

trans conformations [form a,gg′t (g′gt); form c, gtt (g′tt); and form i,
ggt (g′g′t)]; (b) C1C2C3O5 trans conformations [form d,ttg′ (ttg); form
g, tg′g′ (tgg); and form h, tg′g (tgg′)]; and (c) C1C2C3C11 trans
conformations [form b,g′tg (gtg′); form e, g′g′g (ggg′); and form f,
g′gg (gg′g′)].
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conformations follows the Boltzmann formula

where (Ni/Nj) is the ratio of the two conformations;Ei andEj

are the total energies of the two conformations, respectively;
andT is the room temperature of 300 K. From the calculated
results, the percentages of the nine conformational forms from
a to i are 17, 4, 22, 6, 4, 3, 7, 8, and 29%, respectively. The

calculated O-H stretching frequencies of conformations de-
crease in order from a to i, and the frequencies from b to g are
very close to each other. The O-H stretching frequency is
related to the polarizabilty of the-OH group, which is
influenced by the local environment. The sum of the O and H
atomic charges has shown different values of 1.02 for form a,
1.01 for forms b-g, and 1.00 electrons for forms h and i.

C. Assignments and Simulations of the Overtones.Because
the O-H stretching frequencies of the most conformations are
very close to each other, the broad vibrational absorption at

TABLE 2: Optimized Geometry for 2-Butanol a

coordinateb form a form b form c form d form e form f form g form h form i

r(C2-C1) 1.533 1.533 1.531 1.532 1.532 1.534 1.533 1.533 1.531
r(C3-C2) 1.536 1.534 1.529 1.531 1.540 1.541 1.536 1.536 1.536
r(C4-C3) 1.524 1.531 1.530 1.530 1.525 1.531 1.524 1.530 1.530
r(O5-C3) 1.432 1.432 1.432 1.431 1.433 1.431 1.431 1.431 1.432
r(H6-C1) 1.095 1.096 1.096 1.096 1.096 1.095 1.096 1.096 1.096
r(H7-C1) 1.097 1.096 1.097 1.096 1.096 1.096 1.095 1.096 1.094
r(H8-C1) 1.098 1.094 1.094 1.097 1.095 1.097 1.097 1.097 1.097
r(H9-C2) 1.099 1.097 1.098 1.097 1.101 1.097 1.101 1.097 1.099
r(H10-C2) 1.098 1.098 1.098 1.098 1.099 1.099 1.098 1.102 1.102
r(H11-C3) 1.105 1.104 1.105 1.105 1.104 1.097 1.105 1.098 1.098
r(H12-C4) 1.094 1.098 1.098 1.098 1.094 1.095 1.094 1.095 1.095
r(H13-C4) 1.096 1.095 1.096 1.096 1.095 1.098 1.095 1.096 1.099
r(H14-C4) 1.096 1.097 1.096 1.096 1.096 1.096 1.096 1.099 1.096
r(H15-O5) 0.969 0.970 0.970 0.970 0.970 0.970 0.970 0.971 0.972
∠(C1C2C3) 113.83 114.94 113.48 114.39 114.81 115.06 114.66 114.81 113.36
∠(C2C3C4) 112.30 114.09 112.48 113.64 114.09 113.97 113.67 113.78 112.55
∠(C2C3O5) 111.72 106.61 106.67 105.73 111.46 111.52 110.59 110.48 111.47
∠(C2C1H6) 111.20 110.51 111.05 110.67 110.80 110.67 110.89 110.85 111.32
∠(C2C1H7) 111.44 112.05 111.11 112.07 111.80 112.30 111.75 112.02 110.60
∠(C2C1H8) 111.46 110.61 110.63 111.34 110.61 111.22 111.30 111.11 110.98
∠(C1C2H9) 109.39 109.23 109.93 109.78 109.20 109.02 108.82 109.78 110.14
∠(C1C2H10) 109.71 110.24 110.08 110.34 110.30 109.63 110.45 109.60 109.90
∠(C2C3H11) 108.35 107.36 108.36 108.29 107.51 107.55 108.39 108.55 108.96
∠(C3C4H12) 110.35 110.63 110.99 110.81 109.96 110.00 109.91 110.01 110.35
∠(C3C4H13) 110.18 111.08 111.26 111.74 110.94 111.47 111.33 111.92 110.75
∠(C3C4H14) 110.87 111.16 110.30 110.21 110.73 111.31 110.27 110.65 111.38
∠(C3O5H15) 107.75 107.65 107.66 107.60 107.51 107.35 107.53 107.07 107.05
τ (C4C3C2C1) 179.39 61.22 177.16 66.10 61.18 64.56 65.17 64.21 -177.28
τ (O5C3C2C1) 60.20 -61.82 61.07 -172.27 -59.10 -62.13 -175.92 -170.58 57.35
τ (H6C1C2C3) 177.91 174.92 179.18 176.26 173.08 177.31 175.38 175.72-176.94
τ (H7C1C2C3) -62.87 -65.43 -60.99 -63.92 -67.05 -62.75 -64.73 -64.27 -56.25
τ (H8C1C2C3) 57.95 55.17 58.79 56.75 53.00 58.55 55.691 56.24 63.03
τ (H9C2C3C4) -58.60 -177.12 -60.70 -171.92 -176.84 -173.79 -173.34 -173.53 -54.39
τ (H10C2C3C4) 57.08 -62.44 54.63 -57.43 -62.76 -58.69 -58.63 -58.85 60.41
τ (H11C3C2C1) -60.44 -178.91 -56.78 54.54 -178.93 -175.38 -55.69 -57.18 -56.50
τ (H12C4C3C2) -179.92 177.65 179.07 178.12 177.93 177.84 176.53 177.53-179.05
τ (H13C4C3C2) -60.58 -62.60 -61.21 -62.36 -62.79 -62.56 -63.35 -61.98 -59.36
τ (H14C4C3C2) 59.62 58.42 59.39 58.55 57.96 57.58 57.40 58.10 60.31
τ (H15O5C3C2) -64.29 178.60 177.44 -179.01 -57.39 71.22 55.56 -64.05 64.58

a Calculations using the B3LYP/6-31G* method.b See Figure 2 for the nine conformers; bond lengths are in angstroms, bond angles in degrees.

TABLE 3: Calculated Total Energies, Relative Energies, OH Atomic Charges, O-H Stretching Fundamental Frequencies,
Percentages of the Conformations, and Experimental O-H Stretching Fundamental Frequencies of 2-Butanol

atomic charge
(electrons)

confor-
mationa

total energyb

(Hartree)
relative energy
(kcal mol-1) O5 H15

O-H str.
fr eq. (calc.)c

(cm-1)

O-H str.
IR inten.
(km/mol) percentaged

O-H str.
freq. (exp.)e

(cm-1)

O-H str.
freq. (exp.)f

(cm-1)

form a -233.529 775 0.32 -0.627 0.391 3668.9 7 17 3657( 2 (A) 3627
form b -233.528 212 1.31 -0.626 0.386 3659.0 7 4
form c -233.530 012 0.18 -0.624 0.385 3657.9 8 22
form d -233.528 854 0.91 -0.629 0.384 3652.1 6 6
form e -233.528 474 1.15 -0.623 0.385 3651.4 6 4
form f -233.528 031 1.42 -0.624 0.385 3651.1 6 3
form g -233.528 975 0.83 -0.628 0.384 3650.7 6 7
form h -233.529 028 0.79 -0.622 0.379 3633.3 6 8 3628( 2 (B)
form i -233.530 296 0.00 -0.618 0.380 3627.8 6 29

a See Figure 2.b Total energies calculated by the B3LYP/6-31G* method.c Frequencies calculated by the B3LYP/6-31G* method and scaled by
factors of 0.977.d Percentages of the conformations calculated by Boltzmann formula.e Frequencies derived from the spectral parametersωe and
ωeøe by local-mode theory.f Experimental O-H stretching frequencies measured in dilute CCl4 solution, see ref 2.

Ni

Nj
) exp(-

(Ei - Ej)

kT ) (3)
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room temperature make the overtones of most conformations
overlap heavily. The two main absorption bands A and B
observed in the∆ν )3, 4, and 5 overtones are the common
concentrations of the O-H stretching overtone excitation of all
of the conformations. The fundamental frequencies of 3657(
2 and 3628( 2 cm-1 derived from the spectral parameters of
bands A and B, respectively, are very close to the frequencies
of forms c at 3657.9 cm-1 and i at 3627.8 cm-1, respectively.
Therefore, the O-H stretching absorption of form c with 22%
of the population makes the primary contribution to band A,
and the absorptions of forms a, b, and d-g also make relatively
small contributions to band A. The O-H stretching absorption
of form i with 29% of the population makes the primary
contribution to band B, and the O-H stretching absorption of
form h also makes a smaller contribution to band B. Therefore,
the sum of the relative populations of the conformations assigned
to band A is 63%, and the sum of the relative populations of
the conformations assigned to band B is 37%. It is also of
interest to compare the relative band intensities of bands A and
B in the overtones with the relative populations of their assigned
conformations. We have to assume that the overtone transition
strengths are the same for the O-H oscillators in the different
conformations. In Table 3, the calculated IR intensities of the
conformations are 6-8 km/mol, which are quite close to each
other. Indeed, the relative ratio for the band intensities of the
two bands A:B are near 3:1 for the different vibrational levels,
which are comparable to the ratios for their assigned conforma-
tions.

The different extents of the contributions of each conforma-
tion to the overtone absorptions have produced a special band
shape for each band. The band shapes of the overtones can be
simulated using a combination of Gaussian and Lorentzian band-
shape functions for each conformation. An isolated O-H
stretching absorption band is of Lorentzian form with a Gaussian
perturbation imposed. The sum function of Gaussian and
Lorentzian form can be used for fitting band shapes35 and is as
follows

whereA is the integral area of the band in km-1 cm-1, W is the
half-width of the band in cm-1, γ0 is the band origin in cm-1,
andγ is the frequency in cm-1. For the parameters of the band-
shape functionF(γ) of each conformation in the∆ν ) 3, 4,
and 5 vibrational levels listed in Table 4, using eq 2, the band

origin γ0 is derived from its DFT-calculated fundamental
frequency and the average experimental value forωeøe, 84.65
cm-1; the relative percentage of absorption integral area for each
conformation is calculated by eq 3; and the integral areas of
bands A and B are obtained from the experimental band
intensities. The band-shape function,FA(γ) for band A is the
sum of Fa(γ) for form a, Fb(γ) for form b, Fc(γ) for form c,
Fd(γ) for form d, Fe(γ) for form e,Ff(γ) for form f, andFg(γ)
for form g; FB(γ) for band B is the sum ofFh(γ) for form h
and Fi(γ) for form i. The whole band-shape functionF(γ) is
the sum ofFA(γ) andFB(γ). As shown in Figure 1, the smoothed
curves of the original spectra are fit by a band-shape function
in which the simulated half-widthW of each conformation for
the different levels is kept the same. The simulated spectrum
for the∆ν ) 3 vibrations approaches the experimental spectrum,
and the simulated bands B for the∆ν ) 4 and 5 vibrations also
approach the experimental spectra. However, the simulated
bands A for the∆ν ) 4 and 5 vibrations come out with two
shoulders because of the presence of combined bands, which
cannot completely reproduce the experimental bands A, because
only a weak shoulder in the left of band A is observed. It is
noticed that the parameters for the frequencies, relative popula-
tions, and integral areas of the bands in the simulated spectra
are all from the calculated or experimental values; only
simulated half-widths are variable parameters. Therefore, the
small difference between the calculated and experimental values
causes a slight difference between the simulated spectra and
experimental spectra.

Conclusion

We have studied the O-H stretching∆ν ) 3, 4, and 5
overtone spectra of 2-butanol by taking advantage of the CRDS
technique. In the spectra, the resolved two bands are assigned
as the absorptions of the O-H stretching vibration of the
different conformations. The∆ν ) 3, 4, and 5 overtones provide
conclusive spectral parameters for the O-H vibration, which
bridge the gap between experiment and theory. The present
quantum chemistry DFT methods have calculated the nine stable
conformational isomers of the molecule, and their O-H
stretching fundamental vibrations. We found good agreement
between theoretically calculated vibrational frequencies and
those obtained from experiment. The relative percentages of
the measured spectral band intensities also correspond to the
abundance of the assigned conformations with a specific total
energy. The band-shape function is given in the form of the
sum of Lorentzian and Gaussian functions, and the simulated
spectra in the O-H stretching∆ν ) 3, 4, and 5 vibrations
clearly show the contribution of each conformation to the bands
of the overtones. In conclusion, the properties of the molecular
conformations can be shown clearly by means of experimental
CRD overtone spectroscopy and theoretical DFT calculations.
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