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A Two-Dimensional Potential Energy Surface and Associated Quantum States for the
Ring-Puckering Vibrations of Two Equivalent Rings: A Study of Bicyclo[3.3.0]oct-1,5-ene
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The results of ab initio calculations have been utilized to produce plausible two-dimensional energy surfaces
of the formV = a(x;* + %% + b(x:? + %2 + cx?x? + dxux, for the ring-puckering vibrations of bicyclo-
[3.3.0]oct-1,5-ene, with each coordinate representing the puckering motion of one ring. Polynomial expressions
for the kinetic energy (reciprocal reduced mass) associated with the puckering motions of the rings were
developed and utilized. These expressions were used together with the potential energy surfaces to calculate
the quantum states and spectroscopic transitions for the puckering motions. The effect of varying the potential
energy parameters (ring-to-ring interaction) andl (cis-trans energy difference) on the energy levels and
transitions was examined. The expected spectra are very rich and complex.

Introduction

In the preceding papkwe presented the vibrational spectra
and ab initio calculations for bicyclo[3.3.0]oct-1,5-ene (BCO). - _
The analysis of the infrared and Raman spectra together with  fLecceaeax mm—meeee
the ab initio results demonstrated that the two five-member rings
of this molecule are puckered in either the cis or trans Figure 1. Definition of the ring-puckering coordinates andx..
configurations. The ab initio calculations also predicted relative
energies for th€,,, Con, D2n, andCs structures of this molecule.  The Vibrational Hamiltonian
In the present paper we derive two-dimensional potential energy . . . .
surfaces for the ring-puckering using the ab initio computed In_ a number of previous studies (.)f Iarge amplitude rng
potential energies of the different structures and use these/motions we have carried out Fwo-ghmensmn.al calculatlons
surfaces to characterize the puckering quantum states and th(%or m(z)l_escules where the two V|brat|0n38 considered are dif-
vibrational spectrum of the large amplitude puckering motion. erent: For example, for phthaldn® or 1,3-benzo-

. . . . dioxole?10 the ring-puckering and ring-flapping modes were
-:;he rlngi;puckﬁrlng far;lnflrared _spegtru;n of BCQ s expected considered. In the present case for BCO, the two pucker-
to be weak as the out-of-plane ring-bending motions generateing vibrations are equivalent. Hence, the vibrational Hamil-
only a small dipole moment change. Moreover, the compound , . > 511
) . toniar? 6
boils at 142C and thus the sample must be heated substantially

to obtain sufficient vapor pressure for recording the gas phase
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spectrum. This is not a trivial task for far-infrared spectra since H = — ;l[igM(xl,xz)i + igss(xlyx Z)i +
the window materials either do not withstand high temperatures 2| % Xy Xy 9%,
(polyethylene) or transmit poorly (silicon). In addition, upon 0 9, 3 0
heating the long-path cell, water adsorbed on the cell surfaces axlg45(x1’)(2)ax2 + ang45(X1’X2)ax +V(xxp) (1)

vaporizes and causes cluttering of the far-infrared spectrum with
numerous strong water bands. Consequently, we have only bee
able to obtain some poor quality far-infrared (FIR) spectra of

BCO sh(iwing a broad unresolved absorption maximum around yefineq in Figure 1. The kinetic energy (reciprocal reduced
200 cnt! and a few resolved bands not attributed to water, mass) expressiongus, gss, andgas, are explained below, and

VWVZI;h can only support our theoretical findings in a general \; ig the potential energy, for which the simplest representation
The nature of the potential energy surface, the puckering
guantum states, and the spectral features derived in this work

should be similar to those of other molecules with similar
structure. The present results should thus provide a reasonable

starting point for the analysis of far-IR spectra recorded for such The coéfficieniamostly reflects angle strain of the rings, while
molecules. b, which is negative, determines the barriers to planarity of the

rings, which arise from-CH,—CH,— torsional interactions. The
- third term models the ring-to-ring interaction and the last the
* Corresponding author.

T Permanent Address: Department of Technology, National Defence asymmetry, Wh_iCh causes the pUCke_ring_ of the two rir_lgS in the
College, Helsinki, Finland. same or opposite directions to result in different energies. Other

10.1021/jp0309419 CCC: $27.50 © 2004 American Chemical Society
Published on Web 12/31/2003

s symmetric with respect to permutation of the puckering
coordinates of the two rings. The coordinatgsand x, are

in the present case is

V=a(x"+ x,") + b(x* + x,) + cxX%," + dxx, (2)
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TABLE 1: Components of the Bond Vectorst; = au + b.T

+ ¢k for the In-Phase and Out-of-Phase Ring-Bending
Vibrations of Bicyclo[3.3.0]-oct-1(5)-ene (BCO)

a bj Ci
Ui R 0 0
Uz Xa3 Ya3 0
u3 —Xaa4 Y34 ) Z
ui —Xaa —Yaq 4
us Xo3 —VYa3 0
Ug —Xi6 —Y1§ 0
Ui Xs7 —Yer 7
Ug Xe7 Yo7 —Z7
U —Xi6 Y16 0
Uio Pax + vz Pay + Uzy Paz + vz,
Ui1 Pax — vsx Pay — v3y P3z — vz
512 8 E“y + Z‘W B“Z + 542 Figure 2. Coordinate vectors for defining the atom positions of BCO
13 Ay Vay 4z Uaz as a function ok, andx,.
s —(Pstes)  —(oytes) (Pt es) T
ug (P~ v39) Py — v3y) ~(Paz — va) R . , N
L&Z —(Psi + Usi) _(pz + yzyy) _(p; + Usi) are defined in Figure 1. This allows caIcuIann of the derivatives
Uiz —(Ppsx — v8x) —(pey — vsy) —(psz — vs7) of the typedri/dx;, where ther; are the coordinate vectors of
Uis 0 Pry + vy prz + vz, the different atoms andj = 1 or 2. These are used to set up
Uio 0 Pry — vry P72 =~ viz the 5x 5 G~1 matrix which can be inverted to obtain tlg
Lo Pax + vax Pey + vy Pea Ve = and gss elements as functions of; and x,. Finall
Uz1 Pex — vsx Psy — vsy Psz — vsz Os5 Qa5 1 2 ys

polynomial expressions in the two coordinates are fitted to the
surfaces thus determined.

Figure 2 shows the definition of the vectors used to define
the atom positions, and Table 1 presents the expressions for

2X]
v N N

the components of each vectal, & ai + b.j + ¢ik) as
Y—z Ny 4x22] functions of the puckering coordinates. As the ab initio results
shown in the preceding pageindicate, the true puckering
Xo3 = X5 = R, sin( _ g) =Y, =R, cos(y _ g) motion invqlves small .clhanges in all bond Igngths and angles.
2 We use a slightly simplified model for the motion here, however,

keeping all bond lengths and angles fixed and only allowing

/ v 2_ 2

Xoa =Xzt 75 ~ X' Yo = Yad' — 2 the anglef to vary as the apex atoms move in a plane
perpendicular to the plane defined by the rest of the skeletal

X7 = X16+ = VR - X571 Yo7 = o/ carbon atoms. The position vectors of the hydrogen atoms of

0 o the CH; groups are defined in terms of their components in the

[ 2.2 T, [ 2 — ] direction of the bisector of the CCC angte,or 3, formed by

P; = P(R, TLlpU) = R, cos(%) R R3 5(2 3 the two adjacent skeletal carbon atoms and the carbon atom of
L_% 3( 1) the CH group, the pvectors, and in the direction perpendicu-
R, R lar to the CCC plane, th& wectors. We do not consider
o T\ 0, G x Ty flapping between the two ring systems in this work, so the apex
3= (R, Tl ) = R S'”( )|u2 <0 =R S'”( R,R, sinf; carbon atoms are the only skeletal atoms allowed to move. Using
- o our usual procedurésl” and the calculated ab initi®,n
Pa = P(Re T U ); 4 = 7(R5, T, Uy ) structure shown in Figure 2 of the preceding papee obtain
B; = P(Rs, Ta,UnU); 77 = V(Rs, T30, ) the following kinetic energy expressions for the structure wi@h
o o o all skeletal carbons except the ones performing the puckering
Pe = P(Ry. T2 Ug.Us): Vg = (R, Tl ) motions being coplanar:

Constants:R, = 1.336;R, = 1.496;R, = 1.558;R, = 1.092;
Re=1088 g (x,X)=0.00695594- 0.0293678%,% —
0.08068994,* + 0.7722150%,°+ 0.0000018,% —
0.00571168," + 0.0335978,° + 0.0084143%,*,” —

y=113.2;T,= 106.6; T, = 106.9

possible terms in a two-dimensional potential function modeling

the interaction between the rings, suctxg, andx;x,3, were 0.00998672,°x, — 0.00879118,X,” + 0.0018924%,x,
deemed to be unnecessary in this analysis. 3)
The Kinetic Energy Part of the Hamiltonian 55X, %,) = 0.00695594+ 0.0000018,” —

4 6 2
We have previously described the utilization of vector 0.00571168," + 0.0335976&; _0029368242 -

methods for determining the kinetic energy expressions for a . 0806899&2 +0. 772215052 +0. 00841432

variety of molecules examined either one- or two-dimen- 3

sionally2-17 What are required are the expressions showing 0.00879112,%, — 0.00998672,x," + 0-00189245@(2
how the coordinates of each atom change in the center of mass 4)
system of the molecule as functions of the vibrational coordi-

nates, in this case the puckering coordinatgsndx,, which and
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QX %) = — 0.00163297+ 0.00522358,% +

0.02660472,* — 0.2082824%,° + 0.00522358,% + 00070717 --‘““t‘“\\“\\—w I
0.0266047%," — 0.2082824%,° — 0.01290498,*,” +
0.03336618,°x, + 0.03336618,x,” — 0.00966328X, 0.00851 B
(5) g, i
0.0060171 ~]

The corresponding surfaces are shown in Figure 3. As expected,
044 andgss show considerable coordinate dependence;@nd

X2, respectively, but only a little on the other coordinate. The
cross kinetic energy termmys depends equally on both coordi-
nates (as it must) as well as on whether thandx, have the
same or opposite signs. Thus the degeneracy of the lowest
puckering states of theis- and transconformations of the . =
molecule is lifted already by the kinetic energy contribution to =7 : e : D\
the Hamiltonian. The same expressions, eg5,3vere also used

in the calculation of the vibrational energies for the potential
energy model derived for the slightly flapped molecule, as
described below. It should be noted that the leading terms for "]
Oa4, 055, andggs are by far the most important for the calculation 0‘0070"7 ,,;5555§553553§33;;;;;;,;;;;;;-.__! r
of the quantum states, and these are obtained from the structure N
calculated for the planar form. Thus, while the vibrational II i ””III;I AR
description characterized by Table 1 may be somewhat imperfect 0.00659~ I””/II ””’ [ ””Illll (\\\\\\\\\\\‘ ]
and may differ a bit from the ab initio pathway, this will affect g

the calculation of the quantum states only slightly. 55

0.0060- ; il il A\\ \\ q

The Potential Energy Part of the Hamiltonian

Unlike in most of our previous work, where the potential I
energy surfaces (PES) have been derived empirically from the 0.00551 I
observed transitions, here it is calculated from the relative 4
energies of the energy minima of tk,, Con, Don, andCs ab -0.
initio structures, as described in the preceding pafdeble 2 . N
summarizes the relative conformational energies calculated for . \-» . N
four different structures using two different basis sets. Results :
for both the flapped and planar conformations are shown. The
MP2/cc-pviz triple€ calculations should provide the best results.

The ab initio calculations predict a small flapping angle T ’Q.
between the two rings at the potential energy minimum, which j/ ’0’0.0. -
occurs 164 cm! (triple-¢ value) below the energy of the cis -0.0008 4+ ”N.O. "
(C2) form. However, we have studied the planar model shown B VQ’Q’Q’N“.’F ”,' n
in Figure 1 for which all but the apex carbon atoms remain in -0.0010 H—1 e’””.\’q\v’ "//}"
the plane (nonflapped model) as well as the flapped molecule. 5\’0’0’0’0’0’0".’00’0“6,
The potential energy parameters for the function in eq 2 for the g45 | \ :
planar molecule were determined to be -0.0012 %Y
a=1.163x 10°cm YA* -0.0014 . )
b= —2.955x 10" cm /A2 00016 WIS >4 22
_ o™
d=—2.571x 10°cm YA? (6) 02 41 +§'

andc was taken to be zero. Table 3 compares the energy values Y q) ' 0.2

for this potential energy surface to those from the ab initio Figure 3. Kinetic energy functions for BCO.

calculations. The table also compares the coordinate values for ) . _ -

the energy minima. It can be seen that the parameters in eq 6-ABLE 2: Calculated Conformational Energies (cm™) for
. s CO Structures

above reproduce the energies and the minima very well.

Moreover, the values correspond well to those determined for ___basis set model cis trans sC planar
cyclopentené’ The puckering motion of a single ring has a  MP2/cc-pvtz with flapping 0 229 348 572

rrier lanari f 220 crmi for B rdin h MP2/cc-pvtz no flapping 0 65 220 408
barrier to planarity o 0c or BCO, according to the ab MP2/6-3HG* with flapping 0 228 380 633

initio calculations, whereas cyclopentene has a barrier of 232 \,05/6.31+G*
cm™1. The cyclopentene dihedral an¥lés 26> compared to

24° for the cis structure (26for the W-shaped structure) of We have also calculated the potential energy surface and
this model. The potential energy surface for the parameters in quantum states for the flapped molecule, which has an equi-
eq 6 is shown in Figure 4. librium structure in which each ring is bent out of the plane by

no flapping 0 84 267 490
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TABLE 3: Comparison of Potential Energy Surfaces for
BCO

i W i

I

=

iy T —
P g 800
function I (no-flapping)  function I (with flappingp c “\\“:‘“‘"’,’”’% M%%;II[I””‘..
parameter  abinio egs2and6  abinto  egs2and7 & il M/Ml#’/,’,’lll,‘l’llll‘.. 600
Epianar— Ecis 408.0cnt! 408.8cm! 571.6cm!  571.5cmt? 3 \ \\,’:0:0“‘\ 2“",','!’,%’" w0
Etrans — Ecis 65.3cm!  65.3cm!  229.0cm!  229.0cmt ) o R :o,t,'zzl/
Esaddle— Es~ 220.Zcm™t 220.3cm!  348.0cm™t  346.6cmt ] > N gt 20
) 0.115A 0.115 A 0.125 A 0.125 A = KA 0
pi 0109A  0110A  0.109A 0.110 A = W 0
e 24.0 26.7 26.1 S b
CIS - \‘.."
dihedral angle 22.6° 23.C0 22.6 23.C¢ g. t‘i’: _
(trans) 7////@@)\\\&
2V =1.163x 10° (x* + %% —2.955x 10" (%2 + %% — 2.571x \

108 X1X2 by = 1.170x 10° (X14 + X24) —3.244 x 10¢ (X12 + Xzz) -
8.259 x 10® xix, °Calculated to be on the, andx; axis; the actual

saddle point energy is slightly higher (0.8 and 13.4 tfor functions
| and I, respectively).

B
i — Figure 5. Potential energy surface for BCO calculated from ab initio
<o \ \\“:W%WWWI”IIII'. 800 conformational energies (flapped model).
£ I . . . _ _
S i WQ"I””’%WIII;‘”I”... 600 above that is approximately 100. Calculation of the infrared
3 \\W»l”l”I’f/lllllll,"ll'”II. 400 intensity of the transitions between the levels requires the
5 M“‘i’“"lzll .. derivative of the dipole moment with respect to the puckering
ﬁ:_\ "'"'55':,' . 200 coordinate, which we have not calculated. However, the relative
w 4 0 intensities of the transitions will be proportional to the expression
. 0o o s
e ,/'//44@;2»,%%% i) DR~ ) — &R~ ) rH2IE - @)
. 04@3‘2%&((;%@‘ =¥ whereZ = x; or X, (0r X2, X2, or x;x; ) andd| and|ilCare the
<, \Q\\‘((Q(Q__‘))?/' < . final and initial states of the transition with energiésand k
o > o s ~\_3} (in cm1) and the transition frequenay (in cm™1). Values
'gﬁq/" o <V

using this expression are readily calculated with our computer
Figure 4. Potential energy surface for BCO calculated from ab initio Program. Because of the symmetry of this molecule, the
conformational energies (nonflapped model). puckerlng motions of the two rings in any given eigenstate occur
either in-phase (even) or 180ut-of-phase (odd) andx,|i(
3.7 (172.6 flapping angle). The potential energy parameters = [f|x,|i2 for all transitions. Also, for transitions between even
obtained for this structure are and odd statef|x|i(2 =0 and|xx|il8 = 0, and vice versa for
transitions between states of the same symmetry. In the
a=1.170x 10° cm YA* calculation of the transition probabilities, which was done for
T = 300 K, only transitions originating from the first 50 levels
b= —3.244x 10* cm YA? for which the expression eq 8 yielded a value larger than 5
1,22 1075 for Z = x; were considered. The largest values from eq 8
d=—8.259x 10°cm /A ) obtained for the transitions were on the order of 0.03. The
qule 3 also s.hows t.he agreement_between this EES and .the aﬁﬂ?gearss hgg\;;i:]neghev\filtghurs; v;ersyggr(:{:gtigsryégneﬂ:;ﬁg I?r?ethe
initio calculation (triple€). For this PES the cis well is  yangjtions on the wavenumber scale with Gaussian profiles of
considerably deeptfr and there is a much greater energysypn — 0.5 cnrt and calculating the resulting profile every
difference (229 cm’) between the cis and trans wells. The ¢ 1 cny1 The number of transitions obtained with these criteria
potential energy surface for the parameters in eq 7 is shown in

; is on the order of 600 in the spectral range4D0 cntl.
Figure 5. However, as the computations showed transitions from even

. S the 50th level giving values for eq 8 on the order of 0.006, a
Calcu!a}tlons of anntum States and Vibrational fair number of transitions with some intensity are probably
Transition Intensities

missing in the computed spectra in the region around 100-.cm
We have calculated the quantum states and the vibrationalThis does not affect the conclusions that can be drawn from

transitions for the potential surfaces with the parameters of egsthis study, however. Figure 6 shows the one-dimensional slice
6 and 7 using the computer programs we have describedalong x,™" for the potential energy surface of eq 6 with the
elsewheré—>11 The prediagonalized one-dimensional basis lower quantum states and some of the more intense transitions
functions were calculated using 100 harmonic basis functions indicated, and Figure 7 shows the same things for the potential
(v = 200 cn1?). The two-dimensional problem was solved in  energy surface of eq 7. Figures 8 and 9 show the corresponding
a (20 x 20) basis using the 20 lowest energy prediagonalized spectra with the assignment of some of the more prominent
one-dimensional basis functions for each coordinate. The densitybands shown as illustration.

of vibrational states for these potential surfaces is quite high, This exercise shows that it probably would be quite difficult
being of the order of one level for every 10 cthon average. to assign the bands in the far-infrared spectrum for this or a
The number of levels between the ground state and 1000 cm related compound without modeling the spectrum. The spectrum
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500 1

400 -

V(cm™)
300 4

200 4

100 1

trans

0.0
X,(A)

Figure 6. One-dimensional slice of the potential energy surface for

BCO along thex]™ value (0.115 A). The dotted line at 408 cin
indicates the height of the central barrier (nonflapped model).

0.1 0.2

700 \ I
| '2524
600 | [
¥ 7120
I ]13
- Jie
5009 = ;‘3,11
_ ]12
V(Cm 1) ‘l “12; "
400 \ J
| N
300 \ /“
A
200+ 360
0,1
229
100
0 / L A
cis trans
02 01 00 oA 02
o
X,(A)

Figure 7. One-dimensional slice of the potential energy surface for
BCO along the;" value (0.125 A). The central barrier is at 572¢dm
(flapped model).

is likely to be very rich, showing transitions from many levels
with many different transitions from each level occurring with
similar probability. Even with a good potential energy model

the task would not be simple. In the computed spectra many of

J. Phys. Chem. A, Vol. 108, No. 3, 200413
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Figure 8. Calculated infrared absorption spectra for the ring-puckering
vibrations of BCO (nonflapped model). The assignments of some of
the more prominent bands are shown as an illustration.

Derivation of an empiric energy level diagram even for the
lowest states from a measured spectrum would nevertheless be
difficult because these bands are not well connected by
frequency sums or differences, which could be used to confirm
the correctness of a proposed diagram. The transitions from the
levels in the cis potential well (i.e. s, 1-5s,0-7 vs, 1-6

s, -8 w, 1-9 s, 0-11 m, 1-10 w) do not end with large
probability on the same levels as transitions originating from
the trans well (i.e., 28 m, 3-9 w, 2—11 s, 3-10 s). Most of
these bands are not very prominent in the spectrum of the
nonflapped molecule among the numerous bands due to
transitions between higher levels. This would make the assign-
ments of these bands and the confirmation of a proposed energy
diagram with any confidence very difficult. The situation is
different in the spectrum obtained with the potential surface of
the flapped molecule. There the transitions from the lowest
levels are among the most prominent bands, including the
transitions 6-3 and -2, which are absent in the nonflapped
spectrum.

The model used in this study does not describe the spectrum
of the puckering motions perfectly. The main shortcoming is
that the flapping motion of the two rings has not been taken
into account. As shown in a previous studyhe kinetic
interactions between the flapping and puckering motions can
cause a significant redistribution of the puckering levels, which
for this molecule might have a significant effect on the ordering
of the various transitions present in the spectrum. Taking the
flapping motion properly into account would require a three-
dimensional calculation, which, considering the large number
of quantum states that need to be accurately calculated, would
not be feasible at present.

It is nevertheless worthwhile to explore the properties of this

the most prominent bands originate from the lower energy states.model of the puckering motion. Even if a detailed assignment
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TABLE 4: Effect of Parameters ¢ and d on the Potential Energy Surface for BCO (nonflapped model)

Autrey et al.

c: 0 0 0 —-5.0x 1P 5.0x 1P
parameter d: 0 —2571 —5000 —2571 —2571
Epianar— Ecis 375.4 cnt 408.8 cmt 441.6 cmt 520.7 cmt 336.5cmt
Etrans — Ecis Ocnr? 65.3 cntt 127.0 cni* 83.2 cnt? 53.8 cnT?
Esaddie— Ecis 187.7 cnit 220.3 cn1t 255.3 cn1t 353.4 cmt 152.5 cn1t
Xn(cis) 0.113 A 0.115A 0.117 A 0.130 A 0.105 A
Xmin(trans) 0.113A 0.110 A 0.108 A 0.124 A 0.100 A
8000
flapped d = - 8259, ¢ = 0 :///
oo o %
> 600
x i
) '/
GCJ 4000 1 /
£ o3 E(cm-)
— 5-23 -
/2-15 l 429 ] /
‘ 2y T —
04 IViN 4
0 100 200 300 400 ]
8000 E
0-3 B
2 1-5 | /
. 6000 N 200
2 |
@ P ]
cC 11-22 517 T
L 4000
E 0 -1000 -2000 -3000 -4000 -5000
T g o
2000 e . 520 d (cm"/ A’ )
21-32
P 15’-29 7419 0-7
k S Figure 10. Effect of potential energy parametéron quantum states
04 e B (nonflapped model)c = 0.
100 120 140 160 180 200
Frequency

Figure 9. Calculated infrared absorption spectra for the ring-puckering
vibrations of BCO (flapped model). The assignments of some of the
more prominent bands are shown as an illustration. 600

S——

——
S~ —

of the observed transitions is not accomplished, the overall
intensity pattern of the transitions would still be useful for the
determination of an empirical potential energy surface. We have E( cm _1)
calculated the energy levels as functions of the parantetér
eq 2 between 0 ang5000 cnTY/A2 keeping the values @, b,
and c fixed at the values of eq 6, and as functions of the
parameteic with a, b, andd fixed at the values of eq 6. The 400
results are shown in Figures +Q2. Table 4 shows how
changingc andd modifies the PESs. As can be seen from Table
4, a negative parameter increases all the barriers and increases
the x; and x; values for the energy minima. The opposite is
true for a positivec parameter. The levels 4 and 5 merge (Figure
11) as they drop below the barriers whemecreases. Many
higher levels, which approach each other wledecreases,
actually cross foc ~ —500 000 cm¥A4 and thus do not merge
in the range oft that was considered.

As is shown in Figure 10, the energies of all levels increase
as the value ofl gets more negative. The energies are shown
on an absolute scale whose zero-point is the energy of the cis 6 4 2 90 o2 T4

minimum energy configuration. Only negatiwk values are 5 24
C ( x 10° cm/A )

considered, giving the cis configuration the lowest energy, as
determined by the ab initio calculations. Positilrealues would

give the trans configuration the lower energy and would result Figure 11. Effect of potential energy parameteion quantum states
in slightly different energy level patterns compared to those (nonflapped model)d = —2571 cnT/Az2.

200
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Figure 12. Spectra calculated for different values of the parameteasdd of eq 2. The values of parameteasandb are those given in eq 6.

non-flapped, d =-2571, ¢ = 5 x 10°

obtained for negative because of the different kinetic energy of the d parameter. Figure 11 shows the energy levels as
contribution to the Hamiltonian. Crossings of energy levels of functions of thec parameter witld = 2571 cnt/A2 and a few
different symmetry as well as avoided crossings of levels with of the corresponding spectra are also shown in Figure 12. It is
the same symmetry are observed. Most of the avoided crossingevident from these results that the quantum states for the
cannot be distinguished from real crossings on the scale at whichpuckering of BCO are quite sensitive to both the degree of
the figures are made; however, because of the small separationinteraction between the two rings and the energy difference
between the two levels at closest approach. For instance,between the cis and trans forms and the barrier to the cis
quantum levels 9 and 10 show an avoided crossingl foi790 trans interconversion.

cm /A2, the distance of closest approach being only 0.004  Figures 10 and 11 clearly show that it would be quite difficult
cm. The four lowest energy states would be degenerate in to optimize the parameters of the potential energy surface using
the absence of coupling between the two rings. &Fer 0 the the method described in ref 11, even if an empirical energy
only coupling is provided by the kinetic energy terms in the |evel structure based on the observed spectrum could be
Hamiltonian, resulting in a splitting o#3.6 cnT* between the  constructed. At every crossing of energy levels involved in the
lowest and highest of these four levels. The splitting between assigned transitions used in the optimization, the dependence
the levels in the cis and trans wells is largestX.7 cn1?) for of the calculated frequencies on the PES parameters would
d = 0 and decreases to a few tenths of a wavenumber as thechange, ruining the optimization process. For each iteration of
energy difference of the cis and trans conformers increases. Withthe optimization, the assignments of the computed levels would
decreasingl the energies of levels 2 and 3 increase as the energytherefore have to be checked by inspection of the computed
of the minimum of the trans conformation of the molecule intensities and corresponding changes made to the input, if
increases. The levels 1 and 2 actually cross at ~ — 6.7 necessary.

cmYA2 and levels 2 and 3 at& —925 cnm/A2 . The height

above the cis conformation energy minimum of the energy of ~qncjusions

levels 0 and 1, which correspond to the in-phase and out-of-

phase puckering of the to rings in the cis conformation, is fairly ~ Both experimental data and ab initio calculations indicate that
unaffected by the parametgrin Figure 12 a few representative ~ BCO can exist in both cis and trans conformations, with the
spectral intensity distributions are shown for different values former being lower in energy. This results in a potential energy
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surface for the two ring-puckering vibrations, which has two (2) Laane, JJ. Phys. Chem. A200Q 33, 7715.
pairs of minima at different energies. This PES gives rise toa  (3) Laane, Jint. Rev. Phys. Chem1999 18, 301.

- . ) (4) Laane, JAnnu. Re. Phys. Chem1994 45, 179.
complicated pattern of energy states, between which the low (5) Laane, J. Irstructures and Conformations of Non-Rigid Molecules

frequency vibrational transitions can occur. Laane, J., Dakkouri, M., van der Veken, B., Oberhammer, H., Eds.;
In this work we have generated two plausible potential energy Amersterdam, 1993; Chapter 4.
surfaces based on ab initio calculations in order to better ~ (6) Klots, T.; Sakurai, S.; Laane, J. Chem. Phys1998 108 3531.

understand the pattern of quantum states and the vibrational353(77) Sakural, S.; Meinander, N.; Laane,JJ.Chem. Phys1998 108

spectra arising from them. We have also investigated the effect (é) Bondoc, E.; Sakurai, S.; Morris, K.; Chiang, W.-Y.; Laane)].J.
of the potential energy terms reflecting ring-to-ring interaction Chem. Phys1999 103 8772.

and the magnitude of the eigrans energy difference. Although Soc(?)QQS‘Ezal{giai’S()Sé(;S Meinander, N.; Morris, K.; Laane,JJ.Am. Chem.
the results cannot be compared to experimental data at present; (10) Laane, J.; Bondoc, E.; Sakurai, S.: Morris, K.; Meinander, N.: Choo,

they should provide a framework for future studies on bicyclical J.J. Am. Chem. So200Q 122 2628.

molecules of this type. (11) Meinander, N.; Laane, J. Mol. Struct.2001, 569, 1.
(12) Laane, J.; Harthcock, M. A;; Killough, P. M.; Bauman, L. E.; Cooke,

; : J. M. J. Mol. Spectroscl1982 91, 286.
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