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The irregular vibronic structure in theS1←S0 resonant two-photon ionization~R2PI! spectrum of
supersonically cooled triptycene is a result of a classicE^ e Jahn–Teller effect@A. Furlanet al., J.
Chem. Phys.96, 7306~1992!#. This is well characterized and can be used as an effective probe of
intramolecular perturbations. Here we examine theS1←S0 R2PI spectrum of 9-hydroxytriptycene
and the fluorescence from various excited state vibronic levels. In this system the pseudorotation of
the Jahn–Teller vibration is strongly coupled to the torsional motion of the bridgehead hydroxy
group. This torsional motion results in a tunneling splitting in both the ground and excited states.
The population of the upper level in the ground electronic state results in additional vibronic
transitions becoming symmetry allowed in the R2PI spectrum that are forbidden in the bare
triptycene molecule. The assignment of the R2PI and fluorescence spectra allows the potential
energy surfaces of these vibrational modes to be accurately quantified. The fullC3v vibronic point
group must be used to interpret the spectra. The time scale of the internal rotation of the–OH group
and the butterfly flapping of the Jahn–Teller pseudorotation are of similar magnitude. The tunneling
between the nine minima on the three dimensional potential energy surface is such that the Jahn–
Teller pseudorotation occursin concert with the–OH internal rotation. The Berry phase that is
acquired during this motion is discussed. The simple physical picture emerges of the angle between
two of the three benzene moieties opening in three equivalent ways in theS1 electronic state. This
geometry follows the position of the hydroxy group, which preferentially orients itself to point
between these two rings. ©1998 American Institute of Physics.@S0021-9606~98!02348-4#

I. INTRODUCTION

We recently described the resonant two-photon ioniza-
tion ~R2PI! spectra of triptycene ~1,9-dihydro-9,
10@18,28#benzenoanthracene!.1 The complicated and irregular
vibronic structure in theS1←S0 transition could be almost
completely assigned in terms of a simpleE8^ e8 Jahn–
Teller system. In addition, the same parameters of theE8
^ e8 vibronic Hamiltonian could be used to quantitatively
reproduce the observed fluorescence emission spectra from
some 13 vibronic levels.1 The dynamical Jahn–Teller effect
has been described some time ago, but clear and unambigu-
ous spectroscopic examples of resolved vibronic structure in
isolated molecules have been lacking until recently.1–7

The triptycene molecule can be thought of as a co-
valently bound trimer of benzene moieties fixed at 120° to
each other by two bridgehead C–H groups. The Jahn–Teller
activee8 vibration has been identified2 as the low frequency
mode shown in Fig. 1. Theex8 component of this vibration
could be described as a flapping, or butterfly motion, of the
molecule. The resultingE^ e Jahn–Teller surface of theS1

excited electronic state has three minima, each correspond-

ing to geometry of triptycene where there is a large angle
change between two of the benzene rings.3 While it is not
possible to determine whether this geometry change corre-
sponds to a opening or closing of two benzene rings from the
equilibrium value of 120°; it has previously been assumed
that the three minima correspond to a geometry where this
angle has decreased. However, the present work implies that
the minima actually correspond to a geometry of the opposite
sign, where the angle between two benzene rings hasin-
creased. In the triptycene molecule, the calculated tunneling
splitting of 0.93 cm21 indicates that the above large geom-
etry change occurs with a period of 36 ps.

Subsequently this molecule has been used as a test bed
to study both higher-order terms and perturbations toE^ e
type Jahn–Teller systems. For example, we have studied the
vibronic Hamiltonians of trimers in general,4,5 the participa-
tion of a2 vibrations via momentum coupling,5,6 chemical
substitution,7 and the formation of van der Waals
complexes.3

The successful interpretation of the triptycene spectra is
partially due to the molecule itself, as the molecular vibra-
tions clearly divide into low and high frequency groups.2 The
normal coordinates of the eight lowest energy vibrations can
be generated by the symmetry adapted linear combinationsa!Electronic mail: riley@chemistry.uq.edu.au
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of the translations and rotation of three rigid benzene
molecules.2 All vibrations containing internal benzene mo-
tions are much higher in energy. The active flappinge8 mode
at 64 cm21, is by far the lowest energy vibration. It also
exhibits the strongest coupling to the first excited state, ac-
counting for over;98% of the intensity in the R2PI and
fluorescence spectra. This low frequency and strong coupling
result in very long progressions of up to 35 members in the
fluorescence emission.1 A careful examination of the fluores-
cence spectra reveals the participation of five other
(a18 ,a28,3e8) vibrations, however the intensity from the 64
cm21 e8 vibration dominates.

One way to perturb thisE^ e Jahn–Teller system on a
time-scale commensurate with the tunneling between the
Jahn–Teller minima is to add a group that undergoes hin-
dered internal rotation with a tunneling rate of its own. This
situation is realized for 9-hydroxytriptycene, see Fig. 1. The
terminal hydroxy group, attached to one of the bridgehead
carbon atoms, undergoes a low frequency tunneling motion
across potential energy barriers that are clearly sensitive to
the change of the benzene angles from 120°. In addition,
while the point group of this nonrigid molecule will be re-
duced fromD3h to C3v , this does not affect theE^ e Jahn–
Teller problem. The vibronic group~isomorphous with the
C3v point group and theG6

2 group for non-rigid molecules!
remains the same. Here we will useA, B, andE labels for the
irreducible representations of theC3v point group rather than
the usualA1 , A2 , andE labels to avoid confusion with the
first- and second-order Jahn–Teller coupling constants which
are also labeledA1 andA2 .

II. EXPERIMENTAL METHODS AND RESULTS

Resonant two-photon ionization~R2PI! spectra of 9-
hydroxytriptycene in a pulsed supersonic jet were obtained
with the apparatus that has been described in detail
elsewhere.8 9-hydroxytriptycene~TOH! was prepared by the
procedure given in Ref. 9, and purified by recrystallization in

methanol. The pale yellow crystals with a melting point of
;245° C were placed inside the nozzle and heated to 140° C.
The carrier gas was Ne at a backing pressure of 1.1 bar.
Complexation of the chromophore with Ne, which has been
discussed in detail elsewhere,3 is very weak at the expansion
conditions used for this study. The R2PI spectra were re-
corded in the range of 272–276 nm, with the tunable laser
pulses provided by the frequency-doubled output of a Nd:
yttrium–aluminium–garnet~YAG!-pumped dye laser. The
laser beam with pulse energies of;3 mJ/pulse was slightly
expanded to avoid saturation of theS0←S1 transition.

The R2PIS1←S0 spectrum of TOH is shown in Fig. 2a,
relative to the electronic origin at 36 333.4 cm21. This spec-
trum only contains bands attributed to the12C, 1H isoto-
pomer of free TOH and not to any van der Waals complexes.
There are rough similarities between this spectrum and that
of plain triptycene.1 The most obvious difference is the dou-
bling of the vibronic bands, each main band has another
;2.6 cm21 to lower energy. In addition there appears a trip-
let of bands labelede at ;110 cm21 above the origin, while
the bandc in triptycene is very weak in TOH. The vibronic
bands are labeleda, b, c ... in analogy with the labels given
to triptycene,1 and correspond to very similar vibronic states
until the new bande in TOH. Above;150 cm21 this corre-
spondence breaks down.

The doubling of the main lines of the triptycene spec-
trum can be attributed to ‘‘hot bands’’ from the population of
the low lying vibrationalE level associated with the –OH
torsional hindered rotation in the ground electronic state. We
make this assignment for a number of reasons. The experi-
mental conditions can be varied so that there is a higher
population of the excitedE level in the ground electronic
state. This results in an observed increase in the intensity of
the lower energy band of the pairs that appear in the R2PI
spectrum. To test this assignment of the doublets, R2PI mea-
surements with deuterated triptycene were also performed.
The R2PI spectrum of TOH with the hydroxy group partially
deuterated shows doublets with a smaller splitting as the re-
duced mass of the hindered rotation decreases. Selection
rules dictate that the 2.6 cm21 splitting actually corresponds
to a difference in the ground and excited state splittings.
However, it will be shown that the excited state splitting is
very small and the 2.6 cm21 splitting is approximately equal
to the ground state splitting.

Dispersed fluorescence measurements were carried out
by exciting the molecular beam 8 mm in front of the nozzle
and collecting the fluorescence with a quartz lens and dis-
persing it with a 1.0 m monochromator. The monochromator
slit width was varied depending on the fluorescence intensity
of the excitedS1 level. The resulting bandpass was 5–10
cm21 @full width at half maximum~FWHM!#. All spectra are
corrected for laser power fluctuations and background.

The emission spectra shown in Figs. 3 and 4 consist
predominantly of one progression, with different Franck–
Condon envelopes depending on which vibronic level is ex-
cited. This progression is very harmonic with a ground state
vibrational frequency of 63.6 cm21, and extends to more
than 20 members in some cases. The emission spectra were
not used in fitting the vibronic Hamiltonian. However, their

FIG. 1. Low frequency vibrations in 9-hydroxytriptycene.~a! The normal
coordinates of the two components of the Jahn–Teller activee vibration;
and ~b! the hindered rotational motion,f, of the hydroxy group.
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nodal pattern provides the key to understanding the R2PI
spectrum. Qualitatively, the minima in the envelope of the
emission spectra reveal the nodes in the radial direction of
the excited stateE^ e vibronic wave functions. The emission
from levels a, b, and d shown in Fig. 3 can be given the
approximate radial quantum numbers 0, 1, and 2, respec-

tively, in analogy to the assignments found for triptycene.1

Levels e12e3 ~Fig. 4!, which are absent in the R2PI spec-
trum of triptycene, exhibit no nodes in the emission spectra.
The assignment of these levels will be further discussed in
Sec. IV.

III. COMPUTATIONAL METHODS

A. The vibronic Hamiltonian

We have used the basicE^ e Jahn–Teller vibronic
Hamiltonian that has proved successful in interpreting the

FIG. 2. The R2PI spectrum of 9-hydroxytriptycene relative to theS1←S0 electronic origin at 36 333.4 cm21. The vibronic bands labelsa to h are referred to
in the text. The subscripts 1 and 2 denote hot and cold bands, respectively.

FIG. 3. The single vibronic level fluorescence emission spectra of TOH
excited to levelsa2, b1, b2, andd2. The abscissa is relative to the excitation
energy.

FIG. 4. The single vibronic level fluorescence emission spectra of TOH
excited to levelse1, e2, and e3. The abscissa is relative to the excitation
energy.
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spectrum of triptycene1 and have included the torsional co-
ordinate,f, of the hydroxy group in what we will call aE
^ (e1f) coupling scheme. Clearly the hindered rotation of
the hydroxy group@Fig. 1b# will interact with the Jahn–
Teller e mode as the barrier to the hindered rotation changes
as a function of the angle between the benzene rings@Fig.
1a#.

The E^ (e1f) vibronic Hamiltonian is given by

HVIB 5H01HJT1HJTf,

H05
1

2 F2hnS ]2

]X2 1
]2

]Y2D1K2~X21Y2!G I
1F2B

]2

]f2 11/2V3~12cos 3f!G I ,
HJT5A1@2Xsz1Ysx#1A2@2~X22Y2!sz12XYsx#, ~1!

HJTf5B1@X cosf1Y sin f#I ,

I5S 1 0

0 1D , sx5S 0 1

1 0D , sz5S 21 0

0 1D .

Here theH0 contains the vibrational Hamiltonians of the
harmonic Jahn–Tellere mode and the hindered rotation of
thef coordinate. TheX andY are the dimensionless coordi-
nates of theex andey vibrational modes. The use of dimen-
sionless coordinates allows the parameters to be expressed in
energy units. It is convenient to expressX and Y in polar
coordinatesr, u in following sections. These radial and an-
gular coordinates are given byr5@X21Y2#1/2, u
5tan21@Y/X#. The Jahn–Teller angular coordinateu should
not be confused with the hindered internal rotation coordi-
natef.

HJT contains the Jahn–Teller coupling terms andHJTf

contains the coupling between the Jahn–Teller andf modes.
The analogous ground state vibronic Hamiltonian is given by
H01HJTf without the matrixI and settingK25hn. It will
be shown that it is important to include the coupling between
the Jahn–Teller mode and the internal rotation in the ground
electronic state even though it is nondegenerate and Jahn–
Teller inactive. In the excited statehn is the same as in the
ground state andK2 is allowed to be different. We allow the
excited state to have a different vibrational frequency for the
e vibration, as this was found to be important in the interpre-
tation of the triptycene spectrum.1 The final parameters are
then adjusted so the terms inH0 are harmonic (K25hn) by
‘‘scaling’’ the coordinates. We use this method so that the
excited state basis can be expressed in terms of the ground
statee basis, simplifying the calculation of the spectrum.1

The vibronic basis functionsC consist of a quadruple
product of one electronic,c, and three vibrational,f, states.

C5 (
l 5x,y

(
i 1 j 50

ne

(
k52nf

1nf

ali jk c lf if jfk . ~2!

The electronic states,cx andcy are the two components of
the E excitedS1 state;f i and f j are the one-dimensional
harmonic oscillator basis functions of thee vibration, andfk

are the trigonometric functions for the torsional coordinate.

fk5A1/p sin~ ukuf! k,0

5A1/2p k50

5A1/p cos~ ukuf! k.0, ~3!

wherei, j, andk are all integers. The total basis size is then
(23nf11)3(ne11)3(ne12), which can be further fac-
tored into symmetry blocks of theC3v vibronic group.1 Note
that the use of integral quantum numbers in this basis differs
from the case whereE^ e Jahn–Teller problem is reduced to
the angular coordinate of the lower adiabatic potential en-
ergy surface. In this case one is solving a vibrational problem
on a single surface and half-odd-integral quantum numbers
are required to force a sign change in the vibrational wave
functions every 2p. In the present case an adiabatic separa-
tion of potentials is not possible.

B. The torsional potential

The torsional motion of the –OH group in
9-hydroxytriptycene is related to that of methanol with addi-
tional interactions expected between the –OH and nearest H
on each benzene moiety. The internal rotation constantB in
H0 of Eq. ~1! is equal toh2/8p2cI whereI is the moment of
inertia. For coaxial symmetric rotorsI 5I 1I 2 /(I 11I 2) and
from trigonometry one obtainsI 50.624 amu Å2 for metha-
nol. For triptyceneI TRIP@I OH giving I;I OH50.764 amu Å2.
This gives the value ofB522.0 cm21. This value for the
internal rotational constant is held constant throughout this
work; i.e., it is assumed that the moment of inertia for this
internal rotation does not change in the excited state. This is
an approximation as any geometry change involving the
–OH group will greatly change the moment of inertia. How-
ever, as the –OH group is not directly part of the chro-
mophore which is electronically excited, the structural
changes in the –OH group would also be expected to be
small. For methanol, the barrier height to the internal rotation
is reported10 to beV35375 cm21. To reproduce the ground
state splitting of 9-hydroxytriptycene a larger barrier height
of V3;450 cm21 was required. The reported value for
9-hydroxytriptycene isV35440620 cm21 obtained from
the temperature dependence of proton spinlattice relaxation
times in the solid state.11 This agreement between the gas
phase and solid state values is probably fortuitous.

C. The interaction between Jahn–Teller and torsional
potentials

The coupling part of the vibronic Hamiltonian,HJTf, is
obtained from considering the –OH motion as derived from
an e vibrational mode. If the –OH is initially considered as
collinear with theC3 axis, the two components can be con-
sidered as the displacement of the H atom in thexy plane:
Qx andQy . The lowest order cross term between the coor-
dinates of the Jahn–Teller (X,Y) and this –OH (Qx ,Qy) e
vibrations can be found from the totally symmetric part of
the direct productE^ E: @XQx1YQy#. Rewriting Qx and
Qy in polar coordinates,Qx5R cosf andQy5R sinf, one
then restricts this –OH motion to have a fixed value ofR
5@Qx

21Qy
2#1/2. The coordinateR is the C–O–Hbend away
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from theC3 axis. A constantR assumes that theC–O–H is
bent at a fixed angle. ThisR value is then subsumed into the
coupling constant,B1 , and one obtains the term given in Eq.
~1!: HJTf5B1@X cosf1Y sinf#.

This term then appears on the diagonal of the vibronic
Hamiltonian given in Eq.~1!. We remove theR coordinate
because of the large vibronic basis sets must be used and
reducing the vibrational dimension from four to three greatly
reduces the computational burden. Also it is clear that the
COH bond is bent and the internal rotation,f, of the –OH
group turns out to be the most important part of the present
problem. The assumption of a constantR reduces the multi-
modeE^ (e% e) vibronic problem to a ‘‘E^ (e% f)’’ prob-
lem. The reduction of the fullE^ e Jahn–Teller problem to
the angular coordinate was first made in a landmark paper by
O’Brien.12 The explicit removal ofR from the Hamiltonian
also assumes that it is the same in both ground and excited
electronic states. The form of the –OH internal rotation
mode is given in Fig. 1~b!; the harmonic frequency is calcu-
lated to be 322 cm21. from MOPAC/AM1 calculations,13

though the hindered rotation potential will be very anhar-
monic. The firstA→A transition for the fitted ground state
internal rotation parameters~B522 cm21, V35450 cm21!
is calculated to be 280 cm21 ~see below!.

D. Fitting the parameters

The energies and vibronic wave functions that result
from the diagonalization of the vibronic Hamiltonian are
used to construct a spectrum to compare with experiment.
The full vibronic basis consisted of 47 300 functions~nf

512, ne542!. The square of the differences of between cal-
culated and observed energies and intensities,D2, was mini-
mized in parameter space using the principal axes method.14

Only 27 of the observed spectral bands were used in the fit
~see Table I!. The energies and intensities were given the
weights 1.0 and 0.2, respectively, due to the greater experi-
mental uncertainty in the observed intensities. The 27 levels
were fitted withD2548. Parameters other than those dis-
cussed below were initially given the values found for trip-
tycene.hn: The value ofhn is fixed at 63.6 cm21 from the
value observed in the harmonic progression seen in the fluo-
rescence spectra~Figs. 3–5!. V3: The barrier height of the
ground state torsional potential,V3(g), is determined by the
observed ‘‘hot bands’’ which occur;2.6 cm21 to lower en-
ergy of each transition in the experimental spectrum. The
energy is equal to the difference of theS0 andS1 state tun-
neling splittings. The cold bands areA→E transitions and
the hot bands a combination of bothE→E andE→A tran-
sitions. The splitting between theE–A in the excited state is
far smaller than the experimental resolution, so the 2.6 cm21

is essentially theA–E ground state splitting. A value of 450
cm21 was found to give the correct ground state splitting and
this was also initially used for the excited stateV3(e). B1:
The spectra were simulated for many values forB1 in the
excited state, both positive and negative. The essential be-
havior is best illustrated by considering the lowestE–A pair
of levels from both theE^ e andf parts of the problem as
shown in Fig. 6. For levels localized below the barrier, the

splitting between theE and A states is small. When theE
^ e andf problem is considered together there are (E1A)
3(A1E)52A1B13E levels. With no interaction (B1

50) the energy of these levels are simply the sum of the
energies of the separate levels, as shown in Fig. 6~a!. When
the interaction is turned on, (B1Þ0) as shown at the left and
right hand sides of Fig. 6~b!, the levels separate into three
groups. For negativeB1 ~for the choice of signs ofA1 andA2

used here! there is anE–A group below two close lying
E–A groups at higher energy@Fig. 6~b! left-hand side#. For
positiveB1 the situation is reversed, there are two close lying
E–A groups and another at higher energy@Fig. 6~b! right-
hand side#.

This can be rationalized as follows. The vibronic levels
in the torsional potential will be strongly localized about the
values off50°, 120°, 240°. If one considers the molecule
fixed atf50°, then both the geometry of the molecule and
that of the vibronic Hamiltonian is lowered toCs . For afixed
f, the B1 parameter would describe the symmetry lowering
C3v→Cs , analogous to the strain term used in the interpre-
tation of the triptycene van der Waals complexes.3 For a
fixed value off, the equivalence of the three minima in the
E^e Jahn–Teller problem is removed, making two different
from the other. For positiveB1 , one minimum is lowered
and the other two minima are raised in energy; while for
negativeB1 , two minima are lowered and one minimum
raised.

The energy separation between the close lying pair of
theE–A groups of states and the otherE–A group is then a
measure of the energy difference between the two equivalent
minima and the unique minimum of theE^ (e% f) potential
energy surface. The energy separation between the close ly-
ing pair of E–A groups, on the other hand, is related to the
tunneling splitting between the two equivalent minima.

In the low temperature limit onlyA→E transitions will
be observed. Therefore, the triptycene spectrum is expected
to ‘‘triple’’ upon the addition of the –OH group. For positive
B1 , each transition of the triptycene spectrum will be re-
placed by two closely spaced transitions, with an extra tran-
sition to higher energy. For negativeB1 , the opposite will
occur; for each transition of the triptycene spectrum there
will be two additional closely spaced transitions to higher
energy. Note that two values ofB1 are needed,B1(g) for the
electronic ground state andB1(e) for the electronic excited
state.

In the present case, after many simulations it was found
that B1(e) is negative in the excited state. The lowestE
vibronic level of theE^ e S1 state of triptycene becomes the
threeS1 state levels of TOH, accessed in the transitionsa2,
e2, ande3 as indicated in Figs. 6~b! and 7. These three tran-
sitions are to theE vibronic levels on the left-hand side of
Fig. 6~b!. Crucial to the fitting of the spectrum is the cou-
pling constant in the ground electronic stateB1(g). Without
this term the intensities of the transitions are completely
wrong, as the effect ofB1(e) in the excited state is to shift
each minimum to larger values ofr. This results in very low
intensities for the low energy part of the spectrum. However,
if B1(g) is also included, it can be varied so that the inten-
sities can be well reproduced.V3„e…: It was also noticed that
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TABLE I. Measured and calculated vibronic band positions and intensities
in the R2PI spectrum of 9-hydroxytriptycene relative to theS1←S0 elec-
tronic origin at 36 333.4 cm21. Experimental levels used in the calculation
are marked with an asterisk. The parameters used in the calculation are
given in Table II. The quantum numbers given in the assignments are ap-
proximate only. All calculated levels are included up to 200 cm21, after
which only those with intensity.0.10 are included in the table. The ap-
proximate quantum numbers (nr ,nu ,nf) are discussed in the text.

Experimental Calculated

Band
label

Dn
~cm21!

Relative
intensity

Dn
~cm21!

Relative
intensity

Assignment
(nr ,nu ,nf)

a1* 22.6 0.36 22.66 0.22 E → E(0,0,0)
22.66 0.22 E → A(0,0,0)

a2* 0.0 1.0 0.0 1.00 A → E(0,0,0)
b1* 32.6 2.1 32.25 1.13 E → E(1,0,0)

32.26 1.12 E → A(1,0,0)
b2* 35.4 6.2 34.91 5.30 A → E(1,0,0)
c1 ¯ ¯ 54.45 0.01 E → B(0,1,0)

54.45 0.01 E → E(0,1,0)
c2 57.8 0.2 57.11 0.04 A → E(0,1,0)
d1* 67.0 5.2 66.36 2.68 E → E(2,0,0)

66.41 2.65 E → A(2,0,0)
d2* 69.5 10.9 69.02 12.90 A → E(2,0,0)
e1* 79.8 1.4 79.77 0.65 E → E(0,0,11)

79.87 0.71 E → B(0,0,11)
e2* 82.3 4.0 82.02 0.17 E → A(0,0,12)

82.17 0.21 E → E(0,0,12)
82.43 3.61 A → E(0,0,11)

e3* 84.4 1.3 84.83 0.84 A → E(0,0,12)
¯ ¯ 88.37 0.002 E → E(1,1,0)

88.38 0.003 E → B(1,1,0)
91.03 0.012 A → E(1,1,0)

f1* 100.0 4.4 100.5 2.57 E → E(3,0,0)
100.5 2.57 E → A(3,0,0)

f2* 102.6 9.4 103.1 12.75 A → E(3,0,0)
g1* 108.8 1.8 111.2 1.29 E → E(1,0,11)

111.3 1.34 E → B(1,0,11)
g2* 111.4 3.8 111.5 0.03 E → E(0,2,0)

111.5 0.03 E → A(0,2,0)
113.9 6.52 A → E(1,0,11)

g3* 113.8 1.6 114.1 0.13 A → E(0,2,0)
120.2 0.3 120.3 0.07 E → A(1,0,12)

120.5 0.09 E → E(1,0,12)
* 123.7 0.6 122.0 0.16 E → B(2,1,0)

122.0 0.16 E → E(2,1,0)
123.1 0.44 A → E(1,0,12)

* 126.7 1.3 124.7 0.85 A → E(2,1,0)
133.7 0.4 135.7 0.00 E → B

135.8 0.00 E → E
136.6 0.06 E → E
136.6 0.07 E → A

136.4 1.3 138.4 0.00 A → E
139.2 0.30 A → E

h1* 138.9 5.2 139.8 1.49 E → E(4,0,0)
139.9 1.52 E → A(4,0,0)

h2* 141.9 8.4 142.4 7.62 A → E(4,0,0)
¯ ¯ 146.0 0.01 E → E(1,2,0)

146.0 0.01 E → A(1,2,0)
148.7 0.05 A → E(1,2,0)

i1* 147.5 2.6 150.0 1.20 E → E(2,0,1)
150.1 1.21 E → B(2,0,1)

i2* 150.4 4.3 152.7 5.89 A → E(2,0,1)
160.8 1.6 158.4 0.21 E → B

158.5 0.22 E → E
163.4 0.04 E → A
163.6 0.06 E → E

163.6 3.4 161.1 1.13 A → E
166.2 0.29 A → E
168.3 0.01 E → B(0,3,0)

¯ ¯ 168.3 0.00 E → E(0,3,0)

TABLE I. ~Continued.!

Experimental Calculated

Band
label

Dn
~cm21!

Relative
intensity

Dn
~cm21!

Relative
intensity

Assignment
(nr ,nu ,nf)

171.0 0.02 A → E(0,3,0)
167.3 1.4 170.4 0.28 E → E

170.5 0.29 E → A
* 170.0 3.1 173.0 1.52 A → E
* 174.2 0.3 174.4 0.22 E → E

174.4 0.22 E → B
* 177.2 0.7 177.0 1.00 A → E
* 180.2 1.6 180.7 0.44 E → E

180.8 0.48 E → A
* 183.0 4.1 183.4 2.40 A → E

184.7 0.5 185.9 0.42 E → E
185.9 0.40 E → B

* 188.6 0.5 187.8 0.13 E → E
187.9 0.15 E → A
188.5 1.93 A → E

190.6 1.6 190.5 0.82 A → E
193.6 0.92 E → E
193.7 0.90 E → B

* 193.4 3.6 196.2 4.38 A → E
197.7 0.00 E → A

¯ ¯ 197.8 0.00 E → E
200.5 0.00 A → E

197.3 0.5 199.0 0.28 E → B
199.0 0.30 E → E

202.3 1.4 201.7 1.46 A → E
205.3 2.8 206.7 0.02 A → E
208.7 1.1 209.0 0.08 E → A

209.1 0.09 E → E
211.2 2.3 211.8 0.52 A → E

212.3 0.09 E → E
212.4 0.11 E → A

¯ ¯ 215.0 0.52 A → E
216.5 0.50 E → E
216.5 0.50 E → B

221.4 0.8 219.1 2.34 A → E
224.6 1.5 226.7 0.19 E → E

226.7 0.23 E → A
227.3 1.4 227.5 0.22 A → E

229.4 1.24 A → E
231.0 2.0 229.7 0.47 E → B

229.7 0.51 E → E
230.7 0.10 E → E
230.7 0.12 E → A

233.7 4.8 232.4 2.39 A → E
233.3 0.60 A → E
236.8 1.33 E → E
236.9 1.30 E → B

237.4 1.1 239.4 6.19 A → E
247.9 0.7 248.1 0.12 E → B

248.2 0.14 E → E
250.3 0.9 250.8 0.69 A → E

251.2 0.14 A → E
251.5 0.11 E → E
251.5 0.11 E → B

255.4 0.4 254.2 0.53 A → E
257.9 0.9 258.0 0.36 A → E
261.6 0.7 259.1 0.68 E → E

259.1 0.74 E → B
261.6 0.65 A → E

264.7 2.5 261.7 2.87 A → E
268.1 2.0 266.2 0.15 A → E

268.1 0.13 E → E
268.1 0.18 E → A

271.5 1.2 269.5 0.63 E → E
269.5 0.55 E → B
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the splitting betweene2 and e3 calculated initially was too
large and the intensity of thee3 transition too low. However
both these points improved when the torsional barrier height
in the excited state,V3(e), was increased. It was found that
the barrier height was required to be much larger than in the
ground electronic state, but the fitted value ofV3(e) ;1000
cm21 must be regarded as approximate.K2, A1, A2: The
parameters discussed above are also dependent on the normal
E^ e Jahn–Teller parametersK2 , A1 , A2 which are also

allowed to vary. There is then a seven dimensional parameter
space to search in a least squares fit of the experimental data.
This become computationally intensive without some of the
strategies outlined above.

FIG. 5. The single vibronic level fluorescence emission spectra of TOH
excited to levelsf1, f2, g2, andh2. The abscissa is relative to the excitation
energy.

FIG. 6. A schematic diagram of the vibronic energy levels of the excited
electronicE state.~a! B150, no interaction. The energy differencesd andD
are tunnelling splittings due to the Jahn–Teller motion and internal rotation
respectively when these are considered separately.~b! B1Þ0. The indicated
splittings forB1,0 are obtained using the final fitted parameters~see Table
II !. Note that only transitions into theE vibronic levels are symmetry al-
lowed in the low temperature limit.

FIG. 7. The calculated absorption spectrum compared with the measured
R2PI spectrum. The experimental spectrum has been constructed using the
energies and intensities given in Table I. The stick spectra have been con-
voluted with a 1 cm21 half-width Gaussian to aid the comparison.

TABLE I. ~Continued.!

Experimental Calculated

Band
label

Dn
~cm21!

Relative
intensity

Dn
~cm21!

Relative
intensity

Assignment
(nr ,nu ,nf)

270.7 1.05 A → E
273.9 1.8 272.2 2.62 A → E

275.0 0.12 E → E
275.1 0.13 E → B

¯ ¯ 277.6 0.18 E → B
277.6 0.19 E → E
277.7 0.55 A → E

281.9 0.3 280.2 0.81 A → E
284.9 0.9
293.0 0.7 301.2 0.39 E → B

301.2 0.39 E → E
295.6 1.4 303.9 1.74 A → E

309.0 0.15 A → E
¯ 318.9 0.23 A → E
¯ 327.5 0.19 A → E
¯ 337.9 0.25 A → E
¯ 341.6 0.34 A → E
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IV. DISCUSSION

A. Comparison of calculated and observed R2PI
spectra

The measured R2PI spectrum is compared with the cal-
culated absorption spectrum in Fig. 7. A complete listing of
the positions and intensities of the experimental bands are
given Table I. The intensities of the bands are relative to the
origin ata2. Both the calculated and the ‘‘observed’’ spectra
in Fig. 7 are constructed from convolution of the ‘‘stick’’
spectra with a 1.0 cm21 full width at half height Gaussian.
This is because many of the experimental peaks are assigned
to multiple unresolved calculated peaks. The position and
intensity of all the calculated bands up to 200 cm21 above
the origin are also given in Table I. Above 200 cm21, only
transitions calculated to have a relative intensity.0.1 are
given.

The transitions are assigned according to theC3v vi-
bronic group. At low temperature onlyA→E transitions are
allowed. When the internal rotation levelE is populated in
the S0 state, transitions to all excited levels,E→A, B andE
are formally allowed. Also included in Table I are approxi-
mate quantum numbers that can be given to the lowest vi-
bronic levels. These assignments can be made from examin-
ing the nodal structure of the vibronic probability functions.
Practically all features of the experimental spectrum can be
reproduced in the calculation. However, there are some dis-
crepancies between the observed and calculated intensities to
higher energy.

B. Comparison of calculated and observed emission
spectra

The calculated emission spectra shown in Figs. 8–10 can

be compared to the observed spectra in Figs. 3–5. Again, the
calculated spectra have been convoluted with a 1 cm21

FWHH Gaussian to aid the comparison, as each of the
‘‘bands’’ can be composed of many individual transitions.
As with the fluorescence of triptycene, the nodal structure in
the emission spectra reflects the nodal structure in the radial

FIG. 8. The calculated single vibronic level fluorescence emission spectra of
TOH from levelsa2, b1, b2, andd2, using the parameter set given in Table
II. The calculated intensity pattern is to be compared with the observed
spectra shown in Fig. 3.

FIG. 9. The calculated single vibronic level fluorescence emission spectra of
TOH from levelse1, e2, and e3. The calculated intensity pattern is to be
compared with the observed spectra shown in Fig. 4.

FIG. 10. The calculated single vibronic level fluorescence emission spectra
of TOH from levelsf1, f2, g2, andh2. The calculated intensity pattern is to
be compared with the observed spectra shown in Fig. 5.

10774 J. Chem. Phys., Vol. 109, No. 24, 22 December 1998 Furlan, Leutwyler, and Riley

 Reuse of AIP Publishing content is subject to the terms: https://publishing.aip.org/authors/rights-and-permissions. Downloaded to  IP:  130.102.82.2 On: Tue, 18 Oct 2016

06:22:59



~r! direction of the excited state vibronic wave functions.
The experimental emission spectra observed following exci-
tation at bandsa2, b2, and d2 in Fig. 3 can be compared
directly with the calculated emission in Fig. 8. This is be-
cause exciting into the higher of each pair of transitions, i.e.,
the cold band, only excites a singleE vibronic state. Exciting
into the lower hot bandb1, on the other hand, actually ac-
cesses the excited state levels ofE andA symmetry both at
;34.9 cm21. The calculated emission from both these levels
is very similar. The ‘‘b1’’ emission is also observed to be
very similar to the ‘‘b2’’ emission, which accesses theE
excited state only. The nodal pattern of bandsa, b, and d
correspond to thenr50, 1, 2 approximate quantum numbers
given in Table I. The maximum in the observed emission
when exciting into banda2 is at n52 ground state quanta.
This is different from then54 maximum calculated, and we
attribute this to experimental difficulties in exciting the weak
a2 band.

The emission from exciting into thee levels is interest-
ing in that Franck–Condon patterns are reproduced in detail.
The direct comparison is complicated as exciting into bands
e1, e2, and e3 actually excite the levels@E(82.42),
B(82.54)], @A(84.68), E(84.83), E(82.43)], and
@E(84.83)#, respectively, by unequal amounts~see Table I!.
Also, it is not known what population redistribution may
occur between the levels after excitation. However, as be-
fore, emission from a vibronic singlet~A or B! is very similar
to that of the nearbyE state. Both the short Franck–Condon
pattern and the alternating intensities seen when exciting into
the e bands are reproduced.

The observed and calculated emission obtained from ex-
citing into other levels are shown in Figs. 5 and 10, respec-
tively. Again, the nodal structure in bandf is reproduced~3
minima in the emission!. Other features such as strong/weak
first member of the progression of bandsg2 /h2, respectively,
are correctly reproduced in the calculation. The parameters
of the vibronic model have not been varied to fit the ob-
served emission spectra. The calculated spectra are obtained
using the parameters given in Table II obtained from fitting
the R2PI spectrum.

It is interesting to see features additional to the progres-
sion in thee vibrational mode appearing in both the observed
and calculated emission from these higher levels. In the case
of the calculated spectra, this is due to nonzero intensity of
the transitions to the first excited torsional vibration. How-
ever, it is noted that these additional experimental features
beginning at;2670 cm21 are much stronger than calculated
and may be due to the participation of some other ground
state vibration.

C. The potential energy surfaces

Table II lists the parameters of the vibronic Hamiltonian
obtained from fitting the R2PI spectrum of
9-hydroxytriptycene as well as those obtain for theE^ e
problem of bare triptycene. The parameters common to the
E^ e problem are seen to be quite similar. Figure 11 shows
the lower adiabatic potential energy surface of the Jahn–
Teller S1 state as a function of the dimensionless (X,Y) co-
ordinates over the range68. Figures 11~a!–11~c! were ob-
tained from diagonalizing the potential energy terms of Eq.
~1! with the parameters of Table II at fixed values off. For
a fixed f, the potential energy surface reflects theCs sym-
metry of the molecule, while the average of the potentials
shown in Fig. 11~d! is very close to that of bare triptycene
~Table III!. Each surface for fixedf is very similar to that
found for the triptycene•Ne van der Waals complex3 where
one minima was made lower than the other two by a Ne
atom complexing between two benzene rings. However, in
the present case the low symmetry perturbation is dynamic,
being due to the internal rotation of the –OH group.

Figure 12 show the lower potential energy surface as a
function of the Jahn–Teller pseudorotation,u, and the hin-

FIG. 11. The lower the adiabatic potential energy surface of theS1 state
plotted as a function of the dimensionless Jahn–Teller coordinatesX andY
for fixed values of~a! f50°, ~b! f5120°, and~c! f5240° using the pa-
rameters given in Table II.~d! The average of the potentials in~a!–~c!. The
X, Y range is68 and the contours are drawn from2150 to 0 cm21 at 10
cm21 equally spaced intervals.

TABLE II. Parameters of theE^ e Jahn–Teller vibronic Hamiltonian. An
asterisk denotes a parameter that has been allowed to vary. The last column
contains the values found for triptycene~Ref. 1!.

Parameter@cm21# 9-hydroxytriptycene triptycene

ground state
hn(g) 63.6 64.2
B(g) 22.0 ¯

V3(g)* 450.0 ¯

B1(g)* 245.0 ¯

excited state
hn(e) 47.855 47.83
K2* 47.855 47.83
A1* 270.295 278.92
A2* 210.803 210.164
B(e) 22.0 ¯

V3(e)* 1000.0 ¯

B1(e)* 220.952 ¯
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dered OH rotation,f. At each point, the surface is mini-
mized with respect to the radial coordinater since the energy
pathway between the minima is far from circular~see Fig.
11!. Figure 12~a! uses the parameters of Table II, while that
of Fig. 12~b! is for B1(e)50. For the zero interaction case,
there are nine equivalent minima at the 0°, 120°, and 240°
positions. After switching on the interaction (B1Þ0), three
minima are lowered with respect to the other six. These
minima are slightly shifted from the high symmetry posi-
tions, although this is hard to see on the scale of the plots.

The potential energy surface shown in Fig. 12 are cyclic,
repeating every 2p. If the sides of the plots atf56p are
joined to form a tube, and the circular ends of this tube are
also joined, one forms a contour plot drawn on the surface of
a torus. It is instructive to view the potentials in this way as
tracing a path around theu coordinate can be thought to

enclose the conical intersection of the Jahn–TellerE state
placed at the center of the torus. The path around thef
coordinate does not enclose this conical interaction.

The barrier between the minima is very high~;1000
cm21! along thef coordinate compared to the barriers along
the u coordinate~53.1 and 113 cm21, respectively, between
the equivalent and nonequivalent minima!. A simplistic in-
terpretation would be that the large barrier height and small
tunneling splitting along thef coordinate would make this
–OH rotation appear stationary at theCs geometry from the
point of view of the Jahn–Teller pseudorotation. However,
there are not separate tunneling splitting and tunneling rates
along thef and u coordinates. It will be shown that the
tunneling motion between the barriers is highly correlated.
That is, the Jahn–Teller pseudorotation and the –OH internal
rotation move in concert.

D. The vibronic wavefunctions.

The calculated vibronic probability functions in (X,Y)
space for the first 12 vibronic levels ofE symmetry are
shown in Figs. 13 and 14. These plots are the sum of the
squares of each component of theE vibronic wave function.
The probability of the vibronic wave functions along thef
coordinate has been integrated out, rather than a fixed value
of f being used. The probability functions therefore display
theC3v symmetry of the potential shown in Fig. 11~d! rather
than that of a fixed value off. These vibronic probability
functions are labeleda2, b2,..., corresponding to the prob-
ability functions of the upper levels of the observed transi-
tions labeleda2, b2,... in Fig. 7, together with their calcu-
lated energy relative to the lowest vibronic level. The nodal
structure of the vibronic functions show the approximate ra-
dial and angular quantum numbersnr andnu given in Table
I. The radial nodes are clearly reflected in the intensity pat-
tern of the emission spectra shown in Figs. 3–5. For ex-
ample, the emission from levelsa2, e2, and e3 all have no
nodes in their intensity patterns, while emission from levels
b2 and d2 have one and two nodes, respectively, in agree-
ment with the probability functions.

Figure 15 shows some of the calculated vibronic prob-
ability functions of E symmetry at higher energies which

FIG. 12. The lower adiabatic potential energy surface plotted as a function
of the Jahn–Teller pseudorotation coordinateu and the OH torsional coor-
dinate f. The coordinateu is given by u5tan21(Y/X). At each point the
potential is minimized along ther5AX21Y2. The contours are equally
spaced in 20 cm21 intervals.~a! Using the parameters given in Table II.~b!
Using the parameters given in Table II, except settingB150.

TABLE III. Some energetic and geometrical quantities derived from the parameters of Table II. The last
column contains the values found for triptycene~Ref. 1!.

Property TOH (f0)a TOH ~^f&!b triptycenec

EJT@cm21] 158.6 94.1 113.4 JT stabilization energy
70.6

Eloc@cm21] 113.6 58.55 67.77 barrier height
53.1

r0 3.48 2.68 2.87 radial position of minima
2.29

rs 1.18 1.01 1.16 radial position of saddle points
0.71

3G @cm21# 0.000 69 0.93 tunneling splitting

af0 denotes forf at a minimumf050°, 120°, and 240° as in Figs. 11~a!–11~c!.
b^f& denotes the values for the potential energy surface taken as the average of the surfaces atf050°, 120°,
and 240° as in Fig. 11~d!.

cThese values have been taken from Ref. 1.
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have a large intensity in the R2PI spectrum. All these func-
tions show a large probability amplitude at small values of
^r&. The wave function of such levels will have a high over-
lap with the ground state wave functions. They can be clas-
sify as ‘‘cone states,’’ belonging predominately to the upper
sheet of the Jahn–Teller potential energy surface, although in
each case there also appears substantial probabilitybetween
the lower and upper sheets of theE^ (e% f) surface.

The vibronic probability functionsa2, c2, andg3 corre-
spond tonu50, 1, and 2 and show little mixing with either
thenr or nf type modes. TheE vibronic probability function
at 171.0 cm21 ~not shown! corresponds to a clearnu53
case. The probability functionse2 ande3 are similar to that of
the lowest vibronic functiona2, except that the average value
of r is smaller. This is because these vibronic wave functions
are localized in the upper two minima of the potentials as
viewed with a fixed value off @Figs. 11~a!–11~c!#. In other
words, thea2 wave function is localized in the minimum that
the–OH mode makes lowest~u50°, for f50°!, while thee2
ande3 wave functions localize in the upper minima~u5120°
and 240°, forf50°!.

The extent of correlation of the wavefunctions in~u, f!
space is shown in Fig. 16. Here the probability functions

have been integrated along ther coordinate, so they are not
distorted by being evaluated at a fixed value ofr. For levels
below the barrier heights, theu and f motions are highly
correlated; while at higher energy the levels are more evenly
distributed over~u, f! space. The trend is clearly seen in the
probability plots ofa2, d2 and f2, g2 of Fig. 16. This corre-
lation implies thatthe motion of the Jahn–Teller pseudoro-
tation is enslaved to the–OH internal rotation; the butterfly
flapping of the benzene rings follows the minimum gener-
ated by the position of the–OH group. Tunneling will occur
along the diagonal of the probability plots, not along theu
coordinate as might be implied by the lower barrier height in
this direction. For the higher energy levels, the more even
distribution over~u, f! space implies that the position of
the–OH group is less important in determining which ben-
zene ring will be brought closer together.

The behavior of the vibronic probability functionse2 and
e3 are similarly understood as being localized in the higher
energy minima generated for a fixed value off. For bare
triptycene, each of the three equivalent Jahn–Teller minima
corresponds to a large angle change between two of the three
benzene rings@Qx of Fig. 19~a!#. In TOH one minimum is
lowered with respect to the other two minima for afixed
value off @see Fig. 11~a!#. Each of these two higher energy
minima are the Jahn–Teller minima with the large angle
change between two benzene rings which do not include
the–OH group. The lower minima of Fig. 11~a! corresponds

FIG. 13. The calculated vibronic probability functions in (X,Y) space for
the first six vibronic levels ofE symmetry calculated using the parameter set
given in Table II. For each point the vibronic probability function has been
integrated alongf. The nodal structure of the vibronic functions shows the
approximate radial and angular quantum numbersnr , nu given in Table I.
The radial nodes is clearly reflected in the intensity pattern of the emission
spectra shown in Figs. 3–5. The contour intervals are equally spaced by
0.015.

FIG. 14. The calculated vibronic probability functions for the 7–12 vibronic
levels ofE symmetry. See also caption to Fig. 13.

10777J. Chem. Phys., Vol. 109, No. 24, 22 December 1998 Furlan, Leutwyler, and Riley

 Reuse of AIP Publishing content is subject to the terms: https://publishing.aip.org/authors/rights-and-permissions. Downloaded to  IP:  130.102.82.2 On: Tue, 18 Oct 2016

06:22:59



to the Jahn–Teller minima with the large angle change be-
tween the two benzene rings which bracket the–OH group. It
is also clear that thee2 ande3 wave functions represent sym-
metric and antisymmetric combinations of the wavefunctions
localized in each well. This can be seen in Fig. 16 where the
probability contours about each minima of the vibronic func-
tion e2 join, whereas those ofe3 fall to zero between the
minima. Similar symmetric/antisymmetric behavior is dis-
played in the probability plots as a function off ~not
shown!, although in this case the large barrier heights make
this harder to see. This symmetric/antisymmetric behavior is
indicated with6 superscripts respectively on thenf approxi-
mate quantum number for levels with their wave functions
localized in the upper minima.

The probability plots shown in Fig. 16 can also be
viewed as being on the surface of the torus introduced in the
previous section for the potential energy surface. A path
around theu coordinate encloses the conical intersection at
the center of the torus, while a circuit around thef coordi-
nate does not. It is well known that the electronic and vibra-
tional parts of a vibronic wave function both change sign
after a circuit in coordinate space returns to the same geom-
etry and encloses a conical intersection.15 This is a molecular
manifestation of Berry’s geometric phase16 and is required
for the total vibronic wave function to remain single valued.

In the E^ (e% f) model used here, a circuit of 2p aboutu
will cause a wave function to acquire a Berry’s phase, while
a circuit aboutf will not. However in the present case theu
and f motions are concerted according to Fig. 16. In the
lowest vibronic wave function of theS1 state of TOH the
tunneling motion will simultaneous change bothu and f
from 0 to 2p describing a closed spiral on the surface on the
torus. This vibronic wave function would then be expected to
acquire a Berry’s phase from this tunneling motion. Recently
there has been speculation on whether the triptycene mol-
ecule would present a good candidate for optical tests for
Berry’s phase.17 The present molecule would be an even
better candidate, enslaving the Jahn–Teller pseudorotation to
the motion of an internal rotation has slowed it down by
many orders of magnitude. The calculated tunneling splitting
is reduced from 0.93 to 0.000 69 cm21 on going from trip-
tycene to 9-hydroxytriptycene.

E. Extensions to the E ^ „e % f… model

The model potential energy surface that has been used in
Eq. ~1! is extremely simplistic and it is surprising that it
captures so much of the spectroscopic behavior. We have
used a harmonic vibrational potential for both ground and
excited electronic states, with first- and second-order Jahn–
Teller coupling in the excitedE state. The torsional potential

FIG. 15. Some higher calculated vibronic probability functions ofE sym-
metry which show large intensity in the R2PI spectrum. Note the large
probability amplitude at small values of^r& which classify these as cone
states, belonging predominately to the upper sheet of the Jahn–Teller po-
tential energy surface.

FIG. 16. Some calculated vibronic probability functions ofE symmetry as a
function of the Jahn–Teller pseudorotation~u! and the internal rotation-OH
~f!. The range is6p along each axis. The contour intervals are equally
spaced by 0.1.
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is characterized by a single term and only the lowest order
coupling betweene and f vibrational modes has been in-
cluded. A close examination of the differences between the
calculated and measured spectra suggests how an improved
effective molecular Hamiltonian may differ from this model.

A general feature of the spectrum is that bands at a
greater shift from the origin were always calculated to be too
high in frequency. Since these higher energy features access
regions of the potential energy surface with greater values of
r, the potential surfaces should ‘‘soften’’ at higher values of
r. This behavior was also observed for theE^ e model of
bare triptycene. For triptycene, a much better fit was
achieved by extending theE^ e model to a (A% E) ^ e
model. The interaction with the higher lying excitedA elec-
tronic state softened the higher energy parts of the potential
energy surface. However, it is not clear whether theA elec-
tronic state is important in its own right or merely provides a
way for the potential energy surface to vary and become
closer to its true form. Due to the extremely large basis sizes
required, the (A% E) ^ e model was not used to model
9-hydroxytriptycene.

One part of the R2PI spectrum which was not repro-
duced well, was the intensity of theg3 band~Table I, Fig. 7!.
An examination of the probability functiong2 reveals that it
has the approximate quantum numbers~nr51, nf51! while
g3 has (nu52). From Fig. 14, there appears to be very little
mixing between the vibration in theu direction and the other
modes. We attempted to rectify this by including higher or-
der coupling terms ofA1 symmetry into the vibronic Hamil-
tonian: X cos 2f I and (X22Y2)cosf I . Neither of these
terms made a substantial improvement to the fit.

We also tried terms of the type cos 6f I to alter the
torsional potential and an anharmonic term for thee vibra-
tion of the formX(X223Y2) I . This later term is of interest
as it changes the sign of the distortion of the upper adiabatic
potential. This could be important, as the R2PI spectrum
probes the ‘‘cone’’ states. Both this anharmonic term and the
second order Jahn–Teller couplingA2 , in Eq.~1! cause three
minima on the lower adiabatic potential energy surface. The
A2 term also causes a bulge` on the opposite sides of the
upper surface, while the anharmonic terms will cause the
upper surface to bulge on the same side. By comparing the
simulated spectra with experiment, it does appear that it is
the second order coupling rather than anharmonicity which is
important in causing the Jahn–Teller minima in this mol-
ecule.

The above extensions to the simple vibronic Hamil-
tonian given by Eq.~1!, only gave marginal improvements to
the fit. It was decided to optimize the fit for the simplest
model rather than introducing a large number of additional
parameters.

F. The geometry of triptycene and 9-hydroxytriptycene
in the S1 state

The geometry of the triptycene molecule at the minima
of theE^ e potential energy surface is a distortion along the
ex component of thee vibration. In previous work, it has
been assumed that the minima correspond to a geometry
where the angle between two benzene rings decreases from

120°. Using a calculated reduced mass, the angle change
could be quantified as a reduction to 103.5°.3 Based on con-
sideration of steric repulsion between the–OH hydrogen
atom and the proximal benzene hydrogen atoms, the three
equivalent minima of theuncoupled–OH internal rotation
would be expected to correspond to geometries where
the–OH group points midwaybetweentwo neighboring ben-
zene rings. If the Jahn–Teller minima in theS1 state@Fig.
12~a!# would correspond to a reduction of flap angle between
two neighboring benzene rings to 103.6°, concurrent with an
opening of the two other benzene ring flap angles to 128.2°,
then the steric repulsion should increase when the–OH group
points between the pair of benzene rings with ‘‘closed’’ flap
angle, raising the potential energy. Conversely, the steric re-
pulsion decreases when the–OH group points into the
‘‘opened’’ flaps, thereby lowering the potential energy for
the two other minima.

This is, however, the opposite of what is observed. Our
interpretation of the R2PI and fluorescence spectra of
9-hydroxytriptycene clearly shows that one of the minima is
lower and two are raised in energy. This argument works for
both the three minima as a function ofu for a fixed value of
f; and the three minima as a function off for a fixed value
of u. In both cases, there is a stabilization of one minimum
over the other two. With the above arguments, this implies
that the minima in the (X,Y) space correspond to an opening
of the angle between benzene rings. However, this is an in-
terpretation andis not experimentally determined. The data
could also be interpreted as the unique minimum occurring
with the–OH group between two benzene rings that is re-
duced from 120°. This would seem less likely on steric
grounds. Even more unlikely possibilities is that the geom-
etry at the unique minimum is with the–OH group over one
benzene ring, with the opposite two rings either open or
closed.

Since the common parameters between triptycene and
9-hydroxytriptycene are very similar, we conclude that ge-
ometry of these molecules at the Jahn–Teller minima is simi-
lar. While the sign of the distortion along theex coordinate
in theS1 state cannot be unambiguously determined from the
experimental data, the present work can be interpreted in
terms of a ring opening from the 120°. However, it should be
noted that in this case none of the parameters or conclusions
of these previous works are altered, only the sign of theex

coordinate.

V. CONCLUSIONS

The analysis of the R2PI spectrum of
9-hydroxytriptycene indicates that the torsional motion of
the–OH group interacts strongly with the Jahn–Teller active
flapping motion of the benzene rings of TOH. AE^ (e
% f) vibronic Hamiltonian was developed which, together
with the parameters listed in Table II, was found to repro-
duce both theS1←S0 spectrum measured by R2PI, and all
the S1→S0 fluorescence emission spectra of this molecule,
in great detail. The model consists of theE^ e Hamiltonian
of unsubstituted triptycene, a threefold torsional potential for
the internal rotation of the–OH group and the lowest order
coupling between these coordinates. The coupling between
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Jahn–Teller and–OH motions was necessary to reproduce
the spectra. This coupling was also required in the ground
electronic state~where thise flapping vibrational mode is not
Jahn–Teller active! to reproduce the spectral intensities.

The sign of the coupling parameter,B1 , in the S1 ex-
cited state implies that the geometry of the TOH molecule in
the minima of the Jahn–Teller coordinate space is one where
there is anincreasein the angle between two benzene rings.
This conclusion comes from steric requirements and resolves
the ambiguity of the Jahn–Teller geometry in theS1 state of
triptycene.

There are two static viewpoints that can be taken. Con-
sidering the–OH group as fixed at a position midway be-
tween two benzene units results in one of the Jahn–Teller
wells being lower than the other two. Alternatively, consid-
ering the triptycene molecule fixed at anex distortion with
angle between two benzene rings opening, results in one of
the minima of the torsional coordinate being lowered with
respect to the other two. The transitions to vibronic levels
whose wave functions are localized in the lower and upper
wells appear in the spectrum and correspond to the bandsa2
and the paire2 and e3, respectively. The viewpoints given
above are useful for visualizing the geometry of three dimen-
sional potential energy surface, however, it would be incor-
rect to view the TOH molecule in itsS1 electronic state to be
static with respect to eitheru or f coordinates.

The tunneling splitting of the lowest vibronic levels of
the u or f coordinatesconsidered in isolationare calculated
to have similar magnitudes. However, there is onlyonecal-
culated tunneling splitting for the lowest vibronic levels of
the E^ (e% f) potential energy surface. Tunneling between
the three lowest of the nine minima results in the concerted
motion of both u andf coordinates. This motion follows a
closed spiral path on a torus that encloses the conical inter-
section, leading to a sign change as required by Berry’s

phase. The rate at which 9-hydroxytriptycene will tunnel be-
tween minima is calculated to be much slower compared to
triptycene. The Jahn–Teller pseudorotation is forced to tun-
nel in concert with the–OH internal rotation on the much
longer time scale. The molecule may be an ideal candidate
for the time-resolved detection of Berry’s phase in an iso-
lated molecule.17
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