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Induction of Triplet-State Emission of the Transient Proton-Transfer Keto Form of Methyl
Salicylate by Heavy-Atom Perturbation’
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The rare (third) example of a triplet-state emission from a transient phototautomer is reported here for
case of the keto form of methyl salicylate. This molecule satisfies two of the three essential criteria predic
for observation of a tripletsinglet emission under conditions of excited-state intramolecular proton transfer
(1) published spectroscopic data confirm a keto tautomer triplet below the stable enol tautomer triplet,
(2) an easily accessible spectroscopic region. The third criterion, (3) noninterfering radiationless transitio
is not satisfied, and the;T— S’ transition is not observed. This difficulty is overcome by external heavy-
atom perturbation using ethyl iodide matrices at 77 K, with time-resolved spectroscopy. The tautorr
phosphorescence is observedgt= 560 nm, with a lifetime in the microsecond range. Internal heavy-atom
perturbation is demonstrated to be effective in 3,5-dibromo and -diiodo methyl salicylates, the enhanced
— &' emission occurring in the latter in both steady-state and time-resolved emission.

Introduction SCHEME 1: Schematic Potential Energy Diagram for

. . . the ESIPT Mechanism via Enol MS (Il) to Keto MS (lIl)
Extensive research on excited-state intramolecular proton pnatotautomerism

transfer over the last decades has revealed many examples of
transient tautomer ;S — Sy fluorescence (Scheme 1). In
contrast, observation of the corresponding—+ S’ phospho- NN
rescence is reported in only two previous cases. This paper Si ’—\/
explores the transientyT— S’ emission in methyl salicylate. Si
Almost 40 years ago, Welleanalyzed the fluorescence of T J
methyl salicylate (MS) and established the foundation of what E
is currently known as the excited-state intramolecular proton-
transfer (ESIPT) mechanism (see Scheme 1). This mechanism
is widely used to identify useful substances with highly varied So
properties such as ultraviolet stabilizeend laser dye%,and J t
others of potential use for storing informatfoor probing the Enolform  Keto form
properties of biomolecular moietiés.
The intramolecular proton-transfer mechanism has been
studied extensively in theoretical and experimental terms, both
in excited statésand in the ground stafe.Studies involving

ron —

system, viz. benzoxazole in 2-(hydroxyphenyl)benzoxazole
(VI),3 benzothiazole in 2-(hydroxyphenyl)benzothiazole (VHl),

C LAY 15
excited electronic states have been focused on excited single n? pg’h”d”t‘? ||nt2,2fb|p)t/;]|dyllfltt)l (\f/”l) (sfeezshcréemebZ). In |

states. Comparatively little research has been conducted on acm, id ”E edst gr xemis % borm?n oth -tir)r/1 r_?xy E/nfjoéPR
triplet states, largely because often they were assumed to pecOMmpounds had to be examined by using e ime-résolves
nonphosphorescent. There is no reported evidence for phos_technlque (TREPR) with laser excitation in order to elucidate

: the properties of nonphosphorescent short-lived triplet staiés.
horescence of 2-hydroxybenzoyl systems (1) in the keto form ) ;
8“);8 also, only ayfew )éuch sgstgms ha\sg been found to Recently, Kasha et af analyzed the behavior of the triplet-

: ; . o state potentials in the ESIPT mechanism and distinguished three
phosphoresce in their enol form @or in forms (IV) containing . L . . .
no intramolecular hydrogen bonding (IMHB)2 or including different situations depending on the relative energy of the first

one as in the rotated form (V) of MS produced after long iﬂglisﬁ?}en:%rcagiz%qltﬂg r?nr:)itk:ct)(r)niﬁgss'(tl”let'lgxosl\r/\idI:jn be
irradiatior12 (see Scheme 2). In fact, only three substances that involving th ml t, table triolet for th kll: ]1 m IIIU
that evolve via the ESIPT mechanism have been found to hgt rev?erseg rofon ct)rsanss?er?o tﬁeeer?ol foermec?)u?d no(t (3;:?”
possess phosphorescent keto forms, in all three, the recepto his situationp which should produce the tvpical bhos hores-.
for the proton transfer is a nitrogen-containing heterocyclic ’ P - yp pnhosp !
cence of proton-transfer spectroscopy, is rarely observed in

T This paper is dedicated to Professor Michael Kasha as a tribute to his pr_actlce; as nqteq ea.r“er’ there I,S “tt.le .reportEd ewdenpe for
brilliant research into the photophysics of the triplet state. this type of emission (i.e., aT— S’ emission for the transient

® Abstract published ilAdvance ACS Abstractfecember 15, 1997. keto tautomer).
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SCHEME 2 Experimental Section

H 0§c’OMC H O%C/OMe UV —visible absorption spectra were recorded on Cary 5
| ! spectrophotometer at room and low temperatures.

Emission spectra corrected for instrument sensitivity were
obtained on an AminceBowman AB2 spectrofluorimeter using
a continuous (CW) 150W xenon lamp for steady-state spectra
and a 7 Wpulsed xenon lamp for delayed spectra. Corrected
excitation spectra were obtained at a constant excitation
intensity. The sample temperature was controlled by means of
hlAe 1\|4e an Oxford DN 1704 cryostat. Experiments at 77 K were

0y _O _0___O normally performed with the aid of a liquid nitrogen accessory
s H™ e for cooling samples.
o 0. The solvents, methylcyclohexane (Mecyh, 99%, spectropho-
tometric grade), 2-methyltetrahydrofuran (99%), and ethyl iodide
(99.5%), were all used from freshly opened bottles. Low-
temperature experiments were conducted on Mecyh, 2:1 Mecyh/
2-methyltetrahydrofuran (HF) and 2:1:1 Mecyh/2-methyltet-

I Ia
X=Cl,Br,1
Methyl Salicilate Methyl 3,5-dihalosalicylate

enol form keto form rahydrofuran/ethyl iodide matrices (HFI), which possess excellent
Me Me spectroscopic features. Fresh samples were used throughout
O b (')\ _o The methyl esters of the 3,5-dihalosalicylates were obtained
Se” Pll it by refluxing the corresponding acids with MeOH in the presence
_o o of 10% concentrated HCI for 2 day%.

" Methyl 3,5-dichlorosalicylate and 3,5-dibromosalicylate were
purified by silica gel column chromatography (using dichlo-
romethane as eluent), and methyl 3,5-diiodosalicylate by re-

v \% L .
crystallization inn-hexane. The three compounds were used
open form rotated form at a purity better than 99%.
Methyl Salicylate forms
Results and Discussion
H—O

O Induction of Triplet-State Emission of Transient MS Keto
O:N\>_© g N Form via External Heavy-Atom Effect. The probability of
proton phototransfer in the first excited singlet of MS has been
estimated to be as high as 0&8Also, the compound has been

VL, X=0 ON shown to emit no phosphorescence; at leastpiéa® failed to
2-Hydroxyphenylbenzoxazole detect it in a methylcyclohexane matrix at 77 K, nor did Orton

VIL X=S§ VIII et al? in SR at 12 K. According to Hirota et al7, MS gives
2-Hydroxyphenylbenzothiazole 2,2'-bipyridyldiol no open forms (V) on exposure to light in a normal experiment;

also, Orton et al.claim that, based on spectroscopic evidence,

Inducing the phosphorescence of the keto form (lll) in a irradiation in an Sk matrix for 48 h produces the form where
system whose photophysics is governed by an ESIPT mechathe IMHB is established between the OH group and the ether
nism is obviously a major challenge if the compound concerned oxygen in the carbonyl group (V).
is markedly nonphosphorescent and exhibitg >S5, proton TREPR studies of durene mixed crystals at 7¥ Kave
phototransfer efficiency close to 100%. This precludes the shown that the triplet for the keto form (Ill) of MS decays at a
existence of a significantly large population in the triplet roughly constant rate of 18 s, on the assumption of a
state for the enol form reached by intersystem crossing (ISC) negligible effect of spirrlattice relaxation; also, Nishiya et &r.,
from the Franck-Condon (FC) state excited by the primary from T—T absorption data at room temperature, estimated that
absorption $— S;. The ultrarapid ESIPT precludes excita- the lifetime of the state must be about 48. These results
tion of the enol form triplet; at the femtosecond range ESIPT confirm that some excited singlets for the keto forms transform
rate greatly exceeds the ISC rate, restricted by -spibital to the corresponding triplets via ISC. The fact that no
coupling. phosphorescence was detected in this state was no doubt the

In this work, we used external and internal heavy- result of the radiative constant rate being much lower than its
atom perturbationsthe former are known as “the Kasha Ti — S radiationless counterparts. It therefore seems logical
effect’®—that were introduced by replacing some hydrogen to assume that, if both radiative and radiationless ISC processes
atoms by halogens in order to expose the phosphorescence ofire favored by a heavy-atom effect, the radiative process will
the keto form (Ill) in such an important system as MS, which probably be made more competitive and eventually render keto
has been shown to meet the previous two requisites, i.e., theMS (lll) phosphorescent.
generation of non-hydrogen-bonding molecular forms (IV) and  Figure 1 shows the excitation and emission spectra for MS
the presence of a very efficienf S- S’ process for precluding  in the HF and HFI matrices at 77 K, obtained in the steady
the formation of the T state by $— T; ISC. Internal and state and at a delay time of 4&. It should be noted that the
external heavy-atom perturbations have proved effective in excitation spectrunof Figure 1 (which closely parallels the
enhancing singlettriplet transitions, whether radiationlé$s? absorption spectrurprofile) has a band half-width (fwhm) of
or radiative?*25 2420 cntt, which significantly differs from the emission band
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Figure 1. (a) Normalized emission and fluorescence excitation (ex)
spectra of MS in HF (methylcyclohexane/2-methyltetrahydrofuran) at
77 K. (b) Normalized emission and fluorescence excitation (ex) spectra
of MS in HFI (methylcyclohexane/2-methyltetrahydrofuran/ethyl iodide)
at 77 K. (c) Normalized phosphorescence and excitation (ex) spectra
of MS in HFI at 77 K obtained at 4@s delay.
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half-width (4150 cm?). Furthermore, both the absorption and 300 400 500 600 700
emission bands are shifted ca. 9000¢m
But the excitation (absorption) band and the emission band ) WAV_EL_ENGTH (nm) o
of Figure 1 are not for corresponding transitions. It should be ;‘gfg; 3’5“3?%31553ifﬂfes'ionn;i?)Ka%itiéféﬁigﬂe(faX%esSifst;a g)
noted, hOV\_/e_ver, that the banq 9‘?‘p from 340 to 400 nm should Emission’ spectrum of methyl 3,5-dichlorosalicylate in a 77 K meth-
be the position of the S~ S, missing fluorescence, so thatthe  yjcyciohexane glass obtained at 216 delay.
“shifted band” atl, = 440 nm must be the;S— S’ proton-
transfer (keto form methyl salicylate) transient fluorescence. Figure 3 shows that the;'S— ' fluorescence for the methyl
From the spectra it follows that the Kasha effect exposes a 3,5-dichlorosalicylate is quite analogous to that for the nonha-
new type of luminescence displaced bathochromically relative logenated MS keto form (Figure 1). The excitation spectrum
to MS fluorescence in HFI; this result, however, is analogous is mimetic with the first absorption band for the compound.
to that obtained by Linschitz et & who, using the same matrix,  Also, the spectrum obtained at a delay time of 2&@onfirms
detected T— S phosphorescence irggfor the first time. This that the compound exhibits no phosphorescence.
weak luminescence is hidden in the spectrum obtained in the Figure 4 shows the excitation and luminescence spectra for
steady-state emission because it is masked by the fluorescencehe brominated derivative of MS in the Mecyh matrix at 77 K,
of the compound. In fact, the;T— S’ band occurs at about  recorded both in the steady state and at a delay time 0f:210
560 nm and has a lifetime of 1.4D 0.25 ms. Figure 2 shows As can be seen, there is a new type of luminescence displacec
the phosphorescence spectrum for MS in HFI at 77 K at a bathochromically relative to the fluorescence of the compound.
variable delay time; the spectrum confirms the lifetime for this The band appears at ca. 586 nm and corresponds to a lifetime
phosphorescent emission. of 146 + 11 us; also, the excitation spectrum is mimetic with
Both the § — &' fluorescence and the;T— Sy’ phospho- the first absorption band for the compound.
rescence excitation spectray(S S;) obtained were mimetic Figure 5 shows the excitation and luminescence spectra for
with the first absorption band for MS in the matrices used. the iodinated derivative of MS in the Mecyh matrix at 77 K,
Therefore, both types of luminescence must be produced byobtained in the steady state and at a delay time ofi&l0As
the electronic absorptionysS> S;; the spectroscopic data also can be seen, the compound exhibits a new type of emission at
confirm that the new band is produced from the fluorescent state ca. 605 nm that is not only visible in the steady state but also
of the MS keto form (lll), via ISC, as demonstrated by the comparable in intensity to the fluorescence; the corresponding
heavy-atom perturbation effect. lifetime is 62 £ 5 us. A degassed sample gave a slightly
Induction of T — S’ Emission of MS Keto Form via increased phosphorescence-to-fluorescence intensity ratio for this
Internal Heavy-Atom Effect in Dihalosalicylates. Figure 3 compound but contributed nothing else of spectroscopic rel-
shows the excitation and luminescence spectra for the 3,5-evance. Figure 6 shows the luminescence spectra for this
dichloro derivative (f) of MS in the Mecyh matrix at 77 K. compound in an air-equilibrated Mecyh matrix at a variable



326 J. Phys. Chem. A, Vol. 102, No. 2, 1998 Catalan and Daz

1 T T T T — T

0,1
b
ex P
ex P
0 1 I ! 0L AIM—\ 1 -
300 400 500 600 700 300 400 500 600 700

WAVELENGTH (nm) WAVELENGTH (nm)

Figure 4. (a) Normalized emission (em) and fluorescence excitation Figure 5. (a) Normalized emission (F and P) and excitation (ex) spectra
(ex) spectra of methyl 3,5-dibromosalicylate in methylcyclohexane at of methyl 3,5-diiodosalicylate in methylcyclohexane at 77 K. (b)
77 K. (b) Normalized T — S' phosphorescence (P) and phosphores- Normalized phosphorescence (P) and phosphorescence excitation (ex
cence excitation (ex) spectra of the keto form of methyl 3,5- spectra of the keto form of methyl 3,5-diiodosalicylate at 77 K obtained
dibromosalicylate in methylcyclohexane at 77 K obtained at 240 at 210us delay (F: $ — &' fluorescence emission, P:{/T— &'
delay. phosphorescence emission).

temperature. As can be seen, the new band only appears at a ! ' ' ‘ ' '

temperature low enough to avoid quencher diffusion on the
compound.

The emission of MS in HFI at 77 K, and those of the
brominated and iodinated derivatives (also in the Mecyh matrix),
can unequivocally be assigned to the+ Sy’ phosphorescence
of the keto form of MS; in fact, it cannot be assigned to any
other form containing no IMHB (IV) nor to the rotated form
(V) since, as shown by Orton et Althis latter form exhibits a
phosphorescence band at 420 nm with a much longer lifetime

(2.3+ 0.2 s in Sk at 12 K) and gives an excitation spectrum b

not resembling the first absorption band for MS. This phos-
phorescence cannot be assigned to the enol form (Il) either
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because it must be energetically similar to that for the rotated
form (V), which Orton et af. found to appear at 420 nm. WAVELENGTH (nm)

ESIPT Diagram for Methyl Salicylate (I). Constructing Figure 6. Normalized emission (F and P) spectrum of methyl 3,5-
an energy diagram for the levels involved in the ESIPT diiodosalicylate in methylcyclohexane at (a) 197 K, (b) 167 K, (c) 137
mechanism for MS entails prior knowledge of the energies of K. (F is the § — &' fluorescence and P is the,/T— &'
the states concerned relative to the normal form (Il) of M§,(S  Phosphorescence of the keto form.)
viz. for the keto form in the ground stateg(fand its singlet energy is increased by the energy for the onset of the
(S) and triplet (T') in the excited state, as well as the excited phosphorescence for MS in HFI (Figure 1), i.e. ca. 20 000%¢m
states for the normal form [singlet{Sand triplet (T)]. T, turns out to be at ca. 25 900 ¢t This information was

According to Nishiya et aP? the energies for states &nd used to construct Chart 1, which clearly demonstrates that MS
S, in durene mixed crystals at 4.2 K are 32 300 and 29 162 belongs to the third triplet-state potential situation proposed for
cm1, respectively. We used the energy for the@dcomponent ESIPT by Kasha et aléi.e. efficient proton transfer via a singlet
of the phosphorescence for the rotated form (V), viz. 26 950 state that leads to the formation of the keto form and,
cm~1as measured by Orton et%h SK; at 12 K, as the energy ~ subsequently, to the filling of the;Ttriplet via §' — T1' ISC
for state . Based on a theoretical computation at the B3LYP6- and, eventually, to the ,T— Sy’ phosphorescence of the keto
31G** level 20 state § is 5800 cnt! apart from G; if this form, as demonstrated in this work.
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CHART 1: Relative Energy Levels of the Enol and Keto
Forms of MS

-1
T $;32,300¢em ) proton transfer

S1(29,162cm’)

T1(26,950 con™’)

T) (25,900 e’

S5 (5,800 cm )

Sp (0,0 cm'l)
l\llle I\Iie
. O§ C/O . /O\ C/O
& o
enol form keto form
Discussion

The rarity of the observation of the 7 S’ phosphorescence

emission in transient tautomers excited in ESIPT experiments

has been analyzed by Kasha etflin their classification, case
C applies to observability of this emission, for which three
criteria are given: (1) a{ < T, state energy relationship (cf.
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appears even in the steady-state rigid methylcyclohexane glass
solution at 77 K, without the use of time resolution.

It is clear that the elusive nature of the keto tautomgr—+
Sy emissionof methyl salicylate was occasioned by the
dominant ' — S’ radiationlessISC, which required that the
radiative rate should be accelerated by the enhanced sgiital
perturbation techniques applied.

Conclusion

It is ironic that for methyl salicylate, the first molecule for
which excited-state intramolecular proton trans{&SIPT) was
demonstratedthe first demonstration of the;T— S’ emission
remained to be observed so many decades later. This delay
indicates the subleties of the triplet manifold excitation mech-
anism, in addition to the principal preoccupation with only the
singlet-state manifold for the tautomerization potentials. The
analysis of three possible energetic sequences for gh& S
T, &', S, and T’ states (Chart 1), and the recognition of the
criteria for each of the three possible resultant tautomerization
reaction$® potential diagrams, has led to the logical resolution
of the cause of the current rarity of 7~ Sy’ emission for the
transient tautomer.

As demonstrated in the current research, direct application
of experimental spirrorbital perturbation techniques, using both
intermolecular and intramolecular “heavy-atoms” effects (actu-
ally, high-Z, atom effects), has proved to be a facile method of
generating the desired; T— S’ emission. This case should
prove to be the most common of the three possible cases.
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