Mode-selective photoisomerization in 5-hydroxytropolone. I. Experiment
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Laser-induced fluorescence excitation, dispersed fluorescence, and population labeling spectra of the
Sy—S; transition of 5-hydroxytropoloné&-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 issyners,
and anti 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 varyisgn-anti character. Many of the levels in

the low-energy region of the spectrum are nearly myreor antiin character, thereby showing little
coupling to the isomerization reaction coordinate. Other levels are strayghanti mixed via

Fermi resonance interactions. A few levels exhibit stragg-anti mixing despite being relatively
isolated from other levels. These levels have streyrg-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 33837 cm ! which
appears to play a key role in couplisgnandanti 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. @995 American Institute of Physics.

I. INTRODUCTION splitting have been observéd'’demonstrating the exquisite
' o _ .. sensitivity of H-atom tunneling to the heavy atom motion in
In the pursuit of vibrationally mode-selective reactivity, the rest of the molecule. As we will see, the mode specificity

molecules undergoing intramolecular photoisomerizationy, the isomerization of 5-hydroxytropolone is made possible

such studies is that reaction occurs between well-defined resepsitivity to vibration.
actant and product geometries, often with a simple spatial | 5.HOTrOH (shown below, despite the symmetric po-
coordinate as the reaction coordinate. The desired ideal i§ition of hydroxy substitution, the preference of the 5-OH
that certain norma! coordin.ates will be more ?trc{ng'yhydroxy group for in-plane positioRs'? produces a slight
coupled to the reaction coordinate than others. Excitation ofsymmetry in the molecular potential energy surface. Based
these coordinates then could lead to enhanced reactivity. Qfy our recent work on 5-aminotropolofewhere the asym-
course, as in bimolecufét and photodissociatidrreactions, metry of the NHD isotope was sufficient to quench H-atom
mode-selective photoisomerization is possible only if reacyynneling in the ground state, one might expect a similar
tion occurs at low enough state densities that intramolecula(ﬁuenching in 5-HOTrOH. Two distinct conformers are then
vibrational redistribution is unimportant on the time scale offqymed which differ in the orientation of the 5-OH hydrogen
reaction. _ _ relative to the tunneling hydrogen.Syri (“anti’) desig-
Isomerization reactions driven by hydrogen—atom orpates that the 5-OH and 2-OH are on the sdEposite
proton tunneling are especially intriguing candidates forside of thez inertial axis indicated below. In 5-HOTrOH
mode selectivity because reaction can occur at energies Welere are two well-defined reaction coordinates for sjie-
below the classical transition state. In addition, tunneling isynti isomerization involving(i) H-atom tunneling between

especially sensitive to the positions of the heavy atoms senhe two oxygen atoms anfli) 5-OH torsion through 180
ing as donor and acceptor, raising the prospect of vibragegrees.

tionally mode-selective behavior.

This paper presents a single vibronic level study which [
shows strong vibronic state selectivity in the photoisomeriza- O, O
tion of 5-hydroxytropolong(5-HOTrOH). Our work builds $
on previous studies of tropolofe!®a pseudoaromatic mol-

ecule containing a seven-membered ring which can undergo
hydrogen atom tunneling between the oxygen atoms in a
symmetric double-minimum potential well. In tropolone,

spectacular mode-specific changes in the H-atom tunneling

w__H

In a recent communicatiolf,we reported initial results
of our study of 5-HOTrOH which focused attention primarily
?Author to whom correspondence should be addressed. on theS,—S; electronic origins for the two isomers. Figure
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These identifications have led to a classification of the types
of mixing present. Furthermore, the analysis identifies a pro-
moter mode whose excitation, more than any other mode,
enhancesyn-anti mixing. Finally, in the adjoining paper,
we presentb initio calculations in which several aspects of
the multidimensional reaction surface are explored. A normal
coordinate analysis shows two possible in-plane modes
which correlate well with the observed promoter mode.

J\}& 236 cm'! \h-—//

Red +236 /k

Red Origin

Blue -236
Blue Origin

AniGS Il. EXPERIMENT
(Localized
along Laser-induced fluorescenc@IF) excitation and dis-

diagonal)

persed fluorescence spectra were recorded using an apparatus
which has been described previouslyA solid sample of
5-hydroxytropolone was resistively heated to 115—-120 °C in
a housing placed directly before a pulsed nozfkeneral
Valve, 500um diametey. Helium gas at a pressure of 2—10
bar was passed over the heated sample and expanded through
the nozzle into a chamber pumped by two vapor booster

FIG. 1. (a) Potential energy curves along the intramolecular H-atom tunnel- . . . _
ing coordinate. Note the reversal in stability betwegnand S,. The S, pumps operating in parallel. The output of an excimer

energy difference of 249 cnt and theS, energy difference of 236 ci ~ Pumped dye laser(Lambda-Physik EMG-50E/FL2001,
account for the 485 cit difference between the red and blue origins. Lo- PBBO or BBQ dye crossed the expansion 1-2 cm down-
Ca“zecf’ 9fct’i‘g’:g'sfgsio‘l’ia‘éinf‘ZJe”rCO“?:r;zni’;d g?:ﬂi‘g icr’]fé?‘c:i‘t"zfndtﬁfgg statgtream from the nozzle. Unsaturated excitation spectra re-
\gr?c\i/(lealuut.ﬂcz% “crpossover” origin transitionsb) 2D wave funZtions foanti quire unfocused laser energles_ _Of about ADpulse. Dis-
0, and the nominallsynblue @ levels associated with the re@36 cross-  Persed fluorescence spectra utilize a 3/4 m monochromator
over origin transition. Since theyn 0, wave function(not shown is local-  operating at a resolution of 10 ¢rh FWHM. Fluorescence
ized along the opposite diagonal, the emission spectrum is predominantly tgigna|s were detected by a UV-sensitive photomultiplier tube
synground-state levels. using gated integratio(Btanford Research SR26@ cut-off

filter was used in the fluorescence excitation scans to reduce

scattered laser light.
1(a) presents a schematic diagram of these transitions and of |n 5-hydroxytropolone, two ground-state levétae syn
the “crossover” transitions which promot/n—antiisomer-  and anti zero-point levels possess sufficient population to
ization in the molecule. We argued previously that the prescontribute to the excitation spectra. In order to identify tran-
ence of the crossover transitions signals that the excited staigtions out of a specific ground-state level, population label-
levels have mixegyn-anti character, as shown in the two- ing scans were recorded. Fluorescence-difference spectra are
dimensional wave functions of Fig.(). As we will see, recorded by measuring the difference between a normal ex-
such mixed-character excited vibronic states are more thgitation spectrum and one in which the population in a given
rule than the exception, presenting a delightful venue for thgyround-state level is depleted. The difference between the
study of mode specificity in intramolecular photoisomeriza-normal and depleted spectra yields only transitions from the
tion. targeted level.

The 5-OH substitution has a similar effee the asym- In practice, population is removed by a saturating laser
metric methyl>*® and phenyl’ substitutions on pulse operating at half the repetition rate of the probe laser.
9-hydroxyphenalenone, whose spectroscopy has been stuthe saturation lasébperating at 20 Hris set on a transition
ied in some detail in a matrix. The isomerization of out of a targeted ground-state level, while the probe laser
5-HOTrOH also bears some resemblance to the keto-engbperating at 40 Hz and delayed by 100 ns from the satura-
isomerization of “double” benzoxazole studied recently by tion lasey is tuned through the desired region of the spec-
Ernstinget al'® By comparison to this work, a pleasing fea- trum. Fluorescence signal from the probe laser with and
ture of 5-HOTrOH is its small ground-state asymmetrywithout the saturation laser present alternates between that
which enables the study of the isomerization on a state-todue to the depleted and normal spectra, respectively. Subtrac-
state basis following excitation out of either ground-statetion was performed on a shot-to-shot basis by using the ac-
well. tive base line subtraction mode of the gated integrator.

In the present paper, we present a complete account of 5-HOTrOH was synthesized at Cal State Fullerton using
our work on 5-HOTrOH which extends the previously re- the procedure of Russedt al0
ported result¥ in several ways. First, the primary focus of
this paper shifts from thesyn and anti origins to vibronic ||| RESULTS AND ANALYSIS
levels above the origin. Second, dispersed emission scans are o ) )
used to quantify, to the extent possible, the fracticyaland A. Fluorescence excitation and population labeling
anti characters of each of the major levels in this region.SpeCtra
Third, in a few cases, we have identified the vibrational state  Figure 2 shows an overview fluorescence excitation scan
character of thesynand anti levels involved in the mixing. of the first 1600 cm® of the S;«—S, transition of

U/

Anti

tnelin, T
Syn Coordinass O
H-atom tunneling coordinate
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FIG. 2. Overview fluorescence excitation scan of the first 1600%ash the
S, S, transition of 5-hydroxytropolone. Two origins due amti (“Red”
09) andsyn(“Blue” 0 §) conformational isomers are marked in the figure.

FIG. 4. (a) Fluorescence excitation spectra of the region near the blue origin
in 5-hydroxytropolone(a) Total fluorescence(b), (c) population labeling
spectra with the saturation laser tuned to the blue and red origins, respec-
tively.

5-HOTrOH. The scan was taken under unsaturated condi-
tions and is power-normalized. As dispersed fluorescencexcitation spectrum of the region near the red originwith
and population labeling spectra will show, the two transitionspopulation labeling spectra in which the saturation laser is
marked in the figure ar,« S, origins due to the two con- tuned to the blue and red origifi¢h) and (c), respectively.
formational isomersanti and syn Arguments will be pre- Analogous spectra in the region near the blue origin are
sented shortly that the “red” origin at 25 047 cthis most  shown in Fig. 4.
likely due to theanti ground-state isomer while the “blue” A comparison of Fig. @) with Figs. 3b) and 3c) shows
origin (25 533 cm') originates from thesyn ground state. that the great majority of transitions in the first 450 ¢nof
Throughout the rest of the paper we will assume this isothe spectrum arise from the same ground-state level as the
meric assignment. red origin. Similarly, nearly all the more intense transitions
In assigning transitions above the origin, several difficul-in the first 600 cm* above the blue origin have a common
ties are encountered. First, the spectra due to the two isomeggound-state level with the blue origin. Thus, the population
are similar, but far from identical. Second, correlations tolabeling spectra cleanly partition the total fluorescence spec-
levels in the spectra of tropolofi¢® and aminotropolor€  trum into its isomeric components. A few transitions in the
are not easily made, though gross similarities exist. Thirdfluorescence excitation spectrum do not show up in either
the interleaved spectra from the two isomers makes it diffipopulation labeling spectrum. In most cases, these have been

cult to assign a given feature to a given isomer.
As an aid to the assignment process, population labelingon to the unsaturated excitation spectrum, the strong transi-

spectra have been recorded with the saturation laser tuned fi@ns in the population labeling spectrum are highly satu-

the blue and red origins. Figure 3 compares the fluorescengated, distorting their intensities. Imperfect signal subtraction
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FIG. 3. (a) Fluorescence excitation spectra of the region near the red origi
in 5-hydroxytropolone(a) Total fluorescence(b), (c) population labeling

T
400

assigned to hot bands or clusters. Note also that, by compari-

in the population labeling spectra results in irregularities in
the base line in the region of some of the strong transitions.
However by aligning the normal and difference spectra, ir-
regularities are easily distinguished from actual transitions.
Note finally that the population labeling spectra highlight
several surprising correlations. For example, the set of five
transitions 84 to 132 cit 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 the
low-frequency region above the red origin.

The dispersed emission spectra presented in the next sec-
tion prove that many of the transitions in the excitation spec-
trum occur in pairs arising fronsyn and anti ground-state
isomers undergoing transitions to a common excited state
level. To highlight this, Fig. 5 replots the population labeling
spectra of Figs. 3 and 4 with the blue origin spectrum shifted
™49 cm ! to the red, the separation between siyaandanti

spectra with the saturation laser tuned to the blue and red origins, respeffOUNd-state zero-point levels. Excited state levels at the

tively.

same energy are then aligned in the two spectra and partner
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-1

TABLE I. Low-frequency vibronic transitions in th8,—S; fluorescence

[4 100 Relaztti)\t')e Frequer!a%(cm )hg%ked origlg'oo 600 itati i i isi i
0 M0 e o ao e e excitation/population labeling spectra arising from tngi 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 ¢mespectively.
(b) Red Origin Population
2 v’ 0p(anti v'—0py(syn )
s o Syn-anti
% /Red% Redizse Frequency Intensity Frequency IntensityAssignmerit — mixing®
Py
- ! o o 0 106 (-236 1 a0° unmixed
:g , li 112 12 a26? unmixed
'f‘, (a) Blue Origin Population /elueoo !i : (236) 10 0 106 SOO weak
E Sl 306 2
i 320 79 (84) 4 axYW!Fermi  weak
Yot i i 325 30 (89 12 aWYX! Fermi  weak
2 X1 ¥ ; (352 5 114 3 s26%/a?? strong
DA R A AR AR ARSI 355 8 (119 5 a??k262?  strong
-200 =100 0 100 200 300 400
Relative Frequency (cm") from Blue Origin 360 1
369 82 (132 2 aYYz!Fermi  weak
FIG. 5. Population labeling spectra of Figs. 3 and 4 replotted so that the blue 408 1
spectrum is shifted 249 cr to lower frequency. The alignment of transi- 413 34 az/Y! Fermi  unmixed
tions in the two spectra resulting from this frequency shift are indicated by 418 7
dashed vertical lineg- - -). These transitions have common excited state 421 5
levels which originate from different isomeric ground-state zero-point lev- 438 3
els. Also apparent in the spectra are many transitions which do not have 296 2
partner transitions in the other population labeling scan. Two close-lying 301 3
examples are the blue399 and ree-633 cni* levels which, despite being [540] (304 15 mostlyanti® strong
only 2 cmi ! separated from one another, are not partner transitions. The tie 307 26 mostlysyrf strong
lines (- - -) show the lack of a partner transition in these bands. 310 16 mostlysyrf  moderate
[549] (313 8 mostlyanti®  moderate
] 323 3
transitions are connected by dashed vertical lines. Note that 348 6
the transition pairs appear even in the lowest energy levels in 352 4
the spectrum, i.e., including the red origipaired with the 372 32 sYYZ'Fermi unmixed
“pblue—236 cm " transition) and blue origin(paired with 375 2 . _

« —1n . " . 633 29 a659 cm unmixed
the “red+236 cm ™" transition). The five anomalous transi- 399 31 sZYY! Fermi  unmixed
tions beginning 84 cm' above the blue origin also have 404 2
partner transitions in the red spectrum. At the same time, 648 6 412 3
some transitions do not have a partner transition from the 659 6 (423 19 aw? moderate

other isomeric ground state. As we will see, the lack of o - — ; )

. . A he excited state vibrational levels are assigned based on the predominant
partner transition S'Q'?a'S e|t.h3§r) a poor Franclﬁ—Condon corresponding ground-state mode in the dispersed fluorescence spectrum
factor from one of the isomeric zero-point levels(iby a lack  from the respective levea=anti, s=syn.

. . . . b, H
of syn—anti mixing in the excited state level. ClFJnn:;lxedKl%), Weakgif/ta—3%,dmodehratﬁ(ts;/o—lo%, strong(>t10%). .

H : . e e or the expansion conaitions unaer wnic ese measurements were maae,
. The rel_atl\,/e frequenues and |ntenS|t|e§ of the tI"fj’ms'tlonsthe relativesyn and anti populations gave the following intensity ratios:
in the excitation spectrum are collected in Table | as twoRred §:blue §=16:100; red B:blue-236=100:4, blue f:red+236=100:2.
interleaved spectra due &mti and synground-state popula- ‘Syn-anti Fermi doublet.

. g g - o : .
tions. The tentative assignments and persgntanticharac- Syr-anti Fermi quartet.

ter will be taken up in later sections.

The rest of the spectrum is dominated by progressions
and combination bands involving three vibrations of fre-
quency 337, 355, and 366 ¢ In Table Il these are desig-

Figure Ga) presents the dispersed fluorescence spectrumated by W, X, and Y, respectively. Franck—Condon activity
of the red @ level following absorption at the red origin in these progressions is induced either by a change in fre-
(25 047 cm'Y). Table Il lists the vibronic transition frequen- quency or a shift in equilibrium geometry along that normal
cies (relative to the excitation frequencynd their relative  coordinate in the electronic excitation. In the harmonic ap-
intensities. We have chosen to keep tropolone’s vibrationgbroximation, overlap integrals are easily calculated as a func-
numbering2° in designating several of the vibrations of tion of two parameters related to the frequency chaffje
5-HOTrOH which have a clear correspondence in the parerand geometry shift).?! Table Il lists thes andD values
tropolone. In contrast to tropolone, the spectrum of the fed Oalong the W, X, and Y coordinates for tiSg— S, transition
level of 5-HOTrOH differs by having a reduced-intensity.26 determined by fitting the Franck—Condon profiles aloy
progression. The 26transition is the only member of this X%, andY®. The comparison witlab initio calculations of the
progression clearly visible in the spectrum-a256 cm %, so  succeeding paper suggests that W, X, and Y are totally sym-
that v5s = 128 cm ™. This v} frequency is similar to its metric in-plane vibrations.
value in tropoloné (110 cm 1) and 5-aminotropolorté (126 The spectrum in Fig.(®) is obtained by excitation of the
cm Y. weak transition 236 cm'" below the blue origir{blue —236),

B. Dispersed fluorescence spectra of the red and
blue origins
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Relative Frequency (cm") from Blue-236 cm™

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

[} -200 -400 -600 -800 =1000
P 1 P NI AN NI W PSSR IE W W) [ NI W
® Normal mode
- Blre-236 cm™ || -249 cm’” (ground-state .
g Isomer frequency, crmt) 62 D
Q
: Syn W (336 ~1.08
g X (353 ~1.14
g Y (369 1.00 1.26
I Z (399 1.00 0.60
3 (a) Red 0%, Anti W (337) 1.02 1.15
H X (353 1.04 0.65
e Y (365 1.00 0.85
JL 2, Z (400 1.00 0.20
A
T o e e ee a0 2The value ofsis determined from the ground and excited state frequencies
Relative Frequency (cm’') from Red Origin [ = )1/2]_

bAs defined in Ref. 21.

FIG. 6. Dispersed fluorescence spectra of @ered @ and (b) blue —236
cm! transitions. The spectra are plotted on the same absolute frequency

scale. The frequencies scales on the spectra are relative to the excitatippeled as such in Fig.(B). As Table | indicates. this transi-

frequency.

TABLE Il. Low-frequency vibronic transitions from the red origin and blue

origin dispersed fluorescence spectra.

Red @
Frequency intensity

Blue @
Frequencyintensity

0 100 a0, 0 100 0,
193 b a25, 24¢ 15 a0,
225 2 a25,26, 255 16 26,
257 9 a26, 336 63 sW,
337 50 aw, 353 33 s¥,
355 19 aX, 369 83 sY;
366 37 ay, 399 18 A
385 1 a25,\(?) 442 4 a25,(?)
400 2 az, 506 2 a26,
423 b 586 5 aw,
453 1 a25,26, 591 10 s26,W,
483 6  a25.26;(? 604 7 aX,
515 2 a26, 615 14 ay,
592 6 a26,W, 625 12 s26,Y,
623 3 a26,Y,; 657 31 s26,7,
646 5 671 34 sW,
659 17 689 11 sWX,
673 24 aW, 706 47 SW,Yq, SX,
691 9 aW; X, 723 17 sX,Y,
701 23 aw,Y; 735 19 SWiZ,
709 3 aX, 739 37 sY,
720 4 ax,Y; 745 6
732 6 ayY, 772 30
747 6 781 12
762 3 890 10
772 13 928 15 aw,
785 5 959 4 aX,\(?)
820 2 a25.26;W,\(?  98C° 5 aY,\(2)
851 3 a25,26,Y,\(?)

866 2
893 9
916 3
928 3 a26,W,
959 2
981 3

#The presence and assignment of this band is confirmed from other dis-

persed fluorescence spectra where it is more intense.
bFrom other dispersed fluorescence spectra.

tion is only 1% of the blue origin intensity and has the same
ground state as the blue origin. The dispersed fluorescence
spectra of Fig. 6 are plotted on the same absolute frequency
scale, with the relative frequency scales above and below the
spectra defining zero as the respective excitation frequency.
Apart from the different excitation frequency, the spectra are
identical, indicating that the red@nd blue-236 transitions
involve excitation out of thenti andsynground-state zero-
point levels, respectively, to the same excited state level,
nominally theanti 0° level. Thus, the red Dlevel is 236
cm ! below the blue 8 level. Combining this with the 485
cm ! separation between red and blue origin transitions de-
termines that, in the ground state the energy ordering is re-
versed, with the blue Plevel 249 cm® below the red §
level. Figure 1 summarizes these energy differences.

Figures 7a) and 1b) display the dispersed fluorescence
spectra of the blue®evel following excitation via the blue
origin (&) and via the transition 236 cm above the red
origin (b). The latter transition has the same ground-state
level as the red origifFig. 3b)]. Again, the two transitions
are partners originating from th&yn and anti ground-state
zero-point levels, here terminating in tkeominally) syn0°
excited state level. The major transitions in the dispersed
fluorescence spectrum sfn 0° (Fig. 7) are similar to, but
distinct from those of thenti 0° level (Fig. 6). The 26
transition appears at255 cm . The dominating set of three
fundamentals at 336, 353, and 369 Cnare all within a few
wave numbers of the corresponding W, X, and Y frequencies
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 red
+236 cm* and blue-236 cm® transitions are crossover
transitions fromsyn ground state to &predominantly anti
excited state and vice versa, as shown in Fig. 1. In keeping
with this picture, the tie lines in Fig.(@) highlight a series of
minor transitions in the blue®Gemission spectrum to transi-
tions in the redanti) well. As expected, the first such tran-
sition occurs+249 cm ! from the excitation frequency, ter-
minating in the red @level. The other identifiable transitions
into the red well are progressions involving the vibrations at
337 (W), 355(X), and 366(Y) cm ™.
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FIG. 7. Dispersed fluorescence spectra of @eblue @ and (b) red+236 0 2 3 5

cm! transitions. The spectra are plotted on the same absolute frequency
scale. The frequencies scales on the spectra are relative to the excitation
frequency. The tie lines &) highlight the transitions into thanti well in FIG. 8. (a) The experimental Franck—Condon intensity profile of the cross-
the ground state, at five times the sensitivity. over transitions in emission from blud t theW, (337 cm') progression
in the anti (red) well. (b),(c) The calculated intensity profiles from¥° and
W, respectively. The calculated values usel.02 andD =1.15, the best-fit
values forW? from the red 8 dispersed fluorescence spectrum.

C. Strategies for analyzing the  syn—anti mixing

The excited state vibronic levels studied in the following
sections possess widely varying degreesysf-anti mixing. syn $(0g)«anti 51(00) andanti Sy(0p)«<syn 51(00) crossover
In studying the single vibronic level spectroscopy, two questransitions that thesyn-anti mixing experienced by theyn
tions motivate our analysis. First, for each mixed level, whatgnd anti 0° levels was a simple two-level mixing, i.e.,
are thesyn and anti vibrational levels contributing to the
mixing? Here we seek an understanding of the vibrational ~ %1= @¥sy(0°) + Biani(0°),
mode selectivity and hope to determine if certain modes are _ 0 0
especially important in promoting the isomerization. Second, V2= Bibrsyd 0°) = ahani(0).
what are the quantitativeyn and anti characters for each However, calculations of the/g ratio differ by more than a
level? The red and blue origin dispersed fluorescence spectfactor of 3 if one uses the intensities of the red origin/blue
(Figs. 6 and ¥ provide some guidance to our analysis. —236 and blue origin/re236 pairs and assumes the above
(1) As shown in Fig. 1, we interpret the crossover tran-form for the wave functions. Furthermore, the observed
sitions as originating from pure isomeric ground-state levelscrossover” emission from blue Qinto the red wellmarked
to excited state levels of mixesyn/anticharacter, i.e., by tie lines in Fig. 7 is inconsistent with emission from red
Yord= travn OF Wrang 0% As a result, the primary coupling of blu€ & not to red
grd syn anti 0 LT . X
. 0% Instead, the change in intensity profile of the 337 ¢m
while progression suggests the rédt level as the primary level
Yexc= AWyt Bihan- coupled to blue ® Using thes andD values fitted to tha?

progressionTable IlI), Fig. 8 compares the intensities pre-

The deduction that it is the excited rather than the groundgjicteq along the ret and redW? progressions. The better
state wave functions which are mixed rests on several factgyicn- -up withw? is consistent with the smaller energy gap
First, in tropolone the H-atom tunneling splitting is 20 tlmes( 80 cmi %) between blue Dand redW* than with redw?®
larger in S;(0°% than in Sy(0y). By analogy, in 5-HOTrOH, (236 cm'Y).

one would expect a much smaller barrier to H-atom tunnel- Thus, in general, one must express a given excited state
ing in S; than inS;, leading tosyn-anti mixing in theS;  \ipronic level as

state. Second, the red &mission spectrurfFig. 6a)] shows

no activity in transitions to any of the blue ground-state lev- _ , ,
els which are strong in the blué @mission spectrum, indi- |fexd = 2 ai| syl vi)) } +8 2 byl Yani(vi)) |,
cating that all these blue ground-state levels are unmixed. ! ! )

Finally, the additivity of overtones and combination bands in

the ground state does not carry over to the excited stateyhere« and B give the overallsyn-anti weightings of the

consistent with coupling betweesyn and anti levels being  excited state level while; andb; determine the vibrational

important in the excited state, but not the ground state.  state character of theyn or anti levels contributing to the
(2) The excited statesyn-anti mixing is not typically  mixed excited state level. The coefficiertsand 8 are sub-

betweensyn and anti levels of the same vibrational state ject to normalization constraintg?+3?=1), as are thes,

character. One might have expected from the presence of tredb; (Sa?= 2b2 1).
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(3) The relative intensities of a given pair of excitation oy s
transitions terminating in a common excited state leta. (@) Red+112 oy
5) reflect not only the percemsyn/anticharacter but also the sastas’, | %)
Franck—Condon factor¢FCF9 and relative ground-state

a 02
825°,26"; | 337

populations of the transitions involved. For instance, if we % R84 o,
assume that blue®as coupled significantly only to retVb), 5 | | o ouesnna
ie., 2 AM,JJWAJUMW

|y(blue d))>:a|00>syn+ :8|Wl>anti 2 E.'

. . . .. {c) Blue+118
then the intensity of the paired “red” and “blue” transitions
to this excited state level will be r “
) o 12 o a0 4w e s0 | aso 200
Iblue a |<00|0 >syn| Nsyn Relative Frequency {(cm )
red B < 0 >ant| anti FIG. 9. Dispersed fluorescence spectra of the transit@nkl2 cm * above

. . the red origin(red+112), (b) 114 cni ! above the blue origirtblue+114),
In cases where the FCFs for the transitions are very differentind(c) 118 cni® above the blue origiblue+118). The spectra are plotted

they can dominate the observed intensities, masking the pegn the same absolute frequency scale. The frequency scales on the spectra
cent syn/anti character of a given excited state level. This 2 relative to the excitation frequency.
explains why several transitions in the excitation and popu-
lation labeling spectréFig. 5 do not possess a partner tran-
sition out of the other conformer ground state. A notable Ign_ Z Yl Yexd synl _(a”)z
example is the clc_>s.ely.grouped transmo_ns about 300cm |g>r§ti Sl Vexdanal  \B")
above the blue origifFig. 5@]. As we will see, all levels , ) o
within this set possess significant red character in the emig¥here«” and 8" are thesynandanti weightings of the ex-
sion spectrum, yet the poor FCF for the transition from thec!ted _state level in the localized basis set of ground-state
red Q level completely suppresses the transitions from ged oviPrations. S
in the excitation spectrum. Operationally, the method’s applicability is limited by

(4) If a given syn(anti) level is coupled to more than one the identification of transitions into theyn and anti wells,
anti(syn level, interference effects can produce unusual in-especially those terminating at higher gnergies where the dis-
tensity profiles along progressions involving those levelsPersed fluorescence spectra become increasingly congested.
This can provide some insight to the nature of the leveld"S & result, one is often forced to cut off the sum quite low
involved in the coupling. For example, if a predominantly iN the well where the structure is sparse enough to confi-

(6)

anti level is coupled to twesynlevelsv) andv} dently assign transitions. This often limits integration to tran-
sitions terminating in levels in the first 600—800 chof the
| Yexd = a(al|vi>syn+ az|v§>syrb + Blv)anti (4) synandanti wells. Given the different vibrational state char-

acter of the mixedynandanti excited state levels, neglect-
the emission intensity to a givesynground-state leval; is  ing transitions to levels higher in the wells could skew quan-

given by titative answers. As a result, the percesyn and anti
characters of the excited state levels in Table | are listed by
Lsyrvm) = a?|ay(vmv ) synt axvmlvs)syd? categories denoting approximate rangesyfandanti char-

acter rather than numeric values.
=a?{af|(vplvy) >+ a3l (vnlva)l?
n ! 14 ’
*2a,35(vplva)(vmlv2)} ®) D. Dispersed fluorescence spectra from levels above

where we have assumed that thgn/antioverlap integrals N O1igins

are negligible. The interference term in Ef) is appreciable
only in vy, which have significant Franck—Condon factors 1. Red+112
from bothv; andv,. Figure 9a) presents the dispersed fluorescence spectrum
(5) Because of the dependence of the intensities in excifrom the weak transition 112 cm above the red origin. The
tation on the ground-state populations of the two isomersstrong false origin at-257 cm ! is due to red 2§ with
quantifying the percensyn and anti character of a given increased activity in 2pas well. The great similarity of the
excited state level is best done using the dispersed emissi@pectrum to corresponding transitions in tropoforiéand
from the level. The summed intensity of the transitions out of5-aminotropolon® argues for assigning the red.12 transi-
that level to the;yn(ltso;,) andanti (12,) ground-state wells tion as the red ZBtransition. v, is an out-of-plane vibration
is independent of ground-state populations. By expressingalculated® to have out-of-phase motion of the two oxygen
Yoxe IN the basis set of localizesyn and anti ground-state  atoms. The major transitions built off the false origin are like
vibrational levels, assuming negligibdgn-anti overlap, and  those from red 9 indicating little coupling of 26 to the
applying the sum rule to theyn and anti components, one vibrations involved in the main vibrational activity in the
can readily show that spectrum. As in 5-aminotropolorté the weakness of this
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transition and the shortness of the progression indicate that
the 5-OH substitution has stiffened the planarity of the ring
in the S; state by comparison to tropolone.

The peak at—225 cm! is assigned agred 25269),
again by analogy with 5-aminotropolone. Its presence indi-
cates a Duschinsky efféé?® in which the normal coordi-
nates forv,s and 1, in the ground state are mixed in the
excited staté.This assignment predicts a 97 chfrequency (b) Calculated B+372
for v, compared to 173 cnt in tropolone.

The red 26 level shows no evidence of coupling to blue
levels in the dispersed fluorescence scan, indicatingithat
is not significantly coupled to the isomerization reaction co-
ordinates and is nearly pusmti in character.

syn Y synz,Y,

(a) B+372
369

[ 399

N\

(c) B+399

2. Blue +114/118 (red +350/354) , 38 o0 vas, 1] 3994369 |
2
Identification of the 2§transition in the blue spectrum is J )

less obvious. A comparison of frequencies suggests either
blue+114 or bluet+118. Both of these transitions have part- (d) Calculated B+399
ners(at red+-350/354 originating from theanti ground state, '
indicating that both excited state levels are of mixagoh-

Dispersed Fluorescence Intensity

anti character. The dispersed fluorescence spectra of Figs. | |
9(b) and 9c¢) show that the pair comprise gyn-anti Fermi ' ' I
resonance. The first 600 cthshow a strong resemblance to 0200 | 400 600 80O . 1000 1200
the red-112 cm ! spectrum{Fig. (a)], indicating that blue Relative Frequency (cm")

26% is one member of the Fermi pair. The spectra also show
a strong false red origin at 702 cmt (—453 relative to the FIG. 191 Dispersed fluorescgr_lce spectra of the transiti@n372 and(b)

. . _ 399 cm - above the blue origin. The frequency scales on the spectra are
red zero-point levelwith red v, 337, and 369 cm' tran- relative to the excitation frequency. The peak height at the excitation fre-
sitions built off of it. The—702 cni ! transition is flanked by  quency indicates the contribution from resonance fluorescéacand (d),

a second strong red transition at764 cnmil (red —515 Stick diagrams of calculated FC profiles aloNg, Z,, and Z,Y,, with
cm 1), The relative intensities of the red and blue transitiong=0-52:3,=0.85. See the text for further details.
in the spectra of Figs. (B) and 9c) reflect a somewhat
greater blue 26 character in the bluel14 cm! excited
state level by comparison to bl#d18. Thus, even though ter. The emission from blue372 is dominated by a long
the red 286 level is virtually pureanti, the blue 28 level is  progression in 369 cit (Y,) in the ground state. A strong
strongly syn-anti mixed due to a near-degeneratgn-anti  satellite transition at-400 cm ! (labeledz,) terminates in a
Fermi resonance. Given the nearly egsiat-anti mix of the  level which is quite weak in the blue origin spectryfig.
levels, the coupling matrix element responsible for the mix-7(a)].
ing is about half the separation, i.&eyn ani~2 cm L The dispersed fluorescence spectrum from HIB@9

We can only suggest a tentative assignment for the refFig. 10b)] also shows considerable activity in both (with
level involved in the Fermi resonance. Our assignments oft minimum atn=1) andZ,Y,,. Given the weak intensity of
v and v, would place the red 2@5, level —453 cmt  the transition to—399 in the dispersed fluorescence from the
from the red zero-point level and 26t —515 cm . This  blue origin, the strength of the blu€399 transition in exci-
suggests 226° as the redanti) level in the Fermi doublet, tation suggests that the transition gains its intensity through
~354 cmi! above the red origin with as excited state Fermi resonance coupling with a bright state. The appear-
frequency of 120 cmt. A difficulty with this assignment is ance of the—399 cni* band as a strong satellite in blue
that the red 28262 transition would be expected to carry very +372[Fig. 10@)] indicates that ther* level (372 cn?) is
little FC intensity, yet the re#350/354 transitions are the Fermiresonant bright state.

readily observed in the fluorescence excitation spectrum. In a simple two-statsyn-synFermi resonance, the blue
+372/bluet-399 pair are expressed as
3. Blue +372/blue +399 #(399) =a,| Y1) +a,|z?)

Two of the strongest transitions in the blue excitationand

;pectrum occur_3_72 and 399 ci‘ngk_aove the blue origin. W(372) =y Y1) —a,|ZY).
omewhat surprisingly, these transitions carry no measurable

partner transitions at reg608 or red-635. Dispersed fluo- TheZ member of the Fermi doublet is tentatively assigned as
rescence spectra of these transitions are shown in Figs). 10 a fundamental of a totally symmetric level since, given the
and 1@b). No measurable emission into thati (red) wellis  small change in frequency upon electron excitatior 1),
observed, indicating that the two excited state levels acan overtone of a nontotally symmetric lev@lith D=0 nec-
cessed in these transitions are essentially pyrén charac-  essarily would produce purelJAv =0 Franck—Condon fac-
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. . FIG. 12. Dispersed fluorescence spectra pumping the transit@n320
FIG. 11. Dispersed fluorescence spectra of the transitian369 and(b) cm-! above tﬁe red origir() 84 cm’lpabove ‘t)he t?lugorigir(,c) 32K[5ﬂ)cm*1

413 cm'! above the red origin. The frequency scales on the spectra arg L 1 I
relative to the excitation frequency. The peak height at the excitation fre-above the red origin, andti) 89 cm ™ above the blue origin. The most

guency indicates the contribution from resonance fluorescéocand (d) prominent transitions into theynwell are indicated in the figure.
Stick diagrams of calculated FC profiles aloig, Z,, and Z,Y,, with
b,;=0.43,b,=0.90. See the text for further details.

The red+413 transition possesses no observable “part-

tors alongZ. This is incompatible with the intensity ratio Ner” transition at blue-177. The corresponding lack of
1(—399)/1(0,)=0.08 measured from the blu€ @mission emission tosynleve_ls in the groun_o! state indicates that the
spectrum(Fig. 7(a)]. excited state level is nearly puemti in character.

Figures 10c) and 1@d) present stick diagrams of the
Franck—Condon progressions aloig, Z,, and Z,Y,, for
the best-fit coupling coefficients @;=0.52 anda,=0.85.

Estimated errors for these coefficients ar@.05=0.03 for (@) Red + 320

a;(a,). Overlap between certain ban@sg., 2<369 and 336 .

+399 contaminates the experimental intensities of some Ya | l L1

members of the progressions. Nevertheless, the quality of the .

overall fit lends confidence to the assignment of blue X I I I

+372/bluet-399 as a Fermi pair of nearly pusyn levels. " 1

Given the 27 cm? splitting between the levels, the matrix W

element coupling the levels is of order 10 ¢ "j . | | I I
(b) Red + 325

4. Red+369/red +413 5 | I .

Figure 11 presents dispersed fluorescence spectra of the " I !

transitions 369 and 413 cm above the red origin. The red

+369 transition has a very weak excitation transition partner Y, I . I

133 cmi ! above the blue origin, with an identical dispersed | L

fluorescence spectrum. Consistent with this, the emission

spectrum also exhibits weak transitions into the blue well, Wa . | | 1

beginning with a transition to theyn zero-point level 249 0 ISynz 0 1 f\mi3 4 s

cm ! to the blue of the resonance peétot shown. The
crossover transitions are weak enoth that no attempt w G. 13. Histograms of the experimentidllack) and calculatedshadegl

made to assess thgyn levels involved in coupling to red  gpission froma) red+320 and(b) red+325 into thesynwell along theW, ,
+369. X,, andY, progressions. See the text for details of the calculation.
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The dispersed emission spectra of these transitions aeds with one or moresynlevels. However, a proper assess-
analogous to the blue372/bluet399 pair. An analysis simi- ment of the effects of such coupling requires a knowledge of
lar to that used on those bands leads to their assignment aglee synlevels involved in the mixing.

Y1/z! anti-anti Fermi resonance pair with To that end, Fig. 13 also includes histograms of the
_ 1 1 emission alongW,, X,, andY, progressions into theyn
$(413)=Dby|Y")+by| Z7) wells. A striking feature of this emission is the complete

and absence of observable activity in tegn W, progression in
either the red-320 or red-325 emission. Such a loss in
¥(369)=Dby| Y1) —by|Z?), activity can only result from destructive interference in the
where emission intosynlevels. This can occur if thanti state is
coupled with more than oneyn level with significant
b,=0.43+0.05, b,=0.90+0.03. Franck—Condon factors along the/, progression(Sec.

h Il C). Since the dispersed emission from blden@s already
provided evidence for blue®@-red W! mixing, we propose
additional mixing of the redV*/X* Fermi pair with bluew*
as the source of the destructive interference aMfjg Thus,
to first order, we writey,. as

Figures 11c) and 11d) show the simulated spectra whic
result from using these mixed excited states andstaadD
values for Y and Z determined from the red origin emission
spectrum. We conclude that the re869/redt413 transi-
tions are a Fermi resonance pairanfti levels experiencing

only very weak coupling with levels in thgynwell. Yexc= Asynt Banti»
where
5. Red+320/325 (blue +84/89) Psyn=az| W) s+ ap| W)

The dispersed fluorescence spectra of Fig. 12 are frorgng
two synanti transition pairs, the red320/bluet84 pair and
the redr325/blue-89 pair. Once again, the transitions ani=0b1| W+ by X1,
within each pair originate fromanti/syn ground-state zero-
point levels to a common excited state level, producing iden
tical dispersed fluorescence spectra. The strosgeranti . L
mixing experienced by these excited state levels enable'gtens'ty IS
good-quality dispersed fluorescence spectra to be recorded
following excitation out of either isomeric zero-point level
[Figs. 12a)—12d)]. While the emission from both excited
state levels is dominated by emission into thg (adn) (d) Blues313 anti
ground-state well, both also show significant emission to the
synwell. The most prominent of these transitions are labeled
in the figure.

The two anti excited state levels responsible for the (c) Blue+310 anti
emission appear to be in Fermi resonance with one another. syn ‘
This is reflected in the significant changéy comparison to
red @) along both the 337W/,) and 353 cm? (X,) progres-
sions from either excited state level. Figure 13 presents a
histogram of the relative intensities of th&,, X,,, andY,
progressions into boteynandanti wells. By comparison to
the red @ dispersed fluorescence spectrum, Fig. 13 shows
increased activity alongnti W,, and X,,. This suggests the
two excited state levels as amti WX/X! Fermi resonance
pair. However, quantitative fitting of the emission spectra in
terms of a simple two-levalv}/X* Fermi resonance fails to
produce a satisfactory fit.

Of the possible explanations of this fact, two seem most anti
plausible. First, the two levels may be involved in Duschin- (a) Blues304
sky rotation as well as Fermi resonance. That Duschinsky
rotation is present in the molecule is apparent from the
1,6/ Vo5 Mixing noted earlier in the emission from2&imilar
mixing between ground and excited state modes along W and 0 200  -400  -600  -800 _ -1000  -1200
X would produce Fermi resonance-like behavior in the emis- Relative Frequency (cm )
sion spectra even in the absence of Fermi resonance COI‘—JI_G. 14. Dispersed fluorescence spectra pumping the transiapB83, (b)

pling. Se?ond' the progression imenSiti?S may be effected byy7,(c) 310, and(d) 313 cni* above the blue origin. The frequency scale is
the coupling of the rett320/redt 325 anti excited state lev- relative to the excitation frequency.

Using this form for the redt320 and red-325 excited state
levels, the intensity of emission aloMy,, relative to thew,

syn I

(b) Blue+307 anti
syn I

Dispersed Fluorescence Intensity

syn I !
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[(Wn)syn {81 Wn|WO)s+an(Wy|W)e}? . quantitative destructive interference occurs alayp W,,
I(Wo)syn {2 (Wo| WO)+ ap{ Wo| W} 2 (7 consistent with yvh?t is opserved experimentally. We con-
clude that theanti W level is coupled about equally to both

The overlap integrals in Ed7) are readily calculated from syn W andsyn W
the § and D values for this normal modé€Table Ill). The As suggested earlier, it is possible that this sasye-
unknown coefficients arae; anda, which specify the frac- anti mixing is responsible for the unusual intensity profiles in
tional syn W and syn W character in the red320 and the W,/X, emission to theanti ground-state well. To esti-
red+325 levels. Figure 13 includes the calculated intensitymate the potential effect of coupling synlevels on theanti
profile alongsyn W, for a,~ —a, . With these values, a near- W, emission, one must calculate

|(Wha) _ [a{ag(Wn,a| We) +az(Wo o We)} + B{b1(Wo o Wa) + ba( W, o Wa)(Xo ol X5)}1]*
1(Wo,a)  [a{ay(Wo a|Wg)+ap(Wo o| We)} + B{bi(Wo o| Wa) + bW ol Wa) (Xo o Xa)} 1

8

Our modeling of thew'/X* Fermi pair assumed negligible point level (which should appear at red40—650 are not
syn—anti overlap and thus would have neglected theerms  observed. Thus, thanti levels involved in thesyn-anti

in Eq. (8). While a unique fit is not possible without a knowl- Fermi resonance have poor Franck—Condon factors from red
edge of thesyn-anti overlap integrals, representative calcu- 0y, so that all intensity in the blue excitation spectrum de-
lations using reasonable values ®f a;, andb,; show that rives from thesyncharacter of the excited state levels. In this
significant effects begin to appear feyn-anti overlap inte- case, the intensities of the transitions in excitation can be
grals of 0.2 or larger. Hence, the unusual emission intensitysed to determine the percesyincharacter of the levels, i.e.,
profiles observed from these excited state levels which are _ _

experiencing significargyn-anti mixing are probably a fur- Y307 = athsynt Bibantis  W(313)=ysynt Santi,

ther consequence of this mixing. W(304) = Bihsyn— ahanti, Y(310)= Sthsyn— Y¥anti»
leads to
6. Blue +303-313 (307 o2 (313 o2
The fluorescence excitation spectrum of Fi¢p)dhows ( ) = a_2 =1.73, ( ) = y_2 =0.47.
a close-lying set of four transitions 303 to 313 thabove 1(304) 5 1(310) &

the blue origin. Its intensity in excitation from tieynzero-  We conclude that the blue304 and blue-307 transitions are
point level and its frequency relative to the blue origin sug-(36% syn 64%anti), and(64% syn 36%anti), respectively.
gest it as the blue analog of the re821/325 levels, i.e., blue  Similarly, the blue+310 transition is 68%syn 32% anti,
WYXt However, the presence of four transitions indicatesyhile blue+313 is its complement.
some additional Fermi resonance coupling.

The dispersed fluorescence spectra of the four transitions
are shown in Figs. 14)—14(d). All the spectra show strong

A : . R 7. Red+633

syn—anti mixing, with significant emission into botsynand
anti ground-state wells. The four transitions break qualita- The redt633 transition is the strongest of the red tran-
tively into two pairs (304/307 and 310/323 Within each sitions appearing above the blue ori§ifig. 14c)]. The dis-
pair, the emission spectra are similar, differing primarily in persed fluorescence spectrum from this legr@t shown
the relative intensities of theynandanti emission. The blue exhibits a strong false origin at659 cm *. This transition is
+307 and blue-310 excited state levels have maynchar-  present in the red®dispersed fluorescence spectr(ifable
acter (blue emission while the blue+304 and blug-313  Il), and does not correspond to any overtone or combination
peaks are more heavily weighted towaadti. It appears, of 25, 26, W, X, Y, or Z. We assign reegb33 as a new
then, that the four transitions comprise twgn-anti Fermi  fundamental(V3) associated with 659 cnt in the ground
resonances, with weaker Fermi mixing within the paispfi ~ state. There is no evidence in the dispersed fluorescence
levels. spectrum of transitions into th&yn (blue) well, nor is there

The bluet304/307 pair and the blue310 transition an observable partner excitation transition at BI87 (Fig.
have long progressions W, into the blue(syn well, con-  5). This is noteworthy partly because the excited state level
sistent with significansyn W character in these excited state is only 2 cmi * below bluet399, one of the strongest transi-
levels. However, unlike the ree321/325 pair, no significant tions in the blue excitation spectrum. Despite being well
activity in X;W, [353 cm 1+n(336)] is indicated. above the energy of many other levels experiencing strong

The emission into thanti well is quite complicated, and syn-anti mixing, the red-633 (blue+396) and blue-399
we have been unable to assign the vibrational state charactéed+636) levels are completely decoupled from one an-
of the anti levels involved in thesyn-anti Fermi resonances. other, with red-633 being purehanti, and blue-399 purely
However, partner transitions originating from thati zero-  synin character.
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Z,(—399 indicates that othesynlevels(e.g.,Z?) also con-
gz || tribute to the vibrational state mixing present in this level.
(a)

e ,-3=!~5 IV. DISCUSSION AND CONCLUSIONS
2o i i ii The substitution of an OH group in the five position in

tropolone produces a modest asymmetry in the molecule
which has fascinating spectroscopic and dynamical conse-
(b) Calculated B+423 guences. In the ground state, the asymmetry and large
I i isomerization barrier combine to effectively localize the mol-

| sy W,

Dispersed Fluorescence Intensity

ecule in either theynor anti well, while in theS, state, the
i single vibronic levels exhibit widely varying degrees of de-
MM _s;m"""_',g(;;{"-"_"z'oo T Iocaliz_ation. When such deloc_alization_ occurs it is poss_ible
Relative Frequency (cm”) to excite the molecule to the mixed excited state out of either
ground-state zero-point level as long as the states involved in
FIG. 15. (a) Dispersed fluorescence spectrum following excitation of the the mixing have good Franck—Condon factors from both iso-
transition 423 cr® above the blue origit659 cni ! above the red origin . d
(b) Histogram of the calculated emission from bi#23 into thesynand meric ground states.
anti W, progressions. See the text for further details of the calculation.

A. 5-HOTrOH as a molecular optical switch

The extreme state selectivity of the mixing enables effi-
cient, reversiblesyn-anti photoisomerization of 5-HOTrOH.
8. Blue +425/red +659 For instance, the red236 crossover transition pumps the

The fluorescence excitation transition 423 émabove anti ground-state molecule to the blu@ Iével, whose emis-
the blue origin does not have a clear analog in the samgion is greater than 95% into treynwell. Only 15 cm*
region of the red spectrum. It does, however, exhibit a partaway is the blue-236 crossover transition, which promotes
ner transition at re¢t659. The intensity of both blue423  5-HOTrOH out of thesynground-state well to red°pwhose
and redr659 transitions is reasonably strofi§able )), so emission is greater than 98% into thati well. In contrast,
that the excited state is a mixture of levels with good FCFghe red and blue origin transitions are nearly pangi—anti
from bothsynandanti ground states. Due to the larger popu- and syn—syn transitions, respectively. From a functional
lation in thesyn ground state, the dispersed emission specstandpoint, one could categorize the blue/red origins, the
trum of Fig. 15a) was recorded following excitation of blue blue=236, and the reti236 transitions as read, write, and
+423. However, the emission is primarily into thati well, erase operations of a molecular optical switch. Unlike most

and is dominated by a long progressionVify with a mini-  other schemes for optical switching, this switch is activated
mum atn=_2. Satellite bands iX;W, (X=353 cm %) analo- by individual vibronic levels within the same electronic state,

gous to those in the red 321/325 Fermi pair are also obtather than the electronic state-driven photoisomerization
served. The Franck—Condon profile aldi is qualitatively ~ schemes typically employéd 5-HOTrOH is also an intrigu-
accounted for a®V? using thes and D values for the pro- ing optical switch candidate in its utilization of H-atom tun-
gressior[Fig. 15b)], and we assign thanti character of the ~neling in the switching mechanism.
excited state level as predominanty?, with some Fermi Of course, in order to be of any practical use, similar
mixing with WX, Of all the excited state levels studied in Vibrational state selectivity must be achieved in the con-
5-HOTrOH, thisW? anti level experiences the largesyn-  densed phase. There is in principle much to be learned from
anti mixing of any levels which are not in near-degenerateSUCh studies. In the condensed phase, the interactions with
Fermi resonance with one another. This implies thastre  the surrounding matrixwhatever its compositigrwill likely
anti coupling matrix elements operating on this level arechange the relative energies sfn and anti conformers,
particularly large. thereby sliding the ladders afynandanti energy levels rela-
Emission into thesynlevels is dominated by transitions tive to one another. This will reduce some mixings, but turn
at W,(—336), Y,(—369, and Z,(—399), with W, and Y,  on others. Vibrational relaxation within each isomeric
progressions built on these. The activity in the pW# pro- well or between the wells could also alter m—anti char-
gression into thesyn well [Fig. 15b)] is to be contrasted acter of the emitting state. Finally, the overlap between pho-
with the complete lack of, activity in the emission from Nnon bands for the transitions may reduce the selectivity
the anti W* level (red+321/329. In that caseSec. IllD 4,  which can be achieved except at very low temperature.
the unusual intensity profile was accounted for as destructive
interference in the emission between #ym W andsyn W
components of the state. If we assume a similar mixing o
anti W? with syn W andsyn W, with mixing coefficients of Figure 16 presents an energy level diagram of $he
equal and opposite sign, the intensity profile shown in Figlevels of 5-HOTrOH studied in this work. The approximate
15(b) results. The calculated profile closely matches experisynandanti character of each of the levels is given based on
ment, providing further evidence for the importance of modethe dispersed emission spectra. The overview provided by
W in the mixing. On the other hand, the intensity sgn  Fig. 16 highlights three categories 8f levels.

]B. Vibrational mode selectivity in the  syn—anti mixing
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307/310/313. The bluel14/118 Fermi pair has as i®/n

659 423/?3"53?3; contributor blue 28. By contrast, the red 28evel is a nearly
character in . . . . .
39 progression. pure anti level, suggesting that there is no inherent vibra-
2 tional mode selectivity to the mixing observed at bhig 4/
g%g?; Swongly mixed 118. Instead, the strong mixing arises from the accidental
— EzZ) ‘erm quartet . . . .
: = ? near-degeneracy with aanti level whose vibrational state
character we have not been able to identify with certainty.
Similar splittings and degrees of mixing are observed in the
“ Fermi quadruplet at blue303—-313. In all cases, theyn-
15190 2 132 1§ Strongly mixed anti coupling matrix element¥ , .; are no more than 2
Fermi doublet —1
325 gg\Sm o mixed cm -
321 ongly mixed; . . .
33;;3;:;1335 Thl§ category of_near-degeneraﬁ;zn—antl Fermi reso-
R S L nance illustrates the importance of energy resonances in tun-

neling. In 5-HOTrOH, the most efficierdyn-anti mixing
occurs between levels which, despite small coupling matrix
elements efficiently mix due to their near-degeneracy. In the
case that a singlsynandanti level are involved in the cou-
e :mi pling, the H-atom tunneling can be approximated by a single
. double-minimum reaction coordinate with barrier height and
Anti Syn asymmetry specific to that pair of vibrational stateBhe
major effect of the energy resonance is in providing a vibra-
tionally averaged effective potential for H-atom tunneling
FIG. 16. Energy level diagram of prominent levels in the first 700 tof which is Symmet_nc’ or nearly S(_)' Then the_ tunr_lellng coordi-
the S; state of 5-HOTrOH showing the approximate perceyn and anti nate wave functions are to a first approximation sums and
character of the levels. differences of the localizesynandanti wave functions, and
delocalization over both wells results.
Finally, it should be noted that there are examples where
even a near-degeneraggn-anti resonance is not sufficient
Many of the levels accessed in this work are, to withinto turn onsyn-anti mixing. For example, the blue399 (red
our ability to measure, purgynor anti in character. In these +635 and red-633 levels have an energy separation of only
cases, the dispersed emission spectra show transitions ortycm %, yet show no evidence of coupling between them.
into one of the isomeric wells. At the same time, partnerThe bluet399 level is a puresynlevel, while the red-635
transitions in excitation out of the other isomeric groundlevel is pureanti. The coupling matrix element between
state are either missing or extremely weak. Nearly @ne&  these two levels must be very small indeed.
levels include red § red 28, red+369 (red Y/Z'), red
+413 (red Z'/Y'), and red-633, while blue-372 (blue
Y*/z%) and bluer399 (blue Z'/Y*) are nearly puresynlev- 3. Levels experiencing significant mixing over larger
els. Note that a lack ofyn-anti mixing does not preclude energy gaps: The promoter mode
other couplings. For instance, several of these levels are in-
volved in Fermi resonances with other vibrational levels of

112 262

o©

Excited State 5-HOTrOH Levels

1. Nearly pure syn or anti levels

Aside from the near-degenerasgn-anti mixing, there
: . are several excited state levels which show significant mix-
the same |some(r_e.g., they?/z Fgrm] resonan@g . ing despite being comparatively isolated. In these cases,
Based on this lack ofyn-anti mixing, the vibrational . ; . oo
motion excited in these levels either hinders H-atom tunneI:[here 'S no obvious Eerml rgsonant pgrtne.r.stat'e, yet emission
ing or is orthogonal to the tunneling coordinate into bothsynandanti wells is rea_o_llly identified in the spec-
' trum. Examples of such transitions are the bldg (fd
+236), blue+84/89 (red+321/325, and blue-423 (red
2. Levels strongly mixed through near-degenerate +659 transitions. The fact that these isolated levels
syn—anti Fermi resonance experience significant mixing suggests that they possess un-
Some of the transitions in the excitation spectrum appeaunsually strongsyn-anti coupling matrix elements which can
as closely spaced sets of two or more transitions. The emiseach across large energy gaps to produce the mixing.
sion spectra of these levels typically show strong emission The vibrational state character of these levels points out
into bothsynandanti wells and bear a close resemblance tosome interesting similarities between them:

one another. The major emissions into #ymandanti wells (i) The blue 8 level (syn W) is coupled primarily tanti
can be identified partly by the intensity changes which occutV:.
between the spectra, reflecting the varysygpandanti char- (i) Red+321/325 has primary character of amti

acters of the excited state levels. Based on these characteria?/X! Fermi resonance. Our analysis of the emission along
tics, these excited state levels are involved in nearthe W, progression indicates a roughly equal coupling of
degeneratsyn-anti Fermi resonances. these levels teyn W andsyn W levels.

Examples of transitions ending in levels involved in a (i) The red+659 level is best described as anti W?
syn—anti Fermi resonance are blgé.14/118 and blu¢303/  level. The analysis of emission into tegnwell is consistent
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g Blue W2 H-atom tunneling splitting of 30 citt, rivaled only by v,
7 (32 cm 1).2% Since H-atom tunneling is also responsible for
Red W2 4’/ syn-anti isomerization in 5-HOTrOH, the same vibrational
==, Blue W! modes seem likely candidates as promoter modes isythe
e anti isomerization.
7 .
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