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High-Accuracy Structure of Cyclobutane by Femtosecond Rotational Raman Four-Wave
Mixing
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The femtosecond degenerate four-wave mixing (fs-DFWM) technique is applied for the measurement of
accurate rotational constants of cyclobutangHg}. The vibrational levels of gHg exhibit tunneling splitting

due to the ring-puckering interconversion between the symmetry-equivajgnmhinima via a planaDap

barrier. For thev = 0 ground state, the fs-DFWM method yields a rotational consB§rrF 10663.452(18)

MHz. The ring-puckering tunneling leads to slightly different rotational constants forthen@ 0 levels,

Bg — B, = 33+ 2 kHz. This difference increases by a factor-80 in they = 1*/1~ ring-puckering states

to Bf — B, = —3059 + 4 kHz. Combining the experimental rotational constants with the structure
parameters and rotational constants calculated by high-level ab initio calculations allows us to determine
accurate equilibrium and vibrationally averaged structure parameters for cyclobutane, for exal@pl€)

= 1.5474 A rg(C—Haxia) = 1.0830 A, re(C—Hequatori) = 1.0810 A, and ring puckering angie = 29.8.

I. Introduction \V\ Hosial

Time-resolved femtosecond degenerate four-wave mixing (fs-

DFWM) can be applied as a Raman scattering type of rotational
coherence spectroscopy (RCSJ.This background-free rota- H
tional Raman techniqde'® permits the determination of very
accurate rotational and centrifugal distortion constants of the
vibrational ground stat¥18 and of low-lying thermally
populated vibrational level$. Following initial studies on
nonpolar rigid molecule%!617"1%here we investigate cyclobutane
(C4Hs), which is a relatively rigid molecule with a single large-
amplitude low-frequency mode. Cyclobutane has two equal-
energyD,q symmetric puckered equilibrium structures, shown
in Figure 1. The equivalent minima are interconverted along
the ring-puckering coordinate, with an intermediate barrier of
~500 cnt! height®2* that corresponds to a planddsn
symmetric structure. The symmetry of cyclobutane excludes a
permanent dipole moment, and, as a consequence, no pure
rotational spectrum can be observed.

Structural information on cyclobutane has been obtained from
electron diffraction (ED) measuremerb8from RamaA’ and
infrared 20-22.28.29 gpectroscopies and by Fourier transform
microwave spectroscopy of mono- and dideuterated cyclobu-
tane3%31 The earliest geometry parameters were measured by
Dunitz and Schomaker and by Almenningen et al. using electron \\' / +Vo

A 4
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Figure 1. SchematicDyy equilibrium structure of cyclobutane, with
definition of the puckering anglé, methylene rocking angle, and
the axial/ equatorial hydrogen atoms.

498|cm’
199 cm™ /
|

diffraction 2526 They obtained the €C and C-H bond lengths
but could not reliably determine the ring-puckering anglsee ' '
Figure 1). Lord and Stoicheff recorded the rotational Raman -29.8 0 298
spectrum of GHg and determined the €C bond length as Puckering angle 6/ deg
1.558(3) A27 again, the puckering angle was not determined. Figure 2. Schematicve ring-puckering potential of cyclobutane,
Ueda and Shimanouchi analyzed an infrared difference bandShowing the near-degenerate= 0'/0" and vs = 1'/1" vibrational

. . . . levels and parity labels. The puckering barrier is from ref 24, the
in the CHZ_ s_ymmetncal-stretchmg funda_men?él‘l’h_ey fitted a _ equilibrium angled. is that determined in this work.
double-minimum ring-puckering potential (see Figure 2) with

a barrier height of 448 cnt and obtained an equilibrium angle  modified puckering potential function with a barrier of 503¢m

6 = 33. Later, Stone, and Mills extended the infrared and and an equilibrium puckering angte = 34.3.2° Malloy and

v

Raman measurements on botiHg and GDg.2° They fitted a Lafferty pointed out that there is a strong coupling between the
angled and the CH rocking anglea.32 Egawa et al. obtained
* Corresponding author. E-mail: leutwyler@iac.unibe.ch. accurate structural parameters by combining electron diffraction
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and Fourier-transform infrared (FTIR) spectroscopic measure- by a 1000-mm lens into a stainless-steel gas cell containing the
ments?! They included the Chirocking deformation with an ~ sample. The generated four-wave mixing signal is detected by
equilibrium anglea. = 6° (see Figure 1) and proposed a new a cooled Hamamatsu H7422-50 photomultiplier. The signals
potential function in which the ring-puckering is coupled to the were digitized with a LeCroy LT372 transient digitizer, scaled,
concerted Chirocking motion?2 Using a diode laser and high-  combined, and stored in a PC.
resolution FTIR spectroscopy, Egawa et al. later determined Cyclobutane was synthesized in 55% yield via the Welff
rotational and centrifugal distortion constants for the= 0t/ Kishner reduction of the carbonyl group of cyclobutanne
0~ tunneling states and they = 1/1~ level pair?® Li et al. (ABCR GmbH, 98%). Measurements were performed at 15
recorded the color-center IR laser spectrum of cyclobutane in ambar. The pressure was measured with an MKS Baratron
supersonic molecular bedfnand also obtained rotational capacitance gauge accurate460.1 mbar. The time delay is
constants of ther = 07/0~ tunneling states. scanned in three overlapping regions (300, 370, and 270 ps) in
Bauder and co-workers have measured the pure rotationalsteps of 33.3 fs. The energy of the laser was set taJ per
spectra of the isotopomers cyclobutaheand cyclobutane-1,1-  beam. We were able to record 19 recurrences; the scan length
d; by pulsed microwave Fourier transform spectroscopy and was limited to 950 ps by the overall signal decay because of
obtained very accurate rotational constaéfis. A single D- collisional dephasing. Increasing the laser power up to DO
substitution breaks the molecular symmetry; hence, cyclobutane-did not improve the signal-to-noise ratio.
d; exists as an equatorial and an axial conformer. Their ring-
puckering wave functions are localized due to the energy !ll. DFWM Theory and Data Analysis

difference between the two wells that arises from the slightly A viprational and Rotational States and Level Popula-
different zero-point vibrational energy of the two conformers. iigns. Simulations of fs-DEWM transierm&!? as well as the
In contrast, the cyclobutane-1dkisotopomer has a symmetric  nderlying theor§s—37 are well established and are only briefly
double-minimum potential and undergoes ring-puckering tun- eyiewed. Three polarized laser beams of equal intensity are
neling between two equivalent forms. However, no microwave focysed in a forward box configuration into a Raman-active
spectrum exists for cyclobutane itself. medium. Two pump pulsesE(, E;) induce an anisotropy by
An ab initio study of the structure, ring-puckering intrinsic  yotational Raman transitions in the medium. This anisotropy is
reaction coordinate, and barrier height has been performed prrobed via a third-order optical process. The probe be (
Glendening and Halpern at the B3LYP, MP2, and CCSD(T) generates a four-wave mixing signal at times when the molecules

levels using basis sets up to quadrupfé-Blake and Xantheas  are aligned. The time-dependent third-order polarization is given
extended this recently to include MP4 calculations with large by

basis sets and calculated harmonic and anharmonic spectroscopic

constant$* The complete basis set (CBS) extrapolations using ~3),,, _ o

the CCSD(T) method yielded barrier heights of 482 and PO = Eq(t) f—oo S1US

498 cm?, respectively*? _ o ) Z P, Pax *Osk “Ons® D€ 2™ dt (1)
We report accurate rotational and centrifugal distortion

constants of the ground and = 1 vibrational states of g

using femtosecond time-resolved rotational Raman four-wave involving a sum over th&l populated levels. The squared norm

mixing (fs-FWM). The precision of the technique is high enough of the third-order polarizationP®(t)|? (together with eq 1 in

to determine separate rotational and centrifugal constants forcombination with level dependent transition probabilities) leads

the () and ) tunneling components of the= 0 and 1 levels to the transient recorded.

of the ring-puckering vibration that are more accurate than Vibrational population factop,: Because we recorded our

previous determinatior’d:?22°By combining our experimental  spectra afl = 295 K, thevs = 1 and 2 puckering levels at 199

data with an extrapolation technid@éased on high-level ab  and 398 cm? (Figure 2) are thermally populated with relative

initio calculations, including those of Blake and Xanthé&asge contributions ofp,=1 = 23% andp,,—2 = 9.4%, respectively.
are able to calculate very accurate equilibrium and vibrationally The isolated contributions to the DFWM signal from the=
averaged structure parameters aHg 1 and 2 levels would be on the order of 5.3% and 0.9%,

respectively. Note, however, that because the DFWM signal is
Il. Experimental Section proportional to the square modulus B)(t) the contributions

from thewvs = 1 and 2 levels do not simply add into the total
signal but give rise to interference terms with the dominant
= 0 DFWM signal, as is shown in Section IV.

The initial population of the rotational levelg;k in eq 1, is
determined via the Boltzmann distribution by the rotational term
valuesE;k (see eq 2) and the sample temperaflrg/e fitted

The experimental setup employed for recording fs-DFWM
spectra has been described eafi&rBriefly, the output of a
MaiTai (Spectra Physics) Ti:sapphire oscillator is amplified with
a Quantronix ODIN C femtosecond chirped-pulse amplifier
(800 nm, 1000 Hz, 75 fs fwhm, 0.45 time bandwidth product,
12.63 nm bandwidth). The temporal and ba!"dW'dth properties o E,k according to the standard oblate symmetric top formula
of the femtosecond pulses were characterized with a s'”gle'including quartic centrifugal distortion terms, note the
shot second-harmonic-generation frequency-resolved Optica'dependence of the constants:
gating device (Grenouille, Swamp Optics).

The probe beam runs over a retroreflector (1 in.) mounted _ _ 2 2 2 _
on a computer-controlled 600-mm delay stage. The stage WasEJ'K =B, JJ+ 1) = Dy, JW+ 1)7= Dy, JI + DK
constructed in-house and employs high-precision bearings and Dk, K* (2)
lead screw. Displacements are measured with a 500-mm glass
ruler (Sony BL55-NEA) with a resolution of 100 nm. The For symmetric rotors, th#l; spatial degeneracy igkm, =
optical delay line is enclosed in a vacuum-tight container and (2J + 1) for theK = 0 states andkm, = 2(2J + 1) for those
evacuated ta<5 x 1072 mbar using a scroll pump (Varian  with K = 0. As a consequence of the low tunneling barrier to
Triscroll 300)16 The two pump and the probe beams are focused the ring puckering motion,¥)/(—) pairs of puckering levels
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TABLE 1: Nuclear Spin (NS) Irreducible Representations,
I'ns, and Corresponding Statistical Weights,gns, for
Cyclobutane (GHg) in the MS Group Dy, for aiq and by,
Vibrational Levels

rotational st I'ns Ons I'ns: Ons

ate aug leveR b, leveP
K=0,Jeven Ay 43 By 33
K=0,Jodd Ay 27 By 33
K =4p [Ag + Aggl: 70 (43+27)  [Byu+ Ba: 66 (33+ 33)
K=4p+1 Eg: 60 E. 60
K=4p+2  [Big+ Bag: 66 (33+33) [Aw+ Azl 70 (43+ 27)

g = O+, l+, P ve=0—,17, ...

arise in thews vibration, see Figure 2. The rotational and
centrifugal constants differ very slightly for the-Y and )
member of each pair.

Kummli et al.

with AJ = +1 because including largetJ transitions did not
improve the fit. The procedure was validated by fitting the
temperaturd, which resulted in values withi#10 K from the
experimental T = 295 K. This model has been applied
successfully for cycloproparié.

C. Fitting. The fitting procedure employs a Levenberg
Marquardt least-squares fit and is written in the IDL language
(RS, Inc.). The evaluation of the transient according to eq 1 is
highly parallelizable and was distributed over several processors
with a shared library written in C under the OPENMP protocol.
The fit was performed with a total of 13 free variables: the
variables listed in Table 2, the amplitude and vertical offset of
the transient, the background term, the temperature, the colli-
sional dephasing coefficientsandc.'® We started with values
obtained from our ab initio calculations for the variables in Table

Because of the puckering tunneling, the nuclear spin states2, Jmax fixed to 90, and the bandwidth of the laser to 155 fs.

of 12C4Hg have to be treated in the molecular symmetry group
D4,.3%38 The nuclear spin irreducible representatidig and
statistical weights,gns in eq 1, can be evaluated for the
individual vibrationat-rotational states using the method given
by Weber?® see also ref 38. Li et al. have previously givgas
for the ayq levels g = 0, 1*, 2", ...):3 however, the |)
tunneling levels 4 = 0-, 17, 27, ...) transform ady,. For
convenience, thens are given for thea;y and by, levels in
Table 1.

The rotational Raman intensities for anisotropic Raman
scatteringpyk<in eq 1, are described with the ClebsgBordan
formalisnf® and are included according to Wefdefor the O,

IV. Results

A. Rotational Constants. Figure 3 shows an overview of
the RCS transient of 4Elg recorded with Raman femtosecond
degenerate four-wave mixing. The large Kerr-effect signal at
time zero is off the scale of Figure 3 and is not shown. There
is a rotational Raman contribution to the signal near time zero
that provides information on the rotational consténitsit the
information is much less accurate than that obtained from the
later transients. In Figure 3, the exponential decay of the signal
can be seen. This arises from collisional dephasing of the
rotational states, see Section lll, and is fitted using the energy

P, R, and S transitions. The time bandwidth product of the fs gap law model’4243With increasing delay time, each of the

laser has two distinct effects on the transient: (i) The transient rotational coherences shows increasing spread. This is due to
has to be convoluted with the three fs laser pulse widths. The the effect of centrifugal distortion on the rotational energies,
zero-time peak of Ar directly yields this as an apparatus function. the higherd rotational states giving signal contributions at later
(i) The Raman processes are limited to transitions within the delay than the low} states.

spectral bandwidth of the laser.
B. Rotational Energy Transfer. The initial population of
the rotational levels at time delay = 0 is given by the

Figure 4 shows more detailed views of three recurrences (13,
13.5, 14) at medium delay and three recurrences (17, 17.5, and
18) at late delay. As compared to recurrence$ In Figure 3,

temperature of the sample. However, following the pump pulses the medium and late coherences exhibit an extensive structure
att = 0, the rotational coherence of the sample is destroyed that yields detailed information on the rotational and centrifugal
slowly because of R~ R and R— T rotational-state or -phase  constants. In the integer recurrences, interference occurs between
changing collisions. This dephasing is accounted for by the the transitions withAJ = +2 and AJ = +1, with different
factor eoxtin eq 1, which is modeled according to the energy Clebsch-Gordan coefficients, whereas the half-integer recur-

gap law model for collisional rotational energy transfer (REZT.

rences involve\J = 42 transitions only. Hence, the half-integer

In this model, the dephasing rate of a given rotational state is recurrences (13.5 and 17.5) are less complex than the integer

kik = a-e *Er, wherea and ¢ are coefficients to be fitted,
AE;, = |E;,£1 — Ej,| = 2B,J is the rotational level spacing
andB, is the rotational constai®:*3We considered transitions

coherences (13, 14, 17, 18) in Figure 4.
Additional contributions arise from the differenibrational
states: The early part of each recurrence in Figure 4 arises from

TABLE 2: Experimental and Calculated Rotational (MHz) and Centrifugal Distortion (kHz) Constants of Cyclobutane (*2C4Hsg)

femtosecond Fourier- color-center MP2/cc-pVTZ MP2/cc-pVDZ
parameter DFwWM? transform IR IR lasef anharmonig anharmonit
v =0 state
By 10 663.452(18) 10 664.5(6) 10 666.9(15) 10671.56 10527.12
ABy® 0.033(2) 0.3(11) 0.7(17)
D, 5.541(11) 5.64(2) 5.7043 5.3782
AD; 0.0 0.04(60)
Dk —8.218(36) 6.9(84) —7.2181 —6.7889
ve, v = 1 state
B 10 643.199(80) 10 644.4(27) 10 653.03 10508.88
AB® —3.059(4) —4.2(52)
D, 5.959(52) 4.5(27)
AD; 0.0 —5.4(77)
Dk —8.218(36)
Jmax 90 15 7

aThis work.? Reference 2% Reference 33! Reference 242 AB, = B! — B, . f Constrained to zerd.Fixed tov = 0 value.
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Figure 3. Femtosecond degenerate four-wave mixing (fs-DFWM)
rotational coherence transient of cyclobutane in a gas cell (298, T T
15 mbar), using 75-fs pulses at 800 nm. The numbers refer to integer 680 682

coherences. Delay / ps

Figure 5. Effect of the thermally exciteats vibrational state on the

13 13.5 14
half-integer fs-DFWM recurrence no. 14.5 of cyclobutane: (a) calcu-
calc. lated with onlys = 0"/0~ population of 100%, (b) with only thes(v
= 1*/1") population of 23%, (c) coherent addition of a and b, note the
. interference arising from the addition of the= 0 andvs = 1
: exp contributions, (d) experimental fs-DFWM recurrence.

610 612 614 634 636 638 656 658 660 can be fitted in great detail. The rotational and centrifugal
17 175 18 constants obtained are given in Table 2.
M'c J\AN\MNV\/»M The tunneling splitting between the" Gnd O vibrational
' ground states of cyclobutane has not been measured directly
because thes ring-puckering mode is neither IR nor Raman
active. However, several groups have observed the ground-state
exp. . . . . .
combination differences for thes tunneling levels in the

798 800 802 8'[2)0|8'22/ 824826 844 846 848 850 sidebands of various infrared (IR) bands, for examplethe
_ At A A _ and v15 bands20-222829 From a fit of thesevs combination
Figure 4. Six individual integer and half-integer fs-DFWM rotational  differences to one-dimensional puckering function containing
recurrences 13, 135, 14, 17, 17.5, and 18 of cyclobutane from o, qratic quartic, and sextic terms, Egawa et al. calculated a
experiment (lower traces, enlarged from Figure 3) and calculation (upper 300 MH I litting b he /- QL Usi
traces), at medium and late delay times. ~ Z tunneling sp ',mng etwgent stqtg _' sing
the same type of puckering potential and an ab initio calculated

the » = 0 ground state, whereas the= 1 state has a slightly Lzﬁt?nose;tfg%%r\ﬁh(jlgndenlng and Halper obtained/a0

smaller rotational constants and contributes to each recurrence Caminati et al. have observed the effect of the puckering
at later ime. Figure 5 shows in detail the effect of the= 1 tunneling on thé3, rotational constant in the Fourier-transform
vibrational contribution on the 14.5 rotational recurrence: The picrowave spectrum of the cyclobutane-Halisotopomer!

v = 0 state, Figure 5a, yields a calculated recurrence with aThey determined the difference between tBé and B;
_rtr1a>|<]:m_um peakl atl 6t8z.1 ps. The :thltStatek' F'?‘é;eng’ byN t rotational constants as35(+7) kHz and that betwee@; and

itself gives a calculated recurrence that peaks a .2 ps. Note~- 31 ;

that theP®)(t) terms of they = 0 and 1 levels add coherently G as +10(t7) kiz™ The effect of the tunneling on they

. 2 rotational constant was predicted to be 1 kHz, smaller than the
in eq 1 and the square moduliB®X(1)|? is taken afterward.  gyperimental errof! They simultaneously fitted these differ-
This leads to destructive interference between the two vibrational ences of rotational constants and the puckering level IR
contributions from 682 to 683 ps and constructive interference combination differences from ref 21, obtaining an effective
from 683 to 684 ps, as shown by the calculated recurrence coupled ring-puckering/CHrocking potential valid for the
Figure 5c. This agrees with the experimental rotational coher- combined rotational and vibrational measurements on #hig,C
ence in Figure 5d. In analogy to Figure 4, the entire transient C4H¢D,, and GDg isotopomers. They calculated /0~ vibra-

T T
684 686

DFWM intensity / a.u
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TABLE 3: Vibrationally Averaged ( ro, r,) Structure Parameters of Cyclobutane (Distances in A, Angles in Degrees)

ro fs-DFWM/ o micro- r, electron ro MP2

parameter CCSD(T)/cc-pVXZ wave diffractiort cc-pvTZH
r(C—C) 1.5562 1.5549(5) 1.552(1) 1.554
r(C—H)axial 1.0888 1.0934(19) 1.093®) 1.095
r(C— )equatorial 10865 10910(9) 1093
OHCH 109.04 109.33(14) 106.4(13) 109.03
gccc 88.18 88.23(3) 88.3(2) 87.89
0 28.92 28.32(23) 27.9(16) 30.90

aThis work.? For cyclobutaned, cyclobutane-1,1h; refs 30 and 31¢r, distances; ref 219 Reference 248 r(C—H)axial is assumed to be equal

to r(C— H)equatoria{

TABLE 4: Equilibrium ( re) Structure Parameters of Cyclobutane (Distances in A, Angles in Degrees)

re fs-DFWM? re CCSD(T) re CCSD(T) re CCSD(T)

parameter CCSD(T)/cc-pVXZ cc-pvQ2 cc-pVTZ aug-cc-pVTZ
r(C-C) 1.5474 1.550 1.5524 1.5535
Ir(C—H)aia 1.0830 1.091 1.0920 1.0929
T(C_ )equatorial 10810 1089 10901 10910
OHCH 109.24 109.07 109.13 109.15
0ccc 88.04 88.07 88.00 88.06
0 29.79 29.59 30.11 29.68

aThis work.? Reference 23¢ Reference 24.

tional level splittings of 228 9 MHz for C4Hs, 95 + 4 MHz

for 1,1-d>-cyclobutane, and 5.% 0.2 MHz for C,Dg.3! Egawa

et al. have also fitted separate rotational constants for the
0t/0- and the v 1t/1- levels?® However, the fitted
differencesABy = By — B, and AB; = B — B; are about
five and two times smaller than the respective dtandard
deviations of their fit (see Table 2). Also, their fittekBy of
300 kHZ% is nine times larger than that measured by Caminati
et al. for cyclobutane-1,#,.3! From the above, it is seen that
the effect of the puckering tunneling on tBg constant can be

measured only if the rotational constants are measured with

accuracy in the kHz range.

To constrain the number of free parameters in the fit, we
initially fixed the ABy difference to 35 kHz, the value for
cyclobutane-1,1,.3! Similarly, the AB; difference for theg v
= 1 state was fixed te-4.2 MHz, as given by Egawa et &.
With these constraints, our fit convergesBe and B; values

10.8
N 10.7 4 -
I
O
o 10.6
5]
mO
10.5
10.4 - v
. A . . . T
1.545 1.55 1.555 1.56
ro(C-C)/ A

Figure 6. Ab initio equilibrium rotational constan®. calculated with
the MP2 and CCSD(T) methods plotted vs thgC—C) bond length,
using the cc-pVDZ and cc-pVTZ basis sets (marked as 2, 3). Also
shown are the MP2 vibrationally averag8d constants. The det

that are consistently 0.011% or 1.2 MHz smaller than those dashed lines connect the MP2 values; the full lines connect the CCSD-

given by Egawa et al., as given in Table 2. Also, Byvalues

(T) equilibrium values. The vertical dashed arrows show the effect of

converge to values about 4% smaller than those of Egawa etvibrational averaging on thB. constants at the MP2 level; this shift is

al., see Table 2. These differences arise because our experimeﬁ
reproduces the entire room-temperature thermal population up

to J = 90, whereas Egawa et al. fitted transitions only ug to
= 15 and Li et al. up ta) = 7.2933

Two additional fits were performed to determine only the
tunneling splitting. In the first fit, all rotational and centrifugal

constants were fixed at their converged values, except for the yagiraple at the CCSD(T) level

rotational constant of thes = 0~ level. We obtainB, =
10663.4192(2) MHz, which is 3% 2 kHz smaller tharB;.

ansferred to the CCSD(T) level, where no vibrationally averdged
alues are available. The experimergals drawn as a horizontal line.

B. Molecular Structure. An overview of vibrationally
averagedrp, r) structure parameters of cyclobutane determined
previously and in this work is given in Table 3. Although
calculations of vibrationally averaged structures would be
they are currently beyond
computational reach. Hence, we adopted the procedure previ-
ously applied for C§"-18 which combines (i) complete basis

This is in good agreement with the analogous difference set (CBS) extrapolation of (i) MP2 vibrationally averaged

measured for cyclobutane-1¢lh; which is 35+ 7 kHz3! In
the second fit, onlyB; was allowed to vary, which resulted in
AB; = —3.059 MHz; note thaB; is larger thanB;. This

rotational constants to the experimental rotational constant using
(iif) a CCSD(T) correction.
We begin with the equilibrium structure parameters and

tendency was also observed by Egawa et al., who obtained arotational constant®. andC, of cyclobutane calculated at the

difference of—4.2 + 5.9 MHz?®
The centrifugal constani3; o andD; ko could be determined
to within £11 and+36 kHz (1o), respectively, which is one to

MP2 and CCSD(T) levels using the cc-pVXX € 2, 3) basis
sets?* Figure 6 plots thesd3, values versus the respective
calculated equilibrium €C distancesr{C—C). The CCSD-

2 orders of magnitude more accurate than those in previous(T) corrections, that is, théifferencesf the CCSD(T) and MP2

work.2230The signs and magnitudesDdf andD; are consistent
with the Aj and Ak centrifugal constants of the cyclobutane-
d; isotopomet? and also with those of the anharmonic ab initio
calculationg*

equilibrium rotational constants are denotee = B, [CCSD-
(T)] — Be (MP2). Note that the CCSD(T) and MP2 lines run
very closely parallel, the CCSD(T) correction beind. =
+32.5 MHz.
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Figure 7. Ab initio calculated rotational constani from MP2 and
CCSD(T) calculations an&, from MP2 calculations, plotted vs the
calculated G-Haxai and C—Hegquatoria €quilibrium bond lengths. The
dashed lines connect the MP2 values calculated with the cc-pVDZ and
cc-pVTZ basis sets (marked as 2, 3). The full line connects the
analogous CCSD(TBe values, the effect of vibrational averaging on
the Be constants is transferred from the MP2 to the CCSD(T) level, cf.
Figure 6. The experiment&, is drawn horizontally.

1.075 1.085 1.11

Given the ab initio intramolecular force field, the effects of
vibrational averaging can be treated computationally by second-
order perturbation theord#~46 Previous experience shows that
vibrational averaging effects are estimated reliably at the MP2
level1718Blake and Xantheas have calculated the MP2/cc-pVTZ
vibrationally averaged, and C, constants of cyclobutarig,
which we have complemented with the analogous MP2/cc-
pVDZ calculation. The MP3, constants are also indicated in
Figure 6; note that the vibrational averaging decrease8the
rotational constant by~120 MHz, as indicated by vertical
arrows in Figure 6.

Finally, the vibrationally averaged CCSD(T) constants are
estimated by combining the CCSD(T) correctidBe with the
MP?2 vibrationally averageB, constantsBg[CCSD(T)] & Bo-
(MP2) + ABe., see Figure 6. The experimentd} is drawn
horizontally in Figure 6; the difference between BgandB,
constants is smaller than the width of the lines. BggcCSD-

(T)] line extrapolates to intersect the experimeriBglline at
re{(C—C) = 1.5474 A, with an estimated error &f0.0001 A.
Figure 7 shows the analogous plots for the-Kea and
C—Hequatoriabond lengths. From the intersections of lower full
lines as estimates fdB[CCSD(T)] with the horizontaBo,exp
line we deriverg(C—Haxia) = 1.0830(2) A and o(C—Hequatoria)

= 1.0810(2) A.

The analogous plot for the angtebrings out the effect of
including correlation at the CCSD(T) level. As noted by Blake
and Xanthead). decreases by°2vhen going from the MP2 to
the CCSD(T) levet* Note the relatively large difference
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Figure 8. Ab initio calculated rotational constan® from MP2 and
CCSD(T) calculations an&, from MP2 calculations, plotted vs the
calculated equilibrium ring-puckering angle See also Figures 6 and
7.
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Figure 9. (a) MP2/cc-pVDZ calculated rotational constaBy as a
function of puckering anglé. (b) Ring-puckering potential(0), with
superimposed probability distributiong,|? of the v = 0 (full line)
and v = 1 (dotted) puckering vibrationgs. The vertical arrows
schematically indicate the decrease of the vibrationally averaged angle
[®,0with increasing vibrational excitation in the ring-puckering mode
Ve.

between the calculated MP2 and CCSD@angles and the
steep angle dependence 8p as a function off. The
extrapolatede is 29.8.

C. Ring-Puckering Dynamics.Beyond the equilibrium ring-
puckering anglef, the tunneling dynamics along the ring-
puckering coordinate has been at the focus of interest of both
experimental and theoretical studies for many yéafg30-32:47
Malloy and Lafferty reported puckering angles of-287° for
C4Hg and discussed the difficulty of determining from
vibrational spectra. Egawa et al. determined a vibrationally
averaged puckering anglg = 27.9+ 1.6° from a combination
of electron diffraction and high-resolution IR spectroscopy. From
the analyses of the microwave spectra of cyclobutnehe
Bauder group reported a vibrationally averaged puckering angle
0o = 28.58+ 0.09,20 and for cyclobutane-1,, of 6o = 29.55
+ 0.03 .31 Champion et at’ calculated the changes of molecular
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structure along the puckering path at the SCF 4-31G(d,p) level  (3) Felker, P. M.; Zewail, A. H. Rotational Coherence Spectroscopy.

and used a semirigid bender model to fit the observed infrared '”gg‘;m\tfoﬁefond ChemisirManz, J.; Wete, L., Eds.; VCH: Weinheim
and Raman frequencies and rotational constants of the deuterated ™ 4) Frey, H. M.; Beaud, P.; Gerber, T.; Mischler, B.; Radi, P. P.;

cyclobutane$?31they obtained a slightly larger angle and wider Tzannis, A. P Appl. Phys. BL999 68, 735.

confidence intervalfo = 30.0+ 1.5°. 577(25) Brown, E. J.; Zhang, Q.; Dantus, Nl. Chem. Phys1999 110,

. Figure 9p shows t_hat the V|brat|onallaverag|ng alp_ngwle (é) Lang, T.. Frey, H. M. Beaud, P.. Motzkus, M. IRaman
ring-puckering coordinate decreagelative to the (.aqunlbnum. SpectroscopyZhang, S.-L.; Zhu, B.-F., Eds.; Wiley: New York, 2000.
anglede because of the strong asymmetry of the ring-puckering (7) Lang, T.; Beaud, P.; Frey, H. M.; Motzkus, M. Chem. Phys.
double-minimum potentig:-3 At the MP2/cc-pVTZ levelfe 2001 115 5418.

_ ; oR4 i (8) Frey, H. M.; Beaud, P.; Gerber, T.; Mischler, B.; Radi, P. P;
0o is calculated to be 0°%* Figure 9a shows that the Tzannis, A. P.J. Raman Spectros200Q 31, 71.

calcglated Be const.ant as a function of goes through a (9) Frey, H. M.; Miller, A.; Leutwyler, S.J. Raman Spectros2002
maximum that fortuitously lies close th. Becausé decreases 33, 855. _
because of vibrational zero-point averaging and more so upon_ (10) Frey, H. M.; Beaud, P.; Lang, T.; Motzkus, M. Femtochemistry

itati f th de B al d Th d and Femtobiology, Ultrafast Dynamics in Molecular Sciendeuhal, A.;
excitation ot theve mode, b also decreases. Iheé measured ggniamaria, J., Eds.; World Scientific Publishing: Singapore, 2002.

decrease fromv = 0 to v = 1, ngs - Bibs, is 20.25 MHz (11) Jarzeba, W.; Matylitsky, V. V.; Weichert, A.; Riehn,Phys. Chem.

(Table 2), which is in good agreement with the MP2/cc-pVTZ Che1n21. i/lhyts?'?okz 4\7/431‘& ba W Riehn. G Brutschv. B.R
predicted decreangaIC — Bia'c = 18.45 MHz?4 This also Spéct?oscazc))/(;; 3y3‘), 877 arzeba, W, RKiehn, &, brutschy, .Raman

rationalizes that th@&,~ rotational constant is slightly smaller (13) Jarzeba, W.; Matylitsky, V. V.; Riehn, C.; Brutschy,@hem. Phys.
thanBg. We note, however, thd, ~ is larger tharB; (Table Lett. 2003 368, 680.

. . . (14) Riehn, C.; Matylitsky, V.; Jarzeba, W.; Brutschy, B.; Tarakeshwar,
2), contrary to expectation. It would be interesting to calculate P Kim, K. J. Am. Chem. S0@003 125, 16455.

the detailed effect of excitation in the mode in terms of a (15) Riehn, C.; Matylitsky, V. V.; Gelin, M. FJ. Raman Spectrosc.

semirigid bender modé. 2003 34, 1045.
(16) Kummli, D.; Frey, H. M.; Keller, M.; Leutwyler, S1. Chem. Phys.
2005 123 054308.

(17) Kummli, D.; Frey, H. M.; Leutwyler, SChimia 2006 60, 212.
The rotational and centrifugal constants of cyclobutanglgC 45113%)7 Kummli, D.; Frey, H. M.; Leutwyler, SJ. Chem. Phy2006 124,
have been measured accurately using femtosecond rotationa (19) Frey, H.-M.; Kummii, D.; Keller, M.: Leist, R.; Leutwyler, S. In
Raman coherences, detected by degenerate four-wave MixXiNgrFemtochemistry and Femtobiolagiartin, M. M., J. T. Hynes, Eds.;

Rotational coherence transients of the 0 vibrational ground Elsevier: Amsterdam, 2004.
state and thes (v = 1) excited vibrational state have been  (20) Stone, J. M. R.; Mills, I. MMol. Phys.197Q 18, 631.

recorded over a total delay time of 950 ps. The analysis yields bar(glhl.z%ivéi’ ¥ iﬂﬁ%tasﬁ]a;qT'éﬁzmégﬁ;gigégg%k%%aly;sh" F.. Kam-

the rotational constants with a relative accuracy-@f x 1076 (22) Egawa, T.; Yamamoto, S.; Ueda, T.; Kuchitsu,JKMol. Spectrosc.
This about 30 times more accurate than that obtained by high-1987 126 231.
resolution Fourier transform infrared spectroscé8yd similar (23) Glendening, E. D.; Halpern, A. M. Phys. Chem. 2005 109

to the accuracy achieved by microwave spectroscopy for two (é4) Blake, T. A.: Xantheas, S. 3. Phys. Chem. 2006 110, 10487.
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vibrational states, leading to slight differences of the rotational S¢and-1961 15, 711.

. 27) Lord, R. C.; Stoicheff, B. PCan. J. Phys1962 40, 725.
constant$3y andB; (vs = 1). These differences were measured §283 Ueda, T.: Shimanouchi, T. Chem. ph{,slgfsa 49, 470.

to beBg — By, =33+ 2kHz andBIr — B; = —3059+ 4 kHz, (29) Egawa, T.; Yamamoto, S.; Kuchitsu, K. Mol. Spectrosc1988

respectively. This shows the potential of the fs-DFWM method 129 72. e

for high-accuracy measurements of rotational constants. 1413(2))45\{ ogelsanger, B.; Caminati, W.; Bauder,@hem. Phys. Lett 987,
We have also performed ab initio MP2 calculations of the  (31) caminati, W.; Vogelsanger, B.; Meyer, R.; Grassi, G.; Bauder, A.

equilibrium and vibrationally averaged structural parameters and J. Mol. Spectrosc1988 131, 172.

rotational constants, using the cc-pVXX & 2,3) basis sets. gg I’:’i'ago}"c;-nz-r o“"r;? é"".ﬁsr:%b;’vi_% ’\c/l:(rjmlé rﬁpﬁﬁtyr?f;éﬁ%(f‘ésﬁ%'
In combination with the results of previous ab initio calcula- (34 Roberts, J. D.: Sater, C. W. Am. Chem. Sod949 71, 3925.

tions2324it was possible to improve the MP2 values using the  (35) Shen, Y. RThe Principles of Nonlinear Opticslohn Wiley &

nearly constant difference of tleguiliborium CCSD(T) and MP2 Sons: 1984. o ) )

Be constants and thereby correct the vibrationally anharmonic _(36) Mukamel, SPrinciples of Nonlinear Spectroscap@xford Uni-
. L versity Press: New York, 1995.

MP2 B, constants to CCSD(T) quality. The combination of an "~ (37) Grimberg, B. I.; Lozovoy, V.; Dantus, M.; Mukamel, $. Phys.

extrapolation procedure to the experimeniglallows us to Chem. A2002 106, 697.

determine the. structural parameters of cyclobutane to very (38) Burenin, A. V.Opt. Spectrosc2004 97, 860.
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