764 J. Phys. Chem. A997,101, 764—767

DMSO Solvent Induced Photochemistry in Highly Photostable Compounds. The Role of
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2-(2-Hydroxy-5-methylphenyl)benzotriazold, Tinuvin P, ando-hydroxybenzophenon&, are thought to
achieve exceptional photostability through highly reversible deactivation associated with their intramolecular
hydrogen bonds. Excimer laser excitation (10 mJ, 20 ns at 308 nm) of these molecules in argon-bubbled
hexane solution at room temperature affords no discernible transient signals (absorption or emission) between
320 and 800 nm. In DMSO solution under the same conditions, however, strong transient absorptions in the
visible (Amax 410 and 425 nm fold and 2, respectively) are observed. The transients responsible for the
absorptions are quenched by oxygen and acid, and the spectra match well with the ground state difference
spectra generated from the corresponding phenolate ions. When a bulky group is incorporated ortho to the
hydroxyl function such as in 2-{(zhydroxy-3-cumyl-5-(1,1,3,3-tetramethylbutyl)phenyl)benzotriazo8,

Tinuvin 928, no appreciable transient absorption is observed even in DMSO solution. These results are
consistent with the disruption of the intramolecular hydrogen bondl afid 2 (but not3) as the result of
intermolecular hydrogen bond formation with DMSO. The “dramatic” ortho effect implies that the bulky
group adjacent to the hydroxyl function sterically shields the intramolecular hydrogen bond from disruption
by polar basic environments.

Introduction SCHEME 1

There are several classes of molecules which undergo efficient %,CHa
excited state intramolecular proton transfer followed by rapid H-O Fr/O‘/ ~CHg
internal conversion to the ground state starting material with _N, [DMSO] _N ¢
dissipation of the absorbed energy as benign heat. Among thesC[\ N - C[\ ,Nb
are the 2-(2hydroxy-3-methylphenyl)benzotriazol&, and the N N

o-hydroxybenzophenone, and their derivative$? For ex-
ample, molecules such dsand 2 and their derivatives have [H+]H hv
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stabilizers, such a%, can be disrupted in polar solvents. This
3 has been demonstrated by various methods including FP4R,
UV —vis 151719 fluorescencé?17:18:2622 and H-NMR?123 For
example FT-IR provides compelling evidence for the equilib-
been used to great effect as ultraviolet light absorbing polymer rium shown in Scheme 1 in DMSO solutiéh. It occurred to
stabilizerst3 Their photochemistry is negligible by most Us that this disruption of the intramolecular hydrogen bond
chemists’ standards as they frequently exhibit quantum yields should have as a result the removal of the source of photosta-
of disappearance on the order of, or less tharnf48 From bility of 1 and2.24 Therefore, we decided to investigate the
an applications’ point of view, however, their loss and degrada- flash photolysis ofl and2 in DMSO.
tion over years of exposure to sunlight is real and limiting in A dramatic ortho effect was observed previously in benzo-
their practical usé-8 Because of the complex environment in  triazole-based stabilize?3. Substitution of the hydroxyphenyl
which they are employed as well as the length of time required ring at the 3-position with a sterically bulky group was reported
to achieve significant loss of these materials, the study of their to protect the intramolecular hydrogen bond from polar basic
photochemistry resulting from direct excitation (as opposed to €nvironments. Thus we chose to investigate the baikymy!
mechanical loss or autoxidation) has been very difficult to group in3to see whether or not it would exhibit photostability
characteriz&-14 Thus many studies have been carried out under in DMSO solution.
more controlled and simplified conditions, including some It is known that1l shows a weak fluorescence in DMSO
excellent recent studies in solution by Gerlock and co-workérs. ~ assigned to the “open” form with an intermolecular hydrogen
Known Polar Effects. It has been known for some time bondl” Under the same excitation condition, the fluorescence
that the intramolecular hydrogen bond in benzotriazole-based spectrum o83 in DMSO differs substantially in intensity (Figure
1), with almost no emission being detected. On the basis of
€ Abstract published irAdvance ACS Abstractdanuary 1, 1997. earlier report@! this low fluorescence intensity @& can be
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Figure 1. Fluorescence spectra bf(solid line) and3 (dashed line) in time, s
DMSO (fexc = 330 nm). Figure 3. Prompt transient fluorescence, followed by prompt incom-

plete decay, and a long-lived transient absorption monitored at 420
nm following laser flash photolysis with a 308 nm, 20 ns, 10 mJ excimer
laser pulse in argon-bubbled DMSO at room temperature. The inset
shows the full decay to baseline on a longer time scale for the phenolate
ion of 1 which has a lifetime of~80 us in argon-purged DMSO.

-3

wavelength. Superimposed upon these spectra in Figure 2 are
the normalized difference spectra generated by subtracting a
steady state UM vis spectrum ofl. and2 respectively in DMSO
from the spectra of identical samples except for the addition of
a few drops 62 N NaOH. The similarity between these
600 700 800 difference spectra is striking. The negative absorption centered

AOD x10

0 00 .. at 330 nm fpr spectra a and_b in Figure 2 is due in each case to

vo c)-ana + H*(DMSO) a decrease in the concentratioriiofnd the enhanced absorption
centered at 410 nm is due to the phenolate ion, presumably
(?S 0 00 N® formed by photodeprotonatipn in the case of thg transient
X 10 d)  — O O spectrum and formed by action of the strong base in the case
3 of the steady state UV spectrum. Very similar results are shown

o A in spectra ¢ and d foe. Compound3 showed an extremely

—[’!Q_J weak transient absorption in DMSO. The spectrum obtained
4(!)0 5(1)0 6700 7(1)0 showed no discernible absorption maximum and did not

compare well with the steady state UVis spectrum of its
phenolate iorf?

wavelength, nm

Figure 2. (a) Irradiation ofl in argon-saturated DMSQOldx. = 308 - : : : }
nm). Spectrum recorded 500 ns following the flash with au$Qime Kinetics. Dilute solutions ofl or 2in argon-hubbled DMSQ

window. (b) The steady-state difference spectrum generated from &t F00mM temperature were subjected to a 20 ns, 308 nm XeCl
subtracting a spectrum dfin aqueous DMSO from a spectrum of the ~ €Xcimer laser pulse, and subsequently the transient absorption
same sample except for the addition of two drop2 &N NaOH. (c) kinetics at various wavelengths were monitored as described
Transient absorption spectrum fothydroxybenzophenong, (mea- previously?® In both cases substantial transient signals were
sured as in (a)). (d) Difference spectrum of the phenolate io, of  ghtained and, on the basis of the spectra described above and
(measured as in (b). kinetic evidence to be discussed below, attributed to anion
generation via excited state proton transfer to the DMSO solvent.

explained in_terms of the shielding effect of the butikgumyl Figure 3 shows a typical trace famonitored at 420 nm. The
group. The intermolecular hydrogen bond to DMSO probably eative signal at short times within the laser pulse is due to
becomes weakened, favoring the conformers where the intramo-,5rescence which has been reported previously for these

lecular hydrogen bond is intact, suggesting tBagxhibits a conditions!® At short times (6-200 ns) there is fast decay (

higher photostability in DMSO solutions thdn = 130 ns) which is strongest at 390 nm. The kinetics of this

We report herein the first examples of nanosecond transient e ies js strongly dependent on oxygen concentration and is
absorption signals from photostabilizes2, and3 in argon- tentatively assigned to the triplet statq, &f 1.27 Further, we

purged DMSO solution at room temperature following nano- p4ye found that no signals either absorptive or emissive are
sec_ond excimer laser e?<C|tat|on. The_tran3|entdfand2 are observed forl (nor are they observed fa2 or 3) on the
assigned to the respective phenolate ions based on their spectrgyogecond time scale in nonpolar solvents such as hexane. The

and reactivity. CpmpouncB ,S,hOW,S Iittle. or no transient . reactivity of the long-lived transients toward acid and oxygen
absorption under similar conditions in the time-resolved experi- \ ra consistent with the assignment above.

ments, implying a heightened photostability in DMSO solution Reaction with O, and H*. In laser flash photolysis experi-
brought about by the bulky ortho substituent! The results are onis the observed decay rate constant of the long-lived
discussed in terms of their possible relevance to the long-term . ~ciant formed in the photolysis dfincreased in oxygen-
photostability of the stabilizer molecules in polar and nonpolar ¢a¢rated DMSO solution compared to that in the argon-saturated
environments. solution. This faster decay in the presence of oxygen is caused
by oxidation of the phenolate ion by singlet oxygen. The singlet
oxygen is produced by tripletriplet annihilation involving
Spectra. The transient absorption spectra shown in Figure triplets of oxygen and.?® It has been shown that the phenolate
2 are composed of absorbances recorded 500 ns after the laséon is easily oxidized by singlet oxygeéf. Consistent with our
pulse and averaged over a &8 time window as a function of  assignment fol is the fact that the maximum change in optical

Results
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TABLE 1: Bimolecular Rate Constants for the Reaction of Nevertheless it is important to note that the equilibrium
1 and 2 with Acid in DMSO Solution at Room Temperature? (Scheme 1) found in DMSO likely exists in nonpolar solvents
stabilizer  ky(H2SOy), 1 M1st  ky(H;CCOOH), 16M~ts? but consists of a much greater amount of planar intramolecularly
1 38406 49105 hydrogen-bonded conformer. (For exampll;NMR shows
2 40407 27+ 1.1 that the benzotriazole protons are equivalent, implying rotation

about the carbonnitrogen bond linking the benzotriazole and
hydroxyphenyl rings is faster than the NMR time scéfeBince
the anion is easily oxidizé8 and is a moderately long-lived
species, its photogeneration may be a good candidate for a
significant degradation pathway of UV stabilizers in polymer
films, lacquers, paints, and coatings, especially where polar
environments exist or where metals are present. This conclusion
is also supported in a study by Dux and co-workers who found
evidence based on fluorescence studies in a polymer blend which
indicates benzotriazoles that lack an intramolecular hydrogen
bond are more photoreactive than those with an intramolecular
hydrogen bond inta@t Alternatively, if the benzotriazole-based
stabilizer incorporates a bulky ortho group such as that found
in 3, the photostability of the molecule should remain largely
intact in a polar environment, based on our results.

In a very interesting paper by Catalan and otiétthe role

In the presence of strong and weak acids, the observed deca)?f thte E(SjIPESTEg?h_?msm in thde phclx(tjophilst,)icst ﬁ_fwasl
rates of the long-lived visible transients increased rapidly as a guestioned. It was argueéd, could not be taking place,

function of decreasing pH. A plot of the observed decay rate since the keto tautomer produced by such a mechanism should
constant for the anion df in DMSO against the sulfuric acid exhibit the characteristic Stokes-shifted fluorescence at room

concentration yields the bimolecular rate constant for protonation :/elmpﬁrature, ;/vggrgzas no?et 'S(‘j %biia’e%t kS hort:}yﬂtf:je;le after
from the slope of the least-squares best line fit to the data of lechmann €t ai- demonstrated that the Stokes-shifted fiuo-

(3.84+0.6)x 1°M-Ls-L. Other rate constants are summarized rescence is present in solution at room temperature, albeit
in Table 1. extremely weakly (quantum vyield< 1075, with a sub-

picosecond emission lifetime. A more recent study appears to
demonstrate another contradictory case in which the keto
fluorescence is observed at room temperatfirdt was also

demonstrated in the same study that the keto fluorescence had
a temperature dependence typical of a process involving
guantum mechanical tunneling and was consistent with the

aThe error is reported as20.

density of the transient is not diminished by the presence of
oxygen, consistent with the transient being derived from the
singlet excited state,;S (It has long been known that the acid
dissociation constant for the excited singlets of phenols is larger
by a factor of 16—10" than the corresponding ground state
values; see refs 30 and 31.) In the cas@,aflmost no change

in signal intensity and kinetics of the long-lived transient was
observed in oxygen-saturated solution compared to deoxygen-
ated solutions. This is consistent with the rapid intersystem
crossing in benzophenone in genétand with the known
acidity of the so-called “charge-transfer” triplet of 4-hydroxy-
benzophenone which undergoes facile deprotonation in alco-
hol 33 The triplet is too short-lived (1.5 ns in alcoh#i}o be
guenched by oxygen.

We summarize the logic in the assignment of the transient
absorptions observed in DMSO as follows: (i) they have spectra
identical to those of the respective phenolate iond afr 2
generated in basic solution; (ii) the transient decay kinetics
increase in low pH solutions, consistent with reprotonation to

regeneratd or 2 as shown in Scheme 1; (iii) the likely source . . . .
9 (it y involvement of a light particle such as a proton. We believe,

of the transient is the singlet state, not the triplet (fprdue to . ;
the lack of dependence of the signal on oxygen concentration since the hydrogen bond appears to be stronger intramolecularly

(see above). One could argue that a zwitterion formed via in 1 than the intermolecular one to DMSO and since excited
excited state intramolecular proton transfer could possibly state proton transfer is facile in the latter case, that ESIPT is

exhibit the behavior of the observed transients. We infer from MOSt likely and definitely energeﬂcally fea3|ble In If th‘?
the lack of observed transients when a polar but less basicProton transfer does not oceur in the excited staté, ahen it .
solvent is employed (acetonitrif§jand from FT-IR data which would have to result from kinetic reasons rather than energetic

clearly indicate a solutesolvent intermolecular hydrogen bond reasons. Catalan's .mec.hamsm now appears “”""e'¥-
in DMSO'6 that a zwitterion is not a likely candidate in either ~ For 2 it seems quite likely that the ESIPT mechanism and

case. There is a very recent report of excited state protonNOt @ hydrogen atom transfer mechanisakes place in the
transfer to solvent in a similar system involving 2-t&drox- triplet manifold since our results clearly show proton transfer

yphenyl)benzimidazole in aqueous and ethanolic solufibns. [0 the solvent. The triplet o2 has been directly observed in
alcohol to be very short-lived (ca. 1.5 #fsnd indicates a highly

Discussion efficient pathway for radiationless decay analogous to that in

o the singlet state. Thuais dominated by its phenolic character.
Clearly the equilibrium between planar and nonplanar forms The radical-like nature of the triplet of 2, normally
of 1 or2in DMSO has been disturbed from that found in apolar zgsgciated with benzophenones, appears to be completely

eolvents. The stabilizer molecules_ yvhich no longer possess ansyppressed.
intramolecular hydrogen bond exhibit new pathways for energy
dissipation from the first excited singlet state;. SThese
pathways include fluorescence, intersystem crossing, and excite
state intermolecular proton transfer to the solvent. Gerlock and DMSO shifts the hydrogen bond equilibrium between in-
co-workers reported product studies of the photolysis of severaltramolecular and solvent bonding by virtue of its strong
(hydroxyphenyl)benzotriazoles and drew the conclusion that an hydrogen bond accepting character. The resulting intermolecu-
excited state in polar solutions must be the species reactivelar hydrogen bond of and2in DMSO solvent leads to different
toward radicals and which eventually leads to prodéc@ur photophysicaland photochemicalbehavior. Photoinduced
results suggest a modification of their conclusions, since no long- intermolecular proton transfer yields a reactive phenolate ion
lived excited states are observed under these conditions. Athat is easily oxidized and which is readily characterized by
phenolate ion is a more probable source of irreversible laser flash photolysis experiments. Although nonpolar environ-
chemistry3” e.g., the phenolate ion df has been shown to be  ments favor the photostable intramolecularly hydrogen-bonded
easily oxidized by singlet oxygefi. forms of the photostabilizers, a finite amount of the intermo-

dConcIusion
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lecularly hydrogen-bonded, photoreactive, nonplanar form (7) Dearth, M. A.; Korniski, T. J.; Gerlock, J. [Rolym. Degrad. Stab.
I . ; 995 48, 111.

should still exist. The_latter species represents a possﬂc_)le sourcé (8) Gerlock, J. L. Tang, W.: Dearth, M. A.: Korniski, T. Bolym.

of long-term degradation of the stabilizers, particularly in polar pegrad. stah1995 48, 121.

polymer environments. CompouBdon the other hand, seems (9) Pickett, J. E.; Moore, J. ERolym. Degrad. Stahl993 42, 231.

to be impervious to the DMSO effect. The bulky group ortho  (10) Decker, C.; Zahouily, KPolym. Mater. Sci. Engl993 68, 70.

: ; (11) Hodgeman, D. K. CJ. Polym. Scil1978 16, 161.
to the hydroxyl function in3 suppresses the effect of a polar (12) Hodgeman D. K. CJ. Macromol. Sci., Chen198Q A14, 173,

enviro_nment. In th_is case the photostability shoulo_l r_emain intact  (13) Kurumada, T.; Ohsawa, H.; Yamazaki, Folym. Degrad. Stab.
even in polar environments. Further work providing a more 1987 19, 263.

detailed characterization of the triplets and fluorescence observed ggg Séjigkms-’fefﬁgg:{ str?;ailtotll St_ag)gegl’ér% ']-F]iZ).essIer V- Steuber
and focusing on the relative yields of the phenolate ion and G.J.; Schettle’r, H Kramer, H. E. A étezowsl%i, J. J.; Hoier: H Henkel,’

triplet as a function of stabilizer structure will be reported s.: Schmidt, A.; Port, H.; Weichmann, M.; Rody, J.; Rytz, G.; Slongo, M.;
elsewhere. Birbaum, J.-L.J. Phys. Chem1992 96, 10225.
(16) Unpublished results: We find two IR active OH stretching bands
. . are observed in a 1:1 CZIDMSO solvent mixture containingy Both bands
Experimental Section are broadened and shifted to lower frequencies (from free OH frequencies

; (. - _ ~3600 cntl) typical of hydrogen bonding. Both the absorption at 3480
Materials and Solvents. 2-(2-Hydroxy-5-methylphenyl) cm!and that centered at 3210 cfrare dependent on DMSO concentration.

benzotriazole) (Ciba-Geigy) was recrystallized from ethanol  wjith increasing DMSO concentration the absorbance of the 3480 cm
and then from hexane. 2:(Rlydroxy-3-cumyl-5-(1,1,3,3- band increases while that of the band at 3210decreases in intensity.
tetramethylbutyl)phenyl)benzotriazole8) ( (Ciba-Geigy) and The latter band is the only one present in neat/Thus the first band
. o must arise froml having an intermolecular hydrogen bond to DMSO.
o-hydroxybenzophenor_\@)( (Aldrich, 99+%) were used 8S  gjimilar results are obtained fcx
received. DMSO (Aldrich Sure Seal), hexane (Fisher HPLC),  (17) Woessner, G.; Goeller, G.; Rieker, J.; Hoier, H.; Stezowski, J. J.;
and acetonitrile (Aldrich spectrophotometric grade) were used gggozzo' E.; Neureiter, M.; Kramer, H. E. A. Phys. Chem1985 89,
as received. . . (1é) Catala, J.; Peez, P.; Fabero, F.; Wilshire, J. F. K.; Claramunt, R.
Measurements. UV —vis absorption spectra were recorded m.; Elguero, J.J. Am. Chem. S0d.992 114, 964.
on an HP8452A UV spectrometer. Fluorescence spectra were h(19) \r/]Viechmann. M.; Port, H.; Frey, W.;"tmer, F.; ElSaser, T.J.
; _ ; Phys. Chem1991, 95, 1918.
measured with a Spex FIuoroqu 2 spectrometer usingxa 1 (20) Ghiggino. K. P.: Scully, A. D.: Leaver, I. K. Phys. Cher986
1 cm quartz cell and concentrations bfand 3 such that the 90, 5089.
optical density was 0.32 at the excitation wavelength (330 nm). (21) (a) Catdle, J.; Fabero, F.; Guijarro, M. S.; Claramunt, R. M.; Maria,
Laser flash photolysis experiments employed the pulses from a'\cflh D. SS FOfgegséngezs,;:l/I?- C('t;) )ano,B Fil_H-:ElgSerg J(lj-; t?astlr;l, gmk
: : em. Soc . e Bellis, A. D.; Rodebaugh, R. K;;
Lambda Physik Lextra 50 excimer laser (308 nm, €80 mJ/ . Suhadolnik, J.; Hendricks-Guy, G. Phys. Org. Chen1997, 10, in press.
pulse, 20 ns) and a computer-controlled system described (22) Huston, A. L.; Scott, G. WJ. Phys. Chem1987, 91, 1408.
elsewheré® Solutions ofl or 2 were prepared at concentrations ~ (283) The intramolecular hydrogen bond has been thoroughly character-
h th h ical nsity w. 0. h xcitation ized via NMR and FT-IR and will be the subject of an upcoming paper.
suc It attht € Oplt CaddeTS ty . af C?) 0 3t at the et citatio (24) Dux, R.; Ghiggino, K. P.; Vogl, QAust. J. Cheml1994 47, 1461.
waveleng emP oyed. ran_s'en apsorption spectra were (25) On the basis of the extinction coefficients of the phenolate ions
recorded employing a Suprasil quartz flow cellX11 cm) to and benzophenone triplet based transient absorption actinometry, an upper
ensure that a fresh volume of sample was irradiated by eachlimit estimate of photoionization yield 4,5 of that formed by compound

; ; 1. Further work detailing the actinometry experiments and others will be
laser pulse. Quenching rate constants for reactioh afid 2 reported elsewhere.

with acid were measured in aerated DMSO. (26) McGarry, P. F.; Cheh, J.; Ruiz-Silva, B.; Hu, S.; Wang, J.;
Nakanishi, K.; Turro, N. JJ. Phys. Chem1996 100, 646.
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