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The irregular vibronic structure in th®,«— S; resonant two-photon ionizatiofR2P]) spectrum of
supersonically cooled triptycene is a result of a clagsiee Jahn—Teller effedtA. Furlanet al,, J.

Chem. Phys96, 7306(1992]. This is well characterized and can be used as an effective probe of
intramolecular perturbations. Here we examine $e- Sy 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. Tk fulibronic 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 occuiig concertwith 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 B thlectronic state. This
geometry follows the position of the hydroxy group, which preferentially orients itself to point
between these two rings. @998 American Institute of Physids$S0021-960628)02348-4

I. INTRODUCTION ing to geometry of triptycene where there is a large angle
change between two of the benzene rifg¥hile it is not

We recently described the resonant two-photon ionizapossible to determine whether this geometry change corre-
tion (R2P) spectra of triptycene (1,9-dihydro-9, sponds to a opening or closing of two benzene rings from the
10[1',2'JbenzenoanthraceneThe complicated and irregular equilibrium value of 120°; it has previously been assumed
vibronic structure in the5;« S, transition could be almost that the three minima correspond to a geometry where this
completely assigned in terms of a simpiE®e’ Jahn—  angle has decreased. However, the present work implies that
Teller system. In addition, the same parameters of&he  the minima actually correspond to a geometry of the opposite
®e’ vibronic Hamiltonian could be used to quantitatively sign, where the angle between two benzene ringsihas
reproduce the observed fluorescence emission spectra froffeased In the triptycene molecule, the calculated tunneling
some 13 vibronic levels.The dynamical Jahn—Teller effect splitting of 0.93 cm* indicates that the above large geom-
has been described some time ago, but clear and unambigéJtTy change occurs with a period of 36 ps.
ous spectroscopic examples of resolved vibronic structure in Subsequently this molecule has been used as a test bed
isolated molecules have been lacking until recehtly. to study both higher-order terms and perturbation€ toe

The triptycene molecule can be thought of as a coyype Jahn—Teller systems. For example, we have studied the
valently bound trimer of benzene moieties fixed at 120° toihronic Hamiltonians of trimers in generd,the participa-

each other by two bridgehead C—H groups. The Jahn—Tellg[on, of a, vibrations via momentum couplitf, chemical
activee’ vibration has been identifiéds the low frequency substitution’. and the formation of van der Waals

mode shown in Fig. 1. The; component of this vibration complexe$

could be described as a flapping, or butterfly motion, of the  The successful interpretation of the triptycene spectra is
molecule. The resulting® e Jahn-Teller surface of th8,  yarially due to the molecule itself, as the molecular vibra-
excited electronic state has three minima, each correspongang clearly divide into low and high frequency grofgBhe
normal coordinates of the eight lowest energy vibrations can
dElectronic mail: riley@chemistry.ug.edu.au be generated by the symmetry adapted linear combinations

0021-9606/98/109(24)/10767/14/$15.00 10767 © 1998 American Institute of Physics
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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 elsewhetés 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—garnetYAG)-pumped dye laser. The
laser beam with pulse energies 88 uJ/pulse was slightly
expanded to avoid saturation of tBg—S; transition.

The R2PIS; S, spectrum of TOH is shown in Fig. 2a,
relative to the electronic origin at 36 333.4 ¢ This spec-
trum only contains bands attributed to théC, 'H 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: The most obvious difference is the dou-
o _ bling of the vibronic bands, each main band has another
FIG. 1 Low frequency vibrations in 9-hydroxytriptycen@) Thg normal ~2.6 cmi'! to lower energy. In addition there appears a trip-
coordinates of the two components of the Jahn—Teller a@ivibration;
and (b) the hindered rotational motiow, of the hydroxy group. let of bands labeleé at ~110 cm ! above the origin, while
the bandc in triptycene is very weak in TOH. The vibronic

bands are labeled, b, c ... in analogy with the labels given

of the translations and rotation of three rigid benzeney {rintycene! and correspond to very similar vibronic states
molecules’ All vibrations containing internal benzene mo- until the new band in TOH. Above~150 cniL this corre-
tions are much higher in energy. The active flappghgnode spondence breaks down.

at 64 cm -, is by far the lowest energy vibration. It also The doubling of the main lines of the triptycene spec-

exhibits the strongest coupling to the first excited state, acqym can be attributed to “hot bands” from the population of
counting for over~98% of the intensity in the R2PI and he |\ Iying vibrationalE level associated with the —OH

fluorescence spectra. This low frequency and strong couplingy sional hindered rotation in the ground electronic state. We

result in very long progressions of up to 35 members in thgy5e this assignment for a number of reasons. The experi-
fluorescence emissidnA careful examination of the fluores- mental conditions can be varied so that there is a higher
cence  spectra reveals the participation of five other,, ation of the excitedE level in the ground electronic
(a1 ,3,,3¢") vibrations, however the intensity from the 64 gia1e This results in an observed increase in the intensity of
cm e’ vibration dommatgs. the lower energy band of the pairs that appear in the R2PI
. One way to perturb th'E@?e Jahn—TeIIgr system on a spectrum. To test this assignment of the doublets, R2PI mea-
time-scale CO”?”?ensPrate with the tunneling between t,hgurements with deuterated triptycene were also performed.
Jahn—j’eller minima 15 tp add a group that ur_ldergoes h_'nThe R2PI spectrum of TOH with the hydroxy group partially
dered internal rotation with a tunneling rate of its own. This j, ;terated shows doublets with a smaller splitting as the re-

tsitua_tiorll LS erealized for 9-ht3t/dr(r)]x3(/jtriptycene,fs$e ';ig('j l'r;rh??uced mass of the hindered rotation decreases. Selection
erminal hydroxy group, aftached 1o one of the bridgeneaq, ¢ yiciate that the 2.6 crh splitting actually corresponds

carbon atoms, undergoes a .Iow frequency tunneling MOtoR, a differencein the ground and excited state splittings.
across potential energy barriers that are clearly sensitive tplowever it will be shown that the excited state splitting is

the change of the benzene angles from 120°. In addition, _ e .
while the point group of this nonrigid molecule will be re-?::{l:n;zhigdsigsezs'glﬁgj};p"ttmg 's approximately equal

$':ﬁz? frr%rSI[; ?nh t(_)”? eav\}il;?ésnioefo:%tsiﬁr:;rt tr?stiev;?hhTEe Dispersed fluorescence measurements were carried out
b ’ 9 P by exciting the molecular beam 8 mm in front of the nozzle

Cs, point group and thé&g group for non-rigid molecules and collecting the fluorescence with a quartz lens and dis-

remains the same. Here we will useB, andE labels for the L
: . : i persing it with a 1.0 m monochromator. The monochromator
irreducible representations of tk&, point group rather than . . . : . )
: . . slit width was varied depending on the fluorescence intensity
the usualA, A,, andE labels to avoid confusion with the f . .
) . . of the excitedS; level. The resulting bandpass was 5-10
first- and second-order Jahn—Teller coupling constants which 1 . )
cm™ - [full width at half maximum(FWHM)]. All spectra are
are also labeled\; andA,. :
corrected for laser power fluctuations and background.
The emission spectra shown in Figs. 3 and 4 consist
predominantly of one progression, with different Franck—
Resonant two-photon ionizatiofR2PIl) spectra of 9- Condon envelopes depending on which vibronic level is ex-
hydroxytriptycene in a pulsed supersonic jet were obtainedited. This progression is very harmonic with a ground state
with the apparatus that has been described in detaitibrational frequency of 63.6 cit, and extends to more
elsewheré.9-hydroxytriptycend TOH) was prepared by the than 20 members in some cases. The emission spectra were
procedure given in Ref. 9, and purified by recrystallization innot used in fitting the vibronic Hamiltonian. However, their

a)

Il. EXPERIMENTAL METHODS AND RESULTS
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FIG. 2. The R2PI spectrum of 9-hydroxytriptycene relative to$he- S, electronic origin at 36 333.4 cm. The vibronic bands labeksto h are referred to
in the text. The subscripts 1 and 2 denote hot and cold bands, respectively.

nodal pattern provides the key to understanding the R2Ptively, in analogy to the assignments found for triptycéne.
spectrum. Qualitatively, the minima in the envelope of thelLevels e;—e; (Fig. 4), which are absent in the R2PI spec-
emission spectra reveal the nodes in the radial direction afum of triptycene, exhibit no nodes in the emission spectra.
the excited statE ® e vibronic wave functions. The emission The assignment of these levels will be further discussed in
from levelsa, b, andd shown in Fig. 3 can be given the Sec. IV.
approximate radial quantum numbers 0, 1, and 2, respec-

. COMPUTATIONAL METHODS

A. The vibronic Hamiltonian

1.0 4 L
1 2 r We have used the basiE®e Jahn-—Teller vibronic
05 1 Hamiltonian that has proved successful in interpreting the
00 A S S S N S jo———t+—————
1.0 4 F 1 e
1 », 3 1
0.5 4 N L
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FIG. 3. The single vibronic level fluorescence emission spectra of TOHFIG. 4. The single vibronic level fluorescence emission spectra of TOH
excited to levels,, by, by, andd,. The abscissa is relative to the excitation excited to levelse;, e,, ande;. The abscissa is relative to the excitation
energy. energy.
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spectrum of triptycerfeand have included the torsional co- é= 1/ sin(|k|¢) k<O
ordinate, ¢, of the hydroxy group in what we will call &

® (e+ ¢) coupling scheme. Clearly the hindered rotation of =vy1l/2m k=0

the hydroxy group[Fig. 1b] will interact with the Jahn— _

Teller e mode as the barrier to the hindered rotation changes = V1w cod|kl¢) k>0, ()]

as a function of the angle between the benzene rige  wherei, j, andk are allintegers The total basis size is then

la. (2Xn4,+1)X(ne+1)X(Nne+2), which can be further fac-
The E® (e+ ¢) vibronic Hamiltonian is given by tored into symmetry blocks of th@;, vibronic group® Note

that the use of integral quantum numbers in this basis differs
from the case where® e Jahn—Teller problem is reduced to

1 52 52 the angular coordjnate of the_ Iower. adiab_atic_potential en-

Ho= > [ - hv(m + N2 I ergy surface. In this case one is solving a vibrational problem

on a single surface and half-odd-integral quantum numbers

92 are required to force a sign change in the vibrational wave

—-B Ey +1/2V3(1~-cos %)} I, functions every 2. In the present case an adiabatic separa-

tion of potentials is not possible.

Hyis =Ho+Hyr+Hyrg,

+K,o(X?+Y?)

+

Hyr=Ai[ — Xo,+ Yo, ]+ A — (X2—Y?) o,+2XYo,], (1)
B. The torsional potential

Hyre=Bi[ X cos¢+Y sin ¢]I, ) ) ]
The torsional motion of the —OH group in
1 0 0 1 -1 0 9-hydroxytriptycene is related to that of methanol with addi-
I= ( 0 1): 2x=\1 0): ‘Tz:( 0 1)- tional interactions expected between the —OH and nearest H
on each benzene moiety. The internal rotation condaint
Here theH, contains the vibrational Hamiltonians of the H, of Eq. (1) is equal toh?/87%cl wherel is the moment of
harmonic Jahn—Tellee mode and the hindered rotation of inertia. For coaxial symmetric rotods=141,/(1,+1,) and
the ¢ coordinate. TheX andY are the dimensionless coordi- from trigopnometry one obtains=0.624 amu & for metha-
nates of thee, ande, vibrational modes. The use of dimen- nol. For triptycend rgp> | oy giving | ~ 1 o= 0.764 amu &,
sionless coordinates allows the parameters to be expressedThis gives the value oB=22.0 cnmi . This value for the
energy units. It is convenient to expreXsand Y in polar internal rotational constant is held constant throughout this
coordinatesp, 6 in following sections. These radial and an- work; i.e., it is assumed that the moment of inertia for this
gular coordinates are given byp=[X?+Y?]¥2 4 internal rotation does not change in the excited state. This is
=tan [Y/X]. The Jahn-Teller angular coordinaeshould an approximation as any geometry change involving the
not be confused with the hindered internal rotation coordi-—OH group will greatly change the moment of inertia. How-
nate ¢. ever, as the —OH group is not directly part of the chro-
Hjr contains the Jahn—Teller coupling terms athg,  mophore which is electronically excited, the structural
contains the coupling between the Jahn—Teller @mdodes.  changes in the —OH group would also be expected to be
The analogous ground state vibronic Hamiltonian is given bysmall. For methanol, the barrier height to the internal rotation
Ho+Hyr e without the matrixl and settingk,=hv. It will is reported® to beV;=375 cm . To reproduce the ground
be shown that it is important to include the coupling betweerstate splitting of 9-hydroxytriptycene a larger barrier height
the Jahn—Teller mode and the internal rotation in the grounaf V;~450cm ! was required. The reported value for
electronic state even though it is nondegenerate and Jahrg-hydroxytriptycene isV3=440+20cm ! obtained from
Teller inactive. In the excited statev is the same as in the the temperature dependence of proton spinlattice relaxation
ground state ant{, is allowed to be different. We allow the times in the solid stat: This agreement between the gas
excited state to have a different vibrational frequency for thephase and solid state values is probably fortuitous.
e vibration, as this was found to be important in the interpre-
tation of the triptycene Spe?thhThe final parameters are ¢ g interaction between Jahn—Teller and torsional
then adjusted so the terms lify are harmonic K,=hv) by hotentials
“scaling” the coordinates. We use this method so that the ) ) ) o ]
excited state basis can be expressed in terms of the ground 1he coupling part of the vibronic Hamiltoniahl,r 4, is
statee basis, simplifying the calculation of the spectrdm. ~ obtained from considering the —OH motion as derived from
The vibronic basis function® consist of a quadruple an e vibrational mode. If the —OH is initially considered as

product of one electroniay, and three vibrationak, states. ~ collinear with theC axis, the two components can be con-
sidered as the displacement of the H atom in xlyeplane:

Qx andQy. The lowest order cross term between the coor-
W= 2 X aithidididhe (2 dinates of the Jahn—TelleX(Y) and this ~OH Q,,Q,) e
=Xy i+j=0 k=-ngy . . <Y
vibrations can be found from the totally symmetric part of
The electronic states), and ¢, are the two components of the direct producE®E: [XQ,+YQ,]. Rewriting Q, and
the E excited S, state;¢; and ¢; are the one-dimensional Q, in polar coordinatesQ,=R cos¢ andQ,=R sin ¢, one
harmonic oscillator basis functions of teevibration, and$,  then restricts this —OH motion to have a fixed valueRof
are the trigonometric functions for the torsional coordinate. =[Q§+ Q§]1’2. The coordinater is the C—O—Hbend away

Ne +ny
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from the C5 axis. A constanR assumes that th€—O—H is
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splitting between thde and A states is small. When the

bent at a fixed angle. ThR value is then subsumed into the ©€ and ¢ problem is considered together there alfeH(A)

coupling constant3;, and one obtains the term given in Eq.

X(A+E)=2A+B+3E levels. With no interaction K,
=0) the energy of these levels are simply the sum of the

This term then appears on the diagonal of the vibronic€nergies of the separate levels, as shown in Fig. 8hen

Hamiltonian given in Eq(1). We remove theR coordinate

the interaction is turned onB( # 0) as shown at the left and

because of the large vibronic basis sets must be used arfi@ht hand sides of Fig. (6), the levels separate into three
reducing the vibrational dimension from four to three greatlygroups. For negative, (for the choice of signs oA, andA,
reduces the computational burden. Also it is clear that théised hergthere is anE—A group below two close lying

COH bond is bent and the internal rotatiaf, of the —OH

E—A groups at higher enerdyig. 6(b) left-hand sidé For

group turns out to be the most important part of the presenRositiveB; the situation is reversed, there are two close lying

problem. The assumption of a const&teduces the multi-
modeE® (e® e) vibronic problem to a E® (e® ¢)” prob-
lem. The reduction of the fuE®e Jahn-Teller problem to

E—A groups and another at higher enefdiig. 6(b) right-
hand sidé
This can be rationalized as follows. The vibronic levels

the angular coordinate was first made in a landmark paper w the torsional potential will be strongly localized about the

O'Brien.’? The explicit removal ofR from the Hamiltonian

values of $=0°, 120°, 240°. If one considers the molecule

also assumes that it is the same in both ground and excitdtked at ¢=0°, then both the geometry of the molecule and
electronic states. The form of the —OH internal rotationthat of the vibronic Hamiltonian is lowered @;. For afixed
mode is given in Fig. (b); the harmonic frequency is calcu- ¢, the B; parameter would describe the symmetry lowering
lated to be 322 cm. from MOPAC/AML1 calculationd?  Cs,—Cs, analogous to the strain term used in the interpre-
though the hindered rotation potential will be very anhar-tation of the triptycene van der Waals compleXeSor a
monic. The firstA— A transition for the fitted ground state fixed value of¢, the equivalence of the three minima in the
internal rotation parameter@=22 cm !, V;=450cm %) E®e Jahn-Teller problem is removed, making two different
is calculated to be 280 cm (see below:. from the other. For positiv,, one minimum is lowered
and the other two minima are raised in energy; while for
negativeB;, two minima are lowered and one minimum
raised.

The energies and vibronic wave functions that result ~ The energy separation between the close lying pair of
from the diagonalization of the vibronic Hamiltonian are the E—A groups of states and the otHe+A group is then a
used to construct a spectrum to compare with experimentneasure of the energy difference between the two equivalent
The full vibronic basis consisted of 47 300 functiofrg, ~ Minima and the unique minimum of tiex (e® ¢) potential
=12,n,=42). The square of the differences of between cal-energy surface. The energy separation between the close ly-
culated and observed energies and intensifiéswas mini-  ing pair of E-A groups, on the other hand, is related to the
mized in parameter space using the principal axes méthod.tunneling splitting between the two equivalent minima.

Only 27 of the observed spectral bands were used in the fit In the low temperature limit onlA—E transitions will

(see Table)l The energies and intensities were given thebe observed. Therefore, the triptycene spectrum is expected
weights 1.0 and 0.2, respectively, due to the greater experfo “triple” upon the addition of the —OH group. For positive
mental uncertainty in the observed intensities. The 27 level8;, each transition of the triptycene spectrum will be re-
were fitted with A2=48. Parameters other than those dis-placed by two closely spaced transitions, with an extra tran-

D. Fitting the parameters

cussed below were initially given the values found for trip- Sition to higher energy. For negati®,, the opposite will

tycene.hw: The value ofhv is fixed at 63.6 cm! from the

occur; for each transition of the triptycene spectrum there

value observed in the harmonic progression seen in the fluovill be two additional closely spaced transitions to higher

rescence spectrdigs. 3—59. V3 The barrier height of the
ground state torsional potentidlg(g), is determined by the
observed “hot bands” which occur2.6 cni ! to lower en-

ergy of each transition in the experimental spectrum. The

energy is equal to the difference of tBg and S, state tun-
neling splittings. The cold bands afe—E transitions and
the hot bands a combination of b+ E andE— A tran-
sitions. The splitting between the-A in the excited state is
far smaller than the experimental resolution, so the 2.6'cm
is essentially th—E ground state splitting. A value of 450

energy. Note that two values 8f; are needed3,(g) for the
electronic ground state ari8;(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 low&st
vibronic level of theE®e S state of triptycene becomes the
threeS; state levels of TOH, accessed in the transitiaps

&, ande; as indicated in Figs.(®) and 7. These three tran-
sitions are to thée vibronic levels on the left-hand side of
Fig. 6(b). Crucial to the fitting of the spectrum is the cou-

cm 1 was found to give the correct ground state splitting andpling constant in the ground electronic st&gg). Without

this was also initially used for the excited statg(e). B;:
The spectra were simulated for many values Bgrin the

this term the intensities of the transitions are completely
wrong, as the effect oB;(e) in the excited state is to shift

excited state, both positive and negative. The essential be@ach minimum to larger values pf This results in very low

havior is best illustrated by considering the lowEstA pair
of levels from both th&e®e and ¢ parts of the problem as

intensities for the low energy part of the spectrum. However,
if B1(g) is also included, it can be varied so that the inten-

shown in Fig. 6. For levels localized below the barrier, thesities can be well reproducedg(e): It was also noticed that
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TABLE |. Measured and calculated vibronic band positions and intensitiesSTABLE I. (Continued)

in the R2PI spectrum of 9-hydroxytriptycene relative to e—S; elec-

tronic origin at 36 333.4 cit. Experimental levels used in the calculation Experimental Calculated
are marked with an asterisk. The parameters used in the calculation are

given in Table II. The quantum numbers given in the assignments are ap2ad A’jl Relative A’jl Relative Assignment
proximate only. All calculated levels are included up to 200 &after ~ |apel  (em™) intensity  (ecm™%) intensity  (n,,ny.ny)
which only those with intensity>0.10 are in(_:luded in _the table. The ap- 171.0 0.02 A — E(0,3,0)
proximate quantum numbers (,n,,n,) are discussed in the text. 167.3 14 170.4 0.28 E_E
; 170.5 0.29 E— A
Experimental Calculated % 170.0 3.1 173.0 1.52 ASE
Band Av  Relatve Av  Relative  Assignment ¥ 174.2 0.3 174.4 0.22 E—E
label (cm™) intensity (cm™Y) intensity (n,.ny.ny) . 1772 07 117;17-40 Oizgo E—’ E
ay —2.6 036  —2.66 022 E — E(0,0,0) * 180.2 1.6 180.7 0.44 E—E
—2.66 0.22 E — A(0,0,0) 180.8 0.48 E— A
as 0.0 1.0 0.0 1.00 A — E(0,0,0) * 183.0 41 183.4 2.40 A E
b} 32.6 2.1 32.25 1.13 E — E(1,0,0) 184.7 05 185.9 0.42 E—-E
32.26 1.12 E — A(1,0,0) 185.9 0.40 E->B
b3 354 6.2 34.91 530 A — E(1,00) * 188.6 0.5 187.8 0.13 E—E
(e 54.45 0.01 E — B(0,1,0) 187.9 0.15 E— A
54.45 0.01 E — E(0,1,0) 188.5 1.93 A—-E
(A 57.8 0.2 57.11 0.04 A — E(0,1,0) 190.6 1.6 190.5 0.82 A E
dy 67.0 5.2 66.36 268 E — E(2,0,0) 193.6 0.92 E_-E
66.41 2.65 E — A(2,0,0) 193.7 0.90 E_B
d’z‘ 69.5 10.9 69.02 1290 A — E(2,0,0) * 193.4 3.6 196.2 4.38 Ao E
e’f 79.8 1.4 79.77 0.65 E — E(0,0,1) 197.7 0.00 E_ A
79.87 0.71 E — B(0,0,1) 197.8 0.00 E-E
& 82.3 4.0 82.02 0.17 E — A(0,0,17) 200.5 0.00 A—E
8217 021 E-—E(001) 197.3 05 199.0 0.28 E—B
82.43 3.61 A — E(0,0,1%) 199.0 0.30 ELE
e,’; 84.4 1.3 84.83 084 A — E(0,0,1) 202.3 1.4 201.7 1.46 ADE
8837 0002 E - E(11,0) 205.3 2.8 206.7 0.02 A—E
gi'gg 8'822 /'i - E&ig; 208.7 11 200.0 0.08 E—A
v . . —
fr 100.0 4.4 100.5 257 E — E(3,0,0) 211.2 23 2531%8 00(.);)2 i . E
100.5 257 E — A(3,0,0) 2123 0.09 E ot
2 102.6 9.4 103.1 1275 A — E(3,0,0) 2124 011 E_ A
o 108.8 1.8 111.2 129 E — E(1,0,1%) 5150 052 A b
111.3 134 E — B(1,0,1%) P 0.20 E
g; 111.4 3.8 111.5 0.03 E — E(0,2,0) 216.5 0'50 E_B
115 0.03 E— A(0,2,0+) 221.4 0.8 219.1 2.34 A— E
1139 652 A—E(101) 224.6 1.5 226.7 0.19 E-E
@ 113.8 1.6 114.1 013 A — E(0,2,0) : : 6.7 093 E_ A
120.2 0.3 120.3 007 E — A(1,0,1) : :
120.5 0.09 E — E(1,0,1) 227.3 1.4 227.5 0.22 A— E
* 1237 06 1220 016 E — B(2,1.0) 2294 124 A—E
1220 016 E _ E(210) 231.0 2.0 229.7 0.47 E—-B
123.1 044 A — E(L0,1) 229.7 0.51 E-E
* 126.7 13 124.7 0.85 A — E(2,1,0) 230.7 0.10 E—-E
133.7 0.4 135.7 000 E—B 230.7 0.12 E—A
135.8 0.00 EE 233.7 4.8 232.4 2.39 A— E
136.6 006 E—E 2333 0.60 A—E
136.6 0.07 E— A 236.8 1.33 E—-E
136.4 1.3 138.4 000 A—E 236.9 1.30 E—B
139.2 0.30 A—E 237.4 1.1 239.4 6.19 A— E
hi 138.9 5.2 139.8 149 E — E(4,0,0) 247.9 0.7 248.1 0.12 E—B
139.9 152 E — A(4,0,0) 248.2 0.14 E—E
h 141.9 8.4 142.4 762 A — E(4,0,0) 250.3 0.9 250.8 0.69 A—E
146.0 0.01 E — E(1,2,0) 251.2 0.14 A— E
146.0 0.01 E — A(1,2,0) 2515 0.11 E—E
148.7 0.05 A — E(1,2,0) 2515 0.11 E—B
i 1475 2.6 150.0 1.20 E — E(2,0,1) 2554 0.4 254.2 0.53 A—E
150.1 1.21 E — B(2,0,1) 257.9 0.9 258.0 0.36 A— E
i3 150.4 4.3 152.7 589 A — E(2,01) 261.6 0.7 250.1 0.68 E—E
160.8 1.6 158.4 021 E—B 259.1 0.74 E—-B
158.5 0.22 E—E 261.6 0.65 A— E
163.4 0.04 E—- A 264.7 2.5 261.7 2.87 A— E
163.6 0.06 E—-E 268.1 2.0 266.2 0.15 A— E
163.6 3.4 161.1 113 A—E 268.1 0.13 E—E
166.2 0.29 A— E 268.1 0.18 E—- A
168.3 0.01 E — B(0,3,0) 271.5 1.2 269.5 0.63 E—E
168.3 0.00 E — E(0,3,0) 269.5 0.55 E—-B
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TABLE I. (Continued) a)
= E
Experimental Calculated E — _  — __ A+B+E
Band Av Relative Av Relative Assignment A
label  (cm™) intensity ~ (cm™?) intensity  (n,,n,,ny) A A
5 —
270.7 1.05 A— E E l A — E
273.9 1.8 272.2 2.62 A— E
275.0 0.12 E—E E®e ¢ E®(et9)
275.1 0.13 E_-B levels levels levels
277.6 0.18 E—B
277.6 0.19 E—E
2777 0.55 A—E b)
281.9 0.3 280.2 0.81 A—E — EA — E
284.9 0.9 2.1 Cm-li _ 5 — A
293.0 0.7 301.2 0.39 E—B E
301.2 0.39 E—E T=
295.6 14 303.9 1.74 A— E 84.4 cm’!
309.0 0.15 A— E — E
318.9 0.23 A—E E A _=_ = B
3275 0.19 A—E E _ =2
337.9 0.25 A— E =
341.6 0.34 A—E B, <0 B, =0 B, >0

FIG. 6. A schematic diagram of the vibronic energy levels of the excited
electronicE state.(a) B;=0, no interaction. The energy differencéandA
are tunnelling splittings due to the Jahn—Teller motion and internal rotation

. L respectively when these are considered separdt®lB;# 0. The indicated
the splitting betweere, and e; calculated initially was t00  gpjittings forB,<0 are obtained using the final fitted parametses Table
large and the intensity of they transition too low. However 11). Note that only transitions into thE vibronic levels are symmetry al-

both these points improved when the torsional barrier heighipwed in the low temperature limit.

in the excited statey;(e), was increased. It was found that

the barrier height was required to be much larger than in thellowed to vary. There is then a seven dimensional parameter
ground electronic state, but the fitted valuevae) ~1000  space to search in a least squares fit of the experimental data.

cm ! must be regarded as approximake,, A;, Ay The  This become computationally intensive without some of the
parameters discussed above are also dependent on the nors@htegies outlined above.
E®e Jahn-Teller parametets,, A;, A, which are also

175 E PR P | P BRI PRI B | P R -
1504 @) observed
: d
. L 1 L . 1 N 3 2
1.0 4 - 7 125 4 f, r
] f, r = ] r
B L = [
] i 2 1004 £
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] L ; E 0.50
00 T [ T T 1 T | & 0804 3
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wavenumber [cm™]

relative wavenumber [cm™"]
FIG. 7. The calculated absorption spectrum compared with the measured
FIG. 5. The single vibronic level fluorescence emission spectra of TOHR2PI spectrum. The experimental spectrum has been constructed using the
excited to leveld,, f,, g, andh,. The abscissa is relative to the excitation energies and intensities given in Table I. The stick spectra have been con-
energy. voluted wih a 1 cm'? half-width Gaussian to aid the comparison.
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FIG. 8. The calculated single vibronic level fluorescence emission spectra gf|G. 9. The calculated single vibronic level fluorescence emission spectra of

TOH from levelsa,, by, by, andd,, using the parameter set given in Table ToH from levelse,, e, andes. The calculated intensity pattern is to be
Il. The calculated intensity pattern is to be compared with the observe¢ompared with the observed spectra shown in Fig. 4.

spectra shown in Fig. 3.

IV. DISCUSSION be compared to the observed spectra in Figs. 3—5. Again, the
A. Comparison of calculated and observed R2PI calculated spectra have been convolutedhwat 1 cn*
spectra FWHH Gaussian to aid the comparison, as each of the

The measured R2PI spectrum is compared with the Cal‘_‘bands” can be composed of many individual transitions.
ur pectrum | P with tr As with the fluorescence of triptycene, the nodal structure in
culated absorption spectrum in Fig. 7. A complete listing of

o . I ) the emission spectra reflects the nodal structure in the radial
the positions and intensities of the experimental bands are

given Table I. The intensities of the bands are relative to the
origin ata,. Both the calculated and the “observed” spectra N
in Fig. 7 are constructed from convolution of the “stick” 0.010 L

spectra with a 1.0 cit full width at half height Gaussian. ] R 3
This is because many of the experimental peaks are assigned 9005 n
to multiple unresolved calculated peaks. The position and A Ly, Ll L s A u l . .
intensity of all the calculated bands up to 200 ¢nabove 0000 7 S S R S SO

the origin are also given in Table I. Above 200 ¢honly 0010 ] A 103.1 E
transitions calculated to have a relative intensit.1 are ] .
given. 0.005 3 n

The transitions are assigned according to @ vi- 0.000 1 L, — L,l A ) o | l A.ﬂ

bronic group. At low temperature on— E transitions are
allowed. When the internal rotation levElis populated in
the S, state, transitions to all excited levels,—~A, B andE
are formally allowed. Also included in Table | are approxi-
mate quantum numbers that can be given to the lowest Vi-  go00 Josa o nna AL AL LA 4, |
bronic levels. These assignments can be made from examin- —t 1
ing the nodal structure of the vibronic probability functions.
Practically all features of the experimental spectrum can be

0010 ] E 1140 g, -

[arb. units]

0.005 -

0010 71 E 1424 h, C

Fluorescence

0.005 — _
reproduced in the calculation. However, there are some dis- ] A C
crepancies between the observed and calculated intensities tc 0000 o a A A A & a o n A AL L1,
higher energy. -800 -400 0

relative wavenumber [cm'l]
B. Comparison of calculated and observed emission
spectra FIG. 10. The calculated single vibronic level fluorescence emission spectra
of TOH from levelsf,, f,, g,, andh,. The calculated intensity pattern is to
The calculated emission spectra shown in Figs. 8—10 cabe compared with the observed spectra shown in Fig. 5.
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TABLE Il. Parameters of th&®e Jahn—Teller vibronic Hamiltonian. An b 6 = 120° -
: ) ¢ =120
asterisk denotes a parameter that has been allowed to vary. The last column =
contains the values found for triptycetigef. 1.
Parametefcm™1] 9-hydroxytriptycene triptycene
Y

ground state

hv(g) 63.6 64.2

B(9g) 22.0

V3(g)* 450.0

Bi(g)* —45.0

X

excited state N :

hv(e) 47.855 47.83 d)  average| a)-c)

K3 47.855 47.83

AT —70.295 —78.92

A —10.803 —10.164

B(e) 22.0 Y

V;(e)* 1000.0

Bi(e)* —20.952

(p) dlrecthn of the e_XCI.ted state vibronic wave fl'“:]Ctlons'.FlG. 11. The lower the adiabatic potential energy surface ofShetate

The experimental emission spectra observed following excipiotted as a function of the dimensionless Jahn—Teller coordidatesl Y
B B O T b e o i e e e
directly Wl.th th.e CaICUIat.ed emission in .Flg' 8. Th|§ 'S l?e- ;zn\q{ertzrzzgl\i/segénaﬁs tk?e contours aregdrawn fl’OriJ‘ﬂlSO to 0 cm* ét 10
cause exciting into the higher of each pair of transitions, i.e., -1 equally spaced intervals.

the cold band, only excites a sindlevibronic state. Exciting

into the lower hot bandb;, on the other hand, actually ac-

cesses the excited state levelstoand A symmetry both at It is interesting to see features additional to the progres-
~34.9 cm *. The calculated emission from both these levelssion in thee vibrational mode appearing in both the observed
is very similar. The ‘b;” emission is also observed to be and calculated emission from these higher levels. In the case
very similar to the ‘b,” emission, which accesses the  of the calculated spectra, this is due to nonzero intensity of
excited state only. The nodal pattern of bamgds, andd  the transitions to the first excited torsional vibration. How-
correspond to the,=0, 1, 2 approximate quantum numbers ever, it is noted that these additional experimental features
given in Table I. The maximum in the observed emissionpeginning at~—670 cm * are much stronger than calculated
when exciting into band, is atn=2 ground state quanta. and may be due to the participation of some other ground
This is different from then=4 maximum calculated, and we state vibration.

attribute this to experimental difficulties in exciting the weak
a, band.

The emission from exciting into the levels is interest-
ing in that Franck—Condon patterns are reproduced in detail. Table Il lists the parameters of the vibronic Hamiltonian
The direct comparison is complicated as exciting into bandebtained from  fiting the R2PI  spectrum  of
e, €&, and e; actually excite the levels[E(82.42), 9-hydroxytriptycene as well as those obtain for tEee
B(82.54)], [A(84.68), E(84.83), E(82.43)], and problem of bare triptycene. The parameters common to the
[E(84.83)], respectively, by unequal amourigee Table)l E®e problem are seen to be quite similar. Figure 11 shows
Also, it is not known what population redistribution may the lower adiabatic potential energy surface of the Jahn—
occur between the levels after excitation. However, as beTeller S; state as a function of the dimensionle3sY) co-
fore, emission from a vibronic singléé or B) is very similar  ordinates over the range8. Figures 14a)—11(c) were ob-
to that of the nearb¥ state. Both the short Franck—Condon tained from diagonalizing the potential energy terms of Eq.
pattern and the alternating intensities seen when exciting int@l) with the parameters of Table Il at fixed valueséfFor
the e bands are reproduced. a fixed ¢, the potential energy surface reflects tbg sym-

The observed and calculated emission obtained from exmetry of the molecule, while the average of the potentials
citing into other levels are shown in Figs. 5 and 10, respecshown in Fig. 11d) is very close to that of bare triptycene
tively. Again, the nodal structure in barids reproduced3  (Table Ill). Each surface for fixedb is very similar to that
minima in the emission Other features such as strong/weakfound for the triptycenéNe van der Waals compl&where
first member of the progression of bargjgh,, respectively, one minima was made lower than the other two by a Ne
are correctly reproduced in the calculation. The parameterastom complexing between two benzene rings. However, in
of the vibronic model have not been varied to fit the ob-the present case the low symmetry perturbation is dynamic,
served emission spectra. The calculated spectra are obtainbding due to the internal rotation of the —OH group.
using the parameters given in Table Il obtained from fitting  Figure 12 show the lower potential energy surface as a
the R2PI spectrum. function of the Jahn—Teller pseudorotatiagh,and the hin-

C. The potential energy surfaces
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TABLE IIl. Some energetic and geometrical quantities derived from the parameters of Table Il. The last
column contains the values found for triptyce(fef. 1).

Property TOH ¢)? TOH ((¢)P° triptycené
Ejfem™ 1 158.6 94.1 113.4 JT stabilization energy
70.6
Eodcm™ 113.6 58.55 67.77 barrier height
53.1
Po 3.48 2.68 2.87 radial position of minima
2.29
Ps 1.18 1.01 1.16 radial position of saddle points
0.71
ar [em™] 0.000 69 0.93 tunneling splitting

2, denotes forg at a minimumeg,=0°, 120°, and 240° as in Figs. (—11(c).

b(¢#) denotes the values for the potential energy surface taken as the average of the surfgee8°at120°,
and 240° as in Fig. 1d).

‘These values have been taken from Ref. 1.

dered OH rotationg. At each point, the surface is mini- enclose the conical intersection of the Jahn—Telestate
mized with respect to the radial coordinatsince the energy placed at the center of the torus. The path around ¢he
pathway between the minima is far from circul@ee Fig. coordinate does not enclose this conical interaction.
11). Figure 12a) uses the parameters of Table Il, while that  The barrier between the minima is very high1000
of Fig. 12b) is for B;(e)=0. For the zero interaction case, cm™ 1) along the¢ coordinate compared to the barriers along
there are nine equivalent minima at the 0°, 120°, and 240the 6 coordinate(53.1 and 113 cm, respectively, between
positions. After switching on the interactioB{+# 0), three the equivalent and nonequivalent minima simplistic in-
minima are lowered with respect to the other six. Thesderpretation would be that the large barrier height and small
minima are slightly shifted from the high symmetry posi- tunneling splitting along theb coordinate would make this
tions, although this is hard to see on the scale of the plots.—OH rotation appear stationary at tig geometry from the
The potential energy surface shown in Fig. 12 are cyclicpoint of view of the Jahn—Teller pseudorotation. However,
repeating every 2. If the sides of the plots ap=== are  there are not separate tunneling splitting and tunneling rates
joined to form a tube, and the circular ends of this tube arealong the ¢ and @ coordinates. It will be shown that the
also joined, one forms a contour plot drawn on the surface ofunneling motion between the barriers is highly correlated.
a torus. It is instructive to view the potentials in this way asThat is, the Jahn—Teller pseudorotation and the —OH internal
tracing a path around thé coordinate can be thought to rotation move in concert.

D. The vibronic wavefunctions.

The calculated vibronic probability functions iX(Y)
space for the first 12 vibronic levels & symmetry are
shown in Figs. 13 and 14. These plots are the sum of the
squares of each component of tBevibronic wave function.
The probability of the vibronic wave functions along tke
coordinate has been integrated out, rather than a fixed value
of ¢ being used. The probability functions therefore display
the C;, symmetry of the potential shown in Fig. ) rather
than that of a fixed value of. These vibronic probability
functions are labeled,, b,,..., corresponding to the prob-
ability functions of the upper levels of the observed transi-
tions labeleda,, b,,... 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 numbersandn, 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 levebs, e, ande; all have no
FIG. 12. The lower adiabatic potential energy surface plotted as a functiomodes in their intensity patterns, while emission from levels

of the Jahn—Teller pseudo_rotgtion coor(iinatil?d the OH torsiona_ll coor- b2 and d2 have one and two nodes, respectively, in agree-
dinate ¢. The coordinated is given by §=tan “(Y/X). At each point the ) . "
R _ ment with the probability functions.
potential is minimized along the=yX?+Y2. The contours are equally . . .
spaced in 20 cit intervals.(a) Using the parameters given in Table (i) Figure 15 shows some of the calculated vibronic prob-

Using the parameters given in Table I, except setfig-0. ability functions of E symmetry at higher energies which

120

-120

120

-120
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FIG. 13. The calculated vibronic probability functions iK,{) space for FIG. 14. The calculated vibronic probability functions for the 7—12 vibronic
the first six vibronic levels oE symmetry calculated using the parameter set levels of E symmetry. See also caption to Fig. 13.

given in Table Il. For each point the vibronic probability function has been

integrated alongp. The nodal structure of the vibronic functions shows the

approximate radial and angular quantum numbersn, given in Table I.

The radial node_s is plearly reflected in the i_ntensity pattern of the emissiofqye heen integrated along theoordinate, so they are not

spectra shown in Figs. 3-5. The contour intervals are equally spaced b&. ; .

0.015. istorted by being evaluated at a fixed valuepofor levels
below the barrier heights, thé and ¢ motions are highly
correlated; while at higher energy the levels are more evenly

have a large intensity in the R2PI spectrum. All these funcdistributed over(§, ¢) space. The trend is clearly seen in the

tions show a large probability amplitude at small values ofprobability plots ofa,, d, andf,, g, of Fig. 16. This corre-

(p). The wave function of such levels will have a high over- lation implies thatthe motion of the Jahsfileller pseudoro-

lap with the ground state wave functions. They can be clastation is enslaved to theOH internal rotation the butterfly

sify as “cone states,” belonging predominately to the upperflapping of the benzene rings follows the minimum gener-

sheet of the Jahn—Teller potential energy surface, although iated by the position of the—OH group. Tunneling will occur
each case there also appears substantial probabdityeen along the diagonal of the probability plots, not along the
the lower and upper sheets of the (e® ¢) surface. coordinate as might be implied by the lower barrier height in

The vibronic probability functionsy,, c,, andg; corre-  this direction. For the higher energy levels, the more even
spond ton,=0, 1, and 2 and show little mixing with either distribution over(6, ¢) space implies that the position of
then, or n, type modes. Th& vibronic probability function the—OH group is less important in determining which ben-
at 171.0 cm?® (not shown corresponds to a clear,=3  zene ring will be brought closer together.

case. The probability functiores ande; are similar to that of The behavior of the vibronic probability functioegand

the lowest vibronic functiom,, except that the average value e; are similarly understood as being localized in the higher

of p is smaller. This is because these vibronic wave functiongnergy minima generated for a fixed value @f For bare

are localized in the upper two minima of the potentials adriptycene, each of the three equivalent Jahn—Teller minima

viewed with a fixed value ofp [Figs. 11a)—-11(c)]. In other  corresponds to a large angle change between two of the three

words, thea, wave function is localized in the minimum that benzene ring$Q, of Fig. 19a)]. In TOH one minimum is
the—OH mode makes lowe&=0°, for $=0°), while thee,  lowered with respect to the other two minima forfizaed
ande; wave functions localize in the upper minifi@=120°  value of ¢ [see Fig. 11a)]. Each of these two higher energy
and 240°, for¢p=0°). minima are the Jahn-—Teller minima with the large angle
The extent of correlation of the wavefunctions(if) ¢) change between two benzene rings which do not include
space is shown in Fig. 16. Here the probability functionsthe—OH group. The lower minima of Fig. @& corresponds
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h; 142.4 iz 152.7
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232.4 o
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FIG. 15. Some higher calculated vibronic probability functionsEadym-
metry which show large intensity in the R2PI spectrum. Note the largeFIG. 16. Some calculated vibronic probability functionstofymmetry as a
probability amplitude at small values @p) which classify these as cone function of the Jahn—Teller pseudorotatic) and the internal rotation-OH
states, belonging predominately to the upper sheet of the Jahn—Teller pé®)- The range ist along each axis. The contour intervals are equally
tential energy surface. spaced by 0.1.

to the Jahn-Teller minima with the large angle change bel—n the E®(e® ¢) model used here, a circuit ofr2about

tween the two benzene rings which bracket the—OH group. IYV'” cause a wave function to acquire a Berry's phase, while

. . a circuit aboutg will not. However in the present case the

is also clear that the, ande; wave functions represent sym- . ; :

metric and antisymmetric combinations of the wavefunction and ¢ motions are concerted according to Fig. 16. In the
SIowest vibronic wave function of th&, state of TOH the

localized in each well. This can be seen in Fig. 16 where th? . ) o
o - : . unneling motion will simultaneous change bothand ¢
probability contours about each minima of the vibronic func-from 0 to 2 describing a closed spiral on the surface on the

tion e, join, whereas those o; fall to zero between the T . .

minima. Similar symmetric/antisymmetric behavior is dis- torus_. This V|brc’)n|c wave functpn would_then be_ expected to
: - . acquire a Berry’s phase from this tunneling motion. Recently

played in the probability plots as a function af (not there has been speculation on whether the triptycene mol-

shown), although in this case the large barrier heights make P Pty

this harder to see. This symmetric/antisymmetric behavior iecule would present a good candidate for opical tests for

- . . : /'O 1Berry's phasé” The present molecule would be an even
indicated with* superscripts respectively on thg approxi- . : X
: . .__better candidate, enslaving the Jahn—Teller pseudorotation to
mate quantum number for levels with their wave functions : . ; .
. . . the motion of an internal rotation has slowed it down by
localized in the upper minima.

The probability plots shown in Fig. 16 can also be many orders of magnitude. The calculated tunneling splitting

viewed as being on the surface of the torus introduced in the reduced from 0'93.t0 0.000 69 cfhon going from trip-
previous section for the potential energy surface. A pathycene to 9-hydroxytriptycene.

around the# coordinate encloses the conical intersection atE
the center of the torus, while a circuit around theoordi-
nate does not. It is well known that the electronic and vibra-  The model potential energy surface that has been used in
tional parts of a vibronic wave function both change signEq. (1) is extremely simplistic and it is surprising that it
after a circuit in coordinate space returns to the same geontaptures so much of the spectroscopic behavior. We have
etry and encloses a conical intersecttdfthis is a molecular used a harmonic vibrational potential for both ground and
manifestation of Berry’s geometric pha8and is required excited electronic states, with first- and second-order Jahn—
for the total vibronic wave function to remain single valued. Teller coupling in the excite& state. The torsional potential

. Extensions to the E®(e® ¢) model
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is characterized by a single term and only the lowest ordet20°. Using a calculated reduced mass, the angle change
coupling betweere and ¢ vibrational modes has been in- could be quantified as a reduction to 103*8ased on con-
cluded. A close examination of the differences between thsideration of steric repulsion between the—OH hydrogen
calculated and measured spectra suggests how an improvatbm and the proximal benzene hydrogen atoms, the three
effective molecular Hamiltonian may differ from this model. equivalent minima of thaincoupled-OH internal rotation

A general feature of the spectrum is that bands at avould be expected to correspond to geometries where
greater shift from the origin were always calculated to be todhe—OH group points midwalyetweertwo neighboring ben-
high in frequency. Since these higher energy features accegene rings. If the Jahn—Teller minima in ti$e state[Fig.
regions of the potential energy surface with greater values of2(a)] would correspond to a reduction of flap angle between
p, the potential surfaces should “soften” at higher values oftwo neighboring benzene rings to 103.6°, concurrent with an
p. This behavior was also observed for th&@e model of  opening of the two other benzene ring flap angles to 128.2°,
bare triptycene. For triptycene, a much better fit wasthen the steric repulsion should increase when the—OH group
achieved by extending thE®e model to a A®E)®e  points between the pair of benzene rings with “closed” flap
model. The interaction with the higher lying excitédelec- angle, raising the potential energy. Conversely, the steric re-
tronic state softened the higher energy parts of the potentiglulsion decreases when the—OH group points into the
energy surface. However, it is not clear whether Ahelec-  “opened” flaps, thereby lowering the potential energy for
tronic state is important in its own right or merely provides athe two other minima.
way for the potential energy surface to vary and become This is, however, the opposite of what is observed. Our
closer to its true form. Due to the extremely large basis sizesiterpretation of the R2PI and fluorescence spectra of
required, the A®E)®e model was not used to model 9-hydroxytriptycene clearly shows that one of the minima is
9-hydroxytriptycene. lower and two are raised in energy. This argument works for

One part of the R2PI spectrum which was not repro-both the three minima as a function éfor a fixed value of
duced well, was the intensity of thgg band(Table I, Fig. 7. ¢; and the three minima as a function ¢ffor a fixed value
An examination of the probability functiog, reveals that it of 6. In both cases, there is a stabilization of one minimum
has the approximate quantum numbgrs=1,n,=1) while  over the other two. With the above arguments, this implies
0; has (,=2). From Fig. 14, there appears to be very little that the minima in theX,Y) space correspond to an opening
mixing between the vibration in thédirection and the other of the angle between benzene rings. However, this is an in-
modes. We attempted to rectify this by including higher or-terpretation ands not experimentally determined@he data
der coupling terms of\; symmetry into the vibronic Hamil- could also be interpreted as the unique minimum occurring
tonian: X cos 26 | and (X>—Y?)cos¢ |. Neither of these with the—OH group between two benzene rings that is re-
terms made a substantial improvement to the fit. duced from 120°. This would seem less likely on steric

We also tried terms of the type cog@ to alter the grounds. Even more unlikely possibilities is that the geom-
torsional potential and an anharmonic term for theibra-  etry at the unique minimum is with the—OH group over one
tion of the formX(X?—3Y?) I. This later term is of interest benzene ring, with the opposite two rings either open or
as it changes the sign of the distortion of the upper adiabaticlosed.
potential. This could be important, as the R2PI spectrum  Since the common parameters between triptycene and
probes the “cone” states. Both this anharmonic term and th@®-hydroxytriptycene are very similar, we conclude that ge-
second order Jahn—Teller coupliAg, in Eq.(1) cause three ometry of these molecules at the Jahn—Teller minima is simi-
minima on the lower adiabatic potential energy surface. Thdar. While the sign of the distortion along tleg coordinate
A, term also causes a bulgm the opposite sides of the intheS, state cannot be unambiguously determined from the
upper surface, while the anharmonic terms will cause thexperimental data, the present work can be interpreted in
upper surface to bulge on the same side. By comparing theerms of a ring opening from the 120°. However, it should be
simulated spectra with experiment, it does appear that it isioted that in this case none of the parameters or conclusions
the second order coupling rather than anharmonicity which i®f these previous works are altered, only the sign ofdhe
important in causing the Jahn—Teller minima in this mol-coordinate.
ecule.

The above extensions to the simple vibronic Hamil-V. CONCLUSIONS
tonian given by Eq(1), only gave marginal improvements to The
the fit. It was decided to optimize the fit for the simplest9
model rather than introducing a large number of additionak
parameters.

analysis of the R2PI  spectrum  of
-hydroxytriptycene indicates that the torsional motion of
he—OH group interacts strongly with the Jahn—Teller active
flapping motion of the benzene rings of TOH. B®(e
® ¢) vibronic Hamiltonian was developed which, together
with the parameters listed in Table I, was found to repro-
duce both the5;«+ S, spectrum measured by R2PI, and all
The geometry of the triptycene molecule at the minimathe S;— S, fluorescence emission spectra of this molecule,
of the E® e potential energy surface is a distortion along thein great detail. The model consists of th& e Hamiltonian
e, component of thee vibration. In previous work, it has of unsubstituted triptycene, a threefold torsional potential for
been assumed that the minima correspond to a geomettite internal rotation of the—OH group and the lowest order
where the angle between two benzene rings decreases frazoupling between these coordinates. The coupling between

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



10780  J. Chem. Phys., Vol. 109, No. 24, 22 December 1998 Furlan, Leutwyler, and Riley

Jahn-Teller and—OH motions was necessary to reprodugghase. The rate at which 9-hydroxytriptycene will tunnel be-
the spectra. This coupling was also required in the groundween minima is calculated to be much slower compared to
electronic statéwhere thise flapping vibrational mode is not triptycene. The Jahn-Teller pseudorotation is forced to tun-
Jahn—Teller activeto reproduce the spectral intensities. nel in concert with the—OH internal rotation on the much

The sign of the coupling parametds;, in the S; ex-  longer time scale. The molecule may be an ideal candidate
cited state implies that the geometry of the TOH molecule irfor the time-resolved detection of Berry’s phase in an iso-
the minima of the Jahn—Teller coordinate space is one wherated moleculé’
there is arincreasein the angle between two benzene rings.
This con_clu_smn comes from steric requwem_ents and res°|ve,§CKNOWLEDGMENTS
the ambiguity of the Jahn—Teller geometry in Bestate of
triptycene. This research was supported by the Swiss National Sci-

There are two static viewpoints that can be taken. Conence FoundatiofGrant Nos. 20-40669.94 and 20-47214.96
sidering the—OH group as fixed at a position midway be-We gratefully acknowledge Professor W. Adcdéidelaide
tween two benzene units results in one of the Jahn—Tellgior providing a sample of 9-hydroxytriptycene. The use of
wells being lower than the other two. Alternatively, consid- computer facilities of the High Performance Computing Unit
ering the triptycene molecule fixed at ap distortion with  at the University of Queensland is acknowledged.
angle between two benzene rings opening, results in one of
the minima of the torsional coordmat_e being _Iower_ed with 1, Furlan, M. J. Riley, and S. Leutwyler, J. Chem. PI§8, 7306(1992.
respect to the other two. The transitions to vibronic levelsza fyrlan, T. Fischer, P. Fluekiger, H. U. @el, S. Leutwyler, H. P.
whose wave functions are localized in the lower and upper3Lijthi, M. J. Riley, and J. Weber, J. Phys. Che3f, 10713(1992.
wells appear in the spectrum and correspond to the bands 43- 'jurl';?lne' S-HLeJtVéYlféi a;ndd'\/"_\- JNchrltlgr):' Jc-hgr;e’ghpg?g‘gg:;‘”-

. . . . . . J. Riley, H. U. , . , . V! .

and the paire, and e3’_ respgctlvely. The viewpoints g'Ye” 5M. J. Riley, A. Furlan, H. U. Gdel, and S. Leutwyler, J. Chem. Ph@8§,
above are useful for visualizing the geometry of three dimen- 3803 (1993.
sional potential energy surface, however, it would be incor—jM- J. Riley and A. Furlan, Chem. Phy210, 389 (1996.
rect to view the TOH molecule in itS; electronic state to be A Furlan, S. Leutwyler, M. J. Riley, and W. Adcock, J. Chem. PIgs.

ic with t to eithef or ¢ coordinates 4932(1993.
static with respect to et °S. 80. Cheshnovsky and S. Leutwyler, J. Chem. Piags 4127 (1989.

The tunneling splitting of the lowest vibronic levels of °w. Adcock and V. S. lyer, J. Org. Chers3, 5259(1988.
the 6 or ¢ coordinatesonsidered in isolatiomre calculated °E. V. Ivash and D. M. Dennison, J. Chem. Ph28, 1804(1953.
to have similar magnitudes. However, there is oohe cal- 11E, Imashiro, K. Hirayama, T. Terao, and A. Saika, J. Am. Chem. $0@.

. e ’ . . 729 (1987.

culated tunneling spl_|tt|ng for the lowest wbromc levels of 12y, C( M.DO,Brien’ Proc. R. Soc. London, Ser. 281 323 (1959.
the E® (e® ¢) potential energy surface. Tunneling between3a Furlan, Ph.D. thesis, University of Berne, Switzerland.
the three lowest of the nine minima results in the Concerted‘lR. P. Brent,Algorithms for Minimization Without Derivatived®rentice—

: : : : Hall, Edgewood-Cliffs, NJ, 1973
motion of'both 0 and ¢ coordinates. This motion foII.ows.a SE. . Ham, Phys. Rev. LeS8, 725 (1987,
clos_ed spiral _path on a torus that encloses t_he conical intersy; v Berry, Proc. R. Soc. London, Ser. 202, 45 (1984).
section, leading to a sign change as required by Berry’§’J. A. Cina and T. J. Smith, Jr., Adv. Chem. Phg8, 1 (1993.



