4808 J. Phys. Chem. R003,107,4808-4816

Photophysical Properties of Coumarin-152 and Coumarin-481 Dyes: Unusual Behavior in
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Solvent polarity and temperature effect on the photophysical properties of two 1,2-benzopyrone dyes, namely,
coumarin-152 (C152) and coumarin-481 (C481), have been investigated using steady-state and time-resolved
fluorescence measurements. In nonpolar (NP) solvents (e.g., hexane, cyclohexane, methylcyclohexane,
2-methylpentane, and 3-methylpentane), the Stokes’ skifi} énd fluorescence lifetimes:} for both the

dyes are unexpectedly lower. Excluding NP solvents, for all other solventsitkerrelates linearly with the

solvent polarity functionAf = {(¢ — 1)/(2¢ + 1) — (n> — 1)/(20? + 1)}, and the slopes of these plots
indicate that the fluorescent states for both the dyes in these solvents are of intramolecular charge transfer
(ICT) character. The unusually lowév and t; values in NP solvents have been rationalized considering
nonpolar structures for the fluorescent states of the dyes in these solvents. The fluorescence quantum yields
(®f) andt; values of the two dyes also show an unusual reduction in higher polarity solvehnts {£0.2).
Furthermore, unlike in all other solvents, in solvents wkh > ~0.2, the®; and 7y values are strongly
temperature-dependent. These results indicated the involvement of a new activation-controlled nonradiative
deexcitation channel in higher polarity solvents, assigned to the involvement of the nonfluorescent twisted
intramolecular charge transfer (TICT) state. Though the activation baxigy) for such processes usually
decreases with solvent polarity, for the present systema\theis seen to increase withf. This unusual
behavior has been rationalized assuming thattBgarises because of the potential energy (PE) crossing of

the TICT and ground states rather than that of the ICT and TICT states as is usually the case for most TICT
molecules. On increasingf, since the highly polar TICT state not only gets better stabilization but also its

PE surface becomes more steeper than the ICT staté\Eheffectively increases with solvent polarity.

1. Introduction observations are either not adequately addressed or not properly
Derivatives of 1,2-benzopyrone, commonly known as the understood in the earlier studies. Recently, we have investigated

coumarin dyes, are the well-known laser dyes for the blue-green he detailed photophysical properties of a 7-aminocoumarin dye,
region~7 Among these dyes, the ones having different amino namely, coumarin-151 (C151; 7-amino-4-trifluoromethyl-1,2-
groups at 7-position (commonly known as 7-aminocoumarins) benzopyrone) in different solvent&lt has been observed that
are of special significance in relation to their different C151 displays unusual photophysical behavior in nonpolar
applications:~12 The fluorescence quantum yield®{) of these solvents in comparison to those in all other solvéhtsrom a

dyes is usually very high, often close to unity? Though in detailed solvent polarity and temperature-dependent studies, as
some of these dyes the internal conversion (IC) processell as from the picosecond laser flash photolysis and pulse
contributes marginally to deexcite the fluorescent state, the ragiolysis results, it has been inferred that C151 exists in
cont_rik_)utiggl;)f intersystem crossing (ISC) process is mostly itarent structural forms in nonpolar and other solvéfitin
negligible®~12 These dyes undergo substantial changes in thelrthe literature, it is reported that the coumarin dyes with

. 1o : S
dipole moments on excitation? causing large Stokes’ shifts 7-dialkylamino groups (e.g., RsN-dimethylamino-4-trifluoro-

between their absorption and fluorescence spéctfaThese i . ] . :
Stokes' shifts are again very sensitive to the solvent polafitiés. ~ Methyl-1,2-benzopyrone; coumarin-152; C152; ard¥-dieth-
Because of these properties, the 7-aminocoumarin dyes have/lamino-4-trifluoromethyl-1,2-benzopyrone; coumarin-481; C481)

widely been used as probes in a variety of investigations, Pehave unusually in higher polarity solvents, showing drastic
namely, in the study of solvatochromic propertie¥, deter- reduction in their®; and fluorescence lifetimes values®~12
mination of polarities in microenvironment3}4investigation Though the involvement of twisted intramolecular charge
of photoinduced electron-transfer dynamigs'® measurements  transfer (TICT) states has been invoked to explain these results
of solvent relaxation timesz{),'*"?* and so forth. in higher polarity solvents, detailed analysis for different decay

Photophysical properties of coumarin dyes have been the channels of the excited states is lack#né? In the present work,
subjefflzgézgxten5|ve investigation for the last several go\ent polarity and temperature effect on the photophysical
years. “#e < Though a number of 7-am|_nocoumar|n dyes are roperties of C152 and C481 dyes have been investigated in
reported to display some unusual behavior, the reason of theséO . o .

detail to understand the complete deexcitation mechanism of

* Corresponding author. E-mail: hpal@apsara.barc.ernet.in; fax: 91- the excited dyes in different solvgnts. Chemical structures of

22-550 5151. C152 and C481 dyes are shown in Chart 1.
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2. Materials and Methods S 0.1 0.2 03
Laser-grade C152 and C481 dyes were obtained from Exciton Af
and used without further purification. The organic solvents used 28 y " —
were of spectroscopic grade from Spectrochem India. Dielectric ABS
constantsd) and refractive indicesnj of pure solvents were - 26f W
taken from literaturé and those of the mixed solventsyg, g
. . . o 241 1
Nus, respectively) were estimated from the volume fractidhs ( -+
of the cosolvents using eqgs 1 and 2, respecti¥&ly’ =2} EM
1>
€ns = fa€n T faeg 1) 2.0t
1.8 B
s = fan’s + fon’s 2 T 00 0.1 At 0.2 0.3
where the subscripts A and B represent the respective cosolventsrigure 1. Plot of absorption and fluorescence maxin¥a.{and v,
Following Lippert and Mataga, the polarity parametaf)(for respectively, in cmt) of (A) C152 and (B) C481 against the solvent
different solvents were estimated using e#f 31 polarity function,Af (cf. eq 3). As indicated by the large shaded circles,
the 74 values in NP solvents are unusually higher in comparison to
e—1 -1 those in other solvents. The solid circles in the plots represent the data
Af = 3) points for the alcoholic solvents.

2¢+1 o241
absorption %9 and emissioni) maxima (in cntl) versus

Absorption spectra of the dyes were recorded using a Af for C152 and C481 dyes, respectively. For both the dyes,
Shimadzu model UV-160A spectrophotometer. Steady-state the,,sversusAf plots are reasonably linear for all the solvents
fluorescence measurements were recorded after correction folstudied. The marginal deviations in the data points for alcoholic
the wavelength-dependent instrument responses using a Hitachsolvents (solid circles) are assigned to sotgelvent hydrogen-
spectroflorimeter model F-4010. Tl values were measured  ponding interaction, which causes an extra red shift in the
in a comparative metho;*3using®r = 0.19 for C151 dye in  observed spectr-5 Thew; versusAf plots for both the dyes
hexane as the referen®& Fluorescence lifetimes were mea- glso have reasonably good linearity for the majority of the
sured using a time-correlated single-photon-counting (TCSPC) solvents. For the nonpolar solvents (e.g., hexane, cyclohexane,
spectrometet!*>model 199, form Edinburgh Instrument, U.K.  methylcyclohexane, 2-methylpentane, and 3-methylpentane;
The details of this instrument have been given elsewtfefe.  nhenceforth we will refer to them as the NP solvents), however,
Briefly, a thyratron-triggered hydrogen discharge lamp (30 kHz) the 7; values are unusually higher and do not correlate with
having a pulse width of+1.2 ns (at fwhm) was used as the those in other solvents.
excitation source. Observed fluorescence decays were analyzed For most of the molecules, their longer wavelength absorption
following reconvolution procedur¥;*using a proper instrument  and the fluorescence bands in different solvents arise because
response function. For all the cases, the observed decays wergf transitions between the same two ground and excited
seen to fit well with a single-exponential function as electronic state$43 For these systems, the Stokes’ shifts
(AY = vaps — V1) are expected to correlate linearly witkf,

I(t) = B exp(-t/z) ) following Lippert and Mataga relationship (eq 35)35-40.42:43
wherer; is the fluorescence lifetime ari@lis the preexponential 2AL2
factor. The reduced chi-squarg?) values for all the analysis Av = Ay, + £ Af (5)
were within 1.06-1.15 and the distribution of the weighted her?

residuals were random among the data charfiéisAll the
present measurements were carried out in aerated solutions
keeping the samplesia 1 cmx 1 cm quartz cell. The optical
density of the solutions at the excitation wavelength was kept
at about 0.3, which corresponds to the dye concentrations of
about (1.5-1.7) x 107° mol dn13,

whereAu = (ue — ug), ue andug being the excited and ground-
state dipole moments, respectivelyis the Planck’s constant,
c is the velocity of light, andr is the Onsager radius of
interaction. Table 1 lists th&v values for C152 and C481 dyes
in different solvents. Figure 2A and B shows the respecive
versusAf plots for the two dyes. It is seen from Figure 2 that,
though theA” versusAf plots are reasonably linear for almost
all the solvents, for the NP solvents the values are unusually
3.1. Solvent Polarity Effect on Absorption and Fluores- lower. These results thus indicate that the fluorescent states of
cence SpectraAbsorption and fluorescence spectra of C152 the two dyes in NP solvents must be of different nature than in
and C481 dyes are strongly dependent on the solvent polarities.other solvents.
Table 1 lists the absorptiomJ%) and fluorescencelf'®) Excluding NP solvents, in all other solvents the linear
maxima (in nm) of the two dyes in different solvents along with versusAf plots indicate that the nature of the fluorescent states
the solvent polarity functionAf. Figure 1A and B shows the  remain the same for both the dy®&s® Thus, using eq 5 thee

3. Results and Discussion
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TABLE 1: Absorption and Fluorescence Maxima and the Stokes' Shifts for C152 and C481 Dyes in Different Solvents

C152 C481
solvents Af Appeinm Aeinm Avlem? Aopainm Aainm Avlcm?

HX 0 371 426 3479 375 431 3465

2MP 0 370 424 3442 375 430 3411
3MP 0 370 425 3498 375 431 3465
CHX 0 372 427 3463 377 433 3431

MCHX 0 373 427 3390 378 435 3467

3MPgsEA0s 0.025 375 447 4295 378 450 4233
3MPgEA1g 0.046 376 456 4666 380 455 4337
3MPseEAL0 0.081 380 463 4718 382 463 4580
3MPsoEA40 0.128 381 472 5060 388 472 4587
3MP2oEAgo 0.16 386 477 4942 386 475 4854
3MPEAgo 0.183 388 482 5026 388 480 4940
EA 0.201 387 483 5136 388 480 4940
EA9sACNo2 0.211 387 482 5093 392 484 4849
EA9sACNos 0.223 389 489 5257 392 489 5061
OcOH 0.226 394 500 5381 401 499 4898
EAgACN10 0.234 390 490 5233 396 494 5009
HxOH 0.243 397 504 5348 402 501 4916
EAg0ACN2o 0.258 391 495 5373 398 500 4923
BuOH 0.263 395 507 5592 402 504 5034
EA70ACN3o 0.271 390 498 5561 397 496 5028
iPrOH 0.277 396 504 5411 401 503 5056
EAs0ACN4o 0.28 390 497 5520 398 496 4964

ACT 0.284 391 498 5495 397 497 5079
EtOH 0.290 396 509 5606 405 508 5006
ACN 0.305 393 504 5604 399 504 5221
MeOH 0.309 398 513 5632 403 512 5283

a Abbreviations for the solvents are HX (hexane), 2MP (2-methyl pentane), 3MP (3-methyl pentane), CHX (cyclohexane), MCHX (methyl
cyclohexane), EA (ethyl acetate), OcOH (octanol), HXOH (hexanol), BUOH (butaRoQH (2-propanol), ACT (acetone), EtOH (ethanol), ACN
(acetonitrile), MeOH (methanol), 3MFEs (95% 3MP and 5% EA, v/v), 3M&E; (90% 3MP and 10% EA, v/v), 3MigE (80% 3MP and 20%

EA, VIV), 3MPsoE4o (60% 3MP and 40% EA, v/v), 3MigEso (40% 3MP and 60% EA, v/v), 3MigEso (20% 3MP and 80% EA, v/v), EAACNo,
(98% EA and 2% ACN), EAACNos (95% EA and 5% ACN), EAACN1, (90% EA and 10% ACN), EAACN2 (80% EA and 20% ACN),
EA70ACNgo (70% EA and 30% ACN), EAACNL (60% EA and 40% ACN).

60F . y A of C152 and C481 thus were estimated to be about 10.4 and
ssl A ] 10.7 D, respectively, indicating the polar nature of the fluores-
cent states. We assign these states to be of intramolecular charge
-'E 5.0f ] transfer (ICT) character, with structure similar to structure |
L2 asl ] shown in Chart 29 In the earlier works, a similar ICT character
~ o was assigned to the fluorescent states of these moletufes.
S 4 ] The observation that thaw values for both the dyes in NP
< 3.5¢ o solvents are unusually lower indicates that in these solvents the
3.0 : , ) . fluorescent states of these dyes must be much less polar than
0.0 0.1 0.2 0.3 in the other solvents. At this point, it is interesting to compare
Af present results with those obtained for C151 dye in our earlier
55 y g — work.3% In C151, there is a simple NHyroup at the 7-position
of the 1,2-benzopyrone moiety instead of thé\,K-dialkyl-
=_5.0 amino groups present in C152 and C481 dyes. With C151 also,
E it was observed that th&? values in NP solvents are abnormally
=45 lower in comparison to those in other solvents. From detailed
- solvent polarity and temperature-dependent studies, it was
':j‘ 4.0 inferred that in NP solvents the dye C151 exists in a nonpolar
35 structure with its 7-NH group having a pyramidal configuration
. ) ) ) and consequently out of resonance with the benzopyrone moiety.
0.0 0.1 0.2 0.3 Thus, drawing an analogy with the C151 dye, we infer that C152
Af and C481 dyes also exist in the similar nonpolar structures in
Figure 2. Plot of Stokes’ shifts &7 in cm-?) for (A) C152 and (B) NP solvents, as schematically shown by structure 1l in Chart 2.
C481 against the solvent polarity functianf (cf. eq 3). As indicated 3.2. Solvent Polarity Effect on Fluorescence Quantum

by large shaded circles, th&v values in NP solvents are unusually ~ Yields and Lifetimes. The @ values of C152 and C481 were
lower in comparison to those in other solvents. The solid circles in the estimated in different solvents at room temperature and are listed
plots represent the data points for the alcoholic solvents. in Table 2. Figure 3A and B shows thig versusAf plots for

C152 and C481 dyes, respectively. The interesting point from
values of the two dyes were estimated from the slopes of thesethese plots is that thé¢ values drastically reduce in higher
plots, considering to be equal to the radii of the dyes (3.62 polarity solvents, having\f > ~0.2. In the lower to medium
and 3.82 A, respectively, for C152 and C481, as estimated usingsolvent polarity region4f < ~0.2), howeverd; reduces only
Edwards’ volume addition methdd)andg to be equal to 6.27 marginally with Af following apparently a linear correlation.
and 6.48 D, respectively, for C152 and C48Ihe u. values As discussed in section 3.1, tA& versusAf plots (cf. Figure
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TABLE 2: Fluorescence Quantum Yields @), Lifetimes (rf), and Radiative (k) and Nonradiative (k) Decay Rate Constants
for C152 and C481 Dyes in Different Solvents

C152 C481
solvent$ Af o iins k10" s71 knd/107 571 or T/ns k/107 s71 Kn/107 571

HX 0 1.00 3.48 28.74 0 1.00 3.52 28.41 0

2MP 0 1.00 3.53 28.33 0 1.00 3.74 26.73 0

3MP 0 0.98 3.52 27.84 0.57 1.00 3.70 27.02 0

CHX 0 0.97 3.51 27.64 0.85 1.00 3.69 27.10 0

MCHX 0 1.00 3.52 28.41 0 1.00 3.68 27.17 0

3MPgsEAgs 0.025 0.98 4.16 23.56 0.48 0.99 4.13 23.95 0.24
3MPyEAo 0.046 0.98 4.45 22.02 0.45 0.93 4.41 21.09 1.59
3MPgEA0 0.081 0.90 4.67 19.27 2.14 0.89 4.48 19.87 2.46
3MPsoEA40 0.128 0.81 4.72 17.16 4.03 0.84 4.64 18.10 3.45
3MP4EAs0 0.16 0.80 4.73 16.91 4.23 0.81 4.50 18.00 4.22
3MP,EAg 0.183 0.79 4.77 16.56 4.40 0.75 4.40 17.05 5.68
EA 0.201 0.71 4.7 15.11 6.17 0.69 3.90 17.69 7.95
EAgsACNo, 0.211 0.69 4.59 15.03 6.76 0.55 3.60 15.28 12.50
EA9sACNos 0.223 0.68 4.45 15.28 7.19 0.50 3.55 14.08 14.08
OcOH 0.226 0.48 3.86 12.44 13.47 0.42 2.74 15.33 21.17
EA9ACN1o 0.234 0.57 4.11 13.87 10.46 0.41 2.97 13.80 19.86
HxOH 0.243 0.42 3.59 11.70 16.15 0.32 2.23 14.35 30.50
EAsACN2o 0.258 0.45 3.65 12.33 15.07 0.31 2.21 14.03 31.22
BuOH 0.263 0.29 2.89 10.03 24.57 0.23 1.61 14.28 47.83
EA70ACN3p 0.271 0.41 3.22 12.73 18.32 0.23 1.80 13.00 42.56
iPrOH 0.277 0.28 2.79 10.03 25.81 0.20 1.37 14.60 58.39
EA60ACN4o 0.28 0.39 2.83 13.78 21.56 0.20 1.53 13.07 52.29
ACT 0.284 0.30 2.49 12.07 28.15 0.17 1.25 13.60 66.40
EtOH 0.290 0.19 1.63 11.66 49.69 0.08 0.71 11.27 129.58
ACN 0.305 0.22 1.92 11.46 40.63 0.08 0.66 12.42 139.09
MeOH 0.309 0.09 0.88 10.23 103.41 0.05 0.34 13.24 280.88

a Abbreviations for the solvents are given in the footnote of Table 1.

2A and B) indicated that both the dyes exist in ICT structure in decrease very sharply withf. In NP solvents, the; values are
all these solvents excluding the NP solvents. Thus, the drasticalso seen to be quite lower and do not correlate with those in
reduction in thed; values aboveé\f ~0.2 clearly indicates that  other solvents of lower to medium polarities. Since no specific
in the higher polarity solvents the dye-excited states undergo asolute-solvent interaction is expected in NP solvents, the
fast nonradiative deexcitation process, which is absent in lower unexpectedly lower; values in these solvents support the
to medium polarity solvents. assumption that the dye-excited states exist in different structural
As indicated in section 3.1, in NP solvents both C152 and forms in NP and other solvents. The drastic reduction inzthe
C481 dyes exist in nonpolar structures (cf. Chart 2), as was (and also®s) values in higher polarity solventd\{ > ~0.2)

also inferred earlier for C151 dy®.Thus, following the fact indicate that in these solvents there is a new nonradiative
that the®; values of C151 in NP solvents are very sn¥éli deexcitation channel operating for the fluorescent states of these
was expected that thé; values for C152 and C481 in NP  dyes.

solvents should also be much lowrThe apparently higher To understand the detailed deexcitation mechanismkgthe

d; values for C152 and C481 dyes in NP solvents are difficult andk,, values were estimated in different solvents using eqs 6
to rationalize at this state without having a detailed knowledge and 735364243

of the 77, and more specifically, the radiativé&) and nonra- K
diative () rate constants for the dye- excited states in different O, = P (6)
solvents. K+ kor

The 77 values of C152 and C481 dyes in different solvents 1
were measured at room temperature and are listed in Table 2. T = (7
Figure 3C and D shows the versusAf plots for the two ks + Koy

respective dyes. It is seen that thevalues in lower to the Thek; andk,, values thus obtained for the two dyes in different
medium polarity solvents (excluding NP solvents) increase only solvents are listed in Table 2. Figure 4A and B showskhe
marginally with Af following an apparently linear correlation,  versusAf plots and Figure 4C and D shows tke versusAf
whereas in higher polarity solventAf(> ~0.2) ther; values plots for C152 and C481 dyes, respectively. It is seen from



4812 J. Phys. Chem. A, Vol. 107, No. 24, 2003

Nad et al.

1.0} A 1.0 B |
0.8} ] 0.8} 3 ]
6} ] 0.6 ]
n..06 .0\ e“ Cb
S 0.4¢ 0% 0.4} ® ]
0.2} N 0.2} %
0.0 e 0.0} *
00 o1 0z 03 00 0102 03
Af Af
5.0t N C - 5.0¢ . D
—_go—oeog; vl o
I L
B3} oY g3 !
= 2.0f
“2.0t 8 e %
., 1.0t o |
1.0t ° | ool |
0.0t . . , . .
00 01 02 03 00 01 02 03
Af Af

Figure 3. Variations in theds [(A) for C152 and (B) for C481] and; [(C) for C152 and (D) for C481] values of the two dyes with the solvent

polarity function,Af (cf. eq 3). The solid circles in the plots represent the data points for the alcoholic solvents. The unusualty \@ahess in
NP solvents have been indicated by large shaded circles in Figure C and D.
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Figure 4. Plots of the radiativekf) and nonradiativelq,) decay rate constants for C152 (plots A and C, respectively) and C481 (plots B and D,
respectively) dyes against the solvent polarity functish(cf. eq 3). As indicated by large shaded circles, khealues in NP solvents are unusually
higher in comparison to those in other solvents. The solid circles in the plots represent the data points for the alcoholic solvents.

Figure 4A and B that excluding the NP solvents, for the rest of solvents are very high and are almost in the same range. Thus,
the solvents thé; versusAf plots follow an apparently linear  the higher®; values for C152 and C481 dyes in NP solvents
correlation. Though there is no well-defined correlation given in comparison to those of C151 reported eatfi@ppear to be
in the literature betweerk; and Af, the apparent linearity  due to highk; and negligiblek,, values. Because of the same
observed experimentally indicates that the nature of the fluo- reason, theb; values of C152 and C481 dyes in NP solvents
rescent states remains similar for all the solvents of lower to apparently correlate with those in other lower to medium polarity
higher polarity excluding the NP solvents. As seen from Figure solvents, as indicated by Figure 3A and B, though the dye-
4A and B, in NP solvents thig values are substantially higher. excited states are supposed to be of different structural forms
These results are thus in support of our assumption that thein NP and other solvents.
fluorescent states of the dyes in NP solvents are of different As indicated by Figure 4C and D, tHe, versusAf plots
nature than in the other solvents (cf. Chart 2). are apparently linear for the lower to medium polarity
It is seen from Table 2 that the, values for both the dyes  solvents Af < ~0.2). For the higher polarity solventaf >
are just negligible in NP solvents. In other lower polarity ~0.2), however, thek, values are seen to increase almost
solvents Af < ~0.1), the k., values are much lower in  exponentially withAf. These results thus clearly indicate that
comparison to the corresponditkg values. Since in NP and  in higher polarity solvents a fast nonradiative deexcitation
other lower polarity solvents thk, values are exceptionally  channel operates for both the dyes, which is absent in lower to
small compared to thé values, the®; values in all these medium polarity solvents.
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TABLE 3: The Transition Dipole Moments for Absorption
(Mapg) and Fluorescence y) for C152 and C481 Dyes in
Different Solvents

C152 C481
solvents Af MandD Ms/D MandD Mg/D
HX 0 4.70 5.44 4.91 551
3MP 0 4.78 5.59 4.96 5.40
MCHX 0 4.82 5.37 4.85 5.35
3MPgEA 0.081 4.69 5.15 4.76 5.23
3MPoEAs0 0.16 4.79 5.05 4.87 5.21
EA 0.201 4.83 4.97 5.00 5.20
EAsACN2 0.258 4.82 4.84 4.95 4.99
ACN 0. 305 4.95 4.95 5.06 4.96

a Abbreviations for the solvents are given in the footnote of Table 1.
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Figure 5. Plots of theM,psfor C152 and C481 dyes (plots A and B,
respectively) against the solvent polarity functiaf (cf. eq 3). The

M versusAf plots for C152 and C481 dyes are shown in the insets of
Figure 5A and B, respectively.

At this stage, it is interesting to calculate and compare the
transition dipole moments for absorptidvi4,9 and fluorescence
(Mg) for the present dyes in NP and other solvents. TWhgs
andM;y values for C152 and C481 dyes in some selective NP
and other solvents were calculated using the following rela-
tions#2:43

3h

230
M2, = . e, dv 8
abs SJIBNOV?baSX n f v ()
achk  f(F V%) dv
2f| = 9)

647’ [F, dv
whereh is the Plank’s constanly is the Avogadro’s number,
c is the velocity of light in a vacuumy)2‘is the absorption
maxima,e, is the molar extinction coefficient at k; is radiative
rate constantr, is the fluorescence intensity af andn is the
refractive index of the solvent. The s and My values thus
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tion that in NP solvents the fluorescent states of the two dyes
exist in different structural form than in other solvents. As seen
from Table 3, thevly values appear to be somewhat higher than
the Mapsvalues for the majority of the solvents. The exact reason
for this is not very clear to us. We tentatively feel that there is
a large difference in the nuclear coordinates for the potential
energy (PE) surfaces in the ground and excited states, which
causes a variation in the transition probabilities for the absorption
and fluorescence processes for these dyes.

3.3. Temperature Effect on Fluorescence Quantum Yields
and Lifetimes. The steady-state (SS) fluorescence properties
of C152 and C481 dyes are temperature-independent in NP and
other lower to medium polarityXf < ~0.2) solvents. In higher
polarity solvents Af > ~0.2), however, thé; values gradually
decrease with temperature. Figure 6A and B shows typical
temperature-dependent fluorescence spectra of C152 and C481
dyes, respectively, in ACN solution. Tt versusT (absolute
temperature) plots for the two respective dyes in ACN solution
are shown in Figure 6C and D. Similar results were also obtained
in other higher polarityAf > ~0.2) solvents, though the extent
of the effect increased withf. Since for the lower to medium
polarity solventsk; dominates overk,, and since®; is
independent of temperature in these solvents, it is indicative
thatk; is in fact temperature-independent, which is also the case
for most fluorescent moleculé32:38.39Thus, considerings to
be temperature-independent, the temperature-depentient
values in higher polarity solvents were analyzed using modified

Arrhenius’ eq 102
1 —AE
oo

)

1 Kar
—=1+T=1+
@, ks

(10)

wherek,? is the preexponential factor ad, is the activation
barrier for the nonradiative channel. Following eq 10, linear
In{ (1/®s) — 1} versus 1T plots were obtained for the two dyes
in different solvents having\f > ~0.2. Such typical plots in
ACN solutions are shown in the insets of Figure 6C and D for
the two respective dyes. TheE, values estimated from the
slopes of such plots are listed in Table 4. It is seen from Table
4 that theAE, values for both the dyes gradually increase with
an increase im\f.

As already mentioned, th@; in NP solvents are independent
of temperature. It is thus indicated that in NP solvents there is
no activation-controlled deexcitation channel for the excited
dyes. It is interesting at this point to compare these results with
those obtained earlier for C151 in NP solvetftsor C151, the
®; values in NP solvents were strongly temperature-dependent,
and the observed temperature effect was inferred to be arising
through the flip-flop motion of the 7-Nigroup of the dye with
a nonplanar structur®. Since C152 and C481 dyes are also
supposed to exist in the similar nonpolar structures in NP
solvents (cf. Chart 2), the temperature independenck; dbr
the present dyes in NP solvents apparently seems to be
somewhat puzzling. If, however, it is considered that the
7-dialkylamino groups in the present dyes are much heavier
than the 7-NH group in C151, it is possible that the flip-flop
motions of the former groups are very slow compared to that

estimated for C152 and C481 dyes are listed in Table 3. Figureof the latter. Thus, such a motion cannot introduce any

5A and B shows th&/psversusAf plots for the two respective
dyes. TheVy versusAf plots for the two dyes are shown in the
insets of Figure 5A and B, respectively. It is seen from Figure
5 that bothMapsandMy values for the two dyes in NP solvents

competitive deexcitation channel for the excited C152 and C481
dyes, as was otherwise observed for C351.

Like the ®¢ values, thers values of the two dyes were also
temperature-independent in NP and other lower to medium

are unexpectedly higher and do not correlate with those in otherpolarity solvents Af < ~—0.2) but strongly temperature-
solvents. These results are thus in agreement with our assumpédependent in higher polarity solvent&f(> ~0.2). Figure 7A
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Figure 6. Steady-state fluorescence characteristics of C152 and C481 dyes in acetonitrile solution at different temperatures. Figure A and B shows
the fluorescence spectra for C152 and C481 dyes, respectively, at temperatures of 10, 20, 30, 40, 50, 6% gspetlra +7, respectively).

Figure C and D shows the changes in thevalues with absolute temperatuf® for C152 and C481 dyes, respectively, in acetonitrile solutions.

Insets of Figure C and D show the corresponding Arrhenius plots obtained in accordance with eq 10.

TABLE 4: Activation Energies (AE,) for the Nonradiative 4.5F
Deactivation Process in the Excited Singlet State of C152 ) 20
and C481 in Different Polar Solvents 40p Q -
C152 C481 e\m 3.51 b q .—‘: 19
AE(SSPl AEL(TR)Y AE(SS) AE(TR)/ - 3.0} Q-
solvent8 Af  kcalmol! kcal mor? kcal molt kcal mol? : 55l 0, 30 35 4.0
P Q wm)/10° K"
OcOH  0.226 1.1 0.9 2.0 2.2 3 10
HxOH  0.243 1.1 1.0 2.1 2.3 201 Qg
ACT 0284 1.1 1.3 2.1 2.3 N Coqo
EtOH 0.290 2.1 1.9 2.8 2.6 . . ‘ h .
MeOH 0.309 2.6 2.3 3.1 3.3 0
T/'K
a Abbreviations for the solvents are given in the footnote of Table 1.
b Steady-state (SS) measuremehfEme-resolved (TR) measurements. 251 -~
) T
\ -~
and B shows the; versusT plots in ACN solutions for the two 2.0f \ g 20
respective dyes. Similar results but with varying extent of the o7 S =
effects were also obtained in other higher polarity solvents. S 15 o T R YR TRY]
Assumingk to be temperature-independéhi#f4243the tem- ~ S (.l/T)}l(J'J "
perature effect on; in different solvents was correlated using e 10r Q oL
modified Arrhenius’ eq 12 4 o
0.5 B SN
1 _ 0 —AE, . . \ . . .
== k +k, =k + k,° ex o (11) 220 240 260 280 300 320 340
f T/°K

: : _ Figure 7. Temperature effect on the fluorescence lifetimesdf (A)
Typical linear I (1/r) k} versus II plots for C152 and C152 and (B) C481 dyes in acetonitrile solutions. Insets: Show the

C481 dyes in ACN solutions are shown in the insets of Figure ¢ rresponding Arrhenius plots obtained in accordance with eq 11.
7 A and B, respectively. ThAE, values estimated from the
slopes of such plots in different solvents are also listed in Table channel for these dyes is the IC proc&s®. It is seen from
4. It is seen that thes&E, values in different solvents are very  Figure 4C and D that for the lower to medium polarity solvents
similar to those obtained from the temperature-dependgnt  (Af < ~0.2) theky, (arising because of IC) for C152 and C481
measurements and increase gradually with an increagd.in  dyes increases only marginally withf. Since both the dyes
3.4. Nonradiative Deexcitation Channel in Higher Polarity exist in the same ICT character in all the solvents of lower to
Solvents and the Prevailing MechanismFrom the tempera-  higher polarities (cf. section 3.1), a sudden increase in IC in
ture-dependen®; and s measurements, it is clearly indicated solvents having\f > ~0.2 is highly unlikely. It is thus supposed
that the fluorescent states of C152 and C481 dyes undergo venthat in the higher polarity solvents a new deexcitation channel
fast nonradiative deexcitation in higher polarity solvert$ becomes operative over and above the intrinsic IC and fluores-
~0.2). Such a process is, however, absent in other solvents ofcence processes. Considering the chemical structures of the dyes,
lower to medium polarities Af < ~0.2). For most of the  and following Jones et 812 and Rechthaler and Kxerg we
coumarin dyes, the ISC process does not contribute significantlyinfer that this new deexcitation channel arises because of the
in deexciting the fluorescent state, and the major nonradiative involvement of a nonfluorescent TICT state as an intermediate.
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Schematically, the TICT state for the present dyes can be
presented as in Chart 3, which is basically a zwitterionic B
structure and thus expected to stabilize more in higher polarity
solvents3-57 The feasibility of TICT state formation in 7-ami-
nocoumarins is expected to be determined by the electron-
donating power of the 7-amino group®*In our earlier study Higher Polarity Solvent
with C151, it has been observed that with a weakly donating
7-NH, group there is no TICT state formation even in a strongly
polar solven€® Since the 7N,N-dialkylamino groups are much
stronger donors, it is possible that the TICT states in C152 and ICT (ex)
C481 dyes undergo substantial stabilization in solvents having <f-- -
Af > ~0.2 and consequently introduce a new deexcitation
channel via the ICT—= TICT — ground-state conversion. C

Since the TICT state formation requires a rotation (b$)90 ICT (@0
of the 7N,N-dialkylamino group with respect to the 1,2- Solvent polarization axis
benzopyrone moiet}”*’ it is expected that such a process can rigyre 8. Conceptual potential energy (PE) diagrams showing the
effectively be stopped if the rotation at the 7-amino groups of possible changeover of the different excited state configurations among
the dyes can be restricted. Evidence for this has been found ineach other with a change in the solvent polarity. The relative
the present work by comparing the results of C152 and C481 stabilization of different electronic states and the relative steepness of
with those of the other two homologous dyes, namely, C522 their PE s_urf_aces \_Nlth respect to the solvent polarization axis are shown
and C153, the chemical structures of which are shown in Chart only qualitatively just to indicate the expected trend.

4. Because of the presence Nfcycloalkyl substituents, the  prevailed for the present dyeAE, was expected to decrease
TICT state formation is supposed to be not possible in C522 with Af, as the highly polar zwitterionic TICT state will be
and C153 dyes. In fact, with these two dyes it has been observedstabilizing more than the relatively less polar ICT state on
that both the®; andz; values correlate linearly witf for all increasing the solvent polarity. The increaseAR, with Af

the solvents studied, without showing any unusual reduction of thus clearly indicates that the ICF TICT conversion is not

the values even in very high polarity solvents. Further, irrespec- the rate-determining step in the present systems. To rationalize
tive of the solvent used, th@; andt; values are temperature-  present results, we thus propose that the Tt€§round-state
independent for C522 and C153 dyes. Thus, comparing theconversion is the actual activation-controlled nonradiative
results of C152 and C481 with those of C522 and C153 dyes, process in the present systems. Thus, the behavior of C152 and
it is indicated that the TICT states are in fact involved in the C481 dyes in solvents of different polarities can qualitatively
deexcitation mechanism for the former two dyes in higher be understood on the basis of the following PE diagrams shown
polarity solvents. It is also indicated from the present results in Figure 8. According to this figure, in the lower to the medium
that the TICT states of C152 and C481 dyes are nonfluorescentsolvent polarity regionAf < ~0.2), the TICT state is higher

in nature. Though the exact reason for this is not very clear to in energy than the ICT state and effectively there is no t€T

us, it is probably related to the large geometrical differences TICT conversion (cf. Figure 8A). In these solvents, the
between the TICT and the ground states, which cause thefluorescent ICT states of the dyes undergo deexcitation by their
probability for the TICT to ground-state radiative transition to intrinsic radiative k) and the nonradiative (mostly 1E)2

be extremely negligible. processes. On increasigff > ~0.2, the TICT structure gets

Itis interesting to see from Table 4 that th&, for both the more stabilized than the ICT state (cf. Figure 8B). In these
dyes gradually increases with an increaseAfi Such an solvents, thus, the ICT TICT conversion becomes feasible
observation is quite unusual as in most other TICT molecules and thus a new deexcitation channel sets on through the TICT
AE, is seen to decrease with solvent polaPity®° In the latter — ground-state nonradiative transition. The fact theE,
system$8-60the observed\E, is supposed to arise because of increases withAf indicates that the ICF~ TICT conversion
the ICT and TICT state potential energy (PE) crossing and the must be quite fast in comparison to the TIE¥ ground-state
rate of the deexcitation process is determined by the #€T  conversion. With an increase i&f further, not only the highly
TICT conversion rat&€®60 If a similar situation was also  polar TICT state undergoes more stabilization, but also the PE

ICT (gr)

Solvent polarization axis

P. E.
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surface for this state gradually becomes more steeper (with  (9) Jones, G., II; Feng, Z.; Bergmark, W. R.Phys. Cheml994 98,
respect to the solvent polarization axis) compared to those of45111(-) ] o 1l Jackson. W. R Konakt o8t C
the relatively less polar excited ICT and the ground states. ThelgéQ )3303nle53 » Il Jackson, W. R.; Konaktanapom®gt. Commun
effects of all these are twofold. First, with increased stabilization  (11) Jones, G., II; Jackson, W. R.; Halpern, A. @hem. Phys. Lett
of the TICT state, the energy gap between the TICT and the 1980 72, 391. _ _ _ _

ground states reduces causing an enhancement in the deexci; élh?sfgﬂiiﬂgéé'ggjez‘gfjon* W. R.; Choi, C. Y.; Bergmark, W. R.
tation channel. Second, with the increased steepness of the TICT ' (13) Sarkar, N.; Das, K.; Dutta, A.; Das, S.; Bhattacharyya] kehys.

PE surface, the TICT and the ground states will cross gradually Chem 1996 100, 15483.

at higher energies with an increasenh(cf. Figure 8B and C). Chglrﬁ)lggék%QNi;oggg' K.; Dutta, A; Das, S.; Bhattacharyya) #ehys.
Thus, it is expected that theE, for the nonradiative deexcitation (15) Pal, H.; Shirota H.; Tominaga, K.: Yoshihara, K.Chem. Phys

channel for the excited dyes will gradually increase with solvent 1999 110, 11454.
polarity, as is experimentally observed for the present systems.A 1%833 ?8;0%8';-: Pal, H.; Tominaga, K.; Yoshihara, K.Phys Chem
; (17) Nad, S.; Pal, HJ. Phys. Chem. R00Q 104, 673.
4. Conclusions _ ) _ (18) Nad, S.; Pal, HJ. Chem. Phys2002 116, 1658.
The photophysical properties of C152 and C481 dyes display  (19) Gardecki, J. A.; Maroncelli, MJ. Phys. Chem1999 103 1187.
unusual behavior both in nonpolar (NP) and in higher polarity _ (20) Horng, M. L.; Gardecki, J. A.; Papazyan, A.; Maroncelli, 3.

. . - . Phys. Chem1995 99, 17311.
(Af > ~0.2) solvents. In the intermediate solvent polarity region (21) Tominaga, K.; Walker, G. CI. Photochem. Photobiol., 2995

(Af < ~0.2; excluding the NP solvents), however, the photo- g7, 127.
physical properties of these dyes appear to be quite usual. Thus, (22) Maroncelli, M.J. Mol. Lig. 1993 57, 1.

; PEA (23) Chapman, C. F.; Maroncelli, M.. Phys. Chem1991 95, 9095.
in these solvents the Stokes shiftAv], the fluorescence (24) Kahlow, M. A.: Jarzeba, W.: Jong Kang. T.: Barbara, RL hem.

quantum yields®s), and the fluorescence lifetimes)(for both Phys 1989 90, 151.
C152 and C481 dyes follow apparently linear correlation with  (25) Maroncelli, M.; Fleming, G. RJ. Chem. Phys1987, 86, 6221.
the solvent polarity functiorf. In these solvents, it is indicated (26) Sergio Seixas de Melo, J.; Becker, R. S.; Macanita, Al. [Rhys.

L . , . . Chem.1994 98, 6054.
from the variations in the Stokes’ shift withAf that the (27) Rettig, W.: Klock, A.Can. J. Chem1985 63, 1649.

fluorescent states of these dyes have the polar ICT character. (28) Moog, R. S.; Davis, W. W.; Ostrowski, S. G.; Wilson, G @hem.

In NP solvents, though, thé; values are as high as those Phys. Lett1999 299 265.

observed in other lower polarity solvents, the andz; values (29) Raju, B. B.; Varadarajan, T. 3. Phys. Cheml994 98, 8903.
v i th its with th (30) Nad, S.; Pal, HJ. Phys. Chem. 2001 105, 1097.

are unexpectedly owgr. QomPar'”g the pre'sent results with those (31) Lange’s handbook of chemistd3th ed.; Dean, J. A., Ed.; Mcgraw-

of C151 reported earlie¥ it is inferred that in NP solvents the  Hill: New York, 1987.

dye-excited states exist in a nonpolar structure, where t&7- (32) Masuhara, H.; Hino, T.; Mataga, Bl Phys. Cheml975 79, 994.

: ; : : (33) Hirata, Y.; Kanda, Y.; Mataga, N. Phys. Cheml983 87, 1659.
dialkylamino groups of the dyes are not in resonance with the (34) Masuhara, H.; Mataga, Mcc. Chem. Red981 14, 312,

1,2-benzopyrone moiety (cf. Chart 2). In higher polarity solvents  (35) Rath, M. C.; Pal, H.; Mukherjee,T. Phys. ChemA 1999 103
(Af > ~0.2), thed; and 7; values of both the dyes reduce 4993.

drastically with an increase inf. Further, unlike those in the 305;3(13%9%"{’15?’1?'75'2‘ Pal, H.; Sapre, A. V.; Mittal, J. &. Am. Chem.
Iowe( to medium polarity solventsAf < ~0.2), in the higher (37) Nath, S.: Pal, H.; Sapre, A. \Chem. Phys. LetP00q 327, 143.
polarity solvents botlds andz; values are strongly temperature- (38) Lakowicz, J. RPrinciples of Fluorescence Spectroscppyenum

dependent. Considering the chemical structures of these dyegress: New York, 1983. o
and comparing the solvent polarity and temperature-dependentEa(S?t’gznRcl’\lh:vtvgg'\é'ltr‘]'i‘hfgsg* K. Krundamentals of Photochemistiyiley
results in different splvgnts, it is inferred that.in.higher pollari.ty (40) Lippert, E.Z. Naturforsch.1955 10a 541.

solvents a new activation-controlled nonradiative deexcitation (41) Mataga, N.; Kaifu, Y.; Koizumi, MBull. Chem. Soc. Jpri956
channel is introduced for the fluorescent states of these 29 465.

L AN . (42) Birks, J. B.Photophysics of Aromatic molecujeg/iley-Inter-
molecules. It is inferred that the new deexcitation channel arises g jence: New York, 1970.

because of the involvement of the nonfluorescent TICT states. (43) Becker, R. STheory and Interpretation of fluorescence and
For the present systems, it is interestingly seen that the activationphosphorescencaViley-Interscience: New York, 1969.

barrier (AE) for the new deexcitation channel gradually Coé‘r‘]ﬁ%goﬁggg‘;:icgre\ég_ T\Ih;'\jﬁoﬁ('Tl"g&CO”e'ated single photon

increases with an increaseAd. This is an unusual observation, (45) Demas, J. NExcited-state lifetime measurementcademic
as in most of the TICT molecules th€E, is normally seen to Press: New York, 1983. _ _
decrease with an increase in the solvent pol&fit§® The (46) Pal, H.; Palit, D. K.; Mukherjee, T.; Mittal, J. B. Photochem.

: .~ _.__Photobiol, A 1990 52, 391.
observed results in the present systems have been rationalized (47) Mohanty, J.; Pal, H.; Sapre, A. W. Chem. Phy=2002 116, 8006.

on the basis of the consideration that the deexcitation of the (48) Raju, B. B.; Costa, M. BPhys. ChemChem. Phys1999 1, 3539.
TICT state to the ground state by a nonradiative process is the (49) Andre, J. C.; Niclause, M.; Ware, W. Bhem. Phys1978§ 28, 371.
actual activation-controlled rate-determining step for the present , (50) Krolicki, R Jarzeba, W.; Mostafavi, M.; Lampre JI.Phys. Chem

2002 106, 1708.
systems. To the best of our knowledge, such an unusual solven (51)2 Eda,ardS, J. TJ. Chem. Educl97q 47, 261.

polarity dependence in theE, values involving TICT molecules (52) Atkins, P. W Physical ChemistryOxford University Press: Oxford,
has not so far been reported in the literature. 1994. - _
(53) Druzhinin, S. I.; Bursulaya, B. D.; Uzhinov, B. M. Photochem.
Photobiol, A 1995 90, 53.
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