THE JOURNAL OF

PHYSICAL
CHEMISTRY

© Copyright 2001 by the American Chemical Society VOLUME 105, NUMBER 7, FEBRUARY 22, 2001

ARTICLES

Unusual Photophysical Properties of Coumarin-151

Sanjukta Nad and Haridas Pal*

Radiation Chemistry and Chemical DynamicwiBion, Bhabha Atomic Research Centre,
Trombay, Mumbai 400 085, India

Receied: August 31, 2000

The photophysical properties of 7-amino-4-trifluoromethyl-1,2-benzopyrone (coumarin-151; C151) in nonpolar
(NP) solvents are drastically different than those in other solvents of moderate to higher polarities. Thus, the
absorption and fluorescence maxima are largely blue-shifted and the Stokes’ shifts unusually low in NP
solvents compared to those in the other solvents. The fluorescence quantum @iglals NP solvents are

also exceptionally lower. While in all other solvents the fluorescence decays of C151 are single-exponential,
in NP solvents the decays show non-single-exponential behavior. The average fluorescence lifgtimes (

NP solvents are also substantially shorter. Ldwandz; values in NP solvents indicate very fast nonradiative
deactivation for the Sstate of C151. Investigating the triplet characteristics of C151 by using picosecond
laser flash photolysis and pulse radiolysis techniques, it has been established that the fast nonradiative
deactivation in NP solvents is not due to an enhancement in the intersystem crossing rate. It is inferred from
the present results that in NP solvents the 7:ijtéup of C151 exists as a free substituent without participating

in resonance with the benzopyrone moiety and the flip-flop motion of the §Hup introduces the fast
deactivation channel for the State of the dye. In other solvents of moderate to higher polarities, there is an
intramolecular charge transfer (ICT) from the 7-Nétoup to the benzopyrone moiety, resulting in a planar
structure for the Sstate in which the flip-flop motion of the 7-NHyroup is restricted. Involvement of the

ICT structure in moderate to higher polarity solvents causes very digénd t; values and large Stokes’

shifts for the dye compared to those in NP solvents.

1. Introduction coumarin dyes is usually very low or negligii€.For the
majority of the coumarin dyes, there is a substantial difference
between the ground-state and excited-state dipole morhehts.

benzopyrone derivatives with amino or substituted amino groups This sta_te-((jjependent varla?oln n tEe dlpolg mom.ents makes the
at the 7-position (the 7-aminocoumarins) are of special impor- coumarin dyes very useful probes in investigating many
tance in this regard. Fluorescence quantum yiedd 6f the physiochemical processes in condensed phasen 7-ami-

coumarin dyes are usually very high, often close to uhify. ~ hocoumarins, very large Stokes’ shifts are observed between
Though in some of the coumarins the internal conversion (IC) the absorption and the fluorescence maxfméThese Stokes’

contributes to some extent in deactivating the skate, the shifts are again very sensitive to the solvent polarities and
contribution of the intersystem crossing (ISC) process in environment$:16 Due to these interesting properties, a number
of 7-aminocoumarins have found their applications in studying
* Corresponding Author. E-mail: hpal@apsara.barc.ernet.in. the solvatochromic behaviors and polarities of different environ-

1,2-Benzopyrone and its derivatives (coumarin dyes) are the
well-known laser dyes for the blue-green regioh.The 1,2-
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ments and also in measuring the solvent relaxation timgs (
using dynamic Stokes’ shift methd#16

Recently, Rechthaler and Kter'” have reported the photo- - ——
physical properties of a number of 7-aminocoumarins in several ’ 600
organic solvents. It has been observed that the coumarin dyes Wavelength / nm

W'th_ 7-NH, gr_oup beha\_/e differently than the oth(-?‘r_ coumarins Figure 1. Normalized absorption (Abs.) and fluorescence (Fl.) spectra
having substituted amino groups at the 7-positibithus, of C151 in some of the representative solvents of varying polarities.
coumarin-151 (C151; 7-amino-4-trifluoromethyl-1,2-benzopy- The solvents are HX (hexane), DOX (1,4-dioxane), EA (ethyl acetate),
rone; structure |, Chart 1) and coumarin-120 (C120; 7-amino- and ACN (acetonitrile).
4-methyl-1,2-benzopyrone; structure Il, Chart 1) show very low
fluorescence quantum yield®() in nonpolar solvents such as Fluorescence lifetime measurements were taken using a time-
hexane (HX) and heptane (HP) in comparison to other polar correlated-single-photon-counting spectronét€i(model 199,
and moderately polar solveritéSuch a strong reduction in the ~ Edinburgh Instrument, U.K.), the details of which are described
®; values for C151 and C120 in HX and HP is an unusual €elsewheré®2 The fluorescence decays were analyzed by a
phenomena and urges a detailed investigation to understand th&econvolution procedur®;’using a proper instrument response
mechanism behind such strong quenching. In the present work,function obtained by replacing the sample with a light scatterer.
the photophysical properties of C151 have been investigated inThe single-exponential or biexponential nature of the fluores-
detail in a large number of organic solvents and solvent mixtures cence decays were judged from the redugéualues and the
using ground-state absorption and steady-state (SS) and timedistribution of the weighted residuals among the data chan-
resolved (TR) fluorescence measurements. Temperature-denels?6:2
pendent fluorescence measurements have also been carried out Picosecond laser flash photolysis experiments were carried
to substantiate the observed results in different solvents. Out using a pumpprobe transient spectrometer, the details of
Picosecond laser flash photolysis and pulse radiolysis experi-which are described elsewhéfe®! The third harmonic output
ments have also been carried out to obtain the triplet-state (355 nm, 7 mJ, 35 ps) of an activetpassively mode-locked
characteristics of C151 and thus to understand if the ISC procesdNd:YAG laser (Continuum, USA, model 501-C-10) was used
plays any role in deactivating the; State of the dye. The  for sample excitation. A white light continuum-440—-900 nm),
chemical structures of C151 and C120 are shown in Chart 1. produced by focusing a part of the 1064 nm Nd:YAG laser light
onto a 10 cm path-length quartz cell containing a 50:50 (v/v)
2. Materials and Methods H,0O—D,0 mixture, was used as the monitoring light source.
Pulse radiolysis experiments were carried out using 50 ns
electron pulses frm a 7 MeV linear electron accelerator
(LINAC, from Ray Technology, England) for sample irradiation
and detecting the transients by kinetic spectrometric method.
The radiation doses used in these experiments were abeut 14
17 Gy, as estimated using air-saturated KSCN dosiméfery.

Jun “qe / juy npg

0.2

Experiments were carried out with laser-grade C151 samples
obtained from Lambda Physik and Exciton. Similar results were
obtained with both the samples. All the solvents used were of
spectroscopic grade from Spectrochem India. Dielectric con-
stants €) and refractive indicesnj of the pure solvents were
taken from literaturé® and those of the mixed solventsyé
and nys) were estimated from the volume fractiorf} ¢f the 3. Results

cosolvents using egs 1 and 2, respectiteRt _ o
3.1. Absorption and Fluorescence Spectral Characteristics.

s = Taea + focq (1) Absorption and fluorescence spectra of C151 were recorded in
s different solvents and solvent mixtures. It is observed that both
Ny 32 = fAnA2 + anBZ 2) absorption and fluorescence spectra are strongly dependent on

the solvent polarities. Figure 1 shows the absorption and

where the subscripts A and B represent the respective cosolventsf.Iuorescence spectra of C151 in some of the representative

. _ s :
The solvent polarities obtained from tlgs and nys values Solvents having very low (e.g., HX, = 1.89)° to very high

i A = 18 ;
thus estimated using egs 1 and 2 are reported to correlate nicel)}oolar'ltles (E.g.,faﬁetortlltnle, ,ACM’ q :;]7'5)' Table 1 lists the
to a number of physicochemical properties of many probe Wave engths of the absorption and fluorescence maxiji (

molecules in different solvents and solvent mixtut&g3 and 23*, respectively) of C151 in different solvents and
Absorption spectra were recorded using a Shimadzu model Solvent mixtures. Table 1 also lists the solvent polarity function
i 36
UV-160A spectrophotometer. Fluorescence spectra were re-Af, defined a&
corded with corrections for the wavelength-dependent instrument

responses using a Hitachi model F-4010 spectrofluorimeter. The A== 1 n"—1 3)

®; values were measured in a comparative metfdelusing 2¢+1 o2-1

@; of C151 in HX as the referenc@f = 0.19} and applying

corrections for the refractive indices of the solvetts>For alll Figure 2 plots the wavenumbers for the absorption and

the fluorescence measurements, the optical density (OD) of thefluorescence maxima&{n,sandvy, respectively) of C151 against
solutions were kept quite low~0.2) at the excitation wave- the Af values of the solvents. It is seen from this figure that in
length. all the solvents excluding the nonpolar (NP) ones such as HX,
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TABLE 1: Photophysical Characteristics of C151 in
Different Solvents and Solvent Mixtures

solvents Af Aapainm Aed nm Avlcm?
HX 0 347 401 3855
2MP 0 347 399 3756
3MP 0 347 400 3860
CHX 0 348 401 3798
MCHX 0 348 401 3798
DL 0.002 349 404 3934
M7oD30 0.008 360 438 4947
DOX 0.021 364 442 4886
MosEs 0.025 359 439 5076
MaooE10 0.046 361 440 4974
MgoE2o 0.081 362 441 4949
MeoE4o 0.128 364 447 5101
MaoEso 0.160 366 451 5149
EA 0.201 368 456 5244
OcOH 0.226 383 480 5276
HxOH 0.243 384 481 5252
BuOH 0.263 383 484 5449
DMSO 0.264 386 487 5386
DMF 0.276 378 480 5482
ISP 0.277 384 481 5252
ACT 0.284 371 466 5495
EtOH 0.290 383 485 5525
ACN 0.305 367 461 5556
MeOH 0.309 378 487 5921

a Abbreviations for the solvents are HX (hexane), 2MP (2-methyl
pentane), 3MP (3-methyl pentane), CHX (cyclohexane), MCHX (methyl
cyclohexane), DL (decalin), DOX (1,4-dioxane), EA (ethyl acetate),
OcOH (octanol), HXOH (hexanol), BuOH (butanol), DMSO (dimethyl
sulfoxide), DMF (dimethyl formamide), ISP (2-propanol), ACT (ace-
tone), EtOH (ethanol), ACN (acetonitrile), MeOH (methanol),Dko
(70% 3MP and 30% DOX, v/v), MEs (95% 3MP and 5% EA, v/v),
MgoE1o (90% 3MP and 10% EA, v/v), MEz (80% 3MP and 20%
EA, VIV), MeoE4o (60% 3MP and 40% EA, v/v), and MEso(40% 3MP
and 60% EA, v/v).
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Figure 2. Plot of absorption (Abs.) and fluorescence (Fl.) maxima of
C151 (apsand vy, respectively) against solvent polarity functiakf,
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Figure 3. Plot of Stokes’ shifts A7) for C151 against the solvent
polarity function,Af. The abbreviations for the solvents are as given
in the footnote of Table 1.

lower compared to those in other aprotic solvents of similar
polarities. It is seen, however, that thg,s and vy values in
these solvents follow linear correlations wit, which are more

or less parallel to the correlations observed for the other aprotic
solvents. We attribute this lowering imy,s and vy values in
alcohols, DMSO, and DMF to the intermolecular hydrogen
bonding interaction between C151 and the solvent molecules,
which causes an extra stabilization for bothaBid S states of

the dye.

Since no specific solutesolvent interaction is expected in
NP solvents, the appearance of thgsandv; at much higher
energies in these solvents is a very interesting observation. To
substantiate these results, we also tried to correlate the Stokes’
shifts (i.e.,Av = vaps — 75y) With the Af values of the solvents.

It is generally assumed that the longer-wavelength absorption
and the fluorescence bands of a molecule are due to the
transitions between the same two ground and excited electronic
stateg4253334Thus, the Stokes’ shifts for a molecule in different
solvents are expected to correlated with the solvent polari-
ties24.25.33.34_ippert and Mataga derived the following linear
relationship (eq 4) correlating? with the Af values of the
solvents?>-36

(4)

where Au = ue — ug is the difference between the excited-
state and ground-state dipole momeptsandugy respectively,

h is Planck’s constant is the velocity of light, and is the
Onsager radius for the interaction sphere of the dipole in a
solvent. Table 1 lists thAv values for C151 in different solvents
and solvent mixtures. Figure 3 shows the plotAdf against
the Af values of the solvents. It is seen from this figure that

The abbreviations for the solvents are as given in the footnote of though for almost all the solvents and solvent mixturesAfie

Table 1.

cyclohexane (CHX), methyl cyclohexane (MCHX), 2-methyl
pentane (2MP), 3-methyl pentane (3MP) and Decalin (DL), both
Vapsandvy follow linear relationships witi\f. In NP solvents,
however, bothv,,s and 7y values are substantially deviated
toward higher energies from the above linearities, indicating

versusAf plot is linear within experimental error, thev values
for the NP solvents are unusually small and largely deviated
from the above linear correlation.

One more interesting point to be noted from Figure 3 is in
relation to the alcoholic solvents, DMSO, and DMF. We have
seen earlier (cf. Figure 2) that thg,sand vy values in these
solvents are somewhat lower than those in other aprotic solvents

that the dye behave differently in the NP solvents than in other of similar polarities. In Figure 3 however, it is seen that e

solvents.
Itis seen from Figure 2 that for protic solvents, e.g., alcohols,

values in alcohols, DMSO, and DMF fall under the same linear

correlation, along with the values observed in other aprotic

and for solvents such as dimethyl sulfoxide (DMSO) and solvents of moderate to higher polarities. These results thus

dimethyl formamide (DMF), thea,sandyy values are somewhat

indicate that the &and S states of C151 are of the same nature
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TABLE 2: Photophysical Characteristics of C151 in 0.8 — T T T
Different Solvents and Solvent Mixtures MagD3g

solvents  Af @y iing kil0’s™  kn/107 st O MagEso 0O

EA

HX 0 0.19 0.68(74),1.35(26) 22.24 94.82 0.6 - 9sEs MooEio O Q. A -
2MP 0 0.17 0.64(75),1.43(25) 20.18 9852 600 moHQ) « 18 AN
3MP 0 0.18 0.65(74),1.39 (26) 21.36 89.86 o0

CHX 0 0.28 0.93(60), 1.60 (40)  23.37 61.72 e oGy T S EoH
MCHX 0 0.29 0.8(40),1.50 (60)  23.77 58.20 0.4L oUE

DL 0.002 0.32 1.34(35),2.2(65)  16.85 35.81 : : y
MzDs 0.008 0.65 1.30(7),4.50 (93) 15.20 8.19 I 82;" MeOH
DOX  0.021 0.71 4.65 15.27 6.23 S oix

MgsEs 0.025 0.66 4.03 15.88 8.93 02l x i
MgoE1p 0.046 0.66 4.04 16.34 8.42 : IMP

MaEzo 0.081 0.66 4.31 15.31 7.89 L amp . . '

MeoEso 0.128 0.62 4.50 13.78 8.44

MgoEso 0.160 0.63 4.61 13.67 8.03 0.0 0.1 Af 0.2 0.3

EA 0.201 0.62 4.67 13.27 8.14 . . . .

OcOH 0226 063 5.40 10.66 7.85 Figure 4. Variations in the fluorescence quantum yields)(of C151
HxOH 0.243 054 5.29 10.20 8.70 with the solvent polarity functionif. The abbreviations for the solvents
BuOH 0.263 0.48 5.24 9.16 9.92 are as given in the foot note of Table 1.

DMSO 0.264 0.48 5.00 9.60 10.4

DMF 0.276 0.49 5.22 9.40 9.76

ISP 0.277 0.52 5.28 9.84 9.10 In NP solvents, since no specific solttgolvent interaction
ACT 0.284 059 4.97 11.87 8.25 is expected, the large reduction in e values seems to be an
,EEZONH 8'32,35(5) 8-54$ gfg 1?-%8 g-gg unusual observation. In section 3.1, it was inferred from the
MeOH 0309 037 531 6.97 11.86 solvent polarity effect on spectral shifts that thgaBid S states

a Abbreviations for the solvents are as given in the footnote of Table
1.°For NP solvents and MDso, the short-lifetime £;) and the long-
lifetime (r2) components (cf. section 3.3) are presented with their
respective percentage contributioms &nday) in parentheses.

in all these solvents, including alcohols, DMSO, and DMF.

of the dye in NP solvents are of different characteristics than

in other solvents. If this is so, it is possible to habevalues

in NP solvents quite different than those in other solvents.
3.3. Fluorescence Decay$:luorescence decays of C151 in

different solvents were measured at room-temperature, keeping

the wavelength of measurementigf™ of the dye in respective

Present results also indicate that the extent of stabilization duesolvents. It is seen that, excluding the NP solvents, the

to intermolecular hydrogen bonding is more or less similar for
both § and S states of the dye.

From the slope of thév versusAf plot for the moderate to
higher polarity solvents, the. value of C151 was estimated to
be about 7.3 D. In this estimation, thg andr values were
assumed to 4.49 D and 3.46 A, respectiv@IA u. value of
7.3 D indicates that the;Sstate of the dye is quite polar in
moderate to higher polarity solvents. We attribute this to the

fluorescence decays of C151 in all other solvents are single-
exponential. The fluorescence lifetimes) (thus estimated in
different solvents are listed in Table 2. It is seen that in all these
solvents, ther; values are more or less in the similar range,
about 4.5-5.2 ns, and show only a minor increase witlf
Following Einstein’s treatment for the electronic transitiéh¥’

the decay rate constant for spontaneous fluoresekges(
proportional to the cube oby. Sincevy shifts to the lower

intramolecular charge transfer (ICT) state, produced by a good €nergies withAf (cf. section 3.1 and Table 1), it is expected

extent of charge transfer (CT) from the 7-plBubstituent to
the C=0 group of the benzopyrone moiety. Considering:he
value of 4.49 D, the &state of the dye is also expected to have
the ICT character.

As Figure 3 indicates, in NP solvents the Stokes’ shifts are

that 7; should increase to some extent with solvent polarities.
The fluorescence decays of C151 in NP solvents are seen to
be very fast and unusually non-single-exponential. We analyzed
these decays assuming a biexponential function. The two
lifetimes (r; andz,) and the respective percentage contributions

unusually small. It is thus expected that unlike in other solvents, (a1 andap) thus estimated in different NP solvents are listed in
the dye might not have the same ICT character in NP solvents. Table 2. It is seen from this table that the percentage contribu-
We propose that in NP solvents the 7-Ngroup of C151 tions of the two lifetime components are different for different
remains as a free substituent without participating in any NP solvents. In solvents such as HX, 2MP, and 3MP, the

resonance with the benzopyrone moiety. Thus, bagthrfsl §

states of the dye in NP solvents will have nonpolar character,

and hence, thespsandvy are expected to appear at much higher

percentage contributionsy) of the short component{) are
as high as about 75%. Also in these solveniss as short as
~0.65 ns. In solvents such as CHX, MCHX, and DL, not only

energies, and the Stokes’ shifts are expected to be very small.doesa; decrease, but there is also an increase in bpéndz;

3.2. Fluorescence Quantum YieldsFluorescence quantum
yields (@y) of C151 in different solvents and solvent mixtures

values. In a very low polarity solvent mixture, namely, 70%
3MP and 30% dioxane by volume (Dsp), it is interestingly

were estimated at room temperature and are listed in Table 2.seen that the fluorescence decay fits better to a biexponential

Figure 4 shows the plot ofo; versus theAf values of the
solvents. It is seen that th&; values in NP solvents are
drastically lower in comparison to those in other solvents.
Excluding the NP solvents, th®; values in all other solvents
are quite high and are not much dependenidnin alcohols,
DMSO, and DMF, however, th@; values are seen to be slightly
lower in comparison to those in other solvents of similar
polarities. We attribute this reduction in thi values to the
intermolecular hydrogen bonding effect (cf. section 3.1).

function than to a single-exponential function. In this case,
however a; is very small, only about 5%. Furthear in M7oD30

is very long and close to the values observed in other solvents
of moderate to higher polarities. Thus, it appears that the solvent
M~7oD30 behaves as a bridge between the NP solvents and the
other solvents and solvent mixtures of moderate to higher
polarities.

The radiative ) and nonradiativel,) decay rate constants
for the § state of C151 in different solvents were estimated
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using the measure®; andt; values and are listed in Table 2. B
For the NP solvents and D30, the average fluorescence 2

T

lifetimes [#:0as defined by eq 5, were used to estimatekhe 0.3
andk, values

In {(1/ @) 1}

o

3.0 32 3.4
wn/10° K"

1 - 0.2 1
3= (ayry + aty) x 100 %) ]

Figure 5 shows the plot d¢§ andk;, values against the solvent 0.1+
polarity functionAf. It is seen from Table 2 and Figure 5 that
theks andkq, values in moderate to higher polarity solvents are
not much dependent on the solvent polarities, except a nominal 0.0"- ! - : : ! ;
reduction in thek values as thaf is increased. For NP solvents, 280 290 300 310 320 330 340
however, it is seen that boka andk,, values are always higher T/°K
than those in other solvents. Tkg values in NP solvents are
in fact exceptionally higher compared to those in other solvents. 4.0
Thus, in solvents such as HX, 2MP, and 3MP, Kjevalues C HXO
are about 10 times higher than the averkgealues observed = 3.0
in moderate to higher polarity solvents. It is thus evident that « )
there is a fast nonradiative deactivation channel operative for == O
the S state of C151 in NP solvents. - 190 2MP, 3MP+

For solvents such as alcohols, DMSO, and DMF, it is seen \E MCHX
from Table 2 that thdg values are slightly lower and they i
values are slightly higher compared to those in other aprotic 1.0 DL
solvents of similar polarities. It is inferred from these results r CHX
that the intermolecular hydrogen bonding between C151 and 0.0 L L .
the solvent molecules of alcohols, DMSO, and DMF not only 0.0 1.0 2.0 3.0
enhances the nonradiative deexcitation rate but also reduces the -1
absolute fluorescence rate to some extent. (1/ T]) / cP

3.4. Temperature Effect on the Fluorescence Quantum  Figure 6. (A) Temperature effect on the steady-state fluorescence
Yields. The temperature effect on the SS fluorescence propertiesspectra of C151 in hexane. Fluorescence intensity reduces drastically
of C151 was investigated in all the NP solvents and in some of on increasing the temperature of the solution. Inset: Temperature effect
the selective solvents of moderate to higher polarities. In the O" the steady-state fluorescence spectra of C151 in acetonitrile. There
NP solvents, it is seen that the SS fluorescence intensity is IS hardly any change in the fluorescence intensity with temperature.

! . (B) Variations in the fluorescence quantum yield®¢( of C151
strongly temperature-dependent. The typical temperature effectiy hexane solution with the absolute temperature (T). Inset: Plot of
on the SS fluorescence spectra of C151 in HX is shown in Figure In {(1/®;) — 1} vs 1/T in the same solvent. As expected from eq 6, the
6A. Similar results were also obtained in other NP solvents. plot is linear within experimental error. (C) Plot kf, (cf. eq 6) vs the
Figure 6B shows the plot ofs in HX versus the absolute inverse of the solvent viscositieg)(for C151 in NP solvents. The
temperatureT) of the solution. Following the definition ob; solvent abbreviations are as given in the foot note of Table 1.
and assuming that thé; is mostly temperature-indepen-
dent242533.34ye find that the temperature effect on thevalues
in NP solvents should arise throu@h. For excited molecules,  of moderate to higher polarities (cf. Table 2), we assume that
the observed, may have contributions from both activation- in these solvents thl, is mostly activation-controlled. Thus,
controlled and activationless nonradiative processes. In NPthe temperature dependence @ in NP solvents can be
solvents, since thé values are strongly temperature-dependent expressed in the following form (eq 6) of Arrhenius-type
and theky values are much higher than those in other solvents expression:

1
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1 K., 1\ o —AE TABLE 3: Arhenious Parameters Obtained for C151 in
Y 1+ E =1+ (E) K, ex W) (6) Different NP Solvents
f
solvents 7 (20°C)/cP AE/kcal mof K10 st

wherek’, is the preexponential factor arkE is the activation 3MP 0.307 7.4 2.4
energy. According to eq 6, a plot of{l(l/®;) — 1} versus 1T 2MP 0.310 7.3 2.3
should yield a straight line. A typical plot for C151 in HX is r/l)éHx 8'%2 ;; ig
shoyvn in the inset of Figure 6B. I_t i; seen that the plotis linear — ~jx 0.98 6.8 0.8
within the experimental error. Similar linear plots were also DL 2.75 6.8 0.3

obtained for the other NP solvents. TAE& values for different R - Lo
NP solvents were estimated from the slopes of these plots andTab,IﬁébiJrewatlons for the solvents are as given in the footnote of
are listed in Table 3. It is seen that for all the NP solvents, the '
AE values are more or less in the similar range. Khevalues
for different NP solvents were estimated from the intercept of 5 T00F
the In{(1/®5) — 1} versus 1T plots and using the averade A
values for the respective solvents (cf. Table 2). kﬂ}a/alues
thus estimated for different NP solvents are listed in Table 3. It
is seen that th&, values are quite solvent-dependent, having a
maximum value for HX and a minimum value for DL. Table 3
also lists the viscosities;] of the NP solvents at 20C.18 A
comparison of théC, values with they values of the solvents
indicates that the two are inversely related to each other. Figure 2f
6C shows the plot o, versus 1 for the NP solvents -
investigated. It is seen that even with large fluctuations, 1+ 22
especially for HX, 2MP, and 3MP, the plot seems to be linear.
Such an observation indicates that the collision between the L . L . : M—
solute and solvent molecules causes the former to cross over 3.0 3.3 3.6 3.9 4.2
the activation barrier during the nonradiative deactivation of 3 0w -1
the § state. 1/T)/10° 'K
Contrary to the NP solvents, in other solvents of moderate
to higher polarities, the SS fluorescence intensities are seen to ' B '
be more or less temperature-independent. Typical SS fluores- |
cence results thus obtained for C151 in ACN solution are shown =~ 2.0¢ '@e_o_O_O—O—O_
in the inset of Figure 6A. Similar results were also obtained - :
for the other moderate to higher polarity solvents investigated.
These results thus indicate that there is no activation-controlled
deexcitation channel for the, State of C151 in these solvents.
3.5. Temperature Effect on the Fluorescence Decay§he
fluorescence decays of C151 in NP solvents are seen to be
strongly temperature-dependent. Thus, as the temperature is I L . \
increased, the fluorescence decay gradually becomes faster. 2.8 3.2 3.6 4.0 4.4
Following biexponential analysis, it is seen that as the temper- 3o
ature is increased, both short-lifetimeg)(and long-lifetime ¢,) (1/T)/10" 'K
components gradually become shorter. The temperature effectrigure 7. (A) Plot of the inverse of short() and long ¢2) fluorescence
onty, however, is seen to be much more dominant than that on lifetime components of C151 In hex_ane against the inverse_ of absolute
72. Further, it is seen that as the temperature is increased, théergﬁgratgeaqgé'”rsg e\g‘iczf";n: Ianir:gfIaﬁrgr?:tsagni;(s)glt{/‘gﬁt“(ErE]S for
percentage contributiom; for the short-lifetime component Igllot o?thé inve?se OF; the fl){Jorgscence lifetime) (of C151 in
gradually increases. For solvents such as HX, 2MP, and 3MP, acetonitrile against Ti 7 is seen to be temperature-independent in
it is in fact seen that at very high temperatuee6Q °C), a; this solvent.
approaches almost 100%, making the fluorescence decays close
to single-exponential. Similarly, at very low temperatuge—
50 °C), the percentage contributicsy for the long-lifetime solution at different temperatures are shown in Figure 7B. In
component is almost 100%, and thus, the fluorescence decaysection 3.4, we have seen that e values in moderate to
are again effectively single-exponential. For other NP solvents, higher polarity solvents are also temperature-independent. It is
the highest and lowest temperatures attained were not sufficientthus clearly indicate that in moderate to higher polarity solvents,
enough to get eithea; or a, close to 100%. However, the there is no activation-controlled deexcitation channel for the
observed trend indicates that at sufficiently high and low $Sistate of C151. The fact that in NP solvents the nonradiative
temperatures, the fluorescence decays of C151 would have beefrocess is strongly activation-controlled where as in other
effectively single-exponential even in CHX, MCHX, and DL.  solvents there is no activation-controlled deexcitation channel

80+ a,
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Figure 7A shows the effect of temperaturemrandz, in HX. indicates that the $Sstate of the dye in the two sets of solvents
The inset of Figure 7A shows the variationsafanda, with must be structurally different.
temperature in the same solvent. 3.6. Triplet-State Characteristics of C151With the unusual

Excluding the NP solvents, in all other solvents the fluores- observations made in thg-State characteristics of C151 in NP
cence decays are seen to be always single-exponential andolvents, it is of utmost importance to investigate the triplet-
temperature-independent. Typical results obtained in ACN state characteristics of the dye to understand if the nonradiative
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deactivation process is related to the triplet-state formation. This
is especially important in relation to the report of Rechthaler
and Kaler” where they suggest from their AM1/CI calcula-
tions that in coumarins such as C151 and C120, thst&e is
very close in energy to a triplet statepfTand thus a fast ISC
process is likely to cause a drastic reduction in dhevalues
of these dyes. To verify this, we investigated the triplet-state
characteristics of C151 using both picosecond laser flash
photolysis (LFP) and pulse radiolysis (PR) techniques. To the
best of our knowledge, the triplet-state characteristics of C151
are not reported in the literature.

3.6.1. Picosecond Laser Flash Photolysis Studtésosecond
LFP of C151 was carried out in solvents of different polarities.

In none of the solvents could we observe any detectable transient

absorptions in the available spectral rangéd40-900 nm) and
time delays (6-6000 ps) of our spectrometer. At short time
delays, however, some negative absorptions are seen in the 450
550 nm region, which are quite strong and relatively long-lived

in solvents other than the NP ones. We attribute these negative
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Figure 8. Observed transient absorption spectra for the triplet state of
C151 in benzene solutions, as obtained in the pulse radiolysis
experiments. The spectra correspond to the solutions in benzene

absorptions to the stimulated emissions, as the SS quorescenc%Omaining (1) 0.05 mol dn of benzophenone and:2 102 mol dm3

spectra of C151 appear in this spectral region.

From the LFP results, it is evident that the Sate of C151
does not have any detectable absorption band in the-240
nm region. With the experimental conditions used in the present
studies, the transients having molar extinction coefficients
greater than about 500 dnmol~! cm™! should have been
detected. Regarding the; Tstate, however, the absence of
transient absorptions in the LFP experiments indicates two
possibilities. The first possibility could be that the Jtate of
C151 does not have any detectable absorption band in the 440
900 nm region. The second possibility could be that the ISC
rate for the 3 state of C151 is so low that there is hardly any
triplet formation. It is usually seen that the ISC process of an
excited molecule is temperature-dependéft:3334The fact that
the @ and 7; values of C151 in moderate to higher polarity

of C151 and (2) 0.005 mol dm of C151 only. Inset: True absorption
spectrum of the triplet state of C151 in BZ, as obtained by correcting
the spectrum 1 in Figure 8 using eq 12.

where BZ**, 1BZ*, and 3BZ* represent the higher excited;,S
and T; states of BZ, respectively. THBZ* thus formed can
sensitize the T state of the solute (S) present in the solution
via the triplet-triplet energy transfer (TTET) mechaniém

3BZ* + ST BZ + %5+ (11)
However, since the lifetime ofBZ* is very short ¢t ~ 3.4
nsy* and the maximum solubility of C151 in BZ is also quite

low (~0.005 mol dnt3), even with the saturated solution of

solvents are temperature-independent indicates that there couldhe dye, the production of its;Tstate {C151*%) was not that
be hardly any ISC process in these solvents and the observedPpreciable. In the present work, we thus used a high concentra-

kar could be mainly due to the IC. For a large number of
coumarin dyes, it is in fact reported that the nonradiative
deactivation channel for their, States are solely due to the IC
process:?:39-41

In NP solvents, sinc®; andz; values are strongly temper-
ature-dependent, it is difficult to conclude whether IC or ISC
is responsible for largk,;. Following Rechthaler and Kuer !’
if large k,r values in NP solvents were due to the ISC process,
the quantum yield for the triplet-state formatich+) would be
expected to be quite high. Thus, from LFP results one should
infer from Rechthaler and Kder!’ that the T state of C151
does not have any detectable absorption band in the-240
nm region. To verify this, we carried out the pulse radiolysis
experiments of C151 in a suitable solvent to obtain the authentic
absorption spectrum for the; Btate of C151.

3.6.2. Pulse Radiolysis Studi€®R experiments were carried
out in benzene (BZ) solutions using 50 ns, 7 MeV electron
pulses for sample irradiation. On the PR of liquid BZ, the triplet
state of BZ is formed in a good yield (G value4.2)*? via the
following sequence of reactiods:

Irradiation

BZ "™ BZ* (BZT+e) 7
(BZ+ + e_) lon Recombination BZ** (8)
BZ** = 1gz* (9)

1gz* <5 g z» (10)

tion of benzophenone (BP) to convéBZ* efficiently to 3BP*
in the first step. ThéBP* thus formed was then used in situ to
convert C151 tc®C151*. Since therr of 3BP* is quite long
(~3.5us)® it was possible to convefBP* to 3C151* almost
guantitatively, even on using a dye concentration as low as about
2 x 1073 mol dn73.

The triplet-triplet absorption spectra foPC151* were
obtained following the PR of 0.05 mol drfiof BP and 2x
1073 mol dm 3 of C151 in BZ solution. The typical transient
absorption spectrum thus obtained at abouti80after the
electron pulse, a time delay in which the formatiorPGfL51*
is completed, is shown as spectrum 1 in Figure 8. It is seen
from this figure thafC151* has a very strong absorption band
in the 456-750 nm region, with an absorption peak at about
530 nm. To confirm this further, we also recorded the transient
absorption spectra in a saturated solution of C151 in BZ in
absence of BP. Though the ODs were smaller, the spectra thus
obtained (cf. spectrum 2 in Figure 8) seem to be very similar
to those obtained in the presence of BP. The absorption spectra
of 3C151* were also verified using other triplet sensitizers such
as naphthalene and pyrene. THg151* was seen to decay
following first-order kinetics with the decay rate constankef
~8x 100 s™L

The molar extinction coefficients+) for 3C151* absorptions
were estimated in the following way. PR experiment was first
carried out with only 0.1 mol dn# of BP in BZ. The maximum
OD for 3BP* thus formed was noted at 525 nilf; er =
6000 dn¥ mol~t cm™1).%5 The second set of experiments were
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of C151. It was seen that the maximum OD at 530 nm for H g
070 N oo \N/ o
i H 7
Thus, theer for 3C151* at 530 nm was estimated to &g530) “F3 CF3

3C151* gets saturated with a C151 concentration of abowt 2 o
= 1.25 x 10* dm® mol~1 cm™L. (1 () )

carried out with 0.1 mol d? of BP and varying concentrations CHART 2
10-3 mol dm 3. Above this concentration of C151, it was
assumed that all th#8P* is quantitatively converted fC151*.

The true absorption spectrum &€151* was obtained by ) ) ) )
correcting transient absorption spectrum 1 in Figure 8 following Much faster for the coumarin dyes having 7-substituted amino

eq 12 groups than observed for C151. It is seen, however, that on
substituting just one of the 7-NHgroup hydrogens of C151 by
AOD(}) an alkyl group, e.g., coumarin-500 (C500\#ethylamino-4-
er(1) = €(A) + =~ mom X €7(530) (12) trifluoromethyl-1,2-benzopyrone), the unusual behavior in NP
AOD(530) solvents completely disappe&Phese results thus indicate that

) o the TICT mechanism is not responsible for the unusual
where er(4) and e4(1) are the respective molar extinction photophysical behavior of C151 in NP solvents.
coefficients forPC151* and the C151 ground state at wavelength From the solvent polarity effect on the Stokes' shifts in
/4 and AOD(%) and AOD(530) are the transient ODs btangl moderate to higher polarity solvents, it is clearly indicated that
530 nm, respectively. The true absorption spectrumi@drs1 the S state of C151 is of ICT characterd~ 7.3 D). From the
thus obtained is shown in the inset of Figure 8. It is indicated g ctural point of view, the ICT state is expected to have a
from this figure that®C151* has a strong absorption band in 1 2nar configuration with thi—® bond acquiring a substantial

the 456-750 nm region. _ _ double-bond character, as shown by structure Il in Chart 2. In
The tr|plet-stgj4e6energ)E¢) of C151 was also estimated using s configuration, since the amino group is quite rigidly bound
TTET method>° It was seen that where the triplet s'flaaeess Of {5 the benzopyrone moiety, there is hardly any flexibility for
BP (Er = 69 kcal mof™), b|pr11e:éyl Er = 65 kcal mof™), this group. Thus, in the ICT structure, it is expected that the
naphthalenely = 61 kcal mof”),* and pyrenekr = 49 kcal nonradiative deactivation process will be quite slow, resulting
mol~1)* can efficiently sensitize the triplet state of C151, the ;. high ®; andz; values for the dye.
latter cannot be sensitized by using the triplet states of ., \p solvents, since no specific solutsolvent interaction
antrlrlaagne Hr = 42 kcal mor™)® and QO*(ET = 36 keal is expected, the unusual blue shift in hgsandvy values (cf.
mol .).' I was seer, however, thdC151* can efficiently Figure 2) and the exceptionally lowaw values (cf. Figure 3)
sensitize the triplet states of anthracene apgl Erom these jgicate ‘that the Sstate of C151 must exist in a nonpolar
results, it is mferre? that thEr value of C151 is in the range  gy,cture in these solvents. It is thus logical to think that in NP
of 42-49 keal mof™. solvents the 7-Nkl group of C151 might remain as a free
substituent without participating in resonance with the ben-
zopyrone moiety. Thus, two equivalent nonplanar structures,
From the® andz; measurements, it is indicated that the S IV and V in Chart 2, can be assigned to thestte of C151 in
state of C151 undergoes very fast nonradiative deactivation inNP solvents. In these structures, since the;Niitrogen is
NP solvents. Though Rechthaler andHa!’ suggested the  bonded to the benzopyrone moiety by a single bond, the group
involvement of the ISC process for the fast nonradiative is very flexible. It is thus expected that the excited dye molecules
deactivation of the Sstate of C151 in NP solvents, the present can dissipate their excess energy very fast to the solvent bath
picosecond laser flash photolysis and pulse radiolysis resultsin a nonradiative way through the flip-flop motion of the hNH

4. Discussion

completely disagree with such a mechanism. group®#-57 The fact that the fluorescence decays of C151 in
Excluding the ISC process, the other possible mechanismsNP solvents are non-single-exponential indicates that structures
for the fast nonradiative deactivation channel for thestate IV and V must interconvert to each other via a large number of

of C151 could be visualized with respect to the flexibility of intermediate configurations. At very high temperature, the flip-
the 7-NH group. In this regard, the commonly discussed flop motion of the NH group is so fast that all the configurations
mechanism is the involvement of the highly polar twisted exist in equilibrium, making the effective fluorescence decay
intramolecular charge transfer (TICT) stafe®? Such a mech- single-exponential. At very low temperature, the nonradiative
anism, however, is very unlikely in NP solvents, where the TICT deactivation rate becomes so slow that the fluorescence decays
structure will hardly have any solvent stabilization. Further, if are mostly dominated b, making the decay effectively single-
a TICT mechanism were operative, it would be expected that exponential.
the ®¢ andt; values in polar solvents would have been much Involvement of the planar structure Ill or the nonplanar
more reduced than those in NP solvents. The experimentalstructures IV and V are also expected in the ground state of the
results are just opposite to these expectations and thus excludelye, depending on the solvent polarities. It is expected that in
the possibility of the TICT mechanism. NP solvents, structures IV and V will have energies lower than
The TICT mechanism in the present systems is also excludedthose of the planar structure Il even in the ground state. Thus,
from the following considerations. For 7-aminocoumarins, the in NP solvents, since both ground and excited states of C151
possibility of the TICT state formation is largely determined are nonpolar with no resonance between the; lgkbup and
by the electron-donating power of the 7-amino group. Since the benzopyrone moiety, thgpsandvy appear at much higher
the NH, group is a much weaker electron donor than the N-alkyl energies compared to those in other solvents of moderate to
amino andN,N-dialkyl amino groups, it is expected that the higher polarities. For the same reason, tkie values in NP
coumarin dyes with 7-substituted amino groups should have asolvents are expected to be much smaller compared to those in
better possibility for the TICT state formation than in the case other solvents. Since both the ground and excited states of C151
of C151. Thus, considering the TICT mechanism, the nonra- are of ICT character in moderate to higher polarity solvents,
diative deactivation process for the Sate was expected to be thevpsandvy undergo substantial red shift with solvent polarity.
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: : . T : This has been found to be so from the temperature-dependent
"ICT (ex) ICT (ex) 2 fluorescence studies.

LOF 11 5. Conclusions
o O Y N gl SE S8 The photophysical properties of coumarin-151 (C151) is seen
to be very unusual in nonpolar (NP) solvents compared to those
051 1cT@n:, S ICT (gr) ] in other solvents of moderate to higher polarities. The unusually
: ’ low fluorescence quantum yield®{) and fluorescence lifetimes

P.E. / arb. unit

. e (zr) in NP solvents indicate the presence of a fast nonradiative
0.0 NPS (gr) s W NPS (gr) deactivation channel for the State of the dye in these solvents.

: : : : ' Involvement of the ISC process for these fast nonradiative
S22 A 0 ! 2 3 deactivations in NP solvents, as suggested by Rechthaler and
Angle between NH, and @ planes / arb. unit Kohler” have been disproved in the present study from the
picosecond laser flash photolysis and pulse radiolysis results.
Comparing the absorption and fluorescence maxima and Stokes’
shifts in different solvents, it has been inferred that in moderate

to higher polarity solvents, the dye exists in a planar ICT
: ; configuration, whereas in NP solvents the dye exists in
- "NPS (ex) .’ nonplanar configurations with its 7-NHroup not participating
-'ic*r (@) in resonance _vvith _the benzopyrone_ moiety. _Since in the
nonplanar configurations the NHroup is very flexible, it can
undergo flip-flop motions and thereby couple to the solvent
: ) modes to efficiently deactivate the excited state in NP solvents.
| NPS (gr) e NPS (gr) | In other solvents, due to the ICT structure, the flexibility of the
: L TTEt s 7-NH; group is strongly restricted, and thus, theandz; values
-3 -2 -1 0 1 2 3 are very high and also independent of temperature. Since the
Angle between NH, and @ planes / arb. unit nature of the states involved in the electronic transitions are
Figure 9. Conceptual potential energy (PE) diagrams for the ground differentin NP and other solvents, theys 71, andAv values
(So) and excited (§ states of C151 in (A) nonpolar and (B) polar in the former solvents do not correlate with those in the other
solvents. NPS(gr) and NPS(ex) represent the nonplanar structures, andgolvents. It has been understood that the unusual behavior of
ICT(gr) and ICT(ex) represent the planar intramolecular charge-transfer C151 in NP solvents arises simply due to the presence of the
structures in the ground and excited states, respectively. Arrows with 7-NH, group, which is only weakly electron donating in nature.
hv indicate the electronic transitions involved in the two cases of If just one of the 7-NH hydrogens of C151 is substituted by

nonpolar and polar solvents. In case of the nonpolar solvent, there is a . .
crossing between the PE surfaces for the NPS(ex) and the ICT(gr) states@n @lkyl group, e.g., C500 (R-ethylamino-4-trifluoromethyl-

Thus, the NPS(ex) state can undergo an activation-controlled fast- 1,2-benzopyrone), the electron-donating power of the amino
deexcitation process through this crossing point, as indicated by curvedgroup increases quite reasonably, causing the ICT structure to
arrows. become the lowest-energy configuration even in the NP
solvents>® Thus, no unusual behavior is seen for C500 in its
. . . . . photophysical properti€s. A drastic changeover from the
::cl:J_Ir_ther, S|ncmﬁ£_of rrcljucrlll h_|gher magn_lt#Qe th% n thle nonpolar to polar ICT configuration for the dye C151 on just
s_tructure,t v gradually Increases with increasing so ve_nt marginal increase in the solvent polarities from the so-called
polarity. Present results clearly indicate that the photophysical \p gnes is a very novel observation. To the best of our
behavior of the dye C151 in NP solvents is drastically different oy ledge, such a drastic and unusual behavior has not been
than those in moderate to higher polarity solvents. observed for any other class of organic molecules.
The behavior of C151 in NP and other solvents can
qualitatively be understood considering the potential energy (PE) References and Notes
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