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Slow solvation dynamics of 4-AP and DCM in binary mixtures
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Abstract

In a binary mixture of benzene and dimethylformamide (DMF), solvation dynamics of 4-aminophthalimide (4-AP) and 4-
(dicyanomethylene)-2-methyl-6-(p-dimethylaminostyryl)-4H-pyran (DCM) displays a slow component. As mole fraction of DMF increases
from 0.028 to 0.28 the average solvation time (〈τs〉) for 4-AP decreases from 830 to 450 ps while for DCM it decreases from 450 to 100 ps.
In dioxane–water mixtures〈τs〉 for DCM is 250 ps which remains unaffected as mole fraction of water increases from 0.22 to 0.50.
© 2004 Elsevier B.V. All rights reserved.
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. Introduction

Structure and dynamics of binary mixtures have been
subject of many recent studies[1,2,14]. Structure of

inary liquids has been studied using mass spectrometry of
inary clusters[3], NMR cryoporometry in sol–gel glass

4], quasi-elastic neutron scattering[5]. Dynamics in binary
iquids has been studied using dielectric relaxation[6]
nd more recently, using femtosecond[7–9], picosecond

10–13,15] and nanosecond[16] time resolved emission
pectroscopy. At a very low temperature (90 K) solvation
ynamics in a porous glass filled with binary liquid mixture
ccurs in millisecond to several seconds time scale[17].
here have been many theoretical studies[1,2,18] and
imulations[19–23]on solvation dynamics in binary liquids.
handra and Bagchi showed that the non-ideality (i.e.
referential solvation) depends on both the molecular size
nd dipole moment of the solvent molecules constituting the
inary mixture and that the non-ideality is observed even in

he absence of any specific solute–solvent interaction (e.g.
ydrogen bonding)[1,2]. Subsequent simulations revealed

hat the solvent response in binary liquids consists of an

In pure water and many other polar solvents suc
methanol, acetonitrile, dimethylformamide (DMF), solvat
dynamics occurs in a time scale of <1 ps[7,24–31]. How-
ever, in many binary mixtures solvation dynamics exh
a component of 100–1000 ps time scale. In binary mixt
of hexane and an alcohol Chicos et al.[11] detected a ver
slow component of solvation dynamics which varies fr
200 to 6000 ps depending on the composition and le
of the alkyl chain of the alcohol. They attributed the s
component to translational diffusion of the polar solv
molecules into the first solvation shell of the solute[11]. This
is supported by computer simulations[20]. Similarly, slow
components of solvation dynamics have been reporte
hexane–propionitrile mixture[13] and water–dioxane mix
tures[13,15]. Gardecki and Maroncelli reported that in a
nary mixture of two polar aprotic solvents (acetonitrile
propylene carbonate) the ultrafast part of solvation dyn
ics (<100 ps) is described by a biexponential decay an
amplitudes of the decay components are linearly relat
the mole fraction of the individual components[8]. Levinger
and co-workers studied the ultrafast (<35 ps) compone
solvation dynamics in a non-associated mixture consisti
ltrafast inertial response and a relatively slow translational
iffusion of the polar solvent molecules[19–23].

∗ 805.

a quadrupolar solvent (benzene) and a polar aprotic solvent
(acetonitrile)[9].

Picosecond studies in binary aprotic liquids are still few
except that by Molotsky and Huppert on hexane–propionitrile
m a
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ixture [13]. In the present work, we have studied
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mixture of benzene and a polar aprotic solvent dimethyl-
formamide (DMF). This mixture has not been studied
by solvation dynamics before. As a probe, we used
4-aminophthalimide (4-AP) and 4-(dicyanomethylene)-2-
methyl-6-(p-dimethylaminostyryl)-4H-pyran (DCM).

2. Experimental

4-Aminophthalimide (4-AP) was purchased from Ko-
dak and was purified by repeated recrystallization from
methanol–water mixture. Laser grade DCM (Exciton) was
used without further purification. Benzene (SRL grade,
>99.9% purity) was dried by refluxing over sodium and ben-
zophenone. DMF (Spectrochem) was distilled under reduced
pressure. The steady-state absorption and emission spectra
were recorded in a Shimadzu UV-2401 spectrophotometer
and a Perkin-Elmer 44B spectrofluorimeter, respectively.

For lifetime measurements, the samples were excited at
405 nm for DCM and 375 nm for 4-AP using a picosecond
diode laser (IBH Nanoled-07) in an IBH Fluorocube appara-
tus. The emission was collected at a magic angle polarization
using a Hamamatsu MCP photomultiplier (5000U-09).
The time correlated single photon counting (TCSPC) setup
consists of an Ortec 9327 CFD and a Tennelec TC 863
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Fig. 1. Emission spectra of 4-AP in neat benzene (–·–), neat DMF (—),
benzene–DMF mixture at mole fraction of DMF = 0.028 (- - -) and 0.28 (···)
atλex = 375 nm.

3.2. Time resolved fluorescence stokes shift

3.2.1. 4-AP in benzene–DMF mixture
In dry benzene, fluorescence of 4-AP exhibits a biexpo-

nential decay with two components of 4.5± 0.1 ns (20%) and
14.0± 0.2 ns (80%). In this case, the fluorescence decays do
not exhibit any wavelength dependence. This indicates that
solvation dynamics of 4-AP in benzene is too fast to be de-
tected in a picosecond setup. This is consistent with a recent
report on very fast solvation in neat benzene[9].

In a mixture of benzene and DMF, the fluorescence de-
cays of 4-AP display marked emission wavelength depen-
dence in picosecond time scale. AtXDMF = 0.028, the decay
at the blue end (410 nm) may be fitted to a triple exponential
with components of 250± 50 ps (70%), 1.8± 0.1 ns (10%)
and 13.4± 0.2 ns (20%). On the other hand, at the red end
(555 nm) a decay of 13.4 ns component is preceded by two
rise times of 250± 50 ps and 2.1± 0.1 ns (Fig. 2). The ampli-
tude of the 1.8 ns component increases from 10% at 410 nm
to 25% at 440 nm and then decreases. But at 450 and 460 nm,
the 250 ps component exhibits a rise while the 1.8 ns com-
ponent exhibits a decay. Thus the two components of 250 ps
and 1.8 ns cannot be ascribed to a photochemical interme-

F DMF
m (iii)
5

AC. The data is collected with a PCA3 card (Oxfo
s a multi-channel analyzer. The typical FWHM of
ystem response using a liquid scatterer is about 80 ps
uorescence decays were deconvoluted using IBH D
oftware.

. Results

.1. Steady-state results

The absorption maximum of 4-AP in neat benzene
eat DMF are at 349 and 369 nm, respectively. In a m

ure containing benzene and DMF as mole fraction of D
XDMF) increases from 0.028 to 0.28 the absorption m
um of 4-AP exhibits a red shift from 355 to 365 nm.
In pure benzene, 4-AP exhibits intense emission,

mission maximum at 427 nm (Fig. 1). In neat DMF, the
mission maximum of 4-AP is at 470 nm (Fig. 1) [14]. On
ddition of DMF to benzene, the emission maximum of 4
hifts from 457 nm atXDMF = 0.028 to 460 nm atXDMF = 0.28
Fig. 1).

The absorption maximum of DCM is at 460 nm in dry b
ene and at 472 nm in DMF. In a binary mixture of benz
nd DMF, the absorption maximum of DCM is at 462 nm
DMF = 0.028 which shifts to 469 nm atXDMF = 0.28.

The emission maximum of DCM in benzene and DMF
t 540 and 620 nm respectively. In a mixture of benzene
MF, the emission maximum of DCM is observed to b
60 nm atXDMF = 0.028 and at 600 nm atXDMF = 0.28.
ig. 2. Initial portion of the fluorescence decays of 4-AP in benzene–
ixture at mole fraction of DMF = 0.028 at (i) 410 nm, (ii) 430 nm and
55 nm.
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Fig. 3. Time resolved emission spectra of 4-AP in benzene–DMF mixture
at mole fraction of DMF = 0.028 at 0 ps (�), 200 ps (©), 400 ps (�) and
10,000 ps (�).

diate and the observed time dependent spectral shift is due
exclusively to solvation dynamics.

From the parameters of the best fit to the emission de-
cays and using the steady-state emission spectra, time re-
solved emission spectra (TRES,Fig. 3) of 4-AP have been
constructed following the procedure described by Maroncelli
and Fleming[30]. The solvation dynamics is described by the
decay of the response function,C(t), which is defined as

C(t) = ν(t) − ν(∞)

ν(0) − ν(∞)
(1)

whereν(0), ν(t) andν(∞) are the peak frequencies at time
0, t and ∞, respectively. The decay ofC(t) of 4-AP in a
mixture of benzene and DMF atXDMF = 0.028 is shown in
Fig. 4. The solvent correlation function,C(t) is fitted to a bi-
exponential decay. The decay parameters ofC(t) are given
in Table 1. At XDMF = 0.028, decay ofC(t) (hence, solva-
tion dynamics) displays two components of 200 ps (70%)

F e
a e
a ntial
d

Table 1
Decay parameters ofC(t) of 4-AP and DCM in benzene–DMF mixture at
various mole fractions of DMF

Probe XDMF �ν

(cm−1)a
a1 τ1

(ps)b
a2 τ2

(ps)b
〈τs〉
(ps)b,c

4-AP 0.028 950 0.70 200 0.30 2300 830
0.28 350 0.83 240 0.17 1400 450

DCM 0.028 350 0.47 120 0.53 760 450
0.28 500 0.53 60 0.47 160 100

a ±100 cm−1.
b ±50 ps.
c 〈τs〉 =a1τ1 +a2τ2, where〈τs〉 is 1.54 ps in pure DMF[7] and∼1 ps in

neat benzene[9].

and 2300 ps (30%) (Table 1). In this case, the average solva-
tion time is 830± 50 ps. This is substantially slower than the
solvation dynamics of DMF in bulk which is complete within
∼1 ps[9,24]. The total Stokes shift for 4-AP in this mixture
(XDMF = 0.028) is 950± 100 cm−1.

At XDMF = 0.28, theC(t) of 4-AP is described by two com-
ponents of 240 ps (83%) and 1400 ps (17%) with an average
solvation time of 450± 50 ps (Table 1andFig. 4). The total
Stokes shift is 350± 100 cm−1 (Table 1).

3.2.2. DCM in benzene–DMF mixture
In dry benzene, fluorescence decay of DCM is found

to be single exponential with a time constant (τf ) of
200± 50 ps whereas in neat DMF the life time (τf ) of DCM
is 2100± 100 ps, i.e. 10 times longer.

The fluorescence decays of DCM in a mixture of ben-
zene and DMF depend markedly on the emission wavelength.
For example, in the binary mixture consisting of DMF mole
fraction,XDMF = 0.028, the observed decay at the blue end
(515 nm) may be fitted to a biexponential with components
of 150± 50 ps (45%) and 550± 50 ps (55%). On the other
hand, at the red end (640 nm) a decay of 500± 50 ps compo-
nent is preceded by a distinct growth of 450± 50 ps.

The decay ofC(t) for DCM in a mixture of benzene and
DMF for both the mole fractions (XDMF = 0.028 and 0.28)
a
a
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ig. 4. Decays of response function,C(t) of 4-AP in benzene–DMF mixtur
t mole fraction of DMF = 0.028 (�) and 0.28 (©). The points denote th
ctual values ofC(t) and the solid lines denote the best fit to a biexpone
ecay. The initial parts of the decays ofC(t) are shown in the inset.
re shown inFig. 5. Decay components ofC(t) for DCM
t differentXDMF are given inTable 1. In this mixture, the
verage solvation time,〈τs〉 decreases from 450± 50 ps a
DMF = 0.028 to 100± 50 ps atXDMF = 0.28. In this case, th
bserved solvation time in the binary mixture are subs

ially slower than the ultrafast solvation dynamics obse
n either benzene[9] or DMF [7] in bulk which is complet
ithin ∼1 ps.

.2.3. DCM in dioxane–water binary mixture
A similar wavelength dependence in the time

olved fluorescence decays was also observed for
n dioxane–water mixtures. In this case, the decay ofC(t)
ould be fitted to a single exponential with solvation t
s = 250± 50 ps (Table 2). Interestingly in the dioxane–wat
ixtures, solvation time of DCM is almost independent of

elative amount of water (Table 2).
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Fig. 5. Decays of response function,C(t) of DCM in benzene–DMF mixture
at mole fraction of DMF = 0.028 (�) and 0.28 (©). The points denote the
actual values ofC(t) and the solid lines denote the best fit to a biexponential
decay. The initial parts of the decays ofC(t) are shown in the inset.

Table 2
Decay parameters ofC(t) of 4-AP and DCM in dioxane–water mixture at
various mole fractions of water

Probe Xwater �ν

(cm−1)a
a1 τ1

(ps)b
a2 τ2 (ps)b 〈τs〉

(ps)b,c

4-APd 0.22 860 0.90 400 0.10 1430 500
0.50 1120 0.65 220 0.35 570 340

DCM 0.22 300 1.00 250 – – 250
0.50 400 1.00 250 – – 250

a ±100 cm−1.
b ±50 ps.
c 〈τs〉 =a1τ1 +a2τ2. In pure water〈τs〉 is ∼0.20 ps[25,31].
d From Ref.[15].

4. Discussion

The solvation dynamics of 4-AP and DCM in
benzene–DMF binary mixture clearly shows the presence of
a component which is substantially slower than the solvation
dynamics in pure DMF (1.54 ps)[7] and that in neat ben-
zene (∼1 ps)[9]. In the case of benzene–DMF mixture, there
is no scope of formation of a hydrogen bond between the
quadrupolar solvent benzene and the aprotic solvent DMF.
Thus it appears that specific interaction, such as hydrogen
bonding is relatively unimportant in the slow component of
solvation dynamics in a binary mixture. Similar conclusion
was reached earlier by Chandra and Bagchi in a theoretical
analysis of solvation dynamics in a binary liquid[1,2].

The average solvation time,〈τs〉 in benzene–DMF mix-
ture is found to decrease with increase in relative amount of
DMF. For 4-AP,〈τs〉 decreases from 830 ps atXDMF = 0.028
to 450 ps atXDMF = 0.28 while for DCM it decreases from
450 to 100 ps (Table 1). It is readily seen that〈τs〉 differs by
a factor of 2–4 for the two probes and hence, it may be con-
cluded that the slow dynamics depends on the nature of the
solute though not very strongly.

Theory[1,2] and simulations[19–23]suggest that the sol-
vation dynamics in a polar–quadrupolar mixture consists of
two processes, electrostriction and redistribution. The former
refers to increase in the local density of both the components
in the vicinity of the dipolar solute (excited probe). The sec-
ond is dielectric enrichment i.e. increase in the local concen-
tration of the more polar component at the expense of the
less polar one[1,2,12,14,20]. According to the simulations,
following creation of dipole the polar solvent molecules dif-
fuse from outer shells to the first solvation shell replacing
the less polar solvent[19–23]. Following this model, we pro-
pose that the ultraslow component of solvation dynamics in
a benzene–DMF mixture arises from translational diffusion
of the polar DMF molecules into the first solvation shell dis-
placing the nonpolar benzene molecules. This results in a
local enrichment of DMF around the excited probe (4-AP or
DCM).

It is interesting to note that in dioxane–water mixture,〈τs〉
for 4-AP decreases from 500 ps atXwater= 0.22 to 340 ps at
Xwater= 0.50 [15]. However, in this work we observed that
for DCM, solvation dynamics is found to be independent
of the composition of dioxane–water mixture and exhibits
a solvation time, 250 ps. In an earlier work, Molotosky and
Huppert reported that the solvation time for the coumarin 153
(C153) in dioxane–water mixture is more or less independent
of the composition and displays a component 200± 40 ps
[ our
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13]. This is very close to the solvation time detected in
ork using DCM. The near constancy of the solvation t
f DCM and C153 is in sharp contrast with the decreas
f solvation time with increase in water content observed
-AP. However, the solvation time of 4-AP in dioxane–wa
ixtures differ from those of DCM and C153 at most b

actor of 2. This once again shows that solvation dyna
n a binary mixture depends on the solvation probe.

. Conclusion

In summary, the observation of a slow component of
ation dynamics in a few hundred ps time scale in a bi
ixture seems to be a general phenomenon. The presen

nvolving two probes and two solvent mixtures demonstr
hat the phenomenon is observed for both protic (i.e. hy
en bonding) and aprotic (non-hydrogen bonding) solv
he exact magnitude of solvation time and nature of its de
ence on composition of the binary mixture depend slig
n the probe. However, the probe dependence is small

imes). The observation of the slow dynamics in a tot
on-hydrogen bonding binary mixture involving benzene
MF (and also in hexane–propionitrile[13]) suggests hydro
en bonding is unimportant in the slow solvation dynam
ollowing earlier experiments and simulations it is sugge

hat the slow component arises from the changes in loca
ity and dielectric enrichment in the vicinity of the dipo
olute.



184 K. Sahu et al. / Journal of Photochemistry and Photobiology A: Chemistry 172 (2005) 180–184

Acknowledgements

Thanks are due to Department of Science and Technology,
India (Project Number: IR/I1/CF-01/2002) and to Council of
Scientific and Industrial Research (CSIR) for generous re-
search grants. KS, SKM, DR thank CSIR and RK thanks DST
for awarding fellowships. KB thanks Professor B. Bagchi for
stimulating discussions.

References

[1] A. Chandra, B. Bagchi, J. Phys. Chem. 95 (1991) 2529.
[2] A. Chandra, B. Bagchi, J. Chem. Phys. 94 (1991) 8367.
[3] T. Fukasawa, Y. Tominaga, A. Wakisaka, J. Phys. Chem. A 108

(2004) 59.
[4] S.M. Alnaimi, J. Mitchell, J.H. Strange, J.B.W. Webber, J. Chem.

Phys. 120 (2004) 2075.
[5] V. Calandrini, A. Deriu, G. Onori, R.E. Lechner, J. Pieper, J. Chem.

Phys. 120 (2004) 4759.
[6] K. Orzechowski, M. Pajdowska, K. Fuchs, U. Kaatze, J. Chem. Phys.

119 (2003) 8558.
[7] W. Jarzeba, G.C. Walker, A.E. Johnson, P.F. Barbara, Chem. Phys.

152 (1991) 57.
[8] J. Gardecki, M. Maroncelli, Chem. Phys. Lett. 301 (1999) 571.
[9] B.M. Luther, J.R. Kimmel, N.E. Levinger, J. Chem. Phys. 116 (2002)

3370.
[10] L.A. Halliday, M.R. Topp, J. Phys. Chem. 82 (1978) 2415.
[11] F. Chicos, A. Wilert, U. Rempel, C. von Borczyskowski, J. Phys.

[12] T. Molotsky, D. Huppert, J. Phys. Chem. A 106 (2002) 8525.
[13] T. Molotsky, D. Huppert, J. Phys. Chem. A 107 (2003) 8449.
[14] D. Noukakis, P. Suppan, J. Lumin. 47 (1991) 285.
[15] S. Mukherjee, K. Sahu, D. Roy, S.K. Mondal, K. Bhattacharyya,

Chem. Phys. Lett. 384 (2004) 128.
[16] D.E. Wetzler, C. Chesta, R. Fernandez-Prini, P.A. Armendia, J. Phys.

Chem. A 106 (2002) 2390.
[17] R. Richert, M. Yang, J. Phys. Cond. Matter 15 (2003) S1041.
[18] N. Agmon, J. Phys. Chem. A 106 (2002) 7256.
[19] A. Chandra, Chem. Phys. Lett. 235 (1995) 133.
[20] F. Chicos, R. Brown, U. Rempel, C. von Borczyskowski, J. Phys.

Chem. A 103 (1999) 2506.
[21] T.J.F. Day, G.N. Patey, J. Chem. Phys. 110 (1999) 10937.
[22] B.M. Ladanyi, B.C. Perng, J. Phys. Chem. A 106 (2002)

6922.
[23] E. Bernardi, H. Stassen, J. Chem. Phys. 120 (2004) 4860.
[24] W. Jarzeba, G.C. Walker, A.E. Johnson, M.A. Kahlow, P.F. Barbara,

J. Phys. Chem. 92 (1988) 7039.
[25] R. Jimenez, G.R. Fleming, P.V. Kumar, M. Maroncelli, Nature 369

(1994) 471.
[26] N. Nandi, S. Roy, B. Bagchi, J. Chem. Phys. 102 (1995) 1390.
[27] M. Maroncelli, J. Mol. Liq. 57 (1993) 1.
[28] M.-L. Horng, J.A. Gardecki, A. Papazyan, M. Maroncelli, J. Phys.

Chem. 99 (1995) 17311.
[29] N. Nandi, K. Bhattacharyya, B. Bagchi, Chem. Rev. 100 (2000)

2013.
[30] M. Maroncelli, G.R. Fleming, J. Chem. Phys. 86 (1987) 6221.
[31] C.J. Fecko, J.D. Eaves, J.J. Loparo, A. Tokmakoff, P.L. Geissler,

Science 301 (2003) 1698.
Chem. A 101 (1997) 8179.


	Slow solvation dynamics of 4-AP and DCM in binary mixtures
	Introduction
	Experimental
	Results
	Steady-state results
	Time resolved fluorescence stokes shift
	4-AP in benzene-DMF mixture
	DCM in benzene-DMF mixture
	DCM in dioxane-water binary mixture


	Discussion
	Conclusion
	Acknowledgements
	References


