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Abstract The rotational dynamics of three structurally
similar polar molecules viz., coumarin 440, coumarin 151
and coumarin 450 has been studied in alcohols at room
temperature using steady-state fluorescence depolarization
method and time correlated single photon counting technique.
The observed reorientation times of all the three probes are
found to be longer than those predicted by Stokes–Einstein–
Debye (SED) hydrodynamic theory with stick boundary
condition and a deviation towards super-stick behavior is
noted. Dielectric friction theories of Nee–Zwanzig and van
der Zwan–Hynes, which treat the solute as a point dipole,
overestimate the dielectric friction contribution exhibited by
all the three coumarins in alcohols. Results are discussed in
the light of theoretical models and the possibility of hydrogen
bonding between the amino group of the probe molecules and
the hydroxyl group of the alcohols.
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Introduction

The study of various mechanisms by which molecules
reorient themselves upon photo-excitation in liquid phase is

one of the interesting fields in physical chemistry. The chief
motivating factor in carrying out rotational relaxation
studies in liquid phase is to understand the solute–solvent
interactions, which are important in governing physico-
chemical properties of the solutions. Rotational diffusion
studies of medium-sized molecules provide a useful means
to probe these interactions. The molecules rotating in a
liquid experience either mechanical or dielectric friction
depending on the nature of the interaction with the
neighboring molecules. The mechanical friction between
the solute and the solvent depends on the size and shape of
the solute molecules and it exists only when either the
solute or the solvent is nonpolar or when both of them are
nonpolar. The situation is more complicated when a polar
solute rotating in a polar solvent polarizes the surrounding
solvent medium and the response of the solvent polarization
to the solute’s rotation not being instantaneous. Under such
conditions, the rotating solute molecules experience the
dielectric friction besides the mechanical friction. This
friction depends on the charge distribution and polarizabil-
ity of the solute and the solvent molecules. Among various
experimental techniques available for the study of solute–
solvent interactions, the rotational diffusion studies are
highly pragmatic. A number of studies [1–8] involving
polar solutes in polar solvents have been carried out and the
observed friction, which is proportional to the measured
reorientation time, has been conveniently explained as a
combination of mechanical and dielectric frictions. If we
assume that these two kinds of frictions are separable, then
the total friction (ζtotal) experienced by the rotating probe
molecule is given by [9]

ζtotal ¼ ζmech þ ζDF ð1Þ
where ζmech and ζDF represent the mechanical and dielectric
friction contribution, respectively. In general, the mechan-
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ical and dielectric contributions to the friction are not
separable as they are interlinked due to electro-hydrody-
namic coupling [10–14]. However, detailed investigations
of reorientation dynamics have indicated the presence of
another source of drag on a rotating probe molecule due to
specific interactions such as hydrogen bonding between the
solute and the solvent molecules. A solute molecule can
form hydrogen bond [15–21] with the solvent molecule
depending on the nature of the functional groups on the
solute and the solvent. Under such circumstances, the
observed reorientation time is longer due to an increase in
the effective size of the rotating probe molecule. Neverthe-
less, such an explanation is only qualitative. Although
attempts have been made to quantify specific interactions
[16, 17], they are rather rudimentary because it is almost
impossible to predict the shape of the hydrogen bonded
solute–solvent complex accurately.

The present work deals with the study of rotational
dynamics of three structurally similar polar molecules:
coumarin 440 (C440), coumarin 151 (C151) and coumarin
450 (C450) in series of alcohols. These molecules possess
hydrogen bonding functional groups such as C=O, –NH
and –NH2. Normal alcohols are among the most widely
used solvents as they not only offer a wide range of viscous
and dielectric properties within a homologous series but
also have the ability to form hydrogen bonds with the
amino and carbonyl groups of the solute molecules. The
reorientation time of the solute is therefore expected to
reflect on the presence of an additional friction along with
the mechanical friction. The aim of the present investiga-
tion is to compare the reorientation times of the three
probes in order to understand the mechanism underlying the
rotational relaxation of these dyes in alcohols.

Experimental

The solutes C440, C450 were procured from Exciton Inc.
(USA) and C151 from Lambda Physik Inc. (Germany) and
used as received. The alcohols were obtained from Fluka
(HPLC) and used without further purification. Figure 1
shows the molecular structures of C440, C151 and C450.
The absorption spectra of these probes were recorded using
UV–Vis double beam ratio recording spectrophotometer
(Hitachi, model U-2800) and fluorescence spectra using
fluorescence spectrofluorometer (Hitachi, model F-2000) at
298 K. The solute concentrations were maintained in the
range of 10−5–10−6 M.

The viscosities of the liquids have been measured by using
Schott–Gerate viscometer (model AVS 350, Germany). The
unit performs an automated measurement of flow-through
times in capillary viscometers. Efflux times have been
determined on a digital display to an accuracy of ±0.01 s.

The AVS/S measuring stand was used for optoelectronic
sensing of the miniscus. LED in the upper part of the
measuring stand generates light in near-infrared range, which
is transmitted through a glass cable to measuring levels. Light
beam passes through the viscometer and reaches the input end
of another light to a receiver in the upper part of the measuring
stand. When the liquid miniscus passes through measuring
level, light beam is darkened briefly by the optical lens effect
of the miniscus and thereafter, intensified for a brief period.
This fluctuation of a light beam produces the measuring signal
that can be evaluated precisely. Temperature of the bath
(Schott–Gerate, model CT 050/2, Germany) was maintained
constant within ±01K. Approximately, 5 cm3 volume of the
liquid was taken in the viscometer and allowed to equilibrate
to the desired bath temperature for about 10 min. Viscosity
of the liquid was calculated using η= tkρ where k is
viscometer constant (0.01035 mm2/s2), ρ is the density of
the liquid and t is efflux time in minutes.

Steady-state fluorescence anisotropies of the probe
molecules were measured using fluorescence depolarization
technique [22]. For vertically polarized excitation the
steady-state fluorescence anisotropy is defined as

rh i ¼ Ijj � GI?
Ijj þ 2GI?

; ð2Þ

where I‖ and I⊥ are the emission intensities polarized
parallel and perpendicular to the excitation polarization, G
is an instrumental parameter which corrects for the
polarization bias in the detection system and is given by
G=IHV/IHH, with IHV being the fluorescence intensity when
the excitation polarizer is kept horizontal and the emission
polarizer vertical, and IHH the fluorescence intensity when
both the polarizers are maintained horizontal. The reorien-
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Fig. 1 Molecular structures of a
C440, b C151 and c C450
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tation time τr can be obtained from the measured steady-
state anisotropy 〈r〉 and the fluorescence lifetime τf using
the following relation

τ r ¼ τ f
<r0>
<r>

� �� 1
� � ð3Þ

where r0 is the limiting anisotropy when all the rotational
motions are frozen. In the present study, r0 values were
measured in glycerol (Fluka) at 213 K. The probes were
excited at 370 nm and the emission was monitored in the
range of 400 to 500 nm.

Fluorescence lifetimes of the solutes were determined
using time correlated single photon counting (TCSPC)
technique, described elsewhere [23]. The 370 nm second
harmonic light pulses were derived from the output of a
tunable Ti-sapphire femtosecond laser (Coherent, Mira)
with repetition rate of 3.8 MHz. The emission was collected
with a resolution of 4 nm at magic angle through a
monochromator equipped with a holographic grating with
1,200 grooves/mm. The TCSPC system with thermoelectri-
cally cooled Hamamatsu photomultiplier tube (model
H7422) detector has been obtained from Edinburg Instru-
ments (LifeSpec-Red). The instrument response function
(IRF) of TCSPC system is ~180 ps. The fluorescence
decays were deconvoluted from the IRF using the software
F 900.

Results and discussion

SED hydrodynamic theory [16, 24, 25] relates the rotational
reorientation time τr of a sphere in a continuous homoge-
neous fluid to the macroscopic viscosity, η of the solvent.
According to this theory, the reorientation time, τr of a
rotating probe molecule is given by

tr ¼ hVfC
kT

ð4Þ

where V, T and k, respectively, represent the volume of the
rotating species, absolute temperature and Boltzmann
constant. The parameter f is the shape factor introduced
by Perrin [26] to take care of the non-spherical shape of the
solute molecule. The constant C represents the extent of
coupling between the rotating probe molecule and the
solvent molecules. For a prolate molecule fstick is given by
[2]

fstick ¼ 2

3

1� r4

2�r2ð Þ

1�r2ð Þ
1
2

r2 ln 1þ 1�r2ð Þ
1
2

r

" #
� r2

ð5Þ

where ρ is the ratio of semi-major axis (a) to the semi-
minor axis (b).

When the size of the rotating probe molecule is much
bigger than that of the solvent molecule, the parameter C=
1, which represents the stick boundary condition. In the
stick limit, it is assumed that the first layer of the solvent
molecules encircling the solute sticks to the solute and there
is no relative velocity between them. However, when the
probe molecule is of comparable size or smaller than the
solvent molecule the value of C is in the range 0<C<1,
which is known as slip boundary condition. The shape
factor (f) and the coupling parameter (C) were estimated
using semi-major and semi-minor axes of the probe
molecule. The value of C for slip boundary conditions
can be determined from the Tables of Hu and Zwanzig [27].
The value of fstick can be calculated using Eq. 5, and the
rotational reorientation time can be evaluated using Eq. 4.

The van der Waals volumes (V) of C440, C151 and
C450 were estimated using Edward’s atomic increment
method [28] and found to be 152, 165 and 204 Å3. The
distance between the two farthest atoms of the solute
molecule was treated as the major axis [29] whose semi-
major axes (a) are 4.15, 4.30 and 5.32 Å, respectively, for
C440, C151 and C450. The semi-minor axes (b) of the
molecules were determined by equating the ellipsoid
volume to the van der Waals volume [30, 31] using the
relation b ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

3V=4π a
p

and are found to be 2.96, 3.03 and
3.03 Å, respectively for C440, C151 and C450. The
experimentally determined steady-state anisotropies (<r>),
fluorescence lifetimes (τf) and rotational reorientation times
(τr) of C440, C151 and C450 are tabulated in Table 1. A
typical fluorescence decay curve of C450 in decanol is
shown in Fig. 2. The fluorescence lifetimes of these
molecules vary in the range of 3.41–4.06 ns (C440),
4.78–5.47 ns (C151) and 3.36–3.92 ns (C450). The limiting
anisotropy (<r0>) values for C440, C151 and C450 are
0.372±0.002, 0.362±0.003 and 0.357±0.005, respectively,
indicating that the absorption and emission dipoles, form
angles of 12.47°, 14.58° and 15.53° with respect to each
other. The average values of anisotropies <r>, are in the
range of 0.005±0.001 to 0.074±0.004, 0.004±0.001 to
0.061±0.003 and 0.005±0.001 to 0.078±0.002 for C440,
C151 and C450, respectively. From <r>, <r0> and τf the
reorientation times were obtained using Eq. 3.

Figure 3 shows the variation of rotational reorientation
times (τr) with solvent viscosity (η) for all the three
coumarins, wherein it is seen that τr increases linearly with
η from methanol to decanol in all the cases. Also it is
interesting to note that τr values were found to be greater
than those predicted by the SED hydrodynamic theory with
stick boundary condition. Further, the plot of τr vs. η
(Fig. 4) of all the molecules under study in series of
alcohols is found to be almost similar with trivial variations.
This may be attributed to the similarity in the basic
structures of these probes. The marginal difference in the
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structural volumes of C440 and C151 is expected to result
in almost similar reorientation times. The structure of C450
is about 20–25% larger compared to C440 and C151 with
additional non-polar functional groups –CH3 and –C2H5 at
sixth and seventh positions, respectively. The contribution
of these additional groups is observed to lead to a sluggish
rotational motion and consequently longer reorientation
times for C450. The experimental results (Fig. 4) also
indicate that C151 is rotating slower than C440 and C450
in alcohols. However, in comparison to C440 and C151, the
probe C450 exhibits a relatively slower rotation in higher
alcohols. It may also be noted that the stick contribution
increases from methanol to decanol in all the three cases.
The calculated mechanical contribution amounts to 48%,
50% and 71% of the observed friction for C440, C151 and
C450, respectively. The normalized reorientation time τr/η,
calculated for solvents from methanol to octanol, are found
to be 84, 93 and 88 ps/mPa s for C440, C151 and C450,
respectively. It is interesting to note that C151 has longer

diffusion time even though its volume lies in between those
of C440 and C450.

Considering the deviations of the experimental results of
these molecules from the predictions of the SED theory and
the observed super-stick behavior it becomes imperative to
check for the influence of dielectric friction, if any. Various
methods for calculating the dielectric friction contribution
have been proposed and considerable experimental and
computational efforts have been expended in testing these
theories [9, 32–36]. The deviations of the experimental
results from the SED predictions have been explained
qualitatively using different theories of dielectric friction.
Amongst these, few are classified as continuum theories
wherein solvent is characterized by a frequency dependent
dielectric constant. Nee–Zwanzig (NZ) [37] and van der
Zwan–Hynes (ZH) [38] continuum models have been
frequently used to calculate the dielectric friction contribu-
tion. NZ theory assumes that the solute is a point dipole
located inside a spherical cavity of radius a0 and the solvent
is treated as a continuous dielectric medium characterized
by zero frequency and high frequency dielectric constants
(ɛ0) and "1ð Þ respectively. According to this model the
contribution due to dielectric friction is given by

tDF ¼ m2
e

9a30kT

"1 þ 2ð Þ2 "0 � "1ð Þ
2"0 þ "1ð Þ2 tD; ð6Þ

where τD is the Debye relaxation time of the solvent and μe
is the excited state dipole moment.

The magnitude of the dielectric friction contribution to
the rotational reorientation time (τr) crucially depends on
the dipole moment of the solute in the excited state. The
ground (μg) and the excited state (μe) dipole moments of
the present probes were determined by solvatochromic shift
method [39] at 298 K in binary solvent mixture comprising
of dimethyl sulphoxide (DMSO) and water at different
proportions. The absorption and fluorescence spectra of

Table 1 Steady-state anisotropy 〈r〉, fluorescence lifetime (τf) and rotational reorientation time (τr) of coumarin molecules in alcohols

Solvent η (mPa s) Coumarin 440 Coumarin 151 Coumarin 450

〈r〉 τf (ns)
a τr (ps) 〈r〉 τf (ns)

a τr (ps) 〈r〉 τf (ns)
a τr (ps)

Methanol 0.55 0.005±0.001 3.90 53±8 0.004±0.001 5.10 57±9 0.005±0.001 3.84 55±9
Ethanol 1.08 0.008±0.001 3.73 82±10 0.007±0.001 5.11 101±12 0.009±0.001 3.69 96±11
Propanol 1.96 0.016±0.001 3.75 168±15 0.016±0.002 4.97 230±19 0.017 + 0.001 3.67 184±15
Butanol 2.59 0.022±0.002 4.06 255±21 0.018±0.002 5.23 274±23 0.025±0.002 3.46 260±22
Pentanol 3.55 0.030±0.002 3.81 333±33 0.023±0.002 5.10 346±34 0.031±0.002 3.57 340±33
Hexanol 4.59 0.033±0.001 3.68 358±31 0.028±0.002 5.25 440±38 0.038±0.002 3.46 412±36
Heptanol 5.87 0.043±0.004 3.41 445±35 0.035±0.003 5.39 577±43 0.046±0.001 3.36 498±37
Octanol 7.61 0.058±0.002 3.76 695±62 0.042±0.002 5.47 718±64 0.058±0.003 3.61 700±62
Nonanol 9.57 0.069±0.002 3.44 783±65 0.052±0.003 4.95 830±70 0.076±0.001 3.60 973±82
Decanol 11.78 0.074± 0.004 3.74 928±60 0.061±0.003 4.78 969±71 0.078±0.002 3.92 1095±80

a The error in the fluorescence lifetime is <10%
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Fig. 2 Typical fluorescence decay curves of a C440, b C450 and c
C151 in decanol
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these coumarins in one of the compositions of binary
mixture is shown in Fig. 5. The refractive indices of the
solvent mixtures were measured using Abbe’s refractometer
(ATAGO-3T, Japan) and the dielectric constant ɛ0 and
Debye relaxation time τD were obtained from the literature
[7]. The static and dielectric parameters used in the present
work are listed in Table 2. The experimentally measured μg

and μe of C440, C151 and C450 were used for the
evaluation of dielectric friction, and are tabulated in Table 3
along with the estimated values from Austin model 1
(AM1) method.

Two values of a0 were used in the NZ model to calculate
the contribution due to dielectric friction. One set of values
of the cavity radii were obtained from van der Waals
volume by treating the solute as a sphere which were found
to be a0=3.37, 3.46 and 3.71 Å whereas, another set of
values were taken from the radii equal to half the length of
the long axes whose values are, a0=4.15, 4.30 and 5.32 Å
for C440, C151 and C450, respectively. These two values
of a0 for a given molecule represent two extreme limits that
can be used to calculate the dielectric friction contribution.
The τDF contribution from the experimentally measured
reorientation time was estimated using the relation:

tDF ¼ tobsr � tstickr ; ð7Þ
where tobsr is the experimentally measured rotational reori-
entation time and tstickr is the theoretical rotational reorien-
tation time according to the SED model. The dielectric
friction contribution τDF calculated using Eq. 6 and those
estimated using Eq. 7 are shown as function of A in Fig. 6,
where, A ¼ "1 þ 2ð Þ2 "0 � "1ð ÞτD

.
2"0 þ "1ð Þ2.
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Fig. 3 Plots of rotational reorientation time (τr) as a function of
viscosity (η) of the solvent in case of a C440, b C151 and c C450.
Solid lines the theoretical stick (upper) and slip (lower) lines. Dashed
lines through the points (circles) with error bars represents the
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Fig. 4 The plots of the rotational reorientation time vs. viscosity of all
the three probes. Solid line through the points (square), dashed lines
through the points (circle) and dash dot lines through the points
(triangle) represents the rotational reorientation times of C440, C151
and C450 respectively
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It is evident from Fig. 6, that NZ model overestimates
the dielectric friction contribution for both the values of a0.
The excited state dipole moments obtained from the slopes
of the experimental plots are tabulated in Table 4. Based on
the excited state dipole moments of the coumarins (Table 3),

the dielectric friction experienced by the probes is expected
to be in the order t450DF > t440DF > t151DF . However, since the
dipole moments obtained for the two values of cavity radius
are found to be in the order of m450

e > m151
e � m440

e , the
experimentally observed trend i.e., t450DF > t151DF � t440DF , is
not surprising.

The magnitude of the dielectric friction contribution,
according to ZH model, depends on the dipole moment of
the solute molecule in the excited state (μe) and also on the
difference between the ground and excited state dipole
moments Δmð Þ of the solute molecule. The semi-empirical
model proposed by ZH [38] relates the dielectric friction
experienced by a solute in a solvent to the Stokes shift and
solvation time, τs, given by

tDF ¼ m2
ehcΔn

Δmð Þ26kT ts; ð8Þ

where h is the Planck’s constant and c the velocity of light.
In this approach the Stokes shift Δn (the difference in energy
between the zero-zero transition for absorbance and the
zero–zero transition for fluorescence) and the solvation time

300 375 450 525 600
0.0

0.3

0.6

0.9

F
lu

or
es

ce
nc

e 
(a

.u
)

 

A
bs

or
ba

nc
e

λ / nm

λ / nm

λ / nm

FA

300 400 500 600
0.0

0.3

0.6

0.9

F
lu

or
es

ce
nc

e 
(a

.u
)

 

A
bs

or
ba

nc
e

F 

300 375 450 525 600
0.0

0.3

0.6

0.9

F
lu

or
es

ce
nc

e 
(a

. u
)

 

A
bs

or
ba

nc
e

FA

A

a

b

c

Fig. 5 The absorption and fluorescence spectra of a C440, b C151
and c C450 in one of the compositions of binary mixture

Table 2 The static and dielectric parameters of the solvents used in
the study

Solvent Dielectric constant τDin picoseconds

ɛ0 ɛ∞

Methanol 33.7 1.77 56
Ethanol 24.3 1.85 139
Propanol 20.6 1.92 362
Butanol 17.4 1.96 482
Pentanol 14.8 1.99 727
Hexanol 13.0 2.01 974
Heptanol 11.3 2.03 1,130
Octanol 9.8 2.04 1,350
Nonanol 9.0 2.05 1,495
Decanol 8.0 2.07 1,639

ɛ0 and τD are taken from the reference [7]
ɛ∞ is taken as the square of the refractive index (n)

Table 3 Ground and excited state dipole moments of the solutes
under study

Solute μg (D) μe (D) $μ (D)

Coumarin 440 6.03a 8.19a 1.44a

4.23b 7.20b 2.97b

Coumarin 151 6.04a 11.27a 5.23a

5.70c 11.00c 5.30c

Coumarin 450 3.63b 6.88b 3.25b

5.62b 8.58b 3.16b

aMeasured from AM1 method [50]
bMeasured from Stokes shift in binary solvent mixture
cMeasured from AM1 method [51]
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τs (the correlation time for the temporal evolution of the
fluorescence spectrum) is used to gauge the magnitude of the
dielectric friction [40]. Studies on solvation dynamics have
indicated that the solvation time is approximately related to
the solvent longitudinal relaxation time by τL ¼ τDð"1="0Þ

and is relatively independent of the solute properties. Hence,
τL can be used in place of τs.

The dielectric friction contribution was estimated by
employing ZH model (Eq. 8). The experimentally measured
dielectric friction contribution was obtained as in case of NZ
model using Eq. 7. The values of the dielectric friction
contribution τDF thus obtained from theory and experiment
are plotted as a function of ΔntL (Fig. 7). The values of
μ2
e

.
Δμð Þ2 determined from the slopes of the experimental

plots are presented in Table 5 along with the theoretical
values. According to the ZH model, based on the theoreti-
cally calculated μ2

e

.
Δμð Þ2 values and Stokes shifts (the

typical values of Stokes shift are 4,799, 5,158 and
4,178 cm−1 for C440, C151 and C450, respectively), the
expected order of dielectric friction contribution in the case
three coumarins is t440DF > t450DF > t151DF . But, the observed
trend is t440DF > t151DF > t450DF .

The super-stick behavior observed for all the coumarins in
alcohols suggests the importance of inherent properties of
these molecules in determining the rotational reorientation
times. The functional group, its position along with the charge
on the solute molecule and the nature of the surrounding
medium will influence the rotational reorientation time of the
solute to a large extent. It has been reported [19] that 1,4-
dioxo-3,6-diphenyl-pyrrolo[3,4-c] pyrrole (DPP) with two –
NH groups was found to rotate two to three times slower
than 2,5-dimethyl-1,4-dioxo-3,6-diphenylpyrrolo[3,4-c] pyr-
role (DMDPP), which contains two N–CH3 groups in
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Fig. 6 Rotational reorientation time due to dielectric friction,τDF,
plotted as a function of A. Dashed lines through the points (open
square) correspond to the reorientation time due to dielectric friction
calculated using cavity radius (ao) obtained from van der Waals
volume determined by Edward’s atomic increment method. The
dashed dot lines through the points (filled square) correspond to the
reorientation time due to dielectric friction calculated using cavity
radius equal to half the length of the major axis. Solid lines through
experimentally observed points (triangle) are obtained by linear least
squares fit

R

Table 4 Excited state dipole moments obtained from the slopes of
experimental plots of τDF vs A

Solute μe (D) experimental

Coumarin 440 3.37a

4.6b

Coumarin 151 3.46a

4.8b

Coumarin 450 3.36a

5.79b

a For cavity radius calculated from van der Waals atomic increment
method
b For cavity radius calculated by taking half the length of the major
axis

J Fluoresc (2008) 18:943–952 949949



alcohols. Further DPP exhibited the super-stick behaviour.
This super-stick behaviour of DPP was ascribed to the strong
hydrogen bonding between the –NH group of DPP and the
surrounding solvent molecules. The solute–solvent hydrogen
bonding may simply be regarded as an additional friction to
the bulk viscosity that slows down the rotational motion of
the solute. The additional frictional forces and the specific
solute–solvent interactions lead to a deviation from the stick
to the super-stick behaviour. A strong hydrogen bonding will
lead to the formation of solute–solvent complexes of well-
defined stoichiometry. Such larger species consisting of the
concerted cluster of solvent molecules and the hydrogen-
bonded superstructure can persist in solution for fairly long
time and will rotate more slowly than a bare solute molecule.
Forming and breaking of hydrogen bonds occurring faster
than the probe rotation will provide a channel for dissipation
of rotational energy giving rise to additional friction [41].
Based on these facts it has been concluded that the observed
deviations from the SED model were largely due to solvent
attachment via hydrogen bonding to the solute and conse-
quential increase in the effective volume of the rotating
species. It has also been suggested that the rate of forming
and breaking of hydrogen bonds is an important parameter
which is responsible for the rate limiting process for the
unusually longer relaxation times noted in alcohols [42–44].

The size effects were not observed in the present study
because the hydrodynamic volume of the probe molecule
(solute–solvent complex) increases considererably com-
pared to the size of solvent molecules and thus reorientation
times close to stick boundary condition were observed as
noted for DPP in decanol and ethylene glycol (EG) solvents
[21] due to the interaction between the –NH group of the
solute and –OH group of the solvents. This study also
prove that the rotating probe molecule experiences more
friction as the size of the solute–solvent complex increases.
Further in the case of DMDPP in decanol and EG the size
effects were observed because of the weakly interacting
carbonyl groups of the probe with both the solvents. The
rotational dynamics of these two structurally similar non-
polar probes in hydrogen bonding solvents thus strongly
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Fig. 7 The rotational reorientation time due to dielectric friction (τDF)
of coumarins is shown as a function of $ν τL. Dashed lines through
the points (circle) represent calculated reorientation times following
van der Zwan–Hynes model. Solid lines through the experimentally
observed points (triangle) are obtained by linear least squares fit

Table 5 Values of μ2
e

$μð Þ2 obtained from the slopes of the experimental
plot of τDF vs $ντL and theoretical values taken from Table 2

Solute
μ2
e

$μð Þ2

Experimental Theoretical

Coumarin 440 0.26 14.38a

Coumarin 151 0.22 4.64a, 4.31b

Coumarin 450 0.22 7.37c

a Values of μe and $μ are taken from the reference [50]
b Values of μe and $μ are taken from the reference [51]
c By taking the ratio of μ2

e

$μð Þ2 using the values measured from Stokes
shift
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supports our observed results. Wiemers and Kauffman [45]
have measured the rotational diffusion time of diphenylbu-
tadiene (DPB) and 4-(hydroxymethyl) stilbene (HMS) in
series of alcohols in order to examine attractive and repulsive
contributions to the rotational diffusion time. The observed
differences in the rotational diffusion times suggest that
specific hydrogen bonding interactions between HMS and
the solvent are responsible for significant solvent friction.

Rotational reorientation times close to stick limit for the
probes N,N′-bis(2,5-di-tert-butylphenyl)-3,4,9,10-perylene
(BTBP) and 3,5,3″″,5′′″-tetramethyl-t-butyl-p-quinquephenyl
(QUI) in alcohols, respectively, were observed by Ben-Amotz
and Drake [46], and Roy and Doraiswamy [47]. They
attributed this mainly to the sizes of these probes (VBTBP=
733 Å, VQUI=639 Å), which are much larger than the solvent
molecules. However, the molecular sizes of the probes in the
present study are much smaller than QUI or BTBP; and as
such the size effect cannot be attributed to the observed super-
stick behavior. In the present study, C151 exhibits slightly
longer diffusion time among those of the three probes,
although its volume lies in between those of C440 and
C450. This extraordinary behavior can be ascribed to the
electron withdrawing capacity of the three fluorine atoms on
the fourth carbon atom of C151. This makes it a better
hydrogen bond donor [48], which is also responsible for the
observed slower reorientation time. Similar observations have
been reported [49] in the case of C153 having –CF3 group
and C102 having –CH3 group at the fourth position. The
rotational reorientation time in squalane was found to be 360
ps for C102, whereas for C153 it was found to be 394 ps in
the same solvent. This difference in the reorientation times of
C153 was ascribed mainly to the presence of –CF3 group.
Moreover, the dipole moment of C151 is also found to be less
than that of the other two probes. In a comparative study of
rotational reorientation times of coumarin 6, coumarin 7 and
coumarin 30 in alcohols, in spite of its smaller dipole
moment, C7 was found to rotate 20% slower than C6 [8].
The reason behind this being –NH group of C7 forms strong
hydrogen bonds with alcohols. Similarly, C151 rotates
relatively slower than the other two probes despite having a
smaller dipole moment compared to C440 and C450. In the
case of C151, in addition to the hydrogen bonding –NH
group, the CF3 group may also be responsible for the slower
rotation. It may be noted that C440 has a secondary amino
group –NH2 whereas C450 has a primary amino group –NH.
The primary amino group is responsible for the formation of
stronger hydrogen bond with hydroxyl group of the alcohols.
Thus, the observed slower rotational diffusion of C450 in
comparison with C440 is due to stronger solute–solvent
hydrogen bonding. In addition, C450 is about 25% lager in
size than C440, which will contribute additional mechanical
friction especially in nonanol and decanol owing to its
solvent-solute size ratio.

Conclusions

Rotational dynamics of C440, C151 and C450 were studied
in series of alcohols and the observed rotational reorientation
times are found to be longer than the stick limit calculated
using SED model. It is interesting to note that C151, with a
size lying between that of C440 and C450, rotates slower
than the other two molecules. General deviation of the
observed reorientation times from the SED theoretical
estimations are attributed to the formation of strong
hydrogen bonds between amino groups of the probe
molecules and hydroxyl group of the alcohols. The rotating
probe molecule experiences more friction as the size of the
solute–solvent complex increases. However, the nature of the
functional group on the solute molecule plays an important
role in forming a stable solute-solvent complex which in turn
hinders the probe rotation. The weak hydrogen bonds that
may also be formed between the carbonyl group of the solute
and the hydroxyl groups of the solvent molecules will add
further to the slower rotation of these molecules. Dielectric
friction theories of NZ and ZH, which treat the solute as a
point dipole, overestimate the dielectric friction contribution,
exhibited by all the three coumarins in alcohols. Despite the
uncertainties involved in the values of dipole moments and
cavity radius, reasonable agreement between theory and
experiment is observed.
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