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Abstract

The effect of the solvent on the excited state photophysics of two ketocyanine dyes was examined by studying the lifetime (1) of the S,
state in the picosecond domain. The overall luminescence decay constant (1/7) shows a linear correlation with the polarity parameter E;(30)
in neat solvents. The radiative decay constant is practically independent of solvation, whereas the radiationless deactivation constant is sensitive
to solvation; this has been attributed to hydrogen bond interaction of the solute carbonyl oxygen with the solvent. Preferential solvation by
the protic component occurs in protic—aprotic binary mixed solvents. The influence of the solute—solvent interaction parameters and solvent
non-ideality in determining the preferential solvation characteristics has been examined.
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1. Introduction

Ketocyanine dyes are suitable systems for studying the
micropolarity of amedium [ 1,2]. These compounds are char-
acterized by strong solvatochromic fluorescence and a large
Stokes shift. The fluorescence is due to the S, < S, transition
involving a large change in the dipole moment. In recent
studies [3-5], we have studied in detail the steady state
fluorescence parameters in a variety of neat and mixed binary
solvents. It was found that the emission characteristics are
modified strongly by hydrogen bonding interaction in the
excited state of the solute. In this paper, we investigate the
excited state photophysics of ketocyanine dyes in various
media. The excited state lifetimes of ketocyanine dyes in the
picosecond domain in various neat and mixed binary solvents
were investigated. The following neat solvents were used:
water, ethanol (alcohol), acetonitrile (nitrile), dichlorome-
thane (chlorohydrocarbon), dioxan (cyclic ether) and ben-
zene (aromatic hydrocarbon). The mixed binary solvents
used were water—dioxan, ethanol-acetonitrile, acetonitrile—
benzene and ethanol-benzene.

2, Experimental details

The ketocyanine dyes I and IX (Fig. 1) were synthesized
as described in the literature [ 1]. Indoline, N-methylaniline,
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Fig. 1. Ketocyanine dyes I and II.

1,1,3,3-tetramethoxypropane and cyclopentanone were pur-
chased from Sigma Chemicals (USA) and were used as
received. The purity of the prepared compounds was checked
by IR, absorption and fluorescence spectral data and by thin
layer chromatography. All the solvents were purified and
dried by standard procedures [6,7], and distilled over cal-
cium hydride immediately before use to ensure the absence
of peroxides and oxidizing agents. Water was triply distilled.
The mixed solvents and corresponding solutions were pre-
pared by carefully mixing the components so as to minimize
contamination by moisture. Freshly prepared solutions were
used for each measurement and the concentration of the dyes
varied in the range 10~°~10¢ mol dm .

Details of the quantum yield measurements, corrected for
the refractive index, have been described previously [5].
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For the lifetime measurements, a coherent, synchronously
pumped, cavity-dumped dye laser (702-1) pumped by a
coherent, continuous wave, mode-locked Nd:YAG laser
(Antares 76 S) was used. The fundamental (1024 nm, 24 W,
mode-locked) laser light was frequency doubled using an
SHG crystal giving a 1.5-2 W mode-locked output in the
green (532 nm). The pulse repetition rate was 76 MHz and
the pulse width was 70 ps. The emission was detected using
a Hamamatsu MCP photomultiplier tube (2809U). The
response time of the set-up was 50-60 ps [8]. The fluores-
cence decays were deconvoluted using global lifetime anal-
ysis software [9].

3. Results

The excited state decay profiles of dye I in ethanol and
benzene are shown in Fig. 2. The full line is the calculated fit
assuming an exponential decay convoluted with the instru-
ment response function. The difference between the decay
curves of dye I in benzene and ethanol clearly indicates that
the excited state dynamics are affected by the polarity of the
solvent. The excited state lifetimes (1) of dye I in pure sol-
vents are listed in Table 1. Some experiments were performed
with the structurally similar dye II. These results are also
included in Table 1. The fluorescence quantum yields ( Pg)
of the dyes in the solvents, and other relevant parameters
representing the solvent polarity, are also given in Table 1.

The polarity parameters include the solvatochromic polarity
scale Er(30) [11] and the parameters 7™*, representing the
general, non-specific mode of the solute—solvent interaction,
and «, representing the hydrogen bond donating ability of the
solvent [ 10]. Generally, an increase in lifetime in the S, state
in the picosecond domain is observed with increasing polarity
of the solvent (in the E;(30) scale [11]). A plot of the
luminescence decay constant k (1/7) against E;(30) shows
a linear relationship (Fig. 3(a)). This figure clearly shows
that the solvation effect for dye I which determines the decay
of the excited state is not solely due to general dielectric
factors, but is a coupled effect arising from both specific
(hydrogen bonding) and non-specific interactions, as is the
case for Reichardt’s betaine [ 11], the indicator solute for the
E1(30) scale. To study the effect of the viscosity of the
medium on the dynamics of the decay of the S, state of the
dye, the T values of both the dye molecules were determined
in an ethanol-glycerol (1 : 1) mixture; the 7 value is practi-
cally the same as that in neat ethanol. Similarly, the 7 values
in neat benzene and benzene—triacetin (1 : 1) are practically
the same. The insensitivity of the measured 7 values towards
achange in viscosity of the medium clearly indicates that the
decay of the excited state does not involve any change in the
conformation of the dye molecules, e.g. twisting of the C-N
bond.

The sensitivity of the luminescence decay constant to the
solvent polarity prompted us to undertake lifetime experi-
ments in mixed binary solvents. The results for dye I are
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Fig. 2. Fluorescence decay curves for dye I in benzene (a) and ethanol (b) (1 channel =28 ps).
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Table 1

Photophysical parameters in neat solvents. Values in parentheses are for dye Il

Solvent Ex(30) (kcal mol™") o ar*e P 7(ps) k (x107%) ky (X107%)
1 Benzene 345 0.00 0.59 0.29 766 3.86 0.45
2 Dioxan 36.0 0.00 0.55 032 820 3.90 829
3 Dichloromethane 41.1 0.13 0.82 0.40 980 4.08 6.12
4 Acetonitrile 46.0 0.19 0.75 0.45 1020 440 5.38
5 Ethanol 51.9 0.83 0.54 0.66 1680 3.89 2.00
(0.48) (1515) (3.17) (3.43)
6 Methanol 55.5 0.93 0.60 0.69 1750 393 1.76
(0.50) (1562) (3.20) (3.20)

“a and 7r* are polarity parameters representing hydrogen bond donation ability and the general solvating ability due to the dielectric effect respectively [10].

0 | (a)

Er (30)/ kcal mol™—

Fig. 3. Plot of 1/7 (a) and k. (b) vs. E1{30) for dye I. The numbers of the
solvents are given in Table 1.

given in Table 2. A plot of the luminescence decay constant
k for dye I as a function of x,, the mole fraction of the more
polar component, is shown in Fig. 4. Although the k values
are not very sensitive to the solvent composition for aprotic—
aprotic mixed binary solvents, for protic—aprotic mixtures, k
changes dramatically in the aprotic range up to amole fraction
of approximately 0.1 of the protic component. Beyond this
region, the k values are not very sensitive to a change in the
solvent composition. Because of the insolubility of the dye
in water, we could not obtain data points beyond x,,,,... = 0.6
in dioxan—water mixtures.

4. Discussion

Steady state spectroscopic results [3-5] indicate that the
observed fluorescence of the ketocyanine dye involves an
So« S, state transition which has intramolecular charge
transfer (ICT) character, the S, state being more polar than

the S, state. The dipole moments in the S, and S, states are
4,02 D and 7.6 D for dye I and 3.7 D and 5.2 D for dye II
respectively. In the S, state, the carbonyl oxygen forms a
tighter hydrogen bond with protic solvents and this influences
the observed fluorescence parameters, e.g. the band maxi-
mum and the quantum yield. To investigate the effect of
solvation on the dynamics of the excited state, the radiative
(k) and non-radiative (k,.) rate constants were calculated
using the following two expressions

ko=@ T (1)
k=77 =k 2)

In the above equations, @ is the fluorescence quantum yield
and 7 is the experimentally observed fluorescence lifetime.
Table 1 shows the observed radiative and non-radiative rate
constants for both dyes in pure solvents. It appears that the
radiative decay constants are practically insensitive to a
change in solvation. The difference between the radiative rate
constants for the two dyes in a particular solvent (e.g. an
alcohol) may be interpreted in terms of the Strickler-Berg
(SB) relation [12]

k(SB)=2.88X 10" n*(v ) 'fedIn ¥ (3)

where (v ~3) ! refers to the average over the emission spec-
trum and the integral extends over the absorption band to the
transition of interest. In order to obtain an approximate meas-
ure of the relative radiative rates from this relationship, the
absorption bands are assumed to be gaussian and the value
of (¥ %)~ 'is assumed to be proportional to the cube of the
energy of the fluorescence maximum v,. Within these approx-
imations, the radiative rate constant should be proportional
t0 €maxPi, Where €., is the value of € at the absorption
maximum. The €., values for dye I and dye II in ethanol
are 6 X 10° and 4.5 X 10° respectively. Combining these val-
ues with those of #; for the two dyes in ethanol (16 077 cm ™!
and 16978 cm ™! for dye I and dye II respectively), the
radiative rate constant ratio is calculated to be

k.(SB) (dye I)/k.(SB) (dye II) = 1.13 4)

This value compares favourably with the experimental ratio
of 1.2 for ethanol. Unlike the radiative rate constant, the non-
radiative rate constant (k,) for the dye exhibits extreme
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Lifetime and decay constant for dye I in various mixed binary solvents at 298 K (top). Photophysical parameters for dye I in ethanol-aetonitrile mixed solvent

at 298 K (bottom)

X T(ps) (/7 x10°8 x 7 (ps) (1/7)x 1078
Ethanol-benzene Ethanol-acetonitrile
0.00 766 13.0 0.00 1020 9.8
0.01 968 10.3 0.01 1150 8.7
0.04 1110 9.0 0.04 1280 7.8
0.10 1300 7.7 0.10 1400 7.1
0.20 1410 7.1 0.20 1490 6.7
0.35 1480 6.7 0.32 1536 6.5
0.50 1540 6.5 0.40 1575 6.3
0.70 1615 6.2 0.60 1615 6.2
1.00 1680 59 1.00 1680 59
Water—dioxan Acetonitrile~benzene
0.00 820 122 0.00 766 13.0
0.04 1100 9.1 0.08 826 12.1
0.14 1300 7.7 0.20 877 11.4
0.25 1390 12 0.40 910 10.9
0.40 1450 6.9 0.60 948 10.5
0.60 1515 6.6 0.80 1020 9.8
0.70 1590 6.3 1.00 1020 9.8
X T(ps) (1/1)yx 1078 & kx1078 ko, X 1078 X
0.00 1020 9.8 0.45 44 5.1 0.00
0.01 1150 8.7 0.48 42 45 0.18
0.04 1280 7.8 0.52 4.0 3.7 0.44
0.10 1400 7.1 0.58 4.1 3.0 0.69
0.20 1490 6.7 0.62 4.2 25 0.83
0.32 1536 6.5 0.64 4.1 23 0.90
040 1575 63 0.65 4.1 22 0.94
0.60 1615 6.2 0.66 4.1 2.1 0.98
1.00 1680 5.9 0.66 39 2.0 1.00
*Calculated using Eq. (6).
13
u I
| 3
s
’ =
o
X
X
i 0 —
™9 02 04 ©O6 08 10
o« —
Fig. 5. Plots of In k. vs. & (O) and #* (@). The numbers of the solvents
are given in Table 1.
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Fig. 4. Plot of 1/7 for dye I in mixed binary solvents vs. the mole fraction
of the more polar cosolvent (x,): @, benzene—acetonitrile; square, dioxan—
water; triangle, acetonitrile~ethanol; ©, benzene~ethanol.

of the solvent increases. A plot of k, against E{(30)
(Fig. 3(b)) shows a linear relationship with practically the
same slope as that observed for a plot of k against Ey(30).
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To investigate the role of non-specific and specific solute—
solvent interactions on the decay constant k., we plotted In &,
vs. the parameters 7* and « [ 10], representing non-specific
and specific hydrogen bonding solute—solvent interactions
respectively (Fig. 5). While In & is linearly correlated with
a, there is no such correlation with 7*. Thus we conclude
that specific hydrogen bonding interactions occurring
between the dye in the S, state and protic solvent molecules
lead to a decrease in the non-radiative relaxation rates from
S, to So. The importance of hydrogen bonding interactions
in influencing the steady state fluorescence parameters of
these dyes has previously been demonstrated [3-5]. The
influence of hydrogen bonding interactions in determining
the excited state dynamics of other solutes has also been
observed by other workers [13].

The non-linearity of plots of k vs. x; in mixed binary sol-
vents may be explained in terms of the preferential solvation
of the solute by one of the component solvents [14,15]. In
the present case, the curvature of the plot indicates that the
solute is preferentially solvated by the more polar component.
This effect is more pronounced when the more polar com-
ponent is the protic component. Thus, for the acetonitrile—
benzene system, the extent of preferential solvation of the
solute is small compared with the protic-aprotic binary
mixtures studied. Furthermore, we have partitioned the net
luminescence decay constant in ethanol-acetonitrile into
radiative and non-radiative rate constants using the quantum
yield data in this mixture. The results are given in Table 2. It
has been found that it is the non-radiative rate constant which
varies with the solvent composition. The general observation
of adramatic change in k (or k) values when asmall quantity
of protic component is added to the aprotic solvent indicates
that the protic solvent molecules, when added to a solution
of the dye in aprotic solvent, replace preferentially the aprotic
solvent molecules in the solvation shell of the dye. When the
replacement is complete, there is only a small change in the
k (or k) values due to general solvation effects. Under the
assumption that the observed property is a weighted average
of the properties in pure solvents with respect to the local
composition [ 16], the observed k,, value may be written as

(knr)12=xllu(knr)l+(1_x%)(knr)2 (5)

where the subscripts 1, 2 and 12 represent pure ethanol, pure
acetonitrile and their binary mixture respectively and x| rep-
resents the local mole fraction of ethanol. xt may thus be
obtained from Eq. (5) as

xll_‘= [(km')12—(knr)Z]/[(knr)]—-(knr)2] (6)

Table 2 shows the calculated x values of ethanol—aceton-
itrile. Fig. 6 shows the calculated x} values as a function of
the bulk values of x, for the same mixture. It appears from
this figure that the x} value is always greater than the bulk
value (i.e. preferential solvation by ethanol) and the differ-
ence is more prominent at the acetonitrile end. The x}- values
are related to the parameter Kpg, representing the index of
preferential solvation [17,18], as
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Fig. 6. Plot of x} vs. x, in ethanol-acetonitrile binary mixture using dye L.
Circles represent experimental points and the full line represents the theo-

retical curve obtained from Egs. (9) and (10) using K=24.0, n=6 and
h=—-0.08.

Kps= () (1=x) /[ (1 =x1)x,] (7

The parameter Kpg is associated with the following solvent
exchange equilibrium

Solv. 1+ Solv. 2(bound) = Solv. 2+ Solv. 1 (bound)
(8)

According to the existing models of preferential solvation,
the parameter Kpg is given by the following equation [ 18]

x‘fxz_

KPS:__L K”nf(Y) (9
X1X2
" (n=1)! o i(n—i)h
i;(n—i)!(i—l)!(K”Y) le"p(— RT )
f(y)=
" (n—1)! o (__i(n—i)h)
Lin—pii—Di e e =Ty

Thus Kpg depends on three factors: (1) K, which is deter-
mined by the difference between the solute—solvent interac-
tion energies for the two solvents; (2) the solvent
non-ideality #; (3) the coordination number [ 19]. x- may be
calculated from the Kpg values using the relation

leleKPs/[l+(KPs"1)x1] (10)

The experimental data (x] vs. x, curve) in the present case
are well represented by K=24.0, h=—0.08 and n=6 as
shown in Fig. 6. The high value of X indicates that the inter-
action energy of the dye with ethanol is very large, and the
negative value of £ indicates that the solvent components
repel each other [18,20]. Similar values of the above para-
meters have been obtained for dye I in the same binary mix-
ture using steady state fluorescence parameters [S]. Thus a
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study of different properties of the solute provides the same
information regarding the local environment around the
solute.

5. Conclusions

The non-radiative decay constant for the ketocyanine dyes
depends mainly on the hydrogen bonding interaction of the
dye in the excited state with the solvent, but the radiative
decay constant is practically insensitive to solvation. Prefer-
ential solvation of the solute by the protic component has
been found to occur in protic—aprotic binary mixtures. Indices
for solute-solvent interaction calculated from lifetime studies
are similar to those obtained from steady state fluorescence
parameters.
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