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Photoinduced Hydrogen Atom Transfer in Salicylic Acid Derivatives Used as

Matrix-Ass

Introduction

Since the first description of the anomalously large Stokes
shift of the fluorescence of methyl salicylate in 1924 by Marsh
and its rationalization by Welléra good deal of effort has been
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The triplet states of unsubstituted and 5-substituted derivatives of salicylic acid and methyl salicylate, some
of which are used as matrices in matrix-assisted laser desorption/ionization (MALDI) mass spectrometry of
macromolecules, were studied in acetonitrile and cyclohexane by transient absorption and time-resolved
luminescence spectroscopy. The results suggest a tautomeric structure of the triplet states of salicylic acid as
well as that of its methyl ester and its 5-hydroxy- and 5-methoxy-substituted derivatives. In this tautomeric
structure, theortho-hydroxy hydrogen has been transferred to the carbonyl oxygen. No differences were
observed between the triptetriplet absorption spectra of the acids and the corresponding methyl esters. For
the 5-hydroxy- and 5-methoxy- compounds, evidence for long-lived phototautomers was found. The P-type
delayed fluorescence of methyl salicylate is consistent with the known tautomer fluorescence at 440 nm,
implying a tautomeric structure of the triplet state. Similarly, for the 5-methoxy-substituted compound a unique
delayed fluorescence spectrum, red-shifted relative to the prompt fluorescence spectrum, was observed and
attributed to excimer or tautomer fluorescence. The results presented here contrast with previous reports on
the absence of intramolecular hydrogen atom transfer on the singlet surface of the MALDI matrices 5-methoxy-
and 5-hydroxysalicylic acid and their respective methyl esters. The resulting tautomers and their reaction
products may be relevant for analyte ionization in MALDI.

others have been used as laser m&tha, photoprotective agents
in polymers, or as charge reduction agents in xerographic
tonerstt12

Our interest in these compounds originated in their use as
matrices in matrix-assisted laser desorption/ionization mass

devoted to the clarification of the photophysics of this and
similar ortho-hydroxybenzoyl compounds. These compounds
undergo a fastintramolecular hydrogen atom transfer reaction
in the first excited singlet state to give a tautomer strucfiire
that exhibits a fluorescence with a large Stokes 2hfftThis
phototautomerizatidrreaction has been the subject of a number
of experimental and theoretical investigaticris:”
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Intramolecular hydrogen atom transfer is of fundamental

HsC HsCO__O.
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spectrometry (MALDI-MS)314MALDI-MS is a relatively new
method for the intact desorption and ionization of large
biomolecules (up to several 3Ma). It allows for intact
volatilization and ionization of these large, polar molecules while
avoiding excessive fragmentation. For a typical MALDI experi-
ment, a solution of the analyte (bio)molecule is mixed with a
solution of a small organic molecule and then evaporated to
give a mixed crystal that contains matrix and analyte in a molar
ratio of ca. 18:1. The matrix molecule is typically a small
aromatic molecule that absorbs strongly at the desorption laser
wavelength in the near UV. The interaction between the laser
pulse and the matrix results in the desorption of a small volume
of material containing neutral and ionic matrix and analyte
species. The matrix is suspected to play a crucial role in the
ionization of the analyte molecules. Typically, analyte biomol-

interest as an important primary reaction step in a number of ecules, A, are detected as protonated+{AH)"t or deproto-

chemically and biologically relevant reactions. It has also been nated (A -nH)"™ quasimolecular ions. A number of observations
employed for a number of practical purposes: while some indicate that analyte ionization takes place as a prompt reaction
compounds undergoing excited-state intramolecular hydrogenor at least within 10 ns of the desorption laser pulse in the solid
atom transfer have thernfoand photochromf properties, to gas-phase transition region above the sample surface, which
sets a time frame for matrix excited states that might act as
mediators of analyte (de)protonation.

Various mechanisms for the (net) proton transfer from matrix
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protonated matrix product ions and analyte molecules A (eqs The formation of dimers as well as the dissociation of the

1-3)!6 as well as net excited-state proton transféeqs 4 and carboxyl group® can complicate the interpretation of fluores-

5) have been suggested. cence spectra of these compounds in solution. In the aprotic
organic solvents acetonitrile and cyclohexane studied here,

M LS M+ e @ dimers analogous ty are the predominant species in solutions
of salicylic acid and various 2- and 5-substituted derivatives.
M™— (M —H) +H" 2) In methyl esters of these acids dimer formation is obviously
N N inhibited. Solutions of methyl esters of SADs have, therefore,

A+H" —(A+H) 3) been used as reference compounds in these studies to investigate
o _ I the possible influence of dimer formation on the photophysical

M (M—H) +H (4) properties of the acids.

A+H"—(A+H)" (5) In polar alcoholic solvents, intermolecular proton transfer to

the solvent is observed from the first excited singlet state of a

Within either model, analogous reactions can be conceived "Umber of SADs, as evidenced by the observation of the
for the formation of negatively charged deprotonated analyte c_arboxylz_;lte anion flgorescence upon excitation of the undisso-
ions. Schiunegger and co-work&rgointed out that a variety ~ ciated acid11239In this work, only acetonitrile and cyclohexane
of good MALDI matrices contain a carbonyl group with a Were used as solvents, in which hydrogen bonding to the solute

hydroxyl group in the ortho position. Indeed, sevewatho- and the concomitant effects mentioned above do not play a
hydroxyacetophenones (2,3,4-trihydro*92,4,6-trinydroxy-° S|gn|f|c§1nt role. . .
2,6-dihydroxyacetophenoffe?), 3-hydroxy-2-pyridinecarbox- In this study, we have attempted to achieve an improved

ylic acid?2 and various substituted salicylic acid derivatives understanding of the photochemical and photophysical properties
(SAD)!6:23243|| contain theortho-hydroxy-carbonyl motif and ~ ©f SAD in solution. The ultimate goal of this project is to
have successfully been used as matrices for various classes oprovide data for a mechanistic understanding of the ionization
biomolecules. process in MALDI. Although fluorescence spectroscopy has
We decided to focus our studies on the excited states andPréviously been implemented in the investigation of these
reactive intermediates of SAD to elucidate a possible connection €0mpounds, it does not provide a full understanding of the
between their photochemical and photophysical properties ar]d_photog_)hysms and photochemistry: it is not mherently_ suited to
their exceptional suitability as MALDI matrices. The photo- investigate the role of phototautomers and triplet excited states
physics of salicylic acid and its methyl ester has been studied, !N the reactivity and electronic deactivation pathways of these
mainly by fluorescence spectroscopy in solution, in the vapor molecules. In this study, we utilized transient absorption
phase and in molecular beam experiments. Time-resolvedSPectroscopy to identify the nature of the excited state and
fluorescence bleaching experiments on methy! salicylate vaportransient intermediates of these compounds which may be of
revealed a hydrogen atom transfer along the intramolecular 'é/évance to the MALDI process. In particular, we report the
H-bond from the hydroxyl to the carbonyl oxygen in less than ©Pservation of triplet phototautomers generated hy-%
60 fs3 The presence of a 5-substituent appears to have a€xcitation with subsequent intersystem crossing as well as
significant influence on the fluorescence spectra of SADs, as tautomerization on the triplet state surface of the SAD molecule
described in a number of studies. The compounds 2,5-dihy- following triplet—triplet energy transfer from a high-energy
droxybenzoic acid® 2-hydroxy-5-methoxybenzoic aétland triplet donor. For SAD with an electron donating 5-hydroxy-
its methyl este?? and 2-hydroxy-5-methylbenzoic aéfhave or 5-methoxy-substituent, long-lived phototautomers were ob-
been investigated by fluorescence spectroscopy in molecularServed. In summary, afirtho-nydroxybenzoyl MALDI matrices
bean525and solutioA’ experiments. Although the fluorescence Studied here exhibit intramolecular hydrogen atom transfer
spectra of the 5-methyl-substituted compound parallel those of 'éactions in the excited state. The tautomeric intermediates
salicylic acid, in particular reproducing the large Stokes shift resulting from these reactions should, therefore, be taken into
characteristic of an excited-state tautomeriza#fathe introduc- account when considering candidates for reactive matrix species
tion of a more electron-donating 5-metho3der -hydroxy25 that mediate analyte ionization.
substituent leads to a smaller Stokes shift. For the latter two _ )
compounds, no evidence for an excited-state phototautomer-Experimental Section

ization was found in their fluorescence spectra. , Chenmicals. The crystalline compounds 2-hydroxybenzoic
However, 2,5-d|hydroxybfen20|c aéftand its mixtures with acid (salicylic acid) 2), 2-methoxybenzoic aciy, 2-hydroxy-
2-hydroxy-5-methoxybenzoic aétiwere found to be excellent 5-methylbenzoic acids), 2-hydroxy-5-methoxybenzoic acid)(
matrices. Unsubstituted salicylic acid also performed dfell, 2,5-dimethoxybenzoic aci®), 2,5-dihydroxybenzoic acid.(),
although its relatively high volatility in the vacuum of the mass methyl 2,5-dihydroxybenzoaté 1), 2,5-dihydroxybenzaldehyde
spectrometer generally limits its usefulness. One of the best (14), and 2,5-dihydroxyacetophenond ) were purchased from

studied matrices for the analysis of proteins is 2,5-dihydroxy- ajgrich (Milwaukee WI) and recrystallized from water before
benzoic acid* A number of fundamental investigations on the |,g¢ (Table 1).

MALDI process have been carried out using this com-
pound?6:23.25.2833 Fyrthermore, its crystal structifds known,

as is that of salicylic aci@®36A central element of these crystal
structures is the formation of hydrogen-bonded dintgy8’

The liquid compounds methyl 2-hydroxybenzoate (methyl
salicylate) ), methyl 2-methoxybenzoatel)( methyl 2-hy-
droxy-5-methylbenzoates), methyl 2-hydroxy-5-methoxybenz-
oate 8), and 2-hydroxyacetophenoné&®) were purchased from
Aldrich in the highest purity available and used as received.

OwrH-0 Spectroscopy grade solvents were obtained from Fisher Scien-
@_{ >_© " tific (Pittsburgh, PA). 2,4-Hexadiene was purchased from Acros
O—HO Organics (Fisher Scientific). Alrans5-carotene was purchased

H-0 from Aldrich and recrystallized from benzene/methanol before
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TABLE 1: Nomenclature for Compounds the text refer to a path length of 10 mm. Sample absorbances

Ry O were between 0.1 and 1 at the laser wavelength. The solutions
were saturated with air or nitrogen, as stated in the figure
captions or the text.

Gated Fluorescence Spectroscopy.aser-induced delayed
fluorescence was probed with a fiber-coupled spectrograph
R, R, Rs consisting of a grating monochromatdt € 4, 150 grooves/
mm grating Aplaze= 330 nm) with an intensified, gated charge-

Ry

82,_,8 8,:' : i coupled device (CCD)-array detector (ICCD-MAX, Princeton
OH OCH; H 3 Instruments, Trenton, NJ). The gate timing was controlled with
OCH; OCH; H 4 a digital delay generator (DG 535, Stanford Research Systems,
OH OH Ch 5 Sunnyvale, CA). The grating spectrograph was calibrated with
OCH OH Che 6 the Hg lines in the roomlight. No correction was made for the
OH OH OCH; 7 s
OCHs OH OCH, 8 spectral sensitivity of the detector and the monochromator.
OH OCHs OCHs 9 However, all data reported here were obtained at an identical
OH OH OH 10 grating position and are, therefore, directly comparable. The
OCH; OH OH 11 WinSpec software supplied by the manufacturer was used for
H OH H 12 spectral acquisition and manipulation.
CHs OH H 13
H OH OH 14
CHs OH OH 15 Results
use. The absorption spectrum of the recrystallized material in ~ The values for the molar decadic absorption coefficieats
cyclohexane showed no trace of the common impurits:- at the longest wavelength ground-state absorption maxima

carotend® Ground-state absorption spectra were acquired on Amax, es0f compoundsl, 2, 7, 8, 9, 10, and11 in acetonitrile
an HP 8453 diode array UWis spectrophotometer (Hewlett- ~ Solution are given in Table 2. Excitation of 2-hydroxybenzoic
Packard, Palo Alto, CA). Samples were contained ind1@0  acid2and its methyl estet at 308 nm in acetonitrile produced
mn? quartz cuvettes. Absorption coefficients were determined identical transient absorption spectra attributable to a single
from Beer-Lambert plots in a concentration range fromx2 ~ SPecies with an absorption maximum at ca. 440 nm (cf. Figure
105t0 2 x 10-3 M. 1A).#2 In deaerated solution the lifetime of this species was
Transient Absorption Spectroscopy. Experiments were ~ approximately 2%us.
carried out using an apparatus based on an existing design, For both compounds this species was quenched by oxygen
described elsewhefé.The optical bandwidth of the detection  (cf. Figure 1B). Quenching was also observed in the presence
setup is<10 nm, the accessible probe wavelength range is-250 Of 2,4-hexadiene (2,4-HD), a known triplet energy accefstor,
825 nm, and the rise time of the system is 45 ns. A digital With a rate constarter(2,4-HD) of (1.2-1.4) x 1® M~ s7!
oscilloscope (LeCroy 9360, LeCroy, Chestnut Ridge, NY) was (cf. Table 2). From these experiments a tentative assignment
used to acquire kinetic traces. A shutter and suitably chosenO©f this species as an excited triplet state was made, which was
low-wavelength cutoff filters placed between the Xe arc lamp corroborated in a series of experiments described in the
and the sample were used to avoid degradation of the samplefollowing.
by limiting the exposure to the monitoring light, both spectrally ~ Triplet—triplet energy transfer from this specieskaarotene
and temporally. As pump light sources, the third and fourth was monitored at 520 nm after excitation of compouhdsid
harmonics of a Q-switched Nd:YAG laser (266 nm, 355 nm, 2 at 308 nm in deaerated cyclohexane. The rate constants for
7 = 6 ns, model GCR 150), a XeCl Excimer laser (308 nm, triplet—triplet energy transfer were determined by fitting the
10 ns, Lambda Physik, ‘@ingen, Germany), and an Optical observed kinetic signals to a sum of two exponentials with
Parametric Oscillator (OPO) with frequency-doubler option opposite signs of the pre-exponential factor to account for the
(200—-345 nm, 365-700 nm, MOPO 710), pumped by the third natural decay of thg-carotene triplet. The bimolecular rate
harmonic of another Q-switched Nd:YAG laser (355 nn¥ constants for this energy transfégr(5-carotene) were found
6 ns, model GCR 230, both YAG lasers and OPO from to approach the diffusion-controlled limit for both compounds
SpectraPhysics, Mountain View, CA) were used. A known (cf. Table 2).
fraction of the laser pulse energy was monitored for every shot  Using the reverse approach the formation of this species was
with a pyroelectric probe (RjP 735 probe, connected to an sensitized by selective excitatirof a high triplet energy donor
Rj7620 energy meter, LaserProbe Inc., Utica, NY). The pulse (acetoné&>46in acetonitrile solution and tolueffein acetonitrile
energy incident on the cuvette was kept below 15 mJ (fluence or cyclohexane solution) at 266 nm. Under the conditions
< 30 mJ cn1?) in all experiments. The cuvette holder served chosen, the population of the triplet statelobr 2 by direct
as an aperture of 1& 5 mn¥ in the excitation beam. The  excitation could be neglecté@iThe rate constantgr(acetone)
experiment was controlled by laboratory-built timing circuitry for triplet—triplet energy transfer from acetone foor 2 in
as well as digital delay generators (DG 535, Stanford Researchacetonitrile were determined from measurements of the rate of
Systems, Sunnyvale, CA) and a PowerMacintosh 7200/120 formation of the SAD triplet for several SAD concentrations.
computer with programs written in LabView 4.0 (National The formation of the SAD triplet was monitored at the
Instruments, Austin, TX). An analog/digital /0O board (PCI wavelength of maximum triplettriplet absorptiondmax,rr (cf.
1200) and a GPIB board (PCI-GPIB) (both boards from National Table 2).
Instruments) were used to control the experiment and acquire, The 5-methyl-substituted compoun8ls&nd6 were found to
analyze, and store data. Fitting programs based on a Levenberg exhibit transient absorption spectra similar to thosé ehd2
Marquardt algorithm were written in LabView and used to upon excitation at 308 nm (data not shown). Compouf&
extract kinetic parameters from the data. Samples were containedlO, and 11 contain a significantly more electron donating
in 10 x 10 mn? cuvettes and all absorbance values stated in 5-methoxy-7, 8) or 5-hydroxy-(0, 11) substituent. The ob-
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TABLE 2: Spectroscopic and Kinetic Data Obtained on Ground and Triplet States of Salicylic Acid Derivatives

2 1 7 8 9 10 11
Amax, cdnmP 306 305 334 334 319 336 336
ecgd/10P M~1cm1ab 3.8 4.0 4.3 4.3 4.0 4.2 4.2
Amax, T/NMPC 440 440 420 420 390 420 420
err/10° M~ cm-1ad 4.2 54 8.8 9.4 4.9 9.4 8.5
Do 0.024 0.046 0.039 0.036 n.d. n.d. n.d.
k/10P 57129 0.4 0.7 0.8 2.0 1.0 0.9 1.1
ket (acetone)/1OM 1 s712 0.50 0.51 3.9 3.8 1.9 3.1 3.6
ket (2,4-HD)/1I0M~ts1a 1.4 1.2 0.3 1.4 2.8 1.0 1.5
ket (B-carotene)/1OM 1 s1e 7.1 7.4 6.6 6.4 n.d. n.d. n.d.

a|n acetonitrile.? Estimated erroe: 5%. ¢ Estimated erroe: 5 nm. 9 Estimated error< £ 15%. ¢ In cyclohexanelex. = 308 nm.f Estimated
error + 0.01.9 Determined after direct excitation.
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Figure 1. Transient absorption din acetonitrile, excited at 308 nm.  Figure 2. Transient absorption dfin acetonitrile, excited at 355 nm.

A: Spectra at 23 us (solid circles), 1611 us (open circles), 2526 A: Spectra at 0.81.2us (solid circles), 1920 us (open circles), 79

us (solid triangles), and 8681 us (open triangles) after the laser pulse 80 us (solid triangles) after the laser pulse in degassed acetonitrile.

in degassed acetonitrile. B: Comparison of kinetic traces at 440 nm in The inset shows the difference between the spectra at the first and last

N.- and air-equilibrated acetonitrile. The absorbance of the sample attime points. B: Comparison of kinetic traces at 420 nm in Ahd

308 nm was ca. 0.45 (ca. 1204 2) and the laser fluence per pulse  ajr-equilibrated acetonitrile. The absorbance of the sample at 355 nm

was ca. 16 mJ cnf. was ca. 0.7 (ca. 270M 7) and the laser fluence per pulse was ca. 20
mJ cnr2,

served transient absorption spectra of the latter compounds are
similar to each other but different from those 2, 4, and5 in experiments analogous to those described above &od 2.
and more complex. As a representative example, the transientThe determined rate constants for these reactikui$,4-HD),
absorption spectrum o, upon excitation at 355 nm in  ker(S-carotene), andter(acetone)) are listed in Table 2.
acetonitrile, is given in Figure 2A. Triplet—triplet absorption spectra df, 2, 7, 8, 10, and 11

In addition to a longer-lived species that is not quenched by were also acquired after sensitization with acetone. Their spectral
oxygen and will be discussed in a later section, a shorter-lived profiles are identical to that of the oxygen-sensitive species
species with absorption maxima at 300 and 420 nm, with a observed after direct excitation of the corresponding SAD at
shoulder at 370 nm (see difference spectrum in the inset in 308 (1, 2) or 355 nm {, 8, 10, 11). The triplet-triplet absorption
Figure 2A), was found to be quenched by oxygen and by 2,4- spectra ofl. and2 are indistinguishabf@ and exhibit a maximum
hexadiene (cf. Table 2). This latter species was therefore at ca. 440 nm (cf. Figure 3A). The triptetriplet absorption
identified as the triplet state. This assignment was confirmed spectra of the 5-substitutet] 8 (5-methoxy-),10, and11 (5-
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T T T T T T Thep-carotene triplet signal obtained through photosensitization
A with naphthalene®t = 0.75)° was used as a reference for
these determinations. The relative values for the SAD \iarg

(I)Tyz = 1.9, (I)T’7/(I)T12 = 1.6, and(I)T,g/d)T,z =1.5.

To corroborate the nature of triplet quenching by oxygen we
attempted to detect the near-infrared phosphorescence from the
singlet molecular oxygen (*Ag)) that is normally formed in
such reaction®’ The Oy(*Ag) phosphorescence from a reference
solution (phenalenone, quantum yigd = 0.955%) was easily
detected in acetonitrile when a germanium diode detector was
used, whereas noJ/3Ag) phosphorescence was detected from
| SAD solutions of equal absorbance at the pump laser wave-
length. The detection sensitivity of the setup used allows a
T T T T T T detection of quantum yields of3Ag) formation of®, > 0.05.

B . Therefore, the absence ob@\y) phosphorescence from SAD

solutions is consistent with the values for the triplet quantum
yields,®t < 0.05, determined by sensitization of {fiearotene
triplet (cf. Table 2).

The molar decadic triplettriplet absorption coefficients;,
of 1,2, 7, 8,9, 10, and11 at the blue maximummax 7 Of the
triplet—triplet absorption spectrum were determined by sensi-
] tization of the SAD triplet with acetone in degassed acetonitrile
at various laser pulse energigsnd by comparison with signals
] obtained from the triplettriplet absorption of an optically
matched benzophenone solution, employed as actinometer. For
0 \ the evaluation of these data, corrections for the competition
550 300 350 400 450 500 550 600 between triplet-triplet energy transfer to the SAD acceptor and
natural decay of the acetone donor triplet as well as the decay

i 3 N lized 4 st d tipletiplet absorpt of the acceptor triplet were taken into account. The values for
igure 3. Normalized ground state- and triptetriplet absorption ert(Amax 1) are stated in Table 2.

spectra ofl, 7, and9. A: Ground-state absorption spectrumigfolid ' . . . .

line) and triplet-triplet absorption spectrum df (solid circles) after Structure of the Triplet State. To investigate the influence

photosensitization with acetone in-dquilibrated acetonitrileigx. = of the ortho-hydroxy group on the photochemistry of SAD,
266 nm). The absorbance of the sample at 266 nm was ca. 1, thestudies of compounds, 4, and9 were carried out. In these
concentration ofl was ca. 1 mM, and the laser fluence per pulse was ortho-methoxy-compounds the possibility for intramolecular
ca. 6 mJ cm?. B: Ground-state absorption spectrafofdashed line) [y qrogen atom transfer to the carbonyl oxygen is absent. Indeed,

and 9 (solid line) and triplettriplet absorption spectra of (solid . . .
circles) and9 (open circles) after photosensitization with acetone in appreciable differences were observed between the transient

Ny-equilibrated acetonitrile. For the sampleTothe absorbance at 266~ absorption spectra d or 4 and those of the corresponding

normalizede

0.8

0.6

normalizede

0.4

0.2

wavelength / nm

nm was ca. 0.5, and the concentration7ofias ca. 35Q:M. For the ortho-hydroxy compoundg or 1.
sample o, the absorbance at 266 nm was ca. 1, and the concentration  From the kinetics observed at various probe wavelengths it
of 9 was ca. 6Q:M. The laser fluence was ca. 2 mJ chpulse* for was concluded that the transient absorption spect@anfd4

both samples. in No-equilibrated acetonitrile consist of several primary species

(data not shown). These transient species were not observed in
hydroxy-) all resemble each other closéhhut differ slightly air-equilibrated solutions due to quenching by oxy&éhin-
from those ofl and2, which do not carry a 5-substituent (cf. ~ fortunately, it did not prove possible to sensitize the triplet state

Figure 3). The triplettriplet absorption maxima fo¥, 8, 10, of 3 or 4.5 However, the transient absorption spectr& aind
and 11 lie at ca. 420 nm. In the triplettriplet spectra of all 3 show significant differences. Whereas the latter has a
compoundsl, 2, 7, 8, 10, and 11 a weak &t < 0.05-0.10 maximum at 380 nm, the former has a maximum transient

erT.may) red tail, extending beyond 825 nm, is observed (data absorption at 440 nm that could clearly be assigned to the triplet
not shown)” For 7-hydroxy-1-indanone, a similar long- state (cf. Figure 3A). In both cases, the transient absorption
wavelength transient absorption has previously been ascribedspectrum of the corresponding methyl ester is identical to that
to the triplet-triplet absorption of a tautomer analogousitp of the acid.

as inferred from two-step laser-induced fluorescence measure- The triplet-triplet absorption spectra afand9 (cf. Figure
ments*® For the SAD investigated here, the shape of the 3B) were compared to investigate the effect of an electron-
transient spectra was found to be independent of both the solvendonating 5-methoxy-substituent, which was reported to have a
polarity (acetonitrile, cyclohexane) and the triplet photosensitizer considerable effect on the fluorescence emission spectra. The
used (acetone in acetonitrile, toluene in acetonitrile or cyclo- triplet state of both compounds was sensitized by acetone triplet
hexane), further supporting the assignment as triplet states andn deaerated acetonitrile solution. Replacement of atbo-
ruling out a contribution of parallel reactions, e.g., excited-state hydroxy substituent with a methoxy group changes both the
proton transfer to the hydrogen bonding acetone molétate absorption maximum and the profile of the triptetiplet

hydrogen abstraction by the acetone carbonyl triplet. absorption spectrum. The maximum of the triplaiplet

The intersystem crossing quantum yiefis of 1, 2, 7, and absorption lies at 420 nm for th&rtho-hydroxy-compound?
8 (10and1l1lare insoluble in cyclohexane) were determined by and at 390 nm for thertho-methoxy-substituted compour®d
sensitization of thg-carotene triplet in Mequilibrated cyclo- We interpret these differences between a hydroxy and a methoxy

hexane after excitation at 308 nm and are listed in Table 2. substituent in theortho-position to the carbonyl group as
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evidence for an intramolecular rearrangement that is only
possible in the case of the hydroxy-compound. i
These findings support the assignment of the species giving £
rise to the observed tripletriplet absorption spectra of the
ortho-hydroxy compounds as intramolecularly hydrogen-
transferred triplet tautomers, in agreement with other studies
that have suggested the tautomeric character of the triplet states
of other 2-hydroxybenzoyl-compoungts.>6
Delayed FluorescenceTo further confirm the structure of
the observed triplet species, the spectra of the P-type delayed
fluorescence resulting from triptetriplet annihilation in de-

/a

norm. fluorescence intensi

. . 0 1 ]
gassed cyclohexane were obtained. The SAD triplet state was 300 350 400 450 500 550 600

sensitized by triplettriplet energy transfer from toluene to
achieve much higher SAD triplet concentrations at moderate 0.02
laser fluences than could be achieved by direct excitation, due 1 B

wavelength / nm

to the low quantum yields for intersystem cross$ingeactions
6—12):

abs. — 0.02

[+]
8
3
E B 8
hw (266 . . c s001} 3
Toluene—22" Toluené =% *Toluené  (6) g 0.01}F <§{°°1 g
* * - < =
*Toluene + 'SAD — 'Toluene+ *SAD 7 p 0.01 %
Py
3SAD" %= 1SAD 8) 5
3SAD" + °SAD” — “*JSAD-SAD) *%** 9) 0 e 1 . . 0 §
(SAD-SAD) — 'SAD" + 'SAD— 2(*SAD) + hv  (10) 0 50 100 150 '
1 « 1 h time/ps
(SAD-SAD) SAD +"SAD + hwegimer - (11) Figure 4. Delayed fluorescence from triplet states bfA: Time-
1 hw (266 nm) | A integrated delayed fluorescence spectrum (solid line) of a solution
SAD—"SAD — "SAD + hv (12) containing toluene and ca. 420M 1 in deaerated cyclohexane

integrated over the time interval (:-B1.7 us) after the laser pulse.

The del df — . inal The absorbance at 266 nm was ca. 1. The dashed line depicts a prompt
€ delayed Tluorescence Spectrumioctomprises a single fluorescence spectrum from an air-equilibrated solution containing ca.

banq with a maXimum at 440 nm (Figure 4A), which has  420,M 1 alone, excited at 266 nm with a laser fluence of ca. 4 mJ
previously been assigned to thg-Sy' emission of the hydrogen- ~ cm2 pulse’. Both spectra are normalized. Note that the normalized
transferred tautomer forrt.2 The triplet-triplet absorption of spectra coincide fok > ca. 380 nm. B: Transient absorption at 440
the same sample containidgand toluene in degassed cyclo- M (absorbance) due to the triplet baind time-resolved trace of the

. iy . . delayed fluorescence emitted from the sample at 440 nm (emission) in
hexane was monitored at 440 nm and is displayed in Figure N2-equilibrated solution. The fluorescence data were acquired with the

4B. From ca. 1.5us after the laser pulse on, reaction 7 is monochromator-PMT detector of the flash photolysis setup and inverted
essentially complete and reactions 8 and 9 determine the SADfor easier comparison. Same sample and conditions as for the delayed

triplet concentration: the kinetic behavior of the delayed fluorescence spectrum in A. The inset shows the transient absorption
fluorescence emitted from the sample at 440 nm (cf. Figure at 440 nm on a shorter time scale under otherwise identical conditions.
4B) indicates decay by first- and second-order processes.The

delayed fluorescence spectrum displayed in Figure 4A was,
therefore, obtained by integration over a time window from 1.7
to 91.7us %0 after the laser pulse using the gated spectrograph.
The horizontal lines in Figure 4B and the inset mark the time

spectra contain two bands: in addition to the band.at=
440 nm, an emission dtm = 330 nm is observed3:62-65

interval in which the delayed fluorescence spectrum in Figure o o s
4A was acquired. The spectrally and temporally integrated signal A A
of the delayed fluorescence was found to be proportional to 0 — °©
the square of the absorbed pump light energy, as expected for

reaction %! The negative signal in the inset in Figure 4B and 1a 1b

the spike in the delayed fluorescence trace immediately after

the laser pulse are due to the response of the photomultiplier |n the literature2362-65 this latter emission has been ascribed
tube (PMT) to the prompt fluorescence df In control to the fluorescence of rotam@b® of 1 that cannot tautomerize
experiments, no fluorescence was observed in this time intervalupon electronic excitation to ;S The delayed fluorescence
after the laser pulse from air-equilibrated solutions containing spectrum coincides with the long-wavelength band of the prompt
1 and toluene. Here, quenching of the toluene and acceptor(tautomer) fluorescence spectrumlbofThis indicates that the
triplets by oxygen is the dominant effect, precluding the delayed fluorescence is emitted from the tautomer strudture
observation of other triplet reactions. Deaerated or air- (according to egs 9 and 10).

equilibrated solutions of alone or toluene alone also did not In the case oM, the interpretation is less straightforward.
exhibit delayed fluorescence, as expected (data not shown).For samples containing toluene a®ith degassed cyclohexane,
Direct excitation of solutions af alone at 266 nm gives riseto  a unique delayed fluorescence spectrum is observed in a time
prompt fluorescence spectra (reaction 12, cf. Figure 4A). Thesewindow from 1.7 to 91.7us after the laser pulse (cf. Figure
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§ : 0.04 §‘ Long-Lived Species.The transient absorption spectra of the
= 0.02} goo- 7] g ortho-hydroxy-SAD with an electron-donating 5-methox; (
p p = 8) or 5-hydroxy-substituentlQ, 11) further exhibit a similar
001k 002 3 feature with absorption maxima at 300, 370, and 430 nm. The
) 3 corresponding species is observed in air- and nitrogen-
> equilibrated samples and decays with a lifetime of several
0 promyy 1 ] 1 0 £ hundred microseconds. In the casé& gits spectrum corresponds
0 50 100 150 to the last time point in the transient absorption spectrum in
time /us Figure 2A. The amplitude of this species is proportional to the
Figure 5. Delayed fluorescence from triplet states ®fA: Time- laser pulse energy and its lifetime does not depend on the
integrated delayed fluorescence spectrum (solid line) of a solution ground-state concentration.
containing toluene and ca. 440M 8 in deaerated cyclohexane This species was not observed for compourdand 2.

integrated over the time interval (:B1.7 us) after the laser pulse. However, in the transient absorption spectral@f* 1354 14,

The absorbance at 266 nm was ca. 0.9. The dashed line depicts a promp : . . .
fluorescence spectrum from an air-equilibrated solution containing ca. énd 15 (this work, data not shown) long-lived transients with

440 uM 8 alone, excited at 266 nm with a laser fluence of ca. 4 mJ similar characteristics are observed. This species is assigned to
cm2 pulse'L. Both spectra are normalized. B: Transient absorption at the phototautomer¢Sformed after relaxation of the singlet or
420 nm (absorbance) due to the triplet8odind time-resolved trace of  triplet tautomer. It is longer lived in water at pH 1 8 and in

the delayed fluorescence emitted from the sample at 440 nm (emission)acetonitrile than in benzene. Its lifetime presumably corresponds
in N-equilibrated solution. Same sample and conditions as for the {5 5 thermal reverse hydrogen atom transfer to yield the more
delayed fluorescence spectrum in A. The inset shows the tranS|entS,[able ground-state tautomes. @ similar solvent-dependent

absorption at 420 nm on a shorter time scale under otherwise identical o9
conditions. For details, see text and Figure 4. stabilization of phototautomer structures has been reported for
ortho-methylacetophenorfé.

5A). In control experiments analogous to those described for Discussion
1, the delayed fluorescence is absent (data not shown). The

C . . ) . In this study, we investigated the reactive intermediates of
kinetic traces for the triplettriplet-absorption and the time-

ved delaved fl h in Fi 5B salicylic acid and its derivatives by transient absorption and
resolved delayed TIUOrescence are Snown In FIgUre 5B, réSpeCyqrascence spectroscopy in solution. In particular, we found

tively. The spectrally and temporally integrated signal of the g iqence for the formation of triplet phototautomers, in which

delayed fluorescence was found to be proportional to the squaree orthohydroxy hydrogen has been transferred to the carbonyl

of the absorbed pump light enefgyand both the fluorescence oy qen. Triplet-triplet absorption spectra of tretho-hydroxy

and the triplet-triplet-absorption were found to decay by a compoundsl, 2, and 7 differ appreciably from those of the

mixture of first- and second-order processes. The delayed andqorespondingrtho-methoxy compounds, 4, and9, respec-

prompt fluorescence spectra 8fexhibit striking differences  tiyely. The difference between these latter spectra and those of

(cf. Figure 5A): the emission spectrum of the delayed fluores- 1 2 and7 is, therefore, evidence for the tautomeric structure

cence fmax = 405 nm) is red-shifted relative to the prompt T of the triplet states of thertho-hydroxy derivatived, 2, 7,

fluorescenceAmax = 396 nmj’ of the nontautomerized singlet g 10, and11. For theortho-methoxy compounds, 4, and9,

and has a different profile. The delayed fluorescence is, the intramolecular hydrogen atom transfer to give tautomgrs S

therefore, not emitted from the same species as the promptor Ty’ (cf. Scheme 1) is not possible and their triptéiplet

fluorescence. The discussion section of this paper considersabsorption spectra are assigned as those of the nontautomerized

several candidates for the species emitting the delayed fluores+riplet state T.

cence. In the fluorescence spectra of compourddsnd 2 evidence
Note that delayed fluorescence with similar kinetic behavior for an equilibrium between two different rotamefisa( 1b) of

was also observed from cyclohexane solutions containing the ground-state had been fouhtf2-65 The kinetics of the

toluene and the carboxylic aci@sor 7, respectively. triplet decay can be fitted with the same monoexponential decay
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for all probe wavelengths. Therefore, the existence of two states of acetone toward intermolecular hydrogen atom abstrac-
(kinetically) distinct long-lived triplet states can be ruled out. tion has been published by Nau et’al.

A fast rotational equilibrium betweetaand1b, however, may The transient absorption spectra reveal the formation of a
not be observable with the time resolution of our experiment. phototautomer of the 5-hydroxy- or 5-methoxy-substituted
Tautomerizationl — 1" would only occur from rotamela, compound¢, 8, 10, and11, corroborating the tautomerization
replacing the single bond ifa with a double bond inld, in the excited state. For the unsubstituted compouhalsd 1,

whereas the triplet state of rotam&b would remain free to no phototautomer was observed and it is suspected that the
rotate, rapidly depopulating a presumed triplet state of rotamer phototautomers of the latter compounds are much less stable

1b by sequential rotation and tautomerizatidb (~ 1a— 14). and shorter-lived than those of the 5-substituted compounds and,
However, the time resolution of our experiment is insufficient therefore, not observed on the time scale of our experiment.
to elucidate this further. This can be rationalized in terms of the electron density at the

senolic hydroxy-group that is formed by the hydrogen atom
transfer to the carbonyl oxygen being higher for the compounds
7, 8, 10, and11 with an electron-donating 5-substituent (which
remains conjugated to the carbonyl oxygen even in the tautomer)
only from the §' state of rotamefild). Fluorescence from the tshoaifgll:reii fgcg:ggo;%dtmiLec\ée:oewheyrdfz)oﬂﬁ2:;%&:383;%;
first excited singlet state dib, readily observed in the prompt than for the unsubstituted compourtiand2.

fluorescence spectrum, is absent in the delayed fluorescence . . . .
spectrum (cf. Figure 4A). The excimer formed in the collision No dlffe_rence between the tripletriplet a_lbsorptlon spectrum
of the acid vs that of the corresponding methyl ester was

of two triplet states ofl (cf. eq 9), therefore, dissociates into . .
. . observed for any of the compounds studied, showing that
an excited singlet state dfand a ground-state molecule (cf. eq . o : .
carboxyl dimer formation in aprotic solvents does not influence

igzhgr?gqr;hfaiﬁag;I?'gg'ﬁﬁgf;g;gg leon:igsg’iv;\]/ile:g[trg ti)f::nthe formation of the observed triplet state, which we assigned
promp yeat . P o 7 as tautomer triplet 1. This is of importance for an extrapolation
be concluded that the excited singlet state populated in this

tion is in the taut form'Sth ited state of rot of these results to the reactions in the microcrystalline MALDI
reaction s in e.au omer ormlS{_ e excite S "f‘ e 0_ rotamer sample, where the solvent is absent, but carboxyl dimers form
1a). It appears likely that the triplet state giving rise to the

delaved fi i< in th ) d . a central element of the crystal structéfe3t
elayed fluorescence IS in the same rotamenc_ an tauFomenc The results presented in this current communication together
configuration as the singlet state formed from it in reactions 9

and 10. with the published literature lead us to propose the following

scheme for the role of excited states in the phototautomerization
The delayed fluorescence spectrum of methyl 2-hydroxy-5- of SAD (cf. Scheme 1).

methoxybenzoatd, was found to differ more dramatically from In the case of2, excitation of the § — S; transition is

the prompt fluorescence (of the nontautomerized singlet) and followed by a rapid@ hydrogen atom transfer;S—~ Sy’ in the
could not be unequivocally assigned. The red-shifted fluores- first excited singlet state. ThisySautomer of the singlet state
cence emission band & had not been observed in several gives rise to the well-known tautomer fluorescenge-S Sy'.
fluorescence studies of this and similar SADs with an electron- Intersystem crossing;S— T’ occurs from the excited singlet
donating 5-substituet 27 Within the framework of reactions  tautomer $. In the case of, this sequence of tautomerization
6—12 suggested above, alternative explanations can be foundand intersystem crossing has previously been proposed based
for this behavior. Two molecules &fin the first excited triplet on time-resolved electron paramagnetic resonance (EPRj%data.
state form an excited collision compféxand, upon its dis- A comparison of the relative time scales of tautomerization S
sociation, the fluorescence of one of the partners of the collision — S;'(<60 fsf and decay of the singlet tautomey $<1 ns)
complex is observed. If the triplet is in the tautomeric form also supports this sequence.

T4, as supported by other data (vide supra), this might render Transient absorption spectra of triplet tautomerdiaive been

an excited tautomer singlet statg 8ccessible, thus explaining reported for severairtho-hydroxybenzoyl compounds, such as
the red-shifted fluorescence emission spectrum (similar to the 12, 1354 and 7-hydroxy-1-indanorf®. The triplet-triplet ab-
case of compound, where the delayed fluorescence clearly sorption spectra of these tautonfé®are similar to the spectra
only consists of tautomer fluorescence). Alternatively, the of theortho-hydroxy SAD triplets observed here. A weak long-
delayed fluorescence may be dissociative excimer fluorescencewavelength tail in the triplettriplet absorption spectrum of
according to eq 11. Further work will be needed to discern these 7-hydroxy-1-indanorn® is also in agreement with the observa-
possibilities. It is, however, clear that in the collision of two tions in this report, as is the observation of delayed tautomer
excited triplet states oB, a new singlet surface becomes fluorescence of 7-hydroxy-1-indanone. Chou et al. observed the
accessible. The significant red-shift of the emission indicates delayed fluorescence as background in a two-step laser-induced

that this latter singlet state has lower energy than that populatedfluorescence experiment while investigating the fluorescence
by direct excitation. emitted after reverse intersystem crossihg.

Phototautomers with absorption spectra similar to those of
7, 8,10, and11 have previously been observed for otbetho-
hydroxybenzoyl compounds, suchXsand1354 and forortho-
methyl acetophenon@é.

In a gated fluorescence spectroscopy experiment on solution
of methyl salicylatel, the spectrum of the delayed fluorescence
emitted after triplet-triplet annihilation was found to coincide
with that of the known tautomer fluorescence-S &' (emitted

The successful use of photosensitization to generate the triplet
phototautomers reveals a previously unknown alternative tau-
tomerization pathway entirely on the triplet surface (¥ T1')
for the ortho-hydroxy SAD studied here. This triplet tautomer-
ization is independent of the occurrence of intramolecular

hydrogen atom transfer in the singlet state, which has beenConclusmns

reported forl and2,2-46 but not for7,26 8,27 and10.2> Similar This study focused on the solution photophysics of SADs,
triplet intramolecular hydrogen atom transfer reactions are well- an important class of molecules among the various aromatic
known to occur for variousrtho-alkyl ketones$®-73 A com- ortho-hydroxycarbonyl compounds used as MALDI matrices.

parison of the relative reactivity of excited singlet and triplet Evidence for a reversible intramolecular rearrangement in the
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excited state in polar and apolar aprotic solvents is presented.
Although the phototautomerization of unsubstituted methy

Lidemann et al.

(21) Gorman, J. J.; Ferguson, B. L.; Nguyen, T.HMapid Commun.

I Mass Spectroml996 10, 529-536.

(22) Wu, K. J.; Steding, A.; Becker, C. HRapid. Commun. Mass.

salicylate or salicylic acid in the first excited singlet state is gpectrom1993 7, 142-146.

well established, we present new results indicating the formation

(23) Karas, M.; Ehring, H.; Nordhoff, E.; Stahl, B.; Strupat, K,

of triplet tautomers of these compounds as well as their Hillenkamp, F.; Grehl, M.; Krebs, BOrg. Mass Spectron1993 28, 1476~

respective 5-hydroxy- and 5-methoxy-substituted derivatives.

(24) Strupat, K.; Karas, M.; Hillenkamp, Imt. J. Mass Spectrom. lon

These tautomeric triplet states were found to be populated by processe€991 111 89-102.

either intersystem crossing from the first excited singlet state
or by triplet-triplet energy transfer. Using the latter approach,

(25) Karbach, V.; Knochenmuss, Rapid Commun. Mass Spectrom.
1998 12, 968-974.
(26) Lahmani, F.; Zehnacker-Rentien, A.Phys. Chem. A997 101,

we demonstrated that tautomerization can also occur on thegya1_6147.

triplet state surface, without the involvement of excited singlet

states of the SAD.

The phototautomers discussed here may act as intermediateﬁi

(27) Acuna, A. U.; Toribio, F.; Amat-Guerri, F.; Catalan,JJ.Photo-
chem.1985 30, 339-352.
(28) Karas, M.; Bahr, U.; Stahl-Zeng, Steps towards a more refined
cture of the matrix function in UV MALDBaer, T., Ng, C. Y., Powis,

in the reactions leading to analyte ionization and should be taken|  Eds.; John Wiley & Sons Ltd.: New York, 1996; pp-248.

into account in a description of photochemical and photophysical
processes relevant for MALDI. Work currently in progress

explores the role of excited-state tautomers in MALDI, in ggpy
particular their reactivity toward intermolecular electron, proton,

(29) Ehring, H.; Sundqvist, B. U. R. Mass Spectromi995 30, 1303~
(36) Ehring, H.; Sundqvist, B. U. Rppl. Surf. Sci1996 96—-98, 577—

(31) Dreisewerd, K.; Schrenberg, M.; Karas, M.; Hillenkamp, Fnt.

and hydrogen atom transfer as well as an extension of theseJ. Mass Spectrom. lon Processez93 141, 127.

studies to crystalline samples.
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