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First high-resolution spectroscopic and structural data for jet-cooledtrans-1,3-butadiene have been obtained
using sub-Doppler, direct absorption tunable difference frequency infrared laser methods in a pulsed slit
supersonic expansion. With reduced spectral congestion atTrovib ) 15 K, high-resolution vibration-rotation
spectra around 3100 cm-1 reveal two hybrid a/b type bands, both of which have been successfully rotationally
analyzed and yield first experimental structural information on the ground state oftrans-1,3-butadiene. The
strong bandν17(bu) at 3100.63 cm-1 is predominantly due to “bright” state excitation of the in-phase asymmetric
CH2 stretch, with the weaker band at 3096.14 cm-1 probably arising from a “dark” state anharmonic mixing
with ν17. Furthermore, there are many local perturbations in the spectrum that can be successfully explained
via anharmonic and Coriolis type coupling betweenν17 and an additional dark state centered at 3100.65
cm-1. Intensity analysis for the strong and weak bands permits a- and b-type transition moment ratios to be
extracted and compared with results from electronic structure calculations.

1. Introduction

Energy stabilization due to conjugation in carbon-bonding
networks is a ubiquitous phenomenon and plays an important
role in a diverse variety of fields from organic chemistry to
structural biology. One of the paradigmatic systems for such
resonance stabilization is that of 1,3-butadiene, which represents
the simplest molecule with a conjugated hydrocarbon chain. The
sensitivity of these conjugation effects to rotation around the
central C-C bond predicts a strong energy dependence on the
torsional angle, as shown schematically in Figure 1.1,2 There is
a general consensus that the most stable energy conformer is
the planartrans-butadiene structure, which is predicted to be
the lowest in energy and thermodynamically responsible for 97%
of the conformer mixture at room-temperature equilibrium. It
is an asymmetric top belonging to theC2h point group, but as
two of the inertial moments are nearly equal it can be classified
as a near-prolate symmetric rotor.

Torsional motion can convert the stable isomer, s-trans-
butadiene, into a less stable form. There is a long standing debate
over the gas-phase equilibrium geometry of this less stable minor
conformer but so far no definite answer exists whether it iscis
or gauche.3-10 The s-cis-butadiene is planar and belongs to the
point groupC2V. The nonplanargaucheconformer possesses a
dihedral angle between 0° and 90° and it belongs to theC2 point
group. Thegaucheconformer is calculated to be about 10.8-
14.7 kJ/mol above thetrans form which is the lowest energy
structure.1,2 The s-cis-butadiene species can be regarded as an
internal rotor transition state between the two nonplanargauche
conformers. Theoretical calculations of thisgauche-cisbarrier
typically range from 1.6 to 4.9 kJ/mol.1,2,7,11-14

To the best of our knowledge, there are no high-resolution
spectroscopic data on either the major or minor conformers of
butadiene. The reason is clear enough for thetrans-butadiene
species, which by symmetry does not possess a permanent dipole
moment and thus it is not accessible to microwave spectroscopic
methods. This constraint is lifted in the infrared region, since
vibrational transition intensities depend on dipole moment
derivatives, which can be nonzero even in the absence of a
permanent moment. However, the predicted rotational constants
of butadiene are small, resulting in a dense infrared spectrum
under room-temperature spectroscopic conditions. This spectral

Figure 1. Potential energy curve for skeletal rotation of 1,3-butadiene
around the (nominally) single C-C bond obtained using ab initio
calculations.1,2 The torsional angleτ is zero for thecis form but deviates
from zero for thegaucheconformer.
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congestion has prevented high-resolution rotational analysis in
previous studies and therefore precluded determination of
quantitative structural information via rotational constants on
any of the butadiene conformers.

A powerful method for overcoming the spectral congestion
problems described above is direct absorption laser spectroscopy
in a slit supersonic expansion. This approach has the advantage
of combining the long path length, to maintain high detection
sensitivity under low-density conditions, with significant cooling
to low rotational angular momentum quantum numbers to
eliminate spectral congestion. This paper reflects ongoing efforts
to exploit such high sensitivity in this high-resolution spectro-
scopic method to provide structural insight into different
butadiene conformers. As a first step, the current work is
directed toward infrared slit-jet spectroscopy and analysis of
the majortrans-butadiene conformer, in the wavenumber region
corresponding to the in-phase excitation of the CH2 asymmetric
stretch.

2. Experimental Section

The experimental setup has been described in detail earlier15,16

and therefore only the main features need to be summarized
here. The source of high-resolution infrared light is from a
continuous wave difference frequency laser system, whereby
single mode ring dye and argon ion lasers are combined and
optically subtracted in a 5 cmlong temperature phase matched
LiNbO3 crystal, yielding≈ 1 µW of tunable infrared power
from 2400 cm-1 to 4500 cm-1. Short term frequency noise
(<1 MHz) is obtained by locking both lasers onto optical
cavities. Long-term stability is maintained by locking the Ar+

laser to an optical transfer cavity (free spectral range) 0.00833
cm-1), which in turn is locked to a polarization servo loop
controlled HeNe laser with a negligible frequency drift (<0.1
MHz) over several days. The optical transfer cavity also
monitors transmission fringes for the tunable dye laser, therefore
directly yielding stable frequency markers for calibrating the
infrared difference frequency scan. Relative frequency measure-
ments are made by interpolating marker cavity fringes and are
typically precise and reproducible to 0.0001 cm-1. Absolute
wavenumbers are calibrated in separate experiments against
well-known infrared absorbing species (e.g., H35Cl transitions)
doped into the jet expansion.

The tunable infrared light is split into a signal and a reference
beam, with the signal multipassed in a Herriot cell through a
pulsed slit (40 mm× 100µm) supersonic expansion to provide
high densities, long absorption path lengths, and low jet
temperatures for high-resolution measurements via direct ab-
sorption detection. The resulting signal and reference outputs
from two matched InSb detectors are subtracted with fast servo
loop electronics, eliminating technical “common mode” noise
to the near shot noise level (Rmin ≈ 10-6/Hz1/2). The expansion
mixture is made from 0.8% 1,3-butadiene in excess helium
diluent expanded at 400 Torr backing pressure, yielding an
optical path length of 64 cm in a 16 multipass Herriott cell.
The full-width at half-maximum (fwhm) optical resolution is
determined from isolated spectral line widths to be∆ν ≈ 50(5)
MHz. This is already substantially sub-Doppler with respect to
room-temperature absorption spectra because of collisional
collimation of the expansion gases with respect to the slit axis
direction, but is limited by the high helium expansion velocity
and nonorthogonal crossings in the multipass cell.

3. Rotational and Vibrational Analysis

Previous room-temperature IR studies oftrans-1,3-butadiene
reveal a strong accumulation of CH stretch band intensity near

3100 cm-1, which was assigned to the in-phase, asymmetric
CH2 stretch [denoted asν17(bu)]. Extraction of any structural
information was prevented by intense spectral congestion and
limited resolution. Under current high resolution, jet-cooled
conditions, the spectra in the 3100 cm-1 region break into two
well-defined vibrational bands, with multiple local perturbations
in these bands due to resonances with combination vibrational
states at the same rovibrational energy. We focus first on the
two full bands, both of which arise from thetrans-1,3-butadiene
conformer, as will be shown from rotational assignment and
analysis. On the basis of ab initio predictions of only one IR
active “bright” state in this region [ν17(bu)], this suggests the
second band corresponds to a nominally “dark” state that
acquires oscillator strength because of near resonant coupling
with ν17(bu). Indeed, the presence of the second band (denoted
herein asνx and approximately 4-fold down in intensity), could
only be clearly recognized after significant assignment of the
initial ν17 band was completed.

Both of the observed bands are a/b-hybrids of a near prolate
asymmetric rotor, where the symbols a and b indicate that the
dipole moment oscillates along the principal axes corresponding
to the smallest and to the second smallest principal moments
of inertia, respectively. An a-type band is characterized by
∆Ka ) 0 transitions and a strong central Q-branch (containing
∆J ) 0 transitions) and a b-type band possesses prominent
∆Ka ) (1 transitions and several separate Q-branches. Standard
spectroscopic notation is used, for example,∆J ) J′ - J′′, where
J′ and J′′ are upper and lower state total angular momentum
quantum numbers, respectively. The labelKa refers to the near
prolate symmetric topK quantum number. The stronger band
ν17(bu) is mainly of b-type, but also exhibits clear a-type
rotational structure near the band origin. The weaker band is
also mainly b-type, though the corresponding presence of a-type
structure is not as prominent as inν17. A sample spectral region
illustrating P/R branch progressions and a strong central Q
branch for the dominantν17 vibration is shown in Figure 2. A
similar representative spectral region for the 4-fold weakerνx

band is shown in Figure 3.
Both of the observed bands have been rotationally analyzed

using asymmetric rotor computer programs developed by us.17

Assignments have been confirmed by four-line ground-state
combination differences. Ground-state rotational constants can
be obtained from fits to both spectra, but theν17 transitions
provide the most accurate set which has been used in all
subsequent calculations. Altogether, 466 transition pairs with

Figure 2. Part of the experimental spectrum of the a-type band origin
region: ν17(bu) band of trans-1,3-butadiene. A simulation calculated
using the appropriate parameters of Table 1 is presented below the
experimental spectrum. Starting from left to right, the b-type transitions
61 6 r 70 7, 51 5 r 60 6,...,11 1 r 20 2 are marked with a solid line and
the transitions 20 2 r 11 1, 30 3 r 21 2,...,70 7 r 61 6 are marked with a
dashed line.
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up to J′′ ) 17 have been included in combination difference
fits for the ground state, where the rotational constants have
been optimized by the nonlinear least-squares method. In the
corresponding upper state fits, the ground-state rotational
constants have been kept constrained and the upper state
parameters (the band origin and the rotational constants) have
been optimized using 275 transitions with up toJ′ ) 17 for
ν17(bu) and 136 transitions with up toJ′ ) 14 for the weaker
band. Overlapping or split peaks have been excluded. The band
centers, rotational constants, and standard deviations of the fits
are given in Table 1. Sample regions of simulated spectra, which
indicate excellent agreement with experiment, are shown in
Figures 2 and 3. Standard asymmetric rotor energy level notation
JKaKc has been used whereKa andKc are near prolate and oblate
symmetric topK quantum labels, respectively. Analysis of
relative intensities for a- and b-type transitions permits the
transition moment ratio to be determined for both theν17 band
[1:0.65 ((0.05)] and νx band [1:0.45 ((0.1)]. A rotational
temperature of 15( 3 K for these simulations has been
determined from Boltzmann intensity plots (Figure 4), which
are also consistent with previous studies of hydrocarbon species
in the slit-jet expansion.18 The intercepts of these Boltzmann
plots can furthermore be used to estimate a 4:1 intensity ratio
between theν17(bu) band and the weakerνx band.

The observedν17(bu) band center differs somewhat from most
ab initio values,9 although one scaled coupled-pair functional
(CPF) calculation19 predicts the band center reasonably ac-
curately at≈3099 cm-1. The previous experimental value,
3100.5 cm-1, evaluated from a medium-resolution spectrum of
1,3-butadiene, is in excellent agreement with the current

results.10 Closer inspection of standard deviations for the upper
state fits to bothν17(bu) andνx bands (Table 1) indicates that
ν17(bu) might be slightly perturbed. Inclusion of quartic cen-
trifugal distortion terms does not improve the fit. This suggests
that the perturbations are local (i.e., because ofisolatedstate
crossings) and cannot be simply absorbed into effective higher
order rovibrational parameters. This line of analysis is pursued
further in the results and discussion section.

The weakerνx band has a band origin roughly 4.5 cm-1 lower
thanν17(bu). Rotational analysis clearly indicates the lower state
also belonging to thetrans-butadiene conformer, as the com-
bination differences and rotational constants are within experi-
mental error of the ones obtained fromν17 [A0 ) 1.3904481
(150) cm-1, B0 ) 0.14790126 (320) cm-1, andC0 ) 0.13370145
(260) cm-1 with a standard deviation of the fit 0.00042 cm-1;
numbers in parentheses represent 1σ]. The exact vibrational
character of theνx band remains to be determined. The infrared
inactive symmetric CH2 stretching fundamentalν1(ag) is pre-
dicted to be in this same spectral region6 and could be thought
to be coupled with and acquire oscillator strength fromν17.
However, rovibrational resonances such as Coriolis20 and
R-resonances21 are symmetry forbidden betweenν1 andν17; thus,
ν1 is not expected to be visible in the spectrum. Combination
bands provide the most plausible explanation, which become
visible via intramolecular anharmonic mixing and intensity
borrowing from the nearby strongν17 transition. For instance,
calculated values for the 2ν11 + ν22(bu) and 2ν15 + ν22(bu)
combination states [ν11(au), ν15(bg), and ν22(bu) refer to the
antisymmetric out-of-plane CH2 bend, symmetric out-of-plane
CH2 bend, and antisymmetric CH in-plane-bend, respectively]5

TABLE 1: Results of the Ground and Upper State Fits of theν17(bu) Band and of the Upper State Fit of the Unassigned,
Weaker Band (νx) of trans-1,3-butadiene and of Coupledν17(bu) and Unassignedνz Statesa

/cm-1 ground state ν17(bu) νx ν17(bu)d νz
e

A 1.39038820 (390) 1.3878207 (280) 1.3608774 (650) 1.3879029 (210) 1.384229 (550)
B 0.14788379 5(780) 0.14768968 (840) 0.14762939 (580) 0.14777109 (640) 0.149013 (150)
C 0.133694533 (790) 0.13358282 (500) 0.13379996 (630) 0.13350912 (530) 0.132784 (110)
ν 3100.632571 (300) 3096.143211 (250) 3100.632801 (260) 3100.65084 (410)
wF -0.003205 (30)
wC 0.003379 (110)
δfit

b 0.00030 0.0031 0.0016 0.0019
∆V(u Å2)c -0.026 -0.093 -0.585 0.040 1.649

a Uncertainties in parentheses represent one-standard deviation in the least significant digit.b δfit is the standard deviation of the fit.c ∆V is the
inertial defect (∆V ) IC - IB - IA). d ν17(bu) coupled withνz. e State perturbingν17(bu) locally.

Figure 3. Sample data highlighting the presence of a second band
(νx) associated withtrans-1,3-butadiene in the 3100 cm-1 region and
possibly deriving oscillator strength from IVR mixing with the allowed
ν17(bu) fundamental. Peaks belonging to the strongerν17(bu) transitions
have been de-emphasized in gray to help clarify progressions from the
νx band. A simulation calculated with least-squares fit parameters
from Table 1 is presented below the experimental spectrum. Starting
from left to right, the b-type transitions 130 13 r 131 12, 120 12 r
121 11,...,10 1 r 11 0 are marked with a solid line.

Figure 4. Boltzmann plots of experimental intensities for theν17(bu)
and the IVR inducedνx band of trans-1,3-butadiene, indicating
rotational temperatures of order 15( 3 K. The filled and open symbols
b, 2 (O, 4) refer to a-type/b-type peaks ofν17(bu) and the IVR induced
νx band, respectively.
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are both around 3110 cm-1, on the basis of summing experi-
mentally observed fundamental values and neglecting anhar-
monicity. These plausible candidates are of the correct symmetry
to interact withν17. Furthermore, inclusion of anharmonic effects
would tend to shift these predictions downward into better
agreement with experiment. The only earlier work that mentions
a weaker band is an argon matrix infrared study of 1,3-butadiene
using a Knudsen cell.5 It reports a band at 3097 cm-1, but no
assignment is given. The same study also gave unassigned bands
at 3101 cm-1 and 3106 cm-1.

4. Results and Discussion

The rotational constants for the upper/lower states of the
different bands presented in Table 1 can be used to calculate
inertial defects∆V ) Ic - Ib - Ia, where Ia, Ib, and Ic are
principle moments of inertia.22 Inertial defects contain structural
information: for a planar rigid molecule,∆V ≈ 0, but can
become nonzero, for example, by nonplanar conformers or
excitation of the low-frequency torsional vibration. At the lowest
level of structural information, the ground-state rotational
constants for both bands are consistent with a planartrans-1,3-
butadiene conformation, as can be inferred from the nearly zero
value (∆V ) -0.026 u Å2) for the inertial defect. Rotational
constants can also be compared with ab initio values from CCD/
6-311G++ calculations, yieldingA ) 1.39123 cm-1 (+0.1%),
B ) 0.14689 cm-1 (+0.7%), andC ) 0.13287 cm-1 (+0.6%).23

The numbers in parentheses represent fractional error, indicating
excellent agreement with experiment. As expected, there are
only small changes (≈0.1%) in the experimentalB, C rotational
constants between the ground and excited states, though there
appears to be an appreciable change inA (≈2.2%) for theνx

band that could signify carbon skeleton or out-of-plane bending
contribution in the upper state. Both of the suggested possible
assignments, 2ν11 + ν22(bu) and 2ν15 + ν22(bu), contain out-
of-plane bending character because of CH2 group excitation.

The relative intensities of the a/b-type transition moments
can be used to provide additional information on the orientation
of the transition moment vector in the molecular frame. The
angleθ between the total transition moment vector,µ, and the
A axis (essentially along the skeletal carbon chain) can be
calculated via

For the two bands under consideration, the transition moment
angles are nearly identical:|θ|) 57° ( 2° and 66° ( 5° for
ν17(bu) and the combination band (νx), respectively. The results
are somewhat smaller than the ab initio value ofθ ≈ -69°
calculated for theν17(bu) band using CCD 6-311G** methods,9

though clearly close enough to remove the sign ambiguity in
the experimental values. Interestingly, these ab initio estimates
are also in quite good agreement with results (θpred ≈ -70°)
from a simple bond dipole model,8 which treats the oscillator
strength as a vector sum of localized CH transition dipole
moments on each of the CH2 groups.

If one assumes thatνx band intensity is borrowed fromν17,
the off-diagonal coupling constant,w, betweenν17 andνx can
be estimated from the ratio of intensities and difference in origins
for the two bands. A 1:4 intensity ratio and a 4.5 cm-1 origin
difference yieldw ≈ 1.8 cm-1 and deperturbed band centers
separated by 2.7 cm-1. This coupling coefficient and deperturbed
vibrational term values can then be used as a starting point in
an anharmonic resonance model withν17 and νx states fitted

simultaneously via nonlinear least-squares methods.24 In this
alternative fit of the data, the ground-state rotational constants
are held fixed to the values given in Table 1, the anharmonic
resonance coupling coefficientw is constrained to 1.8 cm-1,
and the transition moment for theνx state is kept at zero. The
deperturbed band centers from such a fit areν17(bu) )
3099.733103(520) cm-1 andνx ) 3097.044352(830) cm-1. The
rotational constants for theν17(bu) state areA ) 1.3946586-
(540) cm-1, B ) 0.1477512(140) cm-1, andC ) 0.1334902-
(100) cm-1 and those for theνx state areA ) 1.353382(210)
cm-1, B ) 0.1475938(200) cm-1, and C ) 0.1338815(210)
cm-1, respectively. The standard deviation of the fit (δ ) 0.0039
cm-1) indicates the coupled state model to be equivalent to the
isolatedν17 band model. As expected, the mean values of both
B andC rotational constants are the same within one-standard
deviation when comparing the coupled and uncoupled state
results.25 Values of theA rotational constant are also similar,
supporting the consistency of our approach. Most relevantly,
the intensity predictions are in good agreement with experi-
mentally observed band structure.

However, the standard deviations for either fitting procedure
are still an order of magnitude larger than experimental
uncertainty, indicating the presence of additional perturbing
states. Indeed, several peaks of theν17 spectrum are clearly
locally perturbed and are either shifted from the calculated
values or split into doublets. These perturbations occur in the
upper state, as can be confirmed by identical splittings or shifts
in all transitions to the same upperJ′Ka′Kc′. In contrast to the
global anharmonic interaction discussed above, where the
coupling is comparable to energy differences between unper-
turbed states, this is more characteristic of alocal perturbation
due to a single rovibrational dark state quickly tuning in and
out of resonance with the “bright”ν17 state of the same totalJ.
For example, all transitions toKa′ ) 1 upper states forJ′ ) 7,
8 as well asKa′ ) 3, J′ ) 5-9 are clearly split into dark and
bright state doublets. For theKa′ ) 3 manifold, asymmetry
splittings are large enough to be resolved, resulting in quartets
of perturbed doublets (see Figure 5). Similarly, transitions to
J′0 J′ in theKa′ ) 0 upper state manifold forJ′ ) 8-14 represent
examples of peaks shifted systematically but not split, that is,
with a perturber far enough detuned to avoid acquiring sufficient

Ib

Ia
)

|µb
2|

|µa
2|

) tan2 θ (1)

Figure 5. Sampleν17(bu) R branch spectral region [rR2(5) andrR3(6)
transitions in symmetric top notation] and corresponding spectral
predictions withνz perturbations included. Simulation 1 displays results
for the uncoupled brightν17(bu) state, whereas simulation 2 includes
effects due to localized anharmonic resonances between brightν17(bu)
and darkνz states (see Table 1 for details of the fit). For bothrR2(5)
and rR3(6) transitions, asymmetry splittings as well as the additional
doubling due to local resonances betweenν17 and theνz perturbing
state are evident (dark transitions marked with *). The two-state coupled
model gives far better agreement with the observed spectra, although
evidence for multiple (three-state or higher) interactions is also present
in other spectral regions.
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oscillator strength to detect in the spectra. Indeed, there is
occasional evidence for more than one perturber state. For
example, transitions to J′4 J′-3 upper states in the
Ka′ ) 4 manifold forJ′ ) 7-10 are each split into doublets or
triplets, indicating the presence of up to two perturbing states.

This behavior of small splittings and shifts over a limited
range of rotational states is characteristic of weak but highly
localized interactions with one or more dark states. The
magnitude of these interactions and of the vibrational differences
can be approximately estimated from the size of the spectral
splittings, which are about 0.007-0.011 cm-1 in the Ka′ ) 1
and Ka′ ) 3 states. These coupling strengths and vibrational
energy level differences would be more consistent with high-
order combination band dark states, such as would be contribut-
ing to the total vibrational state density at these internal energies.
Such high-resolution fine structure due to high-order intramo-
lecular vibrational coupling (sometimes referred to as IVR state
mixing) is well precedented, and has been extensively studied
in jet-cooled CH stretch spectra by Nesbitt, Lehmann, Scoles,
Perry, and others.26-28

In an attempt to make the analysis more quantitative, the same
nonlinear least-squares program as described above has been
used to analyze the small perturbations,24 on the basis of a
combination of anharmonic (Fermi resonance-type) and Coriolis-
type interactions, that is, (representation Ir)

Both of these terms transform as the totally symmetric (ag)
representation and therefore can be responsible for rovibrational
perturbations within vibrational states of the same symmetry.
The anharmonic resonance operator mainly couples states with
∆Ka′ ) 0 and the Coriolis-type operator states with∆Ka′ )
(1. The data used in the calculation consist of 20 perturber
transitions and 285 transitions belonging toν17. With the ground-
state rotational parameters constrained to the values given in
Table 1, information on the magnitude of the perturbation as
well as the band centers and the rotational constants of the
perturbing dark state (νz state in Table 1) and theν17 bright
state have been obtained. A localized anharmonic resonance
with the νz state at 3100.65 cm-1 seems to be the explanation
for many of the perturbations found in theν17 band, with smaller
but important effects due to the Coriolis-type term. The
anharmonic term correctly reproduces the splitting in the earlier
mentionedKa′ ) 1 and theKa′ ) 3 states where crossings with
the perturber occur atJ′ ) 7 andJ′ ) 7-8, respectively. The
Coriolis-type term is especially important for transitions to the
J′0 J′ manifold, which exhibit significant shifts but no dark state
peaks. Interestingly, the model also reproduces theKa′ ) 2 peak
positions quite well, where no splittings are observed. From
the analysis, however, it turns out that these upper states are
indeed also perturbed; the effects are simply much weaker
because of larger separation of locally interacting states. We
have tested this model further by spectral intensity calculations
assuming zero transition moment for the perturber; the coupled
state model reproduces experimentally observed intensities and
splittings reasonably well, as demonstrated for a representative
spectral region in Figure 5.

Of potential interest, the rotational constants obtained for the
perturberνz are significantly different from the values deter-
mined forν17. Specifically, the inertial defect calculated for the
perturber is 1.649 u Å2 indicating the possibility that this dark
vibrational state exhibits significant out-of-plane bending char-
acter. This would be consistent, for example, with a nearly

resonant combination band dark state with one or multiple
quanta in the torsional bending mode. This is plausible, as
excitation in this lowest energy bending mode contributes
predominantly to the density of combination band states in the
3100 cm-1 region. However, one must bear in mind that the
proposed combination of anharmonic and Coriolis resonance-
type effects does not predict all of the shifted or split peaks to
within experimental precision, as can be seen by closer
inspection of Figure 5. In addition, there are not enough data
to analyze the additional perturbing states that, for example,
cause multiple splittings of theKa′ ) 4 manifold. In summary,
this perturbation treatment identifies only one of presumably
several states present and therefore should be considered as
preliminary analysis of the major contributors.

5. Summary and Conclusions

High-resolution data on jet-cooled 1,3-butadiene in the 3100
cm-1 infrared region have been obtained and rotationally
analyzed, permitting a first access to quantitative structural
information on this species. Accurate ground vibrational state
rotational constants are presented fortrans-1,3-butadiene. These
confirm a near planar geometry for the most stable conformer.
At high resolution, several vibrational states are spectroscopi-
cally present in this 3100 cm-1 region. The strongest is the in-
phase, antisymmetric CH2 stretch fundamental (ν17), which
exhibits a hybrid a/b type band. This permits the transition dipole
moment angle to be determined in the molecular frame, which
proves to be in a good agreement with ab initio calculations as
well as with predictions from a simple bond dipole model. The
second strongest band, about 4-fold weaker, is also observed
and rotationally analyzed, which, from a multistate analysis, is
consistent with a dark state possibly borrowing intensity from
the ν17 fundamental via a global anharmonic resonance.
Evidence for additional IVR state mixing in this spectral region
is also observed via localized perturbations in theν17 funda-
mental band. These lead to additional splittings or shifts from
the simulated predictions over a small rotational progression.
The data are consistent with a dual tier IVR mixing of upper
states intrans-1,3-butadiene. First, there is a global anharmonic
resonance with a combination band vibration (possibly because
of multiple CH2 out-of-plane and CH in-plane bending quanta)
with a relatively strong 1.8 cm-1 coupling matrix element,
yielding two distinct albeit overlapping bands. Second, there is
evidence for more localized rovibrational resonances between
ν17 and at least one other high-order combination state, with
more typical anharmonic coupling matrix elements on the order
of ≈0.003 cm-1 in magnitude causing several isolated rovibra-
tional perturbations in the spectrum.
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