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Laser-induced fluorescence excitation, dispersed fluorescence, and population labeling spectra of the
S0–S1 transition of 5-hydroxytropolone~5-HOTrOH! have been recorded in a supersonic free jet.
In the ground state, the two in-plane orientations of the 5-OH substituent produce two isomers,syn
andanti relative to the 2-OH. Population labeling is used to identify transitions in the spectrum
originating from thesyn and anti zero-point levels. In the excited electronic state where 2-OH
H-atom tunneling is expected to be more facile, the single vibronic level dispersed fluorescence
spectra identify excited state levels with widely varyingsyn–anti character. Many of the levels in
the low-energy region of the spectrum are nearly puresynor anti in character, thereby showing little
coupling to the isomerization reaction coordinate. Other levels are stronglysyn–anti mixed via
Fermi resonance interactions. A few levels exhibit strongsyn–anti mixing despite being relatively
isolated from other levels. These levels have strongsyn–anti coupling matrix elements which reflect
a strong coupling to the reaction coordinate. Analysis of the dispersed emission identifies a
‘‘promoter’’ vibrational mode W, withsyn ~anti! ground-state frequency 336~337! cm21 which
appears to play a key role in couplingsynandanti levels. The accessibility of excited state levels
of mixed character makes it possible to efficiently and reversibly isomerize 5-hydroxytropolone in
a highly mode-specific fashion. ©1995 American Institute of Physics.
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I. INTRODUCTION

In the pursuit of vibrationally mode-selective reactivit
molecules undergoing intramolecular photoisomerizat
have drawn considerable attention.1–3 Part of the alure of
such studies is that reaction occurs between well-defined
actant and product geometries, often with a simple spa
coordinate as the reaction coordinate. The desired idea
that certain normal coordinates will be more strong
coupled to the reaction coordinate than others. Excitation
these coordinates then could lead to enhanced reactivity
course, as in bimolecular4,5 and photodissociation6 reactions,
mode-selective photoisomerization is possible only if re
tion occurs at low enough state densities that intramolec
vibrational redistribution is unimportant on the time scale
reaction.

Isomerization reactions driven by hydrogen–atom
proton tunneling are especially intriguing candidates
mode selectivity because reaction can occur at energies
below the classical transition state. In addition, tunneling
especially sensitive to the positions of the heavy atoms s
ing as donor and acceptor, raising the prospect of vib
tionally mode-selective behavior.

This paper presents a single vibronic level study wh
shows strong vibronic state selectivity in the photoisomeri
tion of 5-hydroxytropolone~5-HOTrOH!. Our work builds
on previous studies of tropolone,7–10 a pseudoaromatic mol
ecule containing a seven-membered ring which can unde
hydrogen atom tunneling between the oxygen atoms i
symmetric double-minimum potential well. In tropolon
spectacular mode-specific changes in the H-atom tunne

a!Author to whom correspondence should be addressed.
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splitting have been observed,7–10demonstrating the exquisite
sensitivity of H-atom tunneling to the heavy atom motion
the rest of the molecule. As we will see, the mode specific
in the isomerization of 5-hydroxytropolone is made possib
by this same H-atom tunneling reaction coordinate and
sensitivity to vibration.

In 5-HOTrOH~shown below!, despite the symmetric po-
sition of hydroxy substitution, the preference of the 5-O
hydroxy group for in-plane positions11,12 produces a slight
asymmetry in the molecular potential energy surface. Ba
on our recent work on 5-aminotropolone,13 where the asym-
metry of the NHD isotope was sufficient to quench H-ato
tunneling in the ground state, one might expect a simi
quenching in 5-HOTrOH. Two distinct conformers are the
formed which differ in the orientation of the 5-OH hydroge
relative to the tunneling hydrogen. ‘‘Syn’’ ~‘‘ anti’’ ! desig-
nates that the 5-OH and 2-OH are on the same~opposite!
side of thez inertial axis indicated below. In 5-HOTrOH
there are two well-defined reaction coordinates for thesyn–
anti isomerization involving~i! H-atom tunneling between
the two oxygen atoms and~ii ! 5-OH torsion through 180
degrees.

In a recent communication,14 we reported initial results
of our study of 5-HOTrOH which focused attention primaril
on theS0–S1 electronic origins for the two isomers. Figur
5/102(13)/5246/14/$6.00 © 1995 American Institute of Physicsect¬to¬AIP¬license¬or¬copyright,¬see¬http://ojps.aip.org/jcpo/jcpcr.jsp
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5247Ensminger et al.: Photoisomerization in 5-hydroxytropolone. I
1~a! presents a schematic diagram of these transitions and
the ‘‘crossover’’ transitions which promotesyn↔anti isomer-
ization in the molecule. We argued previously that the pre
ence of the crossover transitions signals that the excited s
levels have mixedsyn–anti character, as shown in the two-
dimensional wave functions of Fig. 1~b!. As we will see,
such mixed-character excited vibronic states are more
rule than the exception, presenting a delightful venue for t
study of mode specificity in intramolecular photoisomeriza
tion.

The 5-OH substitution has a similar effect1 to the asym-
metric methyl15,16 and phenyl17 substitutions on
9-hydroxyphenalenone, whose spectroscopy has been s
ied in some detail in a matrix. The isomerization o
5-HOTrOH also bears some resemblance to the keto-e
isomerization of ‘‘double’’ benzoxazole studied recently b
Ernstinget al.18 By comparison to this work, a pleasing fea
ture of 5-HOTrOH is its small ground-state asymmetr
which enables the study of the isomerization on a state-
state basis following excitation out of either ground-sta
well.

In the present paper, we present a complete account
our work on 5-HOTrOH which extends the previously re
ported results14 in several ways. First, the primary focus o
this paper shifts from thesyn and anti origins to vibronic
levels above the origin. Second, dispersed emission scans
used to quantify, to the extent possible, the fractionalsynand
anti characters of each of the major levels in this regio
Third, in a few cases, we have identified the vibrational sta
character of thesynandanti levels involved in the mixing.

FIG. 1. ~a! Potential energy curves along the intramolecular H-atom tunne
ing coordinate. Note the reversal in stability betweenS0 and S1. The S0
energy difference of 249 cm21 and theS1 energy difference of 236 cm21

account for the 485 cm21 difference between the red and blue origins. Lo
calized ground-state wave functions and partially delocalized excited st
wave functions provide nonzero Franck–Condon intensity in the red1236
and blue2236 ‘‘crossover’’ origin transitions.~b! 2D wave functions foranti
00 and the nominallysyn/blue 00 levels associated with the red1236 cross-
over origin transition. Since thesyn00 wave function~not shown! is local-
ized along the opposite diagonal, the emission spectrum is predominantl
synground-state levels.
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These identifications have led to a classification of the typ
of mixing present. Furthermore, the analysis identifies a pr
moter mode whose excitation, more than any other mod
enhancessyn–anti mixing. Finally, in the adjoining paper,
we presentab initio calculations in which several aspects o
the multidimensional reaction surface are explored. A norm
coordinate analysis shows two possible in-plane mod
which correlate well with the observed promoter mode.

II. EXPERIMENT

Laser-induced fluorescence~LIF! excitation and dis-
persed fluorescence spectra were recorded using an appa
which has been described previously.19 A solid sample of
5-hydroxytropolone was resistively heated to 115–120 °C
a housing placed directly before a pulsed nozzle~General
Valve, 500mm diameter!. Helium gas at a pressure of 2–10
bar was passed over the heated sample and expanded thr
the nozzle into a chamber pumped by two vapor boos
pumps operating in parallel. The output of an excime
pumped dye laser~Lambda-Physik EMG-50E/FL2001,
PBBO or BBQ dye! crossed the expansion 1–2 cm down
stream from the nozzle. Unsaturated excitation spectra
quire unfocused laser energies of about 10mJ/pulse. Dis-
persed fluorescence spectra utilize a 3/4 m monochroma
operating at a resolution of 10 cm21 FWHM. Fluorescence
signals were detected by a UV-sensitive photomultiplier tu
using gated integration~Stanford Research SR250!. A cut-off
filter was used in the fluorescence excitation scans to red
scattered laser light.

In 5-hydroxytropolone, two ground-state levels~the syn
and anti zero-point levels! possess sufficient population to
contribute to the excitation spectra. In order to identify tran
sitions out of a specific ground-state level, population labe
ing scans were recorded. Fluorescence-difference spectra
recorded by measuring the difference between a normal
citation spectrum and one in which the population in a give
ground-state level is depleted. The difference between
normal and depleted spectra yields only transitions from t
targeted level.

In practice, population is removed by a saturating las
pulse operating at half the repetition rate of the probe las
The saturation laser~operating at 20 Hz! is set on a transition
out of a targeted ground-state level, while the probe las
~operating at 40 Hz and delayed by 100 ns from the satu
tion laser! is tuned through the desired region of the spe
trum. Fluorescence signal from the probe laser with a
without the saturation laser present alternates between
due to the depleted and normal spectra, respectively. Subt
tion was performed on a shot-to-shot basis by using the
tive base line subtraction mode of the gated integrator.

5-HOTrOH was synthesized at Cal State Fullerton usin
the procedure of Russellet al.20

III. RESULTS AND ANALYSIS

A. Fluorescence excitation and population labeling
spectra

Figure 2 shows an overview fluorescence excitation sc
of the first 1600 cm21 of the S1←S0 transition of
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5248 Ensminger et al.: Photoisomerization in 5-hydroxytropolone. I
5-HOTrOH. The scan was taken under unsaturated con
tions and is power-normalized. As dispersed fluorescen
and population labeling spectra will show, the two transition
marked in the figure areS1←S0 origins due to the two con-
formational isomers,anti and syn. Arguments will be pre-
sented shortly that the ‘‘red’’ origin at 25 047 cm21 is most
likely due to theanti ground-state isomer while the ‘‘blue’’
origin ~25 533 cm21! originates from thesyn ground state.
Throughout the rest of the paper we will assume this is
meric assignment.

In assigning transitions above the origin, several difficu
ties are encountered. First, the spectra due to the two isom
are similar, but far from identical. Second, correlations t
levels in the spectra of tropolone7–10 and aminotropolone13

are not easily made, though gross similarities exist. Thir
the interleaved spectra from the two isomers makes it dif
cult to assign a given feature to a given isomer.

As an aid to the assignment process, population labeli
spectra have been recorded with the saturation laser tune
the blue and red origins. Figure 3 compares the fluorescen

FIG. 3. ~a! Fluorescence excitation spectra of the region near the red orig
in 5-hydroxytropolone.~a! Total fluorescence,~b!, ~c! population labeling
spectra with the saturation laser tuned to the blue and red origins, resp
tively.

FIG. 2. Overview fluorescence excitation scan of the first 1600 cm21 of the
S1←S0 transition of 5-hydroxytropolone. Two origins due toanti ~‘‘Red’’
00
0! andsyn ~‘‘Blue’’ 0 0

0! conformational isomers are marked in the figure.
J. Chem. Phys., Vol. 102Downloaded¬21¬Aug¬2003¬to¬128.210.142.204.¬Redistribution¬subje
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excitation spectrum of the region near the red origin~a! with
population labeling spectra in which the saturation laser
tuned to the blue and red origins@~b! and ~c!, respectively#.
Analogous spectra in the region near the blue origin a
shown in Fig. 4.

A comparison of Fig. 3~a! with Figs. 3~b! and 3~c! shows
that the great majority of transitions in the first 450 cm21 of
the spectrum arise from the same ground-state level as
red origin. Similarly, nearly all the more intense transition
in the first 600 cm21 above the blue origin have a common
ground-state level with the blue origin. Thus, the populatio
labeling spectra cleanly partition the total fluorescence spe
trum into its isomeric components. A few transitions in the
fluorescence excitation spectrum do not show up in eith
population labeling spectrum. In most cases, these have be
assigned to hot bands or clusters. Note also that, by compa
son to the unsaturated excitation spectrum, the strong tran
tions in the population labeling spectrum are highly satu
rated, distorting their intensities. Imperfect signal subtractio
in the population labeling spectra results in irregularities i
the base line in the region of some of the strong transition
However by aligning the normal and difference spectra, i
regularities are easily distinguished from actual transition
Note finally that the population labeling spectra highligh
several surprising correlations. For example, the set of fiv
transitions 84 to 132 cm21 above the blue origin share a
common ground state with the blue origin. Such a large num
ber of low-frequency vibrations is quite unexpected in
5-HOTrOH, and no corresponding transitions exist in th
low-frequency region above the red origin.

The dispersed emission spectra presented in the next s
tion prove that many of the transitions in the excitation spe
trum occur in pairs arising fromsyn and anti ground-state
isomers undergoing transitions to a common excited sta
level. To highlight this, Fig. 5 replots the population labeling
spectra of Figs. 3 and 4 with the blue origin spectrum shifte
249 cm21 to the red, the separation between thesynandanti
ground-state zero-point levels. Excited state levels at th
same energy are then aligned in the two spectra and part

in

ec-

FIG. 4. ~a! Fluorescence excitation spectra of the region near the blue orig
in 5-hydroxytropolone.~a! Total fluorescence,~b!, ~c! population labeling
spectra with the saturation laser tuned to the blue and red origins, resp
tively.
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5249Ensminger et al.: Photoisomerization in 5-hydroxytropolone. I
transitions are connected by dashed vertical lines. Note
the transition pairs appear even in the lowest energy level
the spectrum, i.e., including the red origin~paired with the
‘‘blue2236 cm21’’ transition! and blue origin~paired with
the ‘‘red1236 cm21’’ transition!. The five anomalous transi
tions beginning 84 cm21 above the blue origin also have
partner transitions in the red spectrum. At the same tim
some transitions do not have a partner transition from
other isomeric ground state. As we will see, the lack of
partner transition signals either~i! a poor Franck–Condon
factor from one of the isomeric zero-point levels or~ii ! a lack
of syn–anti mixing in the excited state level.

The relative frequencies and intensities of the transitio
in the excitation spectrum are collected in Table I as tw
interleaved spectra due toanti andsynground-state popula-
tions. The tentative assignments and percentsyn/anticharac-
ter will be taken up in later sections.

B. Dispersed fluorescence spectra of the red and
blue origins

Figure 6~a! presents the dispersed fluorescence spectr
of the red 00 level following absorption at the red origin
~25 047 cm21!. Table II lists the vibronic transition frequen
cies ~relative to the excitation frequency! and their relative
intensities. We have chosen to keep tropolone’s vibratio
numbering7–10 in designating several of the vibrations o
5-HOTrOH which have a clear correspondence in the par
tropolone. In contrast to tropolone, the spectrum of the red0

level of 5-HOTrOH differs by having a reduced-intensity 26n
0

progression. The 262
0 transition is the only member of this

progression clearly visible in the spectrum at2256 cm21, so
that n269 5 128 cm21. This n269 frequency is similar to its
value in tropolone7 ~110 cm21! and 5-aminotropolone13 ~126
cm21!.

FIG. 5. Population labeling spectra of Figs. 3 and 4 replotted so that the
spectrum is shifted 249 cm21 to lower frequency. The alignment of transi
tions in the two spectra resulting from this frequency shift are indicated
dashed vertical lines~- - -!. These transitions have common excited sta
levels which originate from different isomeric ground-state zero-point le
els. Also apparent in the spectra are many transitions which do not h
partner transitions in the other population labeling scan. Two close-ly
examples are the blue1399 and red1633 cm21 levels which, despite being
only 2 cm21 separated from one another, are not partner transitions. The
lines ~- • -! show the lack of a partner transition in these bands.
J. Chem. Phys., Vol. 10Downloaded¬21¬Aug¬2003¬to¬128.210.142.204.¬Redistribution¬subje
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The rest of the spectrum is dominated by progression
and combination bands involving three vibrations of fre-
quency 337, 355, and 366 cm21. In Table II these are desig-
nated by W, X, and Y, respectively. Franck–Condon activity
in these progressions is induced either by a change in fre
quency or a shift in equilibrium geometry along that normal
coordinate in the electronic excitation. In the harmonic ap
proximation, overlap integrals are easily calculated as a func
tion of two parameters related to the frequency change~d!
and geometry shift (D).21 Table III lists thed andD values
along the W, X, and Y coordinates for theS1↔S0 transition
determined by fitting the Franck–Condon profiles alongWn

0,
Xn
0, andYn

0. The comparison withab initio calculations of the
succeeding paper suggests that W, X, and Y are totally sym
metric in-plane vibrations.

The spectrum in Fig. 6~b! is obtained by excitation of the
weak transition 236 cm21 below the blue origin~blue2236!,

lue

by
e
v-
ve
ng

tie

TABLE I. Low-frequency vibronic transitions in theS1←S0 fluorescence
excitation/population labeling spectra arising from theanti and syn zero-
point level populations. The frequency shifts are relative to the red origin
and blue origin transitions at 25 047 and 25 533 cm21, respectively.

v8←00~anti! v8←00~syn!

Assignmenta
Syn–anti
mixingbFrequency Intensity Frequency Intensity

0 100c ~2236! 1 a00 unmixed
112 12 a262 unmixed

~236! 10 0 100a s00 weak
306 2
320 79 ~84! 4 aX1/W1 Fermi weak
325 30 ~89! 12 aW1/X1 Fermi weak

~351! 5 114 3 s262/a??d strong
355 8 ~118! 5 a??/s262 d strong
360 1
369 82 ~132! 2 aY1/Z1 Fermi weak
408 1
413 34 aZ1/Y1 Fermi unmixed
418 7
421 5
438 3

296 2
301 3

@540# ~304! 15 mostlyantie strong
307 26 mostlysyne strong
310 16 mostlysyne moderate

@549# ~313! 8 mostlyantie moderate
323 3
348 6
352 4
372 32 sY1/Z1 Fermi unmixed
375 2

633 29 a659 cm21 unmixed
399 31 sZ1/Y1 Fermi unmixed
404 2

648 6 412 3
659 6 ~423! 19 aW2 moderate

aThe excited state vibrational levels are assigned based on the predomina
corresponding ground-state mode in the dispersed fluorescence spectr
from the respective level.a5anti, s5syn.
bUnmixed ~,1%!, weak~1%–3%!, moderate~3%–10%!, strong~.10%!.
cFor the expansion conditions under which these measurements were ma
the relativesyn and anti populations gave the following intensity ratios:
Red 00

0:blue 00
0516:100; red 00

0:blue-2365100:4, blue 00
0:red12365100:2.

dSyn–anti Fermi doublet.
eSyn–anti Fermi quartet.
2, No. 13, 1 April 1995ct¬to¬AIP¬license¬or¬copyright,¬see¬http://ojps.aip.org/jcpo/jcpcr.jsp
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5250 Ensminger et al.: Photoisomerization in 5-hydroxytropolone. I
TABLE II. Low-frequency vibronic transitions from the red origin and blue
origin dispersed fluorescence spectra.

Frequency
Red 00

intensity Frequency
Blue 00

intensity

0 100 a00 0 100 s00
193 b a252 249a 15 a00
225 2 a251261 255 16 s262
257 9 a262 336 63 sW1

337 50 aW1 353 33 sX1
355 19 aX1 369 83 sY1
366 37 aY1 399 18 sZ1
385 1 a254\~?! 442a 4 a252~?!
400 2 aZ1 506a 2 a262
423 b 586a 5 aW1

453 1 a252262 591 10 s262W1

483 6 a251263 ~?! 604a 7 aX1
515 2 a264 615a 14 aY1
592 6 a262W1 625 12 s262Y1

623 3 a262Y1 657 31 s262Z1
646 5 671 34 sW2

659 17 689 11 sW1X1

673 24 aW2 706 47 sW1Y1, sX2
691 9 aW1X1 723 17 sX1Y1

701 23 aW1Y1 735 19 sW1Z1
709 3 aX2 739 37 sY2
720 4 aX1Y1 745 6
732 6 aY2 772 30
747 6 781 12
762 3 890 10
772 13 921a 15 aW2

785 5 959a 4 aX2\~?!
820 2 a251263W1 \~?! 980a 5 aY2\~?!
851 3 a251263Y1 \~?!
866 2
893 9
916 3
928 3 a262W2

959 2
981 3

aThe presence and assignment of this band is confirmed from other d
persed fluorescence spectra where it is more intense.
bFrom other dispersed fluorescence spectra.

FIG. 6. Dispersed fluorescence spectra of the~a! red 00
0 and ~b! blue2236

cm21 transitions. The spectra are plotted on the same absolute freque
scale. The frequencies scales on the spectra are relative to the excita
frequency.
J. Chem. Phys., Vol. 102Downloaded¬21¬Aug¬2003¬to¬128.210.142.204.¬Redistribution¬subje
labeled as such in Fig. 3~b!. As Table I indicates, this transi-
tion is only 1% of the blue origin intensity and has the same
ground state as the blue origin. The dispersed fluorescen
spectra of Fig. 6 are plotted on the same absolute frequenc
scale, with the relative frequency scales above and below th
spectra defining zero as the respective excitation frequenc
Apart from the different excitation frequency, the spectra are
identical, indicating that the red 00 and blue2236 transitions
involve excitation out of theanti andsynground-state zero-
point levels, respectively, to the same excited state leve
nominally theanti 00 level. Thus, the red 00 level is 236
cm21 below the blue 00 level. Combining this with the 485
cm21 separation between red and blue origin transitions de
termines that, in the ground state the energy ordering is re
versed, with the blue 00 level 249 cm21 below the red 00
level. Figure 1 summarizes these energy differences.

Figures 7~a! and 7~b! display the dispersed fluorescence
spectra of the blue 00 level following excitation via the blue
origin ~a! and via the transition 236 cm21 above the red
origin ~b!. The latter transition has the same ground-state
level as the red origin@Fig. 3~b!#. Again, the two transitions
are partners originating from thesyn and anti ground-state
zero-point levels, here terminating in the~nominally! syn00

excited state level. The major transitions in the disperse
fluorescence spectrum ofsyn00 ~Fig. 7! are similar to, but
distinct from those of theanti 00 level ~Fig. 6!. The 262

0

transition appears at2255 cm21. The dominating set of three
fundamentals at 336, 353, and 369 cm21 are all within a few
wave numbers of the corresponding W, X, and Y frequencie
in the anti isomer, though the relative intensities within the
set have changed somewhat.

The evidence presented by Figs. 6 and 7 is that the re
1236 cm21 and blue2236 cm21 transitions are crossover
transitions fromsyn ground state to a~predominantly! anti
excited state and vice versa, as shown in Fig. 1. In keepin
with this picture, the tie lines in Fig. 7~a! highlight a series of
minor transitions in the blue 00 emission spectrum to transi-
tions in the red~anti! well. As expected, the first such tran-
sition occurs1249 cm21 from the excitation frequency, ter-
minating in the red 00 level. The other identifiable transitions
into the red well are progressions involving the vibrations a
337 ~W!, 355 ~X!, and 366~Y! cm21.

is-

cy
tion

TABLE III. Best-fit values ford andD for the W, X, Y, and Z modes of
5-hydroxytropolone.

Isomer

Normal mode
~ground-state

frequency, cm21! d a Db

Syn W ~336! ;1.08
X ~353! ;1.14
Y ~369! 1.00 1.26
Z ~399! 1.00 0.60

Anti W ~337! 1.02 1.15
X ~353! 1.04 0.65
Y ~365! 1.00 0.85
Z ~400! 1.00 0.20

aThe value ofd is determined from the ground and excited state frequencie
@d5~n9/n8!1/2#.
bAs defined in Ref. 21.
, No. 13, 1 April 1995ct¬to¬AIP¬license¬or¬copyright,¬see¬http://ojps.aip.org/jcpo/jcpcr.jsp
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C. Strategies for analyzing the syn –anti mixing

The excited state vibronic levels studied in the followin
sections possess widely varying degrees ofsyn–antimixing.
In studying the single vibronic level spectroscopy, two que
tions motivate our analysis. First, for each mixed level, wh
are thesyn and anti vibrational levels contributing to the
mixing? Here we seek an understanding of the vibration
mode selectivity and hope to determine if certain modes a
especially important in promoting the isomerization. Secon
what are the quantitativesyn and anti characters for each
level? The red and blue origin dispersed fluorescence spe
~Figs. 6 and 7! provide some guidance to our analysis.

~1! As shown in Fig. 1, we interpret the crossover tran
sitions as originating from pure isomeric ground-state leve
to excited state levels of mixedsyn/anticharacter, i.e.,

cgrd5csyn or canti

while

cexc5acsyn1bcanti .

The deduction that it is the excited rather than the groun
state wave functions which are mixed rests on several fac
First, in tropolone the H-atom tunneling splitting is 20 time
larger inS1~0

0! than inS0~00!. By analogy, in 5-HOTrOH,
one would expect a much smaller barrier to H-atom tunne
ing in S1 than inS0, leading tosyn–anti mixing in theS1
state. Second, the red 00 emission spectrum@Fig. 6~a!# shows
no activity in transitions to any of the blue ground-state lev
els which are strong in the blue 00 emission spectrum, indi-
cating that all these blue ground-state levels are unmixe
Finally, the additivity of overtones and combination bands
the ground state does not carry over to the excited sta
consistent with coupling betweensynandanti levels being
important in the excited state, but not the ground state.

~2! The excited statesyn–anti mixing is not typically
betweensyn and anti levels of the same vibrational state
character. One might have expected from the presence of

FIG. 7. Dispersed fluorescence spectra of the~a! blue 00
0 and ~b! red1236

cm21 transitions. The spectra are plotted on the same absolute freque
scale. The frequencies scales on the spectra are relative to the excita
frequency. The tie lines in~a! highlight the transitions into theanti well in
the ground state, at five times the sensitivity.
J. Chem. Phys., Vol. 102Downloaded¬21¬Aug¬2003¬to¬128.210.142.204.¬Redistribution¬subje
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syn S0~00!↔anti S1~0
0! andanti S0~00!↔syn S1~0

0! crossover
transitions that thesyn–anti mixing experienced by thesyn
andanti 00 levels was a simple two-level mixing, i.e.,

c15acsyn~0
0!1bcanti~0

0!,

c25bcsyn~0
0!2acanti~0

0!.

However, calculations of thea/b ratio differ by more than a
factor of 3 if one uses the intensities of the red origin/blue
2236 and blue origin/red1236 pairs and assumes the above
form for the wave functions. Furthermore, the observed
‘‘crossover’’ emission from blue 00 into the red well~marked
by tie lines in Fig. 7! is inconsistent with emission from red
00. As a result, the primary coupling of blue 00 is not to red
00. Instead, the change in intensity profile of the 337 cm21

progression suggests the redW1 level as the primary level
coupled to blue 00. Using thed andD values fitted to theWn

0

progression~Table III!, Fig. 8 compares the intensities pre-
dicted along the redWn

0 and redWn
1 progressions. The better

match-up withW1 is consistent with the smaller energy gap
~;80 cm21! between blue 00 and redW1 than with redW0

~236 cm21!.
Thus, in general, one must express a given excited stat

vibronic level as

ucexc&5aH (
i

ai ucsyn~v i8!&J 1bH (
j

bj ucanti~v j8!&J ,
~1!

wherea andb give the overallsyn–anti weightings of the
excited state level whileai andbj determine the vibrational
state character of thesyn or anti levels contributing to the
mixed excited state level. The coefficientsa andb are sub-
ject to normalization constraints~a21b251!, as are theai
andbj (Sai

25Sbj
251).

cy
tion
FIG. 8. ~a! The experimental Franck–Condon intensity profile of the cross-
over transitions in emission from blue 00 to theWn ~337 cm21! progression
in the anti ~red! well. ~b!,~c! The calculated intensity profiles fromW0 and
W1, respectively. The calculated values used51.02 andD51.15, the best-fit
values forWn

0 from the red 00 dispersed fluorescence spectrum.
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5252 Ensminger et al.: Photoisomerization in 5-hydroxytropolone. I
~3! The relative intensities of a given pair of excitation
transitions terminating in a common excited state level~Fig.
5! reflect not only the percentsyn/anticharacter but also the
Franck–Condon factors~FCFs! and relative ground-state
populations of the transitions involved. For instance, if w
assume that blue 00 is coupled significantly only to red~W1!,
i.e.,

uc~blue 00!&5au00&syn1buW1&anti ~2!

then the intensity of the paired ‘‘red’’ and ‘‘blue’’ transitions
to this excited state level will be

I blue
I red

5S a2

b2D S u^00u00&synu2

u^00uW1&antiu2
D S Nsyn

Nanti
D . ~3!

In cases where the FCFs for the transitions are very differe
they can dominate the observed intensities, masking the p
cent syn/anti character of a given excited state level. Thi
explains why several transitions in the excitation and pop
lation labeling spectra~Fig. 5! do not possess a partner tran
sition out of the other conformer ground state. A notab
example is the closely grouped transitions about 300 cm21

above the blue origin@Fig. 5~a!#. As we will see, all levels
within this set possess significant red character in the em
sion spectrum, yet the poor FCF for the transition from th
red 00 level completely suppresses the transitions from red0
in the excitation spectrum.

~4! If a givensyn~anti! level is coupled to more than one
anti~syn! level, interference effects can produce unusual i
tensity profiles along progressions involving those level
This can provide some insight to the nature of the leve
involved in the coupling. For example, if a predominantl
anti level is coupled to twosyn levelsv18 andv28 ,

ucexc&5a~a1uv18&syn1a2uv28&syn)1buv38&anti ~4!

the emission intensity to a givensynground-state levelvm9 is
given by

I syn~vm9 !5a2ua1^vm9 uv18&syn1a2^vm9 uv28&synu
2

5a2$a1
2u^vm9 uv18&u

21a2
2u^vm9 uv28&u

2

12a1a2^vm9 uv18&^vm9 uv28&%, ~5!

where we have assumed that thesyn/antioverlap integrals
are negligible. The interference term in Eq.~5! is appreciable
only in vm9 which have significant Franck–Condon factor
from bothv18 andv28 .

~5! Because of the dependence of the intensities in ex
tation on the ground-state populations of the two isome
quantifying the percentsyn and anti character of a given
excited state level is best done using the dispersed emiss
from the level. The summed intensity of the transitions out
that level to thesyn(I syn

tot ) andanti (I anti
tot ) ground-state wells

is independent of ground-state populations. By expressi
cexc in the basis set of localizedsyn and anti ground-state
vibrational levels, assuming negligiblesyn–anti overlap, and
applying the sum rule to thesynandanti components, one
can readily show that
J. Chem. Phys., Vol. 102Downloaded¬21¬Aug¬2003¬to¬128.210.142.204.¬Redistribution¬subje
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I syn
tot

I anti
tot 5

(mu^cm9 ucexc&synu
(nu^cn9ucexc&antiu

5S a9

b9D
2

, ~6!

wherea9 andb9 are thesynandanti weightings of the ex-
cited state level in the localized basis set of ground-stat
vibrations.

Operationally, the method’s applicability is limited by
the identification of transitions into thesyn and anti wells,
especially those terminating at higher energies where the di
persed fluorescence spectra become increasingly congest
As a result, one is often forced to cut off the sum quite low
in the well where the structure is sparse enough to confi
dently assign transitions. This often limits integration to tran-
sitions terminating in levels in the first 600–800 cm21 of the
synandanti wells. Given the different vibrational state char-
acter of the mixedsynandanti excited state levels, neglect-
ing transitions to levels higher in the wells could skew quan
titative answers. As a result, the percentsyn and anti
characters of the excited state levels in Table I are listed b
categories denoting approximate ranges ofsynandanti char-
acter rather than numeric values.

D. Dispersed fluorescence spectra from levels above
the origins

1. Red1112

Figure 9~a! presents the dispersed fluorescence spectru
from the weak transition 112 cm21 above the red origin. The
strong false origin at2257 cm21 is due to red 262, with
increased activity in 264 as well. The great similarity of the
spectrum to corresponding transitions in tropolone7–10 and
5-aminotropolone13 argues for assigning the red1112 transi-
tion as the red 260

2 transition.n26 is an out-of-plane vibration
calculated7~c! to have out-of-phase motion of the two oxygen
atoms. The major transitions built off the false origin are like
those from red 00, indicating little coupling of 262 to the
vibrations involved in the main vibrational activity in the
spectrum. As in 5-aminotropolone,13 the weakness of this

FIG. 9. Dispersed fluorescence spectra of the transitions~a! 112 cm21 above
the red origin~red1112!, ~b! 114 cm21 above the blue origin~blue1114!,
and~c! 118 cm21 above the blue origin~blue1118!. The spectra are plotted
on the same absolute frequency scale. The frequency scales on the spec
are relative to the excitation frequency.
, No. 13, 1 April 1995ct¬to¬AIP¬license¬or¬copyright,¬see¬http://ojps.aip.org/jcpo/jcpcr.jsp
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5253Ensminger et al.: Photoisomerization in 5-hydroxytropolone. I
transition and the shortness of the progression indicate t
the 5-OH substitution has stiffened the planarity of the rin
in theS1 state by comparison to tropolone.

The peak at2225 cm21 is assigned as~red 251
0261

2!,
again by analogy with 5-aminotropolone. Its presence ind
cates a Duschinsky effect22,23 in which the normal coordi-
nates forn25 and n26 in the ground state are mixed in the
excited state.9 This assignment predicts a 97 cm21 frequency
for n259 , compared to 173 cm21 in tropolone.

The red 262 level shows no evidence of coupling to blue
levels in the dispersed fluorescence scan, indicating thatn26
is not significantly coupled to the isomerization reaction co
ordinates and is nearly pureanti in character.

2. Blue1114/118 (red1350/354)

Identification of the 260
2 transition in the blue spectrum is

less obvious. A comparison of frequencies suggests eith
blue1114 or blue1118. Both of these transitions have part
ners~at red1350/354! originating from theanti ground state,
indicating that both excited state levels are of mixedsyn–
anti character. The dispersed fluorescence spectra of F
9~b! and 9~c! show that the pair comprise asyn–anti Fermi
resonance. The first 600 cm21 show a strong resemblance to
the red1112 cm21 spectrum@Fig. 9~a!#, indicating that blue
262 is one member of the Fermi pair. The spectra also sho
a strong false red origin at2702 cm21 ~2453 relative to the
red zero-point level! with red n26, 337, and 369 cm21 tran-
sitions built off of it. The2702 cm21 transition is flanked by
a second strong red transition at2764 cm21 ~red 2515
cm21!. The relative intensities of the red and blue transition
in the spectra of Figs. 9~b! and 9~c! reflect a somewhat
greater blue 262 character in the blue1114 cm21 excited
state level by comparison to blue1118. Thus, even though
the red 262 level is virtually pureanti, the blue 262 level is
strongly syn–anti mixed due to a near-degeneratesyn–anti
Fermi resonance. Given the nearly equalsyn–antimix of the
levels, the coupling matrix element responsible for the mi
ing is about half the separation, i.e.,Vsyn–anti'2 cm21.

We can only suggest a tentative assignment for the r
level involved in the Fermi resonance. Our assignments
n259 and n269 would place the red 262252 level 2453 cm21

from the red zero-point level and 264 at 2515 cm21. This
suggests 252262 as the red~anti! level in the Fermi doublet,
;354 cm21 above the red origin with an258 excited state
frequency of 120 cm21. A difficulty with this assignment is
that the red 250

2260
2 transition would be expected to carry very

little FC intensity, yet the red1350/354 transitions are
readily observed in the fluorescence excitation spectrum.

3. Blue1372/blue1399

Two of the strongest transitions in the blue excitatio
spectrum occur 372 and 399 cm21 above the blue origin.
Somewhat surprisingly, these transitions carry no measura
partner transitions at red1608 or red1635. Dispersed fluo-
rescence spectra of these transitions are shown in Figs. 10~a!
and 10~b!. No measurable emission into theanti ~red! well is
observed, indicating that the two excited state levels a
cessed in these transitions are essentially puresyn in charac-
J. Chem. Phys., Vol. 102Downloaded¬21¬Aug¬2003¬to¬128.210.142.204.¬Redistribution¬subje
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ter. The emission from blue1372 is dominated by a long
progression in 369 cm21 (Yn) in the ground state. A strong
satellite transition at2400 cm21 ~labeledZ1! terminates in a
level which is quite weak in the blue origin spectrum@Fig.
7~a!#.

The dispersed fluorescence spectrum from blue1399
@Fig. 10~b!# also shows considerable activity in bothYn ~with
a minimum atn51! andZ1Yn . Given the weak intensity of
the transition to2399 in the dispersed fluorescence from the
blue origin, the strength of the blue1399 transition in exci-
tation suggests that the transition gains its intensity throug
Fermi resonance coupling with a bright state. The appea
ance of the2399 cm21 band as a strong satellite in blue
1372 @Fig. 10~a!# indicates that theY1 level ~372 cm21! is
the Fermi resonant bright state.

In a simple two-statesyn–synFermi resonance, the blue
1372/blue1399 pair are expressed as

c~399!5a1uY1&1a2uZ1&

and

c~372!5a2uY1&2a1uZ1&.

TheZ member of the Fermi doublet is tentatively assigned a
a fundamental of a totally symmetric level since, given the
small change in frequency upon electron excitation~d51!,
an overtone of a nontotally symmetric level~with D50 nec-
essarily! would produce purelyDv50 Franck–Condon fac-

FIG. 10. Dispersed fluorescence spectra of the transitions~a! 372 and~b!
399 cm21 above the blue origin. The frequency scales on the spectra a
relative to the excitation frequency. The peak height at the excitation fre
quency indicates the contribution from resonance fluorescence.~c! and ~d!,
Stick diagrams of calculated FC profiles alongYn , Zn , and Z1Yn with
a150.52,a250.85. See the text for further details.
, No. 13, 1 April 1995ct¬to¬AIP¬license¬or¬copyright,¬see¬http://ojps.aip.org/jcpo/jcpcr.jsp
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5254 Ensminger et al.: Photoisomerization in 5-hydroxytropolone. I
tors alongZ. This is incompatible with the intensity ratio
I (2399)/I (00)50.08 measured from the blue 00 emission
spectrum@Fig. 7~a!#.

Figures 10~c! and 10~d! present stick diagrams of the
Franck–Condon progressions alongYn , Zn , and Z1Yn for
the best-fit coupling coefficients ofa150.52 anda250.85.
Estimated errors for these coefficients are60.05~60.03! for
a1(a2). Overlap between certain bands~e.g., 23369 and 336
1399! contaminates the experimental intensities of som
members of the progressions. Nevertheless, the quality of
overall fit lends confidence to the assignment of bl
1372/blue1399 as a Fermi pair of nearly puresyn levels.
Given the 27 cm21 splitting between the levels, the matri
element coupling the levels is of order 10 cm21.

4. Red1369/red1413

Figure 11 presents dispersed fluorescence spectra o
transitions 369 and 413 cm21 above the red origin. The red
1369 transition has a very weak excitation transition partn
133 cm21 above the blue origin, with an identical disperse
fluorescence spectrum. Consistent with this, the emiss
spectrum also exhibits weak transitions into the blue we
beginning with a transition to thesyn zero-point level 249
cm21 to the blue of the resonance peak~not shown!. The
crossover transitions are weak enough that no attempt
made to assess thesyn levels involved in coupling to red
1369.

FIG. 11. Dispersed fluorescence spectra of the transitions~a! 369 and~b!
413 cm21 above the red origin. The frequency scales on the spectra
relative to the excitation frequency. The peak height at the excitation
quency indicates the contribution from resonance fluorescence.~c! and ~d!
Stick diagrams of calculated FC profiles alongYn , Zn , and Z1Yn with
b150.43,b250.90. See the text for further details.
J. Chem. Phys., Vol. 10Downloaded¬21¬Aug¬2003¬to¬128.210.142.204.¬Redistribution¬subje
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The red1413 transition possesses no observable ‘‘par
ner’’ transition at blue1177. The corresponding lack of
emission tosyn levels in the ground state indicates that th
excited state level is nearly pureanti in character.

FIG. 12. Dispersed fluorescence spectra pumping the transitions~a! 320
cm21 above the red origin,~b! 84 cm21 above the blue origin,~c! 325 cm21

above the red origin, and~d! 89 cm21 above the blue origin. The most
prominent transitions into thesynwell are indicated in the figure.

FIG. 13. Histograms of the experimental~black! and calculated~shaded!
emission from~a! red1320 and~b! red1325 into thesynwell along theWn ,
Xn , andYn progressions. See the text for details of the calculation.
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5255Ensminger et al.: Photoisomerization in 5-hydroxytropolone. I
The dispersed emission spectra of these transitions
analogous to the blue1372/blue1399 pair. An analysis simi-
lar to that used on those bands leads to their assignment
Y1/Z1 anti–anti Fermi resonance pair with

c~413!5b1uY1&1b2uZ1&

and

c~369!5b2uY1&2b1uZ1&,

where

b150.4360.05, b250.9060.03.

Figures 11~c! and 11~d! show the simulated spectra whic
result from using these mixed excited states and thed andD
values for Y and Z determined from the red origin emissi
spectrum. We conclude that the red1369/red1413 transi-
tions are a Fermi resonance pair ofanti levels experiencing
only very weak coupling with levels in thesynwell.

5. Red1320/325 (blue184/89)

The dispersed fluorescence spectra of Fig. 12 are fr
two syn–anti transition pairs, the red1320/blue184 pair and
the red1325/blue189 pair. Once again, the transition
within each pair originate fromanti/syn ground-state zero-
point levels to a common excited state level, producing ide
tical dispersed fluorescence spectra. The strongersyn–anti
mixing experienced by these excited state levels enab
good-quality dispersed fluorescence spectra to be recor
following excitation out of either isomeric zero-point leve
@Figs. 12~a!–12~d!#. While the emission from both excited
state levels is dominated by emission into the red~anti!
ground-state well, both also show significant emission to
synwell. The most prominent of these transitions are labe
in the figure.

The two anti excited state levels responsible for th
emission appear to be in Fermi resonance with one anot
This is reflected in the significant changes~by comparison to
red 00! along both the 337 (Wn) and 353 cm

21 (Xn) progres-
sions from either excited state level. Figure 13 present
histogram of the relative intensities of theWn , Xn , andYn

progressions into bothsynandanti wells. By comparison to
the red 00 dispersed fluorescence spectrum, Fig. 13 sho
increased activity alonganti Wn andXn . This suggests the
two excited state levels as ananti W1/X1 Fermi resonance
pair. However, quantitative fitting of the emission spectra
terms of a simple two-levelW1/X1 Fermi resonance fails to
produce a satisfactory fit.

Of the possible explanations of this fact, two seem m
plausible. First, the two levels may be involved in Duschi
sky rotation as well as Fermi resonance. That Duschin
rotation is present in the molecule is apparent from t
n26/n25mixing noted earlier in the emission from 262. Similar
mixing between ground and excited state modes along W
X would produce Fermi resonance-like behavior in the em
sion spectra even in the absence of Fermi resonance
pling. Second, the progression intensities may be effected
the coupling of the red1320/red1325anti excited state lev-
J. Chem. Phys., Vol. 10Downloaded¬21¬Aug¬2003¬to¬128.210.142.204.¬Redistribution¬subje
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els with one or moresyn levels. However, a proper assess-
ment of the effects of such coupling requires a knowledge o
the syn levels involved in the mixing.

To that end, Fig. 13 also includes histograms of the
emission alongWn , Xn , andYn progressions into thesyn
wells. A striking feature of this emission is the complete
absence of observable activity in thesyn Wn progression in
either the red1320 or red1325 emission. Such a loss in
activity can only result from destructive interference in the
emission intosyn levels. This can occur if theanti state is
coupled with more than onesyn level with significant
Franck–Condon factors along theWn progression~Sec.
III C !. Since the dispersed emission from blue 00 has already
provided evidence for blue 00↔redW1 mixing, we propose
additional mixing of the redW1/X1 Fermi pair with blueW1

as the source of the destructive interference alongWn . Thus,
to first order, we writecexc as

cexc5acsyn1bcanti ,

where

csyn5a1uW0&s1a2uW1&s

and

canti5b1uW1&a1b2uX1&a .

Using this form for the red1320 and red1325 excited state
levels, the intensity of emission alongWn relative to theW0
intensity is

FIG. 14. Dispersed fluorescence spectra pumping the transitions~a! 303,~b!
307,~c! 310, and~d! 313 cm21 above the blue origin. The frequency scale is
relative to the excitation frequency.
2, No. 13, 1 April 1995ct¬to¬AIP¬license¬or¬copyright,¬see¬http://ojps.aip.org/jcpo/jcpcr.jsp
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5256 Ensminger et al.: Photoisomerization in 5-hydroxytropolone. I
I ~Wn!syn
I ~W0!syn

5
$a1^WnuW0&s1a2^WnuW1&s%

2

$a1^W0uW0&s1a2^W0uW1&s%
2 . ~7!

The overlap integrals in Eq.~7! are readily calculated from
the d andD values for this normal mode~Table III!. The
unknown coefficients area1 anda2 which specify the frac-
tional syn W0 and syn W1 character in the red1320 and
red1325 levels. Figure 13 includes the calculated intens
profile alongsyn Wn for a2;2a1 . With these values, a nea
J. Chem. Phys., Vol. 10Downloaded¬21¬Aug¬2003¬to¬128.210.142.204.¬Redistribution¬subj
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quantitative destructive interference occurs alongsyn Wn ,
consistent with what is observed experimentally. We con
clude that theanti W1 level is coupled about equally to both
syn W0 andsyn W1.

As suggested earlier, it is possible that this samesyn–
antimixing is responsible for the unusual intensity profiles in
theWn/Xn emission to theanti ground-state well. To esti-
mate the potential effect of coupling tosynlevels on theanti
Wn emission, one must calculate
I ~Wn,a!

I ~W0,a!
5

@a$a1^Wn,auWs
0&1a2^W0,auWs

1&%1b$b1^W0,auWa
1&1b2^Wn,auWa

0&^X0,auXa
1&%#2

@a$a1^W0,auWs
0&1a2^W0,auWs

1&%1b$b1^W0,auWa
1&1b2^W0,auWa

0&^X0,auXa
1&%#2

. ~8!
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Our modeling of theW1/X1 Fermi pair assumed negligible
syn–anti overlap and thus would have neglected thea terms
in Eq. ~8!. While a unique fit is not possible without a know
edge of thesyn–anti overlap integrals, representative calc
lations using reasonable values ofa, a1, andb1 show that
significant effects begin to appear forsyn–anti overlap inte-
grals of 0.2 or larger. Hence, the unusual emission inten
profiles observed from these excited state levels which
experiencing significantsyn–anti mixing are probably a fur-
ther consequence of this mixing.

6. Blue1303–313

The fluorescence excitation spectrum of Fig. 4~a! shows
a close-lying set of four transitions 303 to 313 cm21 above
the blue origin. Its intensity in excitation from thesynzero-
point level and its frequency relative to the blue origin su
gest it as the blue analog of the red1321/325 levels, i.e., blue
W1/X1. However, the presence of four transitions indicat
some additional Fermi resonance coupling.

The dispersed fluorescence spectra of the four transiti
are shown in Figs. 14~a!–14~d!. All the spectra show strong
syn–antimixing, with significant emission into bothsynand
anti ground-state wells. The four transitions break quali
tively into two pairs ~304/307 and 310/313!. Within each
pair, the emission spectra are similar, differing primarily
the relative intensities of thesynandanti emission. The blue
1307 and blue1310 excited state levels have moresynchar-
acter ~blue emission! while the blue1304 and blue1313
peaks are more heavily weighted towardanti. It appears,
then, that the four transitions comprise twosyn–anti Fermi
resonances, with weaker Fermi mixing within the pair ofsyn
levels.

The blue1304/307 pair and the blue1310 transition
have long progressions inWn into the blue~syn! well, con-
sistent with significantsyn W1 character in these excited stat
levels. However, unlike the red1321/325 pair, no significant
activity in X1Wn @353 cm211n~336!# is indicated.

The emission into theanti well is quite complicated, and
we have been unable to assign the vibrational state chara
of theanti levels involved in thesyn–anti Fermi resonances
However, partner transitions originating from theanti zero-
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point level ~which should appear at red1640–650! are not
observed. Thus, theanti levels involved in thesyn–anti
Fermi resonance have poor Franck–Condon factors from re
00, so that all intensity in the blue excitation spectrum de
rives from thesyncharacter of the excited state levels. In this
case, the intensities of the transitions in excitation can b
used to determine the percentsyncharacter of the levels, i.e.,

c~307!5acsyn1bcanti , c~313!5gcsyn1dcanti ,

c~304!5bcsyn2acanti , c~310!5dcsyn2gcanti,

leads to

I ~307!

I ~304!
5

a2

b2 51.73,
I ~313!

I ~310!
5

g2

d2
50.47.

We conclude that the blue1304 and blue1307 transitions are
~36%syn, 64%anti!, and~64%syn, 36%anti!, respectively.
Similarly, the blue1310 transition is 68%syn, 32% anti,
while blue1313 is its complement.

7. Red1633

The red1633 transition is the strongest of the red tran-
sitions appearing above the blue origin@Fig. 14~c!#. The dis-
persed fluorescence spectrum from this level~not shown!
exhibits a strong false origin at2659 cm21. This transition is
present in the red 00 dispersed fluorescence spectrum~Table
II !, and does not correspond to any overtone or combinatio
of 25, 26, W, X, Y, or Z. We assign red1633 as a new
fundamental~V0

1! associated with 659 cm21 in the ground
state. There is no evidence in the dispersed fluorescen
spectrum of transitions into thesyn ~blue! well, nor is there
an observable partner excitation transition at blue1397 ~Fig.
5!. This is noteworthy partly because the excited state lev
is only 2 cm21 below blue1399, one of the strongest transi-
tions in the blue excitation spectrum. Despite being we
above the energy of many other levels experiencing stron
syn–anti mixing, the red1633 ~blue1396! and blue1399
~red1636! levels are completely decoupled from one an
other, with red1633 being purelyanti, and blue1399 purely
syn in character.
2, No. 13, 1 April 1995ct¬to¬AIP¬license¬or¬copyright,¬see¬http://ojps.aip.org/jcpo/jcpcr.jsp
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5257Ensminger et al.: Photoisomerization in 5-hydroxytropolone. I
8. Blue1423/red1659

The fluorescence excitation transition 423 cm21 above
the blue origin does not have a clear analog in the sam
region of the red spectrum. It does, however, exhibit a pa
ner transition at red1659. The intensity of both blue1423
and red1659 transitions is reasonably strong~Table I!, so
that the excited state is a mixture of levels with good FCF
from bothsynandanti ground states. Due to the larger popu
lation in thesynground state, the dispersed emission spe
trum of Fig. 15~a! was recorded following excitation of blue
1423. However, the emission is primarily into theanti well,
and is dominated by a long progression inWn with a mini-
mum atn52. Satellite bands inX1Wn ~X5353 cm21! analo-
gous to those in the red 321/325 Fermi pair are also o
served. The Franck–Condon profile alongWn is qualitatively
accounted for asWn

2 using thed andD values for the pro-
gression@Fig. 15~b!#, and we assign theanti character of the
excited state level as predominantlyW2, with some Fermi
mixing withW1X1. Of all the excited state levels studied in
5-HOTrOH, thisW2 anti level experiences the largestsyn–
anti mixing of any levels which are not in near-degenera
Fermi resonance with one another. This implies that thesyn–
anti coupling matrix elements operating on this level ar
particularly large.

Emission into thesyn levels is dominated by transitions
at W1~2336!, Y1~2369!, and Z1~2399!, with Wn and Yn

progressions built on these. The activity in the pureWn pro-
gression into thesyn well @Fig. 15~b!# is to be contrasted
with the complete lack ofWn activity in the emission from
theanti W1 level ~red1321/325!. In that case~Sec. III D 4!,
the unusual intensity profile was accounted for as destruct
interference in the emission between thesyn W0 andsyn W1

components of the state. If we assume a similar mixing
anti W2 with syn W1 andsyn W2, with mixing coefficients of
equal and opposite sign, the intensity profile shown in Fi
15~b! results. The calculated profile closely matches expe
ment, providing further evidence for the importance of mod
W in the mixing. On the other hand, the intensity insyn

FIG. 15. ~a! Dispersed fluorescence spectrum following excitation of th
transition 423 cm21 above the blue origin~659 cm21 above the red origin!.
~b! Histogram of the calculated emission from blue1423 into thesynand
anti Wn progressions. See the text for further details of the calculation.
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Z1~2399! indicates that othersyn levels ~e.g.,Z1! also con-
tribute to the vibrational state mixing present in this level.

IV. DISCUSSION AND CONCLUSIONS

The substitution of an OH group in the five position in
tropolone produces a modest asymmetry in the molecu
which has fascinating spectroscopic and dynamical cons
quences. In the ground state, the asymmetry and larg
isomerization barrier combine to effectively localize the mol-
ecule in either thesynor anti well, while in theS1 state, the
single vibronic levels exhibit widely varying degrees of de-
localization. When such delocalization occurs it is possibl
to excite the molecule to the mixed excited state out of eithe
ground-state zero-point level as long as the states involved
the mixing have good Franck–Condon factors from both iso
meric ground states.

A. 5-HOTrOH as a molecular optical switch

The extreme state selectivity of the mixing enables effi
cient, reversiblesyn–anti photoisomerization of 5-HOTrOH.
For instance, the red1236 crossover transition pumps the
anti ground-state molecule to the blue 00 level, whose emis-
sion is greater than 95% into thesynwell. Only 15 cm21

away is the blue2236 crossover transition, which promotes
5-HOTrOH out of thesynground-state well to red 00, whose
emission is greater than 98% into theanti well. In contrast,
the red and blue origin transitions are nearly pureanti↔anti
and syn↔syn transitions, respectively. From a functional
standpoint, one could categorize the blue/red origins, th
blue2236, and the red1236 transitions as read, write, and
erase operations of a molecular optical switch. Unlike mos
other schemes for optical switching, this switch is activate
by individual vibronic levels within the same electronic state
rather than the electronic state-driven photoisomerizatio
schemes typically employed.24 5-HOTrOH is also an intrigu-
ing optical switch candidate in its utilization of H-atom tun-
neling in the switching mechanism.

Of course, in order to be of any practical use, simila
vibrational state selectivity must be achieved in the con
densed phase. There is in principle much to be learned fro
such studies. In the condensed phase, the interactions w
the surrounding matrix~whatever its composition! will likely
change the relative energies ofsyn and anti conformers,
thereby sliding the ladders ofsynandanti energy levels rela-
tive to one another. This will reduce some mixings, but turn
on others. Vibrational relaxation within eachS1 isomeric
well or between the wells could also alter thesyn–anti char-
acter of the emitting state. Finally, the overlap between pho
non bands for the transitions may reduce the selectivit
which can be achieved except at very low temperature.

B. Vibrational mode selectivity in the syn –anti mixing

Figure 16 presents an energy level diagram of theS1
levels of 5-HOTrOH studied in this work. The approximate
synandanti character of each of the levels is given based o
the dispersed emission spectra. The overview provided b
Fig. 16 highlights three categories ofS1 levels.

e
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1. Nearly pure syn or anti levels

Many of the levels accessed in this work are, to with
our ability to measure, puresynor anti in character. In these
cases, the dispersed emission spectra show transitions
into one of the isomeric wells. At the same time, partn
transitions in excitation out of the other isomeric groun
state are either missing or extremely weak. Nearly pureanti
levels include red 00, red 262, red1369 ~red Y1/Z1!, red
1413 ~red Z1/Y1!, and red1633, while blue1372 ~blue
Y1/Z1! and blue1399 ~blueZ1/Y1! are nearly puresyn lev-
els. Note that a lack ofsyn–anti mixing does not preclude
other couplings. For instance, several of these levels are
volved in Fermi resonances with other vibrational levels
the same isomer~e.g., theY1/Z1 Fermi resonance!.

Based on this lack ofsyn–anti mixing, the vibrational
motion excited in these levels either hinders H-atom tunn
ing or is orthogonal to the tunneling coordinate.

2. Levels strongly mixed through near-degenerate
syn –anti Fermi resonance

Some of the transitions in the excitation spectrum app
as closely spaced sets of two or more transitions. The em
sion spectra of these levels typically show strong emiss
into bothsynandanti wells and bear a close resemblance
one another. The major emissions into thesynandanti wells
can be identified partly by the intensity changes which occ
between the spectra, reflecting the varyingsynandanti char-
acters of the excited state levels. Based on these charact
tics, these excited state levels are involved in ne
degeneratesyn–anti Fermi resonances.

Examples of transitions ending in levels involved in
syn–anti Fermi resonance are blue1114/118 and blue1303/

FIG. 16. Energy level diagram of prominent levels in the first 700 cm21 of
the S1 state of 5-HOTrOH showing the approximate percentsyn and anti
character of the levels.
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307/310/313. The blue1114/118 Fermi pair has as itssyn
contributor blue 262. By contrast, the red 262 level is a nearly
pure anti level, suggesting that there is no inherent vibra
tional mode selectivity to the mixing observed at blue1114/
118. Instead, the strong mixing arises from the accident
near-degeneracy with ananti level whose vibrational state
character we have not been able to identify with certainty
Similar splittings and degrees of mixing are observed in th
Fermi quadruplet at blue1303–313. In all cases, thesyn–
anti coupling matrix elementsVsyn–anti are no more than 2
cm21.

This category of near-degeneratesyn–anti Fermi reso-
nance illustrates the importance of energy resonances in tu
neling. In 5-HOTrOH, the most efficientsyn–anti mixing
occurs between levels which, despite small coupling matri
elements efficiently mix due to their near-degeneracy. In th
case that a singlesynandanti level are involved in the cou-
pling, the H-atom tunneling can be approximated by a singl
double-minimum reaction coordinate with barrier height and
asymmetry specific to that pair of vibrational states.7 The
major effect of the energy resonance is in providing a vibra
tionally averaged effective potential for H-atom tunneling
which is symmetric, or nearly so. Then the tunneling coordi
nate wave functions are to a first approximation sums an
differences of the localizedsynandanti wave functions, and
delocalization over both wells results.

Finally, it should be noted that there are examples wher
even a near-degeneratesyn–anti resonance is not sufficient
to turn onsyn–antimixing. For example, the blue1399 ~red
1635! and red1633 levels have an energy separation of only
2 cm21, yet show no evidence of coupling between them
The blue1399 level is a puresyn level, while the red1635
level is pureanti. The coupling matrix element between
these two levels must be very small indeed.

3. Levels experiencing significant mixing over larger
energy gaps: The promoter mode

Aside from the near-degeneratesyn–anti mixing, there
are several excited state levels which show significant mix
ing despite being comparatively isolated. In these case
there is no obvious Fermi resonant partner state, yet emissi
into bothsynandanti wells is readily identified in the spec-
trum. Examples of such transitions are the blue 00

0 ~red
1236!, blue184/89 ~red1321/325!, and blue1423 ~red
1659! transitions. The fact that these isolated levels
experience significant mixing suggests that they possess u
usually strongsyn–anti coupling matrix elements which can
reach across large energy gaps to produce the mixing.

The vibrational state character of these levels points ou
some interesting similarities between them:

~i! The blue 00 level ~syn W0! is coupled primarily toanti
W1.

~ii ! Red1321/325 has primary character of ananti
W1/X1 Fermi resonance. Our analysis of the emission alon
the Wn progression indicates a roughly equal coupling o
these levels tosyn W0 andsyn W1 levels.

~iii ! The red1659 level is best described as ananti W2

level. The analysis of emission into thesynwell is consistent
2, No. 13, 1 April 1995ct¬to¬AIP¬license¬or¬copyright,¬see¬http://ojps.aip.org/jcpo/jcpcr.jsp
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5259Ensminger et al.: Photoisomerization in 5-hydroxytropolone. I
with roughly equal coupling of this level to bothsyn W1 and
syn W2, but also suggests that othersyn levels may be in-
volved.

These results are summarized in the energy level d
gram in Fig. 17 which shows the relative energies of thesyn
and anti Wn progressions and the major coupling rout
among these levels. Undoubtedly, the focus on theWn char-
acter of the levels arises partly because the long progress
in Wn make the emission spectra especially sensitive to
Wn character of the levels. Nevertheless, it appears that
els that involve excitation along normal coordinate W al
tend to be those with enhancedsyn–anti mixing. Mode W,
then, can be considered a promoter mode, i.e., one whic
particularly strongly coupled to thesyn–anti photoisomeriza-
tion coordinate.

The coupling scheme presented in Fig. 17 bears so
resemblance to schemes proposed for near-resonant vibr
coupling involving totally symmetric vibrational modes.25 In
that case the terms in the Hamiltonian responsible for c
pling arise out of expansion of the Hamiltonian in the norm
coordinates about the single global minimum in the poten
energy surface. In the present case, thesyn–anti coupling is
between wave functions localized in different minima of th
same electronic potential energy surface. This has the
usual consequence that adjacent levels in the same vi
tional manifold~e.g., blueW1 and blueW2! can be indirectly
coupled to one another, mediated by coupling to the same
W1 level centered on the other well.

What is the nature of the promoter mode W? The adjo
ing paper takes up this question from the point of view ofab
initio calculations on 5-HOTrOH. One candidate for mode
is the 5-HOTrOH analog of moden14 in tropolone.10 The
ground and excited state frequencies ofn14 are 361 and 302
cm21, respectively, quite close to the 336 and 321 cm21 fre-
quencies associated with W. The mode also carries g
Franck–Condon activity in tropolone’s spectrum, as does
in 5-HOTrOH. Finally,n14 possesses an unusually largeS1

FIG. 17. A schematic energy level diagram of vibrational levels in theS1
state of 5-HOTrOH showing the major coupling routes involving thesyn
andanti Wn manifolds.
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H-atom tunneling splitting of 30 cm21, rivaled only byn13
~32 cm21!.10 Since H-atom tunneling is also responsible for
syn–anti isomerization in 5-HOTrOH, the same vibrational
modes seem likely candidates as promoter modes in thesyn–
anti isomerization.
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