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Ultraviolet absorbers such as Tinuvin P (2-(2-hydroxy-5-methylphenyl)benzotriazhlegchieve their
exceptional photostabilities as a result of deactivation of excited singlet states through excited state
intramolecular proton transfer (ESIPT). Adding a methyl group to thpao8ition of 2-arylbenzotriazoles
reveals an additional excited singlet state deactivation mechanism in this class of molecules which does not
require intramolecular hydrogen bonding. Steady state fluorescence and fluorescence lifetime measurements
for a series of Bmethyl-2-arylbenzotriazoles provides compelling evidence for a twisted intramolecular charge
transfer (TICT) mechanism of excited singlet state deactivation. Due to the steric requirements ‘ef the 6
methyl group, conformations are favored in which the phenyl and triazole rings are no longer coplanar. In the
case of compoundl (2-(6-methoxy-2,3-dimethylphenyl)FRbenzotriazole), the presence of ‘an2ethoxy

group enhances nonplanarity and results in large deactivation rates. Compauid(6-methoxy-2,3-
dimethylphenyl)-5-(trifluoromethyl)43-benzotriazole), which possesses both twist and enhanced donor/acceptor
properties, undergoes the most efficient fluorescence quenching for the methoxyarylbenzotriazoles. Compounds
with both a 6-methyl and a hydroxy group on the phenyl ring exhibit diffusion controlled quenchiyrg (

2 x 10* M1 s71) by DMSO. This quenching appears to result from either partial or complete excited state
proton transfer to DMSO, which enhances TICT deactivation of the singlet excited state.

Introduction and the onset of both fluorescence and photoreactivity (loss of
stability) is observed?1219.20Thys, a paradigm has developed
which teaches that the best benzotriazole UVAs require both
coplanarity and a strong intramolecular hydrogen bond. Indeed,
parallels between intramolecular hydrogen bond strength and
performance as a UVA have been suggested as a means for

One class of such compounds is the 2Kgdroxyaryl)benzo- more efficient ?{?Luz?tion of promising lead compounds for
triazoles, of which Tinuvin P1) is a member (see Figure 1). improved UVAS'_Y ' . )
Compoundl has a very efficient pathway for deactivation of Other mechanisms for ultrafast deactivation, such as twisted
S1 50 that other excited state processes [i.e., intersystem crossindtramolecular charge transfer (TIC#)?*have been exploited
(ISC), fluorescence, photoreaction] are unable to compete (see @pplications such as laser dye absorbers used in mode-locked
Scheme 1¥5 lasers# In the TICT mechanism, rotation around a bond
The mechanism of fluorescence deactivatiod ahd related ~ CONnecting a donor group and an acceptor group can decouple
compounds has been the focus of several stddi@syhose the orbitals of these two groups. This orbital decoupling provides
findings have converged on an excited state intramolecular @ Means by which nearly comple_te electron tr_ansfer frpm the
proton transfer mechanism (ESIPT) of fluorescence deactivation, donor to the acceptor can océtia highly polar twisted excited
This mechanism is illustrated in Scheme 1. The excited singlet Staté results which, under appropriate solvent conditions, can
state is capable of relaxing within100 fs, via adiabatic transfer be preferentially stabilized with respect to a planar local excited
of the phenolic proton to the nitrogen of the triazole ring State. Since the highly twisted form is energetically destabilized
producing isomeK .13 The excited state isomé, shows very in the ground state, TICT formation brings the excited and

The ability of certain classes of compounds to rapidly
dissipate excited state energy without irreversible photochem-
istry is a requirement for useful ultraviolet absorbers (UVAS).
These compounds have exceptional photostabilities with ex-
tremely small quantum yields of decomposition(46r less): 3

weak red shifted fluorescence under special conditigrigi4+ 18 ground states closer, permitting more rapid internal conversion
however, subpicosecond internal converdidrom the excited (see Scheme 2). The concept of intramolecular electron transfer
“keto” form is the strongly favored proce&s. as an alternative mode of action for ultraviolet stabilizers has

The ESIPT mechanism has definite conformational require- P€en suggestet,and TICT states have been observed in ether
ments, the most important of which is a planar conformation derivatives of hydroxyphenyltriazine UVAS:2" However, for
(closed form) that is capable of producing an intramolecular the triazine ethers, TICT states are longer lived than the locally
hydrogen bond in the ground state. When the hydrogen bond ise€xcited states, allowing more time for competitive photoreaction.

broken (open form), the ESIPT deactivation mechanism is lost AS @ result, the ethers serve as poor UVAs. In benzotriazole
species, the elements of donor (pheffo§nd acceptor (tri-

t Columbia University. azole¥® are present, and so the possibility also exists for TICT
* Ciba Specialty Chemicals. states in these specieg.herefore, we explored the effects of
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Figure 1. Arylbenzotriazoles studied. Ordered on the ba5|s of the expected degree of twist along triakbleGd and donor/acceptor character.
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structural modification on the photophysics of various 2-aryl-
benzotriazoles.

additional propensity to twist in these compouAt® and the
addition of the trifluoromethyl group to the triazole ring, which

is expected to enhance donor/acceptor chardtfarthermore,

the substitution patterns were varied to investigate the influence
of the degree of twist. The results indicate that a charge transfer
mechanism is involved in singlet deactivation of compounds
that possess both a large degree of twist and donor/acceptor
character. The mechanism for TICT deactivation is outlined in
Scheme 2. The locally excited (Frane€ondon) state rapidly
twists and undergoes intramolecular electron transfer to form
the TICT state. The TICT state deactivates by internal conver-
sion through either a close approach or a conical intersection
with the ground staté?

We have found that twisted hydroxybenzotriazoles such as
6 undergo dynamic fluorescence quenching in the presence of
weak bases such as dimethyl sulfoxide (DMSO). These results
are discussed in the context of deactivation via either partial or
complete intermolecular proton transfer to solvent (PTTS) from
the TICT state (see Scheme33)27 In this process, either partial
or full proton transfer from the benzotriazole to DMSO results
in deactivation of the excited state. Although intermolecular
proton transfer has been observed previously with Tinuvit P,
in this case, no significant fluorescence deactivation was
observed. Although the intermolecular proton transfer can be
reversible in the case of Tinuvin P, the long lifetime of the
phenolate anion (80s in argon purged DMSO) allows for side
reactions such as oxidation of the phenolate affidnthe case
of the twisted hydroxybenzotriazol®, initial photostability
results show that this compound undergoes reduced photo-
degradation in the presence of DMSO. The enhanced photo-
stability of 6 in DMSO supports the possibility of excited state
deactivation through an aborted proton transfer, although other
possibilities cannot be ruled out.

Our results suggest that although donor/acceptor character is

In this paper we report the photophysica] properties ofa SeriesSigniﬁcant for TICT deactivation, the degree of twist is the more

of 2-arylbenzotriazole compounds illustrated in Figure 1. The

important parameter. The compounds in this study provide a

compounds are ordered with respect to the expected degree otlear example of a TICT excited singlet state deactivation
twist and the degree of donor/acceptor character. The specificmechanism for the benzotriazole UVAs and provide a potential
features installed in these compounds in order to enhance anew deactivation manifold for exploration toward the preparation

potential TICT effect are the'8nethyl group which provides

of better UVAs.
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SCHEME 3: Paradigm for Deactivation through Intermolecular Proton Transfer 2
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aThe TICT excited state deactivates to the ground state (G.S.) through either a partial (aborted) or complete proton transfer to DMSO.
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Figure 2. UV-absorption spectra of compoun@isand 3 in hexanes
and DMSO.
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Figure 3. Steady state emission of compourtland 3 in hexanes
and DMSO. Excitation at 290 nm.
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Figure 4. Steady state emission of compouridsand12 in hexanes
and DMSO. Excitation at 290 nm.

in the amount of absorption in the345 nm band and a dramatic
increase in the amount of fluorescence. This result is consistent
with the current mechanistic paradigm for singlet excited state
deactivation of benzotriazole UVAs such as TinuvirlPRigure
1). The decrease in the long wavelength absorption is interpreted
as a breakage of the intramolecular hydrogen bond. Without
the intramolecular hydrogen bond, the ESIPT deactivation
mechanism can no longer operate, resulting in fluoresc&nce.
Compound6, an isomer of3, with the methyl group at the'6
position rather than the'4position, has an intramolecular
hydrogen bond in hexanes and, as expected, shows no fluores-
cence. However, in DMSO, the-345 nm band is absent,
showing that the intramolecular hydrogen bond is completely
broken; nevertheless, the compound still shows almost no
fluorescenced; ~1074). This result disagrees with the standard
paradigm for benzotriazole UVAs, which predicts that the loss
of the hydrogen bond will lead to the onset of significant
fluorescencé?20

The methyl etherd1 and 12, neither of which possess an
intramolecular hydrogen bond, both display reduced fluores-
cence in DMSO as compared to hexanes (see Figure 4). In
addition, the fluorescence is strongly red shifted. The quenching

absorption and fluorescence spectra are illustrated in Figures 2of fluorescence is more dramatic fa2 than for11.

and 3 for compound6 and3. The photophysics of compound
3 is completely analogous to Tinuvin B)(I” The observation
of a long wavelength UVvis absorption in hexanes at345
nm is characteristic of an intramolecular hydrogen b#due
to the intramolecular hydrogen bon@, deactivates via the
standard ESIPT mechanisrhHence, it is essentially nonfluo-
rescent. In DMSO, the U¥vis spectra of3 shows a decrease

Fluorescence quantum yields are presented in Table 1. The
guantum yields are reported relativedanethyl Tinuvin2 in
DMSO (®; = 0.135)3° Comparison of compounds and 8
indicates that in DMSO the addition of a trifluoromethyl group
to the triazole ring decreas€s by an order of magnitude. On
the other hand, in hexanes, the electron withdrawing group has
no effect on®s. Exceptionally low quantum yields of fluores-
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TABLE 1: Quantum Yields of Fluorescence in Hexanes and HQ HO
DMSO _N, : _N
compound ®¢ hexanes ®; DMSO ©;N'N CEN:N
4 <10 5x 10444 x 10 3 6
9 12x103%+2x 10+ <107
3 <10°° 6x10°%+5x%x 10
5 0.27+0.03 (0.02+ 3) x 1072
8 0.27+0.01 (0.001+ 4) x 1074 s
6 <107 2x10%+1x10* -
7 0.27+ 0.05 0.14+ 0.03
10 0.31+0.04 0.07+ 0.02
11 0.08+ 0.04 (0.02+ 3) x 1072
12 0.10+ 0.05 (0.01+ 3) x 1078 0.0 10 20 3.0
[DMSO] M

cence are found in DMSO for the hydroxy compounds with
both 2 and 6 groups on the aryl ring (compare compourtds
and 9 with compound3). In the case of isomer8 and 6 in
DMSO, moving the methyl group from the & the 6 position
results in a 30-fold decrease @ . Addition of the trifluoro-
methyl group 9) drops®; below our detection limits in DMSO
(®f < 1079). The less twisted isomer® and 4 exhibit weak
fluorescence in DMSO®; ~ 1072—1073).

Fluorescence LifetimesPhenolsThe fluorescence lifetimes
were measured by single photon counting (SPC)5{d8, and

Figure 5. Stern—Volmer plot of DMSO fluorescence quenching®f
and6 in acetonitrile. Excitation at 290 nm.

emission. The reduction in lifetime tracks roughly with the
reduction in steady state fluorescence, indicating a predomi-
nantly dynamic quenching process with DMSO. The effective-
ness of DMSO quenching increases with the number of ortho
substituents and also when an electron-withdrawing group is
present on the triazole ring (comp&and8 with 5). Compound

8 under varying conditions in order to assess the relative 3 shows identical behavior in DMSO and acetonitrile (vide

importance of polarity and basicity on the fluorescence decay.

The pulse width of the lamp was ca. 1.5 ns. All compounds
were excited at 290 nm. Emission was observedsfat 433
nm, for 6 at 420 nm, and fol8 at 440 nm. Lifetimes were

infra).

DMSO Quenching of the FluorescencetofStern-Volmer
Analysis.The steady state fluorescence3and6 was measured
in acetonitrile as a function of increasing DMSO concentration.

calculated from the decay traces using a reconvolution analysisThe Sterr-Volmer plot of the results are presented in Figure
with the lamp profile, and the data were fit to a monoexponen- 5. In the case of compoung the steady state fluorescence
tial. This analysis generated fits with reasonafléor the longer changes only very slightly upon addition of DMSO. Compound
lifetime measurements. For compounds with shorter lifetimes 6, on the other hand, showed a dramatic decrease in fluorescence
(<0.8 ns) the values quoted are estimates based on reconvolutiormission upon addition of DMSO. The absorption spectré of
analysis. The measurements do indicate clearly and reproduciblyis not affected by added DMSO. The emission maximum is
that the lifetime has decreased significantly; however, the slightly red shifted on addition of DMSO. The slopea) of
accuracy in the measured lifetimes is limited by the resolution the Sterr-Volmer curve for6 is 19.44 0.7 M~1in acetonitrile.
of our instrument. We estimate the uncertainty in the short Using the fluorescence lifetimed) as measured using single
lifetime measurements to be approximatei9.2 ns. photon counting, the dynamic quenching constaky) (s
Table 3 illustrates the special quenching effect of DMSO on calculated to be 2« 1000+ 1 x 1° M1 s1,
the fluorescence of these hydroxy compounds. In each case, For compound the UV—vis spectrum changes with addition
DMSO, whose polarity is similar to acetonitrite*significantly of DMSO, resulting in a decrease of the amount of long
reduces both the fluorescence lifetime and the steady statewavelength £340 nm) absorption. At 1.4 M DMSO, the

TABLE 2: Emission and Absorption Maxima for Compounds Studied in Different Solvents

hexanes cyclohexane ether THF DMSO methanol
comp. abs em abs em abs em abs em abs em abs em

4 300, 358 X 291 464

9 297 373 284 X

3 300, 346 376 294 437

5 292 377 288 435

8 298 386 296 457

6 296, 326 376 284 446

7 294 381 294 384 290 390 292 397 290 419 288 421
10 300 387 300 383 298 407 298 416 294 441 296 441
11 286 368 286 367 286 380 282 385 282 415 280 437
12 282 378 284 378 282 404 282 423 282 460 280 464
15 320 378 318 380 320 387 320 402 318 401

TABLE 3: Steady State Fluorescence Emission Intensities and Fluorescence Lifetimes for 6, 8, and 5 in Acetonitrile with
Varying Amounts of DMSO#?

6 8 5
conditions Isrel 7 (NS) lirel 75 (NS) Isrel 71 (NS)
MeCN 2.3 0.8+ 0.1 45+ 05 0.8+ 0.1 5.5+ 0.5 0.8+ 0.1
2.5% DMSO 1 0.3t 0.2 1 0.4+ 0.2 X X
100% DMSO X X X X 1 0.2+ 0.2

a X means that these measurements were not performed.
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ields versus Lifetimes for 12, 7, 10, and2l1

compound hexanes DMSO MeCN
7 71 (NS) 1.7+£0.1 1.0+0.1 1.0+ 0.1
[or 0.27+ 0.05 0.14+ 0.03 0.15+ 0.01
D7 (s x 10F) 1.6 1.4 15
10 7 (nS) 1.8+ 0.1 1.0+ 0.1 X
of 0.31+0.04 0.07+ 0.02 X
Oi/re (571 x 108) 1.7 0.7 X
11 71 (nS) 1.1+01 0.8+ 0.1 X
Dy 0.08+ 0.04 (0.02+ 3) x 1072 X
D/ (871 X 103) 0.7 0.25 X
12 77 (NS) 1.7+ 0.1 1.3+ 0.1 1.0+£0.1
[or 0.10+ 0.05 (0.0143) x 1078 (0.01+ 3) x 1072
Dz (571 x 10F) 0.6 0.08 0.1
a X means experiment was not performed.
TABLE 5: Results from Lippert —Mataga Plots
compound slope (cr) intercept (cm?) Au (D) g (D)? e (D)
12 18169+ 2,400 8418+ 528 173+ 1.1 43 21.6+1.1
11 15868+ 4100 702+ 893 16.2+2.1 1.6 17.8£ 2.1
10 13812+ 1700 7038+ 1373 15.14+0.9 3.8 18.9+ 0.9
7 9802+ 2300 7649 503 127415 1.3 14.0£ 1.5
15 5768+ 1600 4560+ 345 9.7+ 1.4 1.4 111+ 14
DMABN (TICT) 13,745
DMABN (LE) 10.10:45

aDipole moments calculated using SpartaiiF/6-31G(d) scaled by 0.87.Determined by same solvatochromic method.

absorption at 340 nm is 75% of its value in neat acetonitrile
(see Supporting Information for details). The change in the-UV
vis spectrum is indicative of an increase in the amount of open
form. Thus the ESIPT paradigm suggests an increase in the
amount of fluorescence upon addition of DMSO. Although the
increase in the amount of open form could obscure DMSO
induced quenching for compoudthe open form fluorescence
would only have a minor effect on the Sterdolmer plot.
Taking into account this interference, we estimate that the
maximal Stera-Volmer constantKgzg) for 3 would be ca. 0.7
ML

Methyl Ethers.SPC was used to measure fluorescence
lifetimes for the methyl ethers (see above for experimental
details). The SPC data for the methyl ethers were fit to
monoexponential decays, with reasongfleThe lifetimes ¢r)
of the methyl etherg, 10, 11, and12 were compared with the
steady state emission intensitiggas a function of solvent (see
Table 4). Although a dramatic decreaseljns observed on
switching to more polar solvents (DMSO, acetonitrile), the
lifetimes vary only slightly as a function of solvent. The
difference in the ratio of the steady state emission intensity

MeQ

N

0.00

0.10 0.20 0.30

Figure 6. Lippert—Mataga plot for 12 with Af = orientation
parametef? Solvents: cyclohexane (1), ether (2), tetrahydrofuran (3),
dimethyl sulfoxide (4), methanol (5).

3D) to be 5.5 Ahis Planck’s constant, andis the speed of
light:

Vaps™ Vo = [2(e — g)2ca’] Af + const (1)

versus fluorescence lifetime increases as the number of ortho

substituents is increased from one to two, and upon introduction
of an electron-withdrawing substituent to the triazole ring. In
the case ofl2, the steady state emission intensity changes by
an order of magnitude going from hexanes to DMSO; how-
ever, the lifetime varies only slightly for this dramatic polarity
change.

Lippert—Mataga Plots.Lippert—Mataga analysis was per-
formed on the methyl ether compounds in order to estimate the
magnitude of the excited state dipole moment in these com-
pounds. The energy difference of the fluorescence maximum
relative to the absorption maximum as a function of the solvent
orientation parameterAf) has been used as a measure of the
change in dipole moment between the fluorescing excited state
and the ground stat@:*3 Equation 1, from LippertMataga
theory, shows that the energy differenegy{— vqy in cm™1) is
proportional to the orientation parametef(.*3 The Onsager
radiug (a) is estimated from computer models (using Chem

Figure 6 plotsvaps — vqy in wavenumbers for compount.
The slope of this line can be used to calculate the change in
dipole moment on excitation df2 using the Lippert-Mataga
theory. These values are presented for the methyl etha§
11, 12, and15in Table 5. These values can be compared with
dimethylaminobenzonitrile (DMABN), an exemplar TICT com-
pound, which is also listed in Table*3Notice that forl0, 11,
and12, the change in dipole on excitation is much larger than
the reported value for DMABN'’s TICT state as determined by
the same methoth. The value calculated for the nontwisted
compoundl5, is similar to that of the locally excited FC state
of DMABN. Unlike DMABN, in the case of all the compounds
in this study, only one fluorescence was observed.
Furans.The furan compounds3 and14 possess both planar
and nonplanar conformations (from UWis spectroscopy).
DMSO appears to shift the equilibrium more toward the
nonplanar state (see Figure 7). Interestingly, these results indicate
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SCHEME 4: Paradigm for Photophysics of Methyl
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Figure 7. UV—vis absorption spectra of furais and 14. support the hypothesis of a TICT excited state. The compounds

) ) ) containing both 2and 6 ortho substituentsl{l and12) have
that in the absence of steric repulsion, these compounds favorihe largest changes in dipole moment upon excitation, 16.2 and
a planar structure even without the aid of an intramolecular 17 3 p, respectively, leading to extremely large excited state
hydrogen bond. The shift to more open form in DMSO suggests dipole moments. Compounth, which has a sizable ground-

the possibility of charge transfer in the ground state. state dipole due to the presence of a trifluoromethyl group, also
. . exhibits a large excited state dipole moment that is comparable
Discussion in size to compound.1. Compound?, however, has a lower

The incorporation of a methyl group in thefosition of the ~ dipole moment, due to the fact that it has only one ortho
2-(2-hydroxyphenyl)benzotriazole structure radically alters the substituent, and does not have an electron withdrawing tri-
photophysics of this class of UVAs by enhancing a new fluoromethyl group on its triazole ring. The ordering of excited
fluorescence deactivation mechanism which competes with or state dipole moments is consistent with the ordering of polar
replaces the standard ESIPT mechanism. Of the several possiblgolvent assisted excited singlet state deactivation (see Table 1),
mechanisms of deactivation, the effect is attributed to a twisted and is in agreement with the principles for stabilization of TICT
intramolecular charge transfer (TICT) process as indicated by states?
several pieces of evidence: (1) more efficient fluorescence Comparison of the fluorescence quantum yields and the
deactivation in polar solvents, (2) more efficient fluorescence lifetimes for 10, 11, and 12 (see Table 4) indicate that the
deactivation upon introduction of donor groups on the phenyl variations in®r are not parallel with the variations af on
ring and acceptor groups on the benzotriazole ring, (3) more going from a nonpolar to a polar solvent. The results suggest
efficient fluorescence deactivation upon introduction ¢f 6 thatalarge degree of the fluorescence is quenched by a process
substituents in the phenyl ring (consistent with the rule of occurring faster than the response time of our instrument. For
minimum overlap in TICT states), and (4) large Stokes shifts 7, which has both a lower degree of twist and donor/acceptor
in fluorescence on changing solvent from hexanes to DMSO character®+/7t is constant for the different solvents.

(~4700 cntt for 12) corresponding to a large change in excited ~ We propose that compounds), 11, and 12 possess two
state dipole of (17.3t 1.1 D)?2 Some other possibilities for ~ conformational states, a faster deactivating state (shorter than
deactivation have been ruled out. Minor changes in absorption our instrument’s response) and a longer lived fluorescent state
spectra going from nonpolar to polar solvents and the observa-(t; ~1—2 ns). Similar results were observed for the TICT states
tion of dynamic quenching effects rule out ground state of the triazine ether¥.However, in that case, the shorter lifetime
complexation. Energy transfer to solvent is not possible with component corresponded to the locally excited state, whereas
either DMSO or acetonitrile. ESIPT mechanisms in DMSO are the longer lifetime component was assigned to the TICT state.
ruled out by either structure or by UWis data (no closed forms ~ We suggest that in our system, both states are TICT states. It is
in DMSO for 6-methyl compounds). Phosphorescence meas- likely that the two states are conformers with a varying degree
urements at 77 K 06 and 11 (not shown) showed similar or ~ of twist around the benzotriazetaryl C—N bond and/or
smaller emission intensities compared to Tin P, indicating that difference in conformation of the methoxy group (see Scheme

intersystem crossing is no more important in tHem@thyl 4). The strong Stokes shift in the steady state fluorescence for
compounds than in Tin P. compound¥, 10, 11, and12 and the large excited state dipole
In the case of the methyl ethers (compouf@d40, 11, and moments support the TICT nature of the longer lived excited

12), polarity is the most important solvent parameter in the new state. The correlation of the magnitude of deactivation with
deactivation scheme, since both the ESIPT mechanism and thegreater twist and greater doresicceptor character supports the
intermolecular proton transfer are not possible. For the hydroxy hypothesis that the shorter lived excited state is also TICT in
compounds (compounds 5, 6, and8), the situation is more nature.
complicated. Although polarity is important, solvent basicity We propose that the behavior & andz; can be explained
and hydrogen bond acceptor strength are also important. Thebased upon Scheme 4. In this scheme, we postulate two ground
hydroxy compounds have the possibility of both an intra- state conformations. Upon excitation of either of these conform-
molecular and intermolecular proton transfer deactivation mech- ers, the initial locally excited states(8E) and S'(LE) quickly
anism (Scheme 3), each of which is influenced by solvent.  relax to the TICT states:§IICT) and S'(TICT). The state
With regard to the substrate, the two issues of donor/acceptorS;(TICT) fluoresces. The fluorescence fron(BCT) was used
effects and twist appear important in both the qualitative and to measure the excited state dipole moment (Table 5). The
guantitative aspects of fluorescence deactivation. presence of &TICT) is inferred from a discrepancy between
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the steady state and fluorescence lifetime measurements ford®;). The enhanced twist, therefore, appears to be the most
compoundd 0, 11, and12 (see Table 4). As structural features important factor in the TICT deactivation pathway. The donor/
are added, which push the equilibrium of the ground state to acceptor character, nevertheless, is also important, and the largest
the postulated high twist form, the decreaséirbecomes larger ~ deactivation rates are observed for compoul® which
than the decrease in. This result supports the hypothesis that incorporates both the twist '(2+ 6' substitution) and charge
the rapidly deactivating state is, in fact, also a TICT state. In transfer (trifluoromethyl group in triazole ring) features.
all cases the dynamic component of fluorescence quenching (i.e., Intermolecular and intramolecular hydrogen bonding in the
the change in lifetime as a function of solvent polarity) results twisted state offer additional pathways for deactivation for the
from the deactivation pathway in which the $onformer phenolic benzotriazoles. In the intermolecular process, the
converts on the excited state surface to thé ®nformer excited state can relax to a conical interseciéh*6-4%through
followed by internal conversion (see Scheme 4). partial or complete proton transfer to solvéhtiesulting in

In the case of compourtt?, the conformation of the methoxy  Ultrafast return to the ground state (see Scheme 3). With-2-(2
group (methyl syn or anti to the benzotriazole ring) may be the hydroxyphenyl)benzotriazoles, such as Tinuvin P, it has been
critical parameter determining the conversion between the two shown by laser flash photolysis that the deprotonation from the
states (see Scheme 4). When the methyl group is pointing awayexcited state occurs in basic solvents such as D¥S@wever
from the triazole ring, a more planar structure may be favored, for Tinuvin P, DMSO serves to destabilize the planarity of the
taking advantage of energetic stabilization via conjugation of Molecule, resulting in an enhancement of fluorescence through
the benzotriazole ring with the phenyl ring. When the methyl the loss of the competing ESIPT mechanism. In compounds in
group is pointing toward the benzotriazole ring, the twisted state Which a 6-methyl group is installed, e.g6 or 9, although
may be favored for both steric reasons as well as electronics, if DMSO disrupts the intramolecular hydrogen bond, virtually no
there is some charge transfer character in the ground state. Thifluorescence is observedp( ~107~107%). The effect is
hypothesis is supported by data for the furan compoundls, ~Peculiar to the Bmethyl compounds (compare compourgls
and 14, which show a long wavelength band in their Uy and6 in Table 1 and see Figure 3), suggesting that a twist
absorption spectra consistent with a significant population of a Petween the benzotriazole and phenyl rings is essential for
planar conformer (see Figure 7). As in the case of Tinuvin P, increasing the efficiency of this mechanism of deactivation.
the presence of the long wavelength band is indicative of a In compounds with a lower degree of twist (comp&rand
planar conformer. In DMSO, the long wavelength band is 8). the introduction of an electron withdrawing group into the
reduced (see Figure 7), indicating a decrease in the amount ofBZT-ring and a polar environment triggers the TICT deactiva-
the planar conformer. The ability of the polar solvent to increase tion mechanism.
the amount of nonplanar conformer is consistent with the By studying the fluorescence of compouidis a function
presence of some charge transfer character in the ground stat@f DMSO concentration and comparing this with lifetime
of this conformer. measurements, it is seen from the Stevtolmer plot (Figure

CompoundL2 has both a 2methoxy and a'émethyl which ) that dynamic quenching occurs with= 2 x 10°M s,
favor the high twist side of the equilibrium in the ground state. NOt€ that for the isome8, which does not possess arfiethyl
The presence of the trifluoromethyl group in the benzotriazole (-€-» Similar to Tinuvin P), no significant DMSO induced
ring would significantly stabilize charge transfer, and also favor deactivation is observed. These data are all consistent with
the higher twist side of the equilibrium. In the case7pfvhich quqrescence deactivation through either partial or complet_e
has only one ortho group and no electron withdrawing group excited state proton transfer to DMSO (see Scheme 3). Partial
on the triazole ring®r and ¢ both decrease by a factor of 2 Proton transfer from the substrate to DMSO could lead the
going from hexanes to DMSO. This fact can be explained by substl_rate_ toward a conlc_al intersection and hence permit fast
the lower degree of twist, resulting in a lower equilibrium deactl\_/atlorﬁﬁ"‘SAIthough intermolecular proton transfer could
amount of high twist compound. Furthermore, the absence of Potentially reduce photostability by producing a reactive
the trifluoromethyl group in the benzotriazole ring would reduce Phenolate anioff, initial stability studies indicate thab is

the amount of stabilization of the TICT state, decreasing its 2ctully photostabilized in the presence of DMSOThe
rate of deactivation. Compourid, which has a trifluoromethyl enhanced photostability &in DMSO supports the possibility
group in the benzotriazole riné in addition to thensethyl of excited state deactivation through an aborted proton transfer

group, shows a 4-fold decreasedi on switching from hexanes ~ rather than full PTTS. o
to DMSO, yet only a 2-fold decreasedn. CompoundL1, which The results for the met_hyl ethers corroborate th_e_se findings.
has two ortho groups on the pheny! ring, shows a 5-fold decrease!n the methyl ether series, DMSO and acetonitrile behave

in ®; on switching from hexanes to DMSO, yet only a 1.5-fold similarly in their effects on fluorescence, as would be expected
decrease . ' considering their identical polarities (as defined by Kosoer

i Y1
Upon analysis of the quantum yields of fluorescence in Table values 71.1 and 71.3, respectivefy.
1, we can conclude that ortho substitution is more important
than donor/acceptor character for the TICT deactivation mech-
anism in methyl ethers. Notice that for the compouff@sind The 2-(hydroxy or methoxy-émethylaryl)benzotriazoles
7, each with only one ortho group, the fluorescence deactivation present a new class of compounds exhibiting TICT excited
is approximately the same in hexanes. In DMSO, the tri- states. The twisted-hydroxy benzotriazoles have an interesting
fluoromethyl group in the benzotriazole ring redudesfor 10 photochemical trigger for excited state deactivation via inter-
only by a factor of 2. In combination with d-Bnethoxy group, molecular proton transfer to basic solvents. The methoxy
the 6-methyl effect is much more dramatic. Comparing compounds have an interesting equilibrium between a roughly
compound¥ and11, we see a drop i®; in both hexanes and  planar and a highly twisted form, each of which has unique
DMSO on moving the methoxy group from theé # the 2 photophysical properties. The highly twisted form can deactivate
position (~3.5x and 7x reduction in®y, respectively). Com- through charge transfer which accelerates the rate of internal
pounds10 and 12 mirror this trend (X and 7x reduction in conversion. The planar form is capable in the excited state of

Conclusion



Twisted Intramolecular Charge Transfer States J. Phys. Chem. A, Vol. 106, No. 34, 2002687

either fluorescence or conversion to the more highly twisted temperature for 2 h. To the reaction mixture, allyl bromide (4.84
form followed by deactivation. Donor/acceptor character in the g, 0.039 mol) and potassium iodide (0.34 g, 0.002 mol) were
phenyl and benzotriazole portions is important to the rates of added portion wise, after which the reaction mixture was heated
deactivation. However, the steric effects which generate a twist to 85 °C. After holding at 85°C for 4.5 h, the solvent was
in the ground and excited states are essential for increasing theemoved by distillation and replaced with 100 mL of heptane.
efficiency of this mechanism of deactivation. The mixture was washed three times with 40 mL of water. The
The complex photophysics and photochemistry of these solvent was then removed by distillation to yield 14.2 g (99%)
compounds will, no doubt, provide material for several further of the corresponding O-allyl ether as an off-white sofid NMR
studies and applications, and prove to be an interesting area fo{CDCl3): 6 8.35 (s, 1H), 8.268.12 (d, 1H), 7.677.61 (m,
future UVA research. A thorough understanding of the interplay 2H), 7.54-7.49 (dd, 1H), 7.1+7.06 (d, 1H), 6.06-5.86 (m,
between ESIPT, excited state intermolecular proton transfer, and1H), 5.34-5.16 (m, 2H), 4.654.60 (d, 2H), 1.77 (s, 1H), 1.41
intramolecular electron transfer mechanisms (TICT) will allow (s, 6H), 0.78 (s, 9H).
for the tailoring of compounds with very useful properties as  The O-allyl compound (14.2 g) as prepared above was added
UVAs and potentially in other applications. For example, the to a round-bottom flask, heated to 39095 °C, and held at
ability of the (hydroxyaryl)benzotriazoles to switch between that temperature for 5 h. The residue was purified by flash
fluorescent and nonfluorescent states as a function of environ-column chromatography with silica gel (ethyl acetate/heptane
ment could be exploited in applications such as molecular probesgradient) to give 12.2 g (86%) of the—-Callyl substituted
and switches. benzotriazole as a yellow oil. M8Vz 432 (M+H); *H NMR
(CDCl): 6 11.17 (s, 1H), 8.358.29 (m, 2H), 8.12-8.05 (d,
1H), 7.72-7.66 (dd, 1H), 7.347.29 (d, 1H), 6.186.02 (m,
1H), 5.20-5.06 (m, 2H), 3.64-3.53 (d, 2H), 1.81 (s, 2H), 1.46

Materials and Solvents.DMSO, cyclohexane, and hexanes (s, 6H), 0.78 (s, OH).
were of spectrophotometric grade from Aldrich. THF (HPLC A mixture of 5-(trifluoromethyl)-2-(2-hydroxy-3-allyl-Sert-
grade) was from ACROS. Acetonitrile and methanol were Octylphenyl)-H-benzotriazole (12.16 g, 0.028 mol), methane-
Optima grade from Fisher. Diethyl ether was from Mallinckrodt. Sulfonic acid (3.34 g, 0.034 mol), and chlorobenzene (50 mL)
Solvents were tested for background absorption and emissionwas heated to 148C and held there for 3 h. After removal of
prior to use. solvent, the brown oil was chromatographed twice on silica gel
Measurements.UV—vis absorption spectra were recorded (19:1 hexane/ethyl acetate) to yield 1.21 g (10%) as a yellow
on an HP8452A UV spectrometer. Fluorescence spectra were?iSCous resin:H NMR (CDCl): 6 8.36 (s, 1H), 8.12 (d, 1H),
measured with a Spex FluoroMax-2 spectrometergiaitt cm 7.87 (s, 1H), 7.60 (d, 1H), 7.35 (s, 1H), 5.21 (m, 1H), 3.47 (dd,
x 1 cm quartz cell and concentrations such that the optical 1H), 2.94 (dd, 1H), 1.79 (s, 2H), 1.57 (d, 3H), 1.44 (s, 6H), 0.8
density was approximately 0.1 at the excitation wavelength (290 (S: 9H); MS/z 432 (M+H). Anal. Calcd for GsHagFsN3O:
nm). Time-resolved fluorescence lifetimes were performed by ©: 66.81; H, 6.54; N, 9.74. Found: C, 66.10; H, 6.25; N, 9.76.
single photon counting on a OB900 fluorometer (Edinburgh  2-[2-Methyl-5-(1,1,3,3-tetramethylbutyl)-2,3-dihydrobenzo-
Analytical Instruments). furan-7-yl]-2H-benzotriazole13). The synthesis of this com-
Synthetic Procedures.General Details.Unless otherwise ~ Pound followed the same synthetic conditions used for com-
specified, all reagents were purchased from commercial sup-Pound 14. A white solid (0.61 g, 5%) was obtained with a
pliers and used without further purificatiotd NMR (300.08 ~ Melting point of 128-128.5°C. *H NMR (CDCly): 6 8.00 (m,
and 499.84 MHz, respectively) spectra were obtained on a2H), 7.85 (s, 1H), 7.42 (m, 2H), 7.30 (s, 1H), 5.22 (m, 1H),
Varian Gemini 300 MHz W/ASM-100 or a Unity 500 MHz ~ 3-43 (dd, 1H), 2.93 (dd, 1H), 1.76 (s, 2H), 1.56 (s, 3H), 1.42
spectrometer. AlH chemical shifts are reported in ppm relative  (S: 6H), 0.80 (s, 9H). MSw/z 364 (M+H). Anal. Calcd for
to tetramethylsilane, where a positive sign is downfield from CzsHadN3O: C, 76.00; H, 8.04; N, 11.56. Found: C, 75.94; H,
the standard®F NMR spectra (282.33 MHz) were obtained 7-98; N, 11.42.
on a Varian Gemini 300 MHz w/ ASM-106°F NMR chemical 3,4-Dimethyl-2-(5-(trifluoromethyl)benzotriazol-2-yl)phenol
shifts are reported in ppm relative to gFOOH at—70.0 ppm. (9). A light yellow solid (0.36 g, 42%) with a melting point of
Mass spectra were obtained on a Fisons VG Platform Il in APcl 127.5-128.5°C. 'H NMR (CDCly): ¢ 8.38 (s, 1H), 8.15 (d,
mode using a Hewlett-Packard LC Il for sample delivery. 1H), 7.71 (s, 1H), 7.68 (dd, 1H), 7.25 (d, 1H), 6.96 (d, 1H),
Elemental analyses were obtained from Robertson Microlit 2.35 (s, 3H), 2.27 (s, 3H). M&vz 308 (M+H). Anal. Calcd
Laboratories, Madison, NJ. Merck silica gel 60 (26@0 mesh)  for CisH12F5N30: C, 58.63; H, 3.94; N, 13.67. Found: C, 58.66;
was used for column chromatography. Merck precoated (0.25H, 3.71; N, 13.60.
mm) silica gel F-254 plates were used for TLC. Solvents were  2,3-Dimethyl-4-(5-(trifluoromethyl)benzotriazol-2-yl)phenol
dried prior to use when necessary with appropriate drying agents.(8). A white solid (15 g, 46%) with a melting point of 135
Reactions were carried out in dried apparatus under a dry inert136 °C. 1H NMR (CDCl): ¢ 8.33 (d, 1H), 8.09 (d, 1H), 7.65
atmosphere of nitrogen. (dd, 1H), 7.31 (d, 1H), 6.78 (d, 1H), 5.30 (broad s, 1H), 2.29
General synthetic procedures for benzotriazole ring construc- (s, 3H), 2.14 (s, 3H)!% NMR (CDCk): —68.9 ppm. Anal.
tion are found in U.S. Patents 5,977,219 and 6,166,218. Calcd for GsH12F3N3sO: C, 58.63; H, 3.94; N, 13.67. Found:
Compounds for photophysical studies were purified sequentially C, 58.53; H, 3.88; N, 13.72.
by chromatography (silica gel) and sublimation, excégt 2-(4-Methoxy-2,3-dimethylphenyl)-5-(trifluoromethyl)-2H-
which was chromatographed twice on silica gel and sublimed. benzotriazole 10). A white solid (0.30 g, 27%) with a melting
2-[2-Methyl-5-(1,1,3,3-tetramethylbutyl)-2,3-dihydrobenzo- point of 109-111°C. *H NMR (CDCl): ¢ 8.34 (s, 1H), 8.10
furan-7-yl]-5-(trifluoromethyl)-2H-benzotriazold4). A mixture (d, 1H), 7.63 (dd, 1H), 7.42 (d, 1H), 6.88 (d, 1H), 3.92 (s, 3H),
of 5-(trifluoromethyl)-2-(2-hydroxy-3ert-octylphenyl)-2-ben- 2.27 (s, 3H), 2.15 (s, 3H). M&vVz 322 (M+H). Anal. Calcd
zotriazole (13.01 g, 0.033 mol), potassium hydroxide (2.37 g, for C16H14F3N3O: C, 59.81; H, 4.39; N, 13.08. Found: C, 59.65;
0.036 mol), and ethanol (60 mL) was stirred at ambient H, 4.10; N, 13.08.

Experimental Section
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2-(6-Methoxy-2,3-dimethylphenyl)-2H-benzotriazdlg) (A
white solid (0.46 g, 48%) with a melting point of 12+%22.5
°C.H NMR (CDCl): 6 8.00 (m, 2H), 7.44 (m, 2H), 7.30 (d,
1H), 6.84 (d, 1H), 3.72 (s, 3H), 2.30 (s, 3H), 1.81 (s, 3H). MS
m/z 254 (M+H). Anal. Calcd for GsH1sNsO: C, 71.13; H, 5.97;
N, 16.59. Found: C, 71.01; H, 5.82; N, 16.75.

2-Benzotriazol-2-yl-3,4-dimethylphendb) ( A white solid
(0.22 g, 17%) with a melting point of 166:3.67.5°C. 1H NMR
(CDCl3): 6 8.04 (s, 1H), 8.00 (m, 2H), 7.51 (m, 2H), 7.21 (d,
1H), 6.95 (d, 1H), 2.34 (s, 3H), 2.32 (s, 3H). M8z 240
(M+H). Anal. Calcd for G4H13N3O: C, 70.28; H, 5.48; N,
17.56. Found: C, 70.02; H, 5.58; N, 17.53.

4-Benzotriazol-2-yl-2,3-dimethylphend) ( A light yellow
solid (1.79 g, 14%) with a melting point of 189490 °C. H
NMR (CDCl): 6 7.94 (m, 2H), 7.46 (m, 2H), 7.30 (d, 1H),
6.78 (d, 1H), 5.19 (s, 1H), 2.28 (s, 3H), 2.14 (s, 3H). &
240 (M+H). Anal. Calcd for G4H13N30: C, 70.28; H, 5.48;
N, 17.56. Found: C, 70.06; H, 5.51; N, 17.65.

2-(4-Methoxy-2,3-dimethylphenyl)-2H-benzotriazog. (A
white solid (0.17 g, 40%) with a melting point of 13010.5
°C.'H NMR (CDCl): 6 7.94 (m, 2H), 7.44 (m, 2H), 7.41 (d,
1H), 6.85 (d, 1H), 3.91 (s, 3H), 2.28 (s, 3H), 2.14 (s, 3H). MS
m/z 254 (M+H). Anal. Calcd for GsH1sN3zO: C, 71.13; H, 5.97;
N, 16.59. Found: C, 71.03; H, 5.81; N, 16.69.

2-Benzotriazol-2-yl-4,5-dimethylphenadB) ( A white solid
(0.15 g, 11%) with a melting point of 143143.5°C. 'H NMR
(CDCl): 6 11.04 (s, 1H), 8.14 (s, 1H), 7.95 (m, 2H), 7.46 (m,
2H), 7.01 (s, 1H), 2.32 (s, 3H), 2.31 (s, 3H). Mz 240
(M+H). Anal. Calcd for G4H13N3O: C, 70.28; H, 5.48; N,
17.56. Found: C, 69.98; H, 5.40; N, 17.63.

2-(6-Methoxy-2,3-dimethylphenyl)-5-(trifluoromethyl)-2H-
benzotriazole12). A light yellow solid (0.35 g, 9%)'H NMR
(CDCl3): 6 8.36 (s, 1H), 8.11 (d, 1H), 7.65 (dd, 1H), 7.35 (d,
1H), 6.86 (d, 1H), 3.72 (s, 3H), 2.31 (s, 3H), 1.81 (s, 3H). MS
m/z 322 (M+H). Anal. Calcd for GeH14F3N30: C, 59.81; H,
4.39; N, 13.08. Found: C, 59.58; H, 4.03; N, 13.11.

4,5-Dimethyl-2-(5-(trifluoromethyl)benzotriazol-2-yl)phenol
(4). A light yellow solid (4.02 g, 9%) with a melting point of
113-114°C.™H NMR (CDCl): ¢ 10.75 (s, 1H), 8.29 (d, 1H),
8.16 (s, 1H), 8.06 (d, 1H), 7.67 (d, 1H), 7.02 (s, 1H), 2.33 (s,
3H), 2.32 (s, 3H)1°F NMR (CDCk): —68.9 ppm; MSm/z 308
(M+H). Anal. Calcd for GsH12F3N3O: C, 58.63; H, 3.94; N,
13.67. Found: C, 58.55; H, 3.79; N, 13.60.

2-(4-Methoxyphenyl)-2H-benzotriazol@5]. A white solid
(2.12 g, 24%) with a melting point of 131112 °C. 'H NMR
(CDCl): ¢ 8.29 (m, 2H), 7.93 (m, 2H), 7.42 (m, 2H), 7.07
(m, 2H), 3.91 (s, 3H). MSn/z 225, 210, 182. Anal. Calcd for
C13H11N3O: C, 69.32; H, 4.92; N, 18.65. Found: C, 69.10; H,
4.80; N, 18.65.
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