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We have investigated the solvation dynamics and reorientation of coumarin 153 (C153) in liquid poly(ethylene
glycol)s with molecular weights of 150, 194, 238, 300, 400, and 600 and liquid crown ethers 12-crown-4 and
15-crown-5 using picosecond time-resolved emission spectroscopy. The observed subnanosecond solvation
dynamics is characterized by a biexponential function. The faster solvation time constant is about 130 ps,
and this time constant is insensitive to the molecular weight and the molecular geometric structures. The time
constant for slower solvation dynamics (0.5-1.6 ns range) varies with the change of the molecular weight
and the different molecular geometric structures of the macromolecules. The features of the orientational
dynamics of C153 in poly(ethylene glycol)s and crown ethers are similar to those of the solvation dynamics.
Both the slower solvation and reorientation time constants of coumarin 153 in poly(ethylene glycol)s are
linearly correlated with the bulk viscosity.

1. Introduction

Solvation dynamics have been well studied to characterize
the ultrafast dynamical aspects in solutions, because the solva-
tion dynamics is an important factor to control the reaction,
ionic mobility, and transportation of a molecule in solutions.1-5

The normalized solvation time correlation function is expressed
by

whereEsol(t), Esol(0), andEsol(∞) are the solvation energies of
a solute at timest, 0, and ∞. Maroncelli and co-workers
summarized the solvation times for 24 typical organic solvents
studied by dynamic fluorescence Stokes shift measurements.6

Studies on the solvation dynamics have now extended to the
complex condensed phases, such as micelles,7-9 aqueous10-15

and nonaqueous16-18 reverse micelles, vesicles,19,20a Langmuir
layer,21 cyclodexitrines,22-24 proteins,25-27 DNA,28 nonideal
binary solutions,29-35 glasses,36-38 and interfaces of liquid
inorganic materials.39-41 Since these complex condensed phases
are largely inhomogeneous, the intermolecular interactions,
orientations of the medium molecules, and intramolecular
conformations are complicated in comparison with those of the
simple solutions. As a result, the dynamical features in complex
condensed phases are very much different from those in simple
solutions. Current progress in this area is reviewed by Bhatta-
charrya et al.,42 Levinger,43 and Richert.38d

The dynamical features of polymer liquids and polymer
solutions are very complex, because the broad time range
polymer dynamics consists of the local (constitutional repeat
units, segments, and side groups) motions, entire polymer
motion, and cooperative motions. Since the fluorescence Stokes
shift measurement is a very useful method to investigate the

dynamical feature of the complex condensed phase, several
studies on the solvation dynamics in polymer systems were also
reported. Bhattacharyya and co-workers studied the solvation
dynamics in aqueous polyacrylamide gel44 and aqueous poly-
(vinylpyrrolidone) solution45 by using picosecond laser spec-
troscopy. They found that the solvation dynamics in aqueous
polyacrylamide gel was undetectable by a picosecond instrument
with a temporal response of 50 ps (this means that the solvation
dynamics quickly occurs much faster than 50 ps) but the
nanosecond solvation dynamics was resolved in aqueous poly-
(vinylpyrrolidone) solution. In agreement with their result, we
found recently that the diffusive local dynamics in aqueous
polyacrylamide solutions with a bulk viscosity of hundreds of
centipoise occurs within the time of 10 ps.46 Castner and co-
wokers reported that the solvation dynamics in aqueous poly-
(ethylene oxide) (PEO)8,47 and amphiphilic starlike macromol-
ecule, which is comprised mostly of PEO,8 solutions. The
solvation dynamics in aqueous PEO solution occurs on a broad
time scale (1 ps to 4 ns).

In this study, we have investigated the solvation dynamics
in liquid poly(ethylene glycol)s (PEGs) with molecular weights
of 150, 194, 238, 300, 400, and 600 and crown ethers (CEs)
12-crown-4 and 15-crown-5 using picosecond time-resolved
emission spectroscopy. Since PEGs, the oligomers of PEOs,
have no side groups, they are good compounds to investigate
the molecular weight dependence on the fast dynamics arising
from the main chain (no contribution from the side groups).
Further, it is interesting to see the geometric molecular shape
effect on the dynamics from the comparison between linear and
cyclic oligomers. The oligomer dynamics are of importance not
only from the standpoint of a fundamental interest in the
molecular liquid and polymer liquid, but also because of their
contribution to, or even control of, the properties of ion
transportation in PEO, which is of interest for use as an
electrolyte support.48,49Our main focus points in this study are
(i) the molecular weight dependence of PEG on the solvation
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dynamics and (ii) the geometric structure effect on the solvation
dynamics (the comparison between PEG and CE).

2. Experimental Section

Laser-grade coumarin 153 (C153; Figure 1) was purchased
from Exiton and used without further purification. This fluo-
rescence probe molecule is a typical solvatochromic molecule
for the solvation dynamics studies.6,50,51 Tri(ethylene glycol)
(EG3; FW ) 150, Aldrich), tetra(ethylene glycol) (EG4; FW
) 194, Aldrich), penta(ethylene glycol) (EG5; FW) 238,
Aldrich), poly(ethylene glycol)s (Mn ) 300 (PEG300; Aldrich),
400 (PEG400; Lancaster), and 600 (PEG600; Aldrich)), 12-
crown-4 (CE4; FW) 176, Wako), and 15-crown-5 (CE5; FW
) 220, Wako) were also used as received. The concentration
of C153 in PEO was kept at about 2× 10-5 M. The steady-
state absorption and fluorescence spectra of C153 in PEOs were
measured with a JASCO V-570 UV/vis/near-IR spectrometer
and a JASCO FP-777 spectrofluorometer, respectively. The
viscositiesη of the neat PEOs were measured at 295( 1 K
with a vibrating viscometer (Yamaichi Electronics, VM-1G-
L).

A streak camera system was used for the laser spectroscopy.
The advantage of this spectroscopic method is that we can
directly observe the time-dependent fluorescence spectra, though
with a limited time response of about 30 ps. The light source
was a femtosecond titanium:sapphire laser (Spectra Physics,
Tsunami) at about 800 nm with an average power of ap-
proximately 400 mW, pumped by 5.7 W for all-line light of an
argon ion laser (Spectra Physics, Beamlok). A combined pulse
selector and frequency doubler (Spectra Physics, model 3980)
was used to reduce the repetition rate (from 82 to 4 MHz) and
to generate the second harmonic light at about 400 nm. The
second harmonic light was used to excite the sample, and the
remaining fundamental light was used as the trigger signal for
a streak camera. The sample was excited by the second harmonic
light after passing through a Glan-Laser polarizer to set the
vertical polarization angle. The fluorescence of the sample was
passed though a 2 mmslit attached to a 10 mm optical-pass-
length quartz sample cell, a Glan-Laser polarizer set at the
magic, vertical, or horizontal angle to the pump beam, and a
polychromator (Jobin Yvon, CP-200), and was detected by a
streak camera (Hamamatsu Photonics, C4334). The instrument
responses were estimated by the excitation-light scattering of a
powdered milk solution in the sample cell. The full widths at
half-maximum of the instrument responses were 20-30 ps for
the 2 ns full-scale detection, 35-45 ps for 5 ns full-scale
detection, 100-130 ps for 10 ns full-scale detection, and 200-
250 ps for the 20 ns full-scale detection. All the measurements
were made at ambient temperature (296( 2 K).

3. Results

3.1. Steady-State Absorption and Fluorescence Spectra
and Bulk Viscosity. Figure 2 shows the steady-state absorption
and fluorescence spectra of C153 (a) in PEG600, PEG300, and
EG3 and (b) in CE5 and CE4. The steady-state absorption and
fluorescence spectra of C153 in methanol and cyclohexane are

also shown in Figure 1c as references for typical polar and
nonpolar solvents. The absorption and fluorescence maxima and
Stokes shift (∆ν ) νabs - νfl ) of C153 in the liquids are
summarized in Table 1. The molecular weightM dependence

Figure 1. Chemical structure of coumarin 153.

Figure 2. Steady-state absorption and fluorescence spectra of C153
(a) in poly(ethylene glycol)s (solid lines, PEG600; dashed lines,
PEG300; dotted lines, EG3), (b) in crown ethers (solid lines, CE5;
dotted lines, CE4), and (c) in methanol (solid lines) and cyclohexane
(dotted lines).

TABLE 1: Steady-State Absorption and Fluorescence
Maxima and Stokes Shifts of C153 in Poly(ethylene glycol)s,
Crown Ethers, Methanol, and Cyclohexane and Bulk
Viscosities of Poly(ethylene glycol)s, Crown Ethers,
Methanol, and Cyclohexane

medium
νabs/103 cm-1

(λabs/nm)
νfl/103 cm-1

(λfl /nm) ∆ν/103 cm-1 η/cPa

EG3 23.41 (427.2) 18.87 (529.9) 4.54 49.1
EG4 23.49 (425.8) 19.00 (526.4) 4.49 60.4
EG5 23.50 (425.5) 19.06 (524.7) 4.44 73.4
PEG300 23.53 (424.9) 19.14 (522.6) 4.39 97.7
PEG400 23.58 (424.1) 19.22 (520.4) 4.36 125
PEG600 23.61 (423.6) 19.31 (517.8) 4.30 171
CE4 23.81 (420.0) 19.71 (507.3) 4.10 12.3
CE5 23.72 (421.5) 19.58 (510.8) 4.14 30.0
methanol 23.68 (422.3) 18.90 (529.0) 4.78 0.544c,d

cyclohexane 24.22 (412.9) 23.05 (433.8) 2.24b 0.894c,d

25.45 (392.9) 22.14 (451.7)

a The experimental error is(5%. b The value is an average.c Values
at 298 K.d Reference 52.
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of the (a) absorption and (b) fluorescence maximum frequencies
and (c) Stokes shift for C153 in PEG is shown in Figure 3. The
result shows that both the absorption and fluorescence maxima
of C153 in PEG shift to the larger frequencies and the Stokes
shift becomes smaller with the largerM of PEG. In contrast to
C153 in PEG, both the absorption and fluorescence maximum
frequencies of C153 in CE shift to the smaller frequencies and
the Stokes shift becomes larger with the largerM of CE.

The bulk viscositiesη of the PEGs and CEs measured are
listed in Table 1, along with the values ofη of methanol and
cyclohexane.52 The η dependence on the molecular weightM
of PEG is plotted in Figure 4. It is evident from the viscosity
data that (i)η increases with the largerM of the polymer, (ii)
the values ofη for PEGs are larger than those of CEs which

have the same numbers of the constitutional repeat unit, and
(iii) the η of PEG is almost linearly dependent on theM of the
polymer.

The bulk viscosity dependence on the molecular weight for
polymer melts is empirically expressed as53-56

whereMc is a certain critical molecular weight related to the
onset of polymer chain entaglements. PEG also follows the
relationship between viscosity and molecular weight. The value
of Mc of PEG is about 4400.56 Because the molecular weights
of all the PEGs used in this study are smaller thanMc, the
approximately linear scaling observed appears with the previous
results.56

3.2. Fluorescence Anisotropy Decay.Figure 5 shows the
fluorescence anisotropy decays,r(t), for C153 (a) in PEG600,

Figure 3. (a) Absorption maximaνabs, (b) fluorescence maximaνfl ,
and (c) Stokes shifts∆ν vs the molecular weightM for C153 in poly-
(ethylene glycol)s.

Figure 4. Bulk viscositiesη vs molecular weightsM for poly(ethylene
glycol)s.

Figure 5. Fluorescence anisotropy decaysr(t) for C153 (a) in poly-
(ethylene glycol)s (red dots, PEG600; blue dots, PEG300; green dots,
EG3) and (b) in crown ethers (red dots, CE5; blue dots, CE4).
Biexponential fit curves are also shown by the corresponding colored
lines.

η(M) ) {η(Mc) (M/Mc) for M < Mc

η(Mc) (M/Mc)
3.4 for M > Mc} (2)
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PEG300, and EG3 and (b) in CE5 and CE4.r(t) is given by

whereI|(t) andI⊥(t) are the tail-matched fluorescence transients
polarized parallel and perpendicular to the excitation laser light.
Ther(t) of C153 in PEG at the time range of 0-0.2 ns is almost
independent of theM of PEG, but ther(t) becomes slower with
increasingM of PEG. A biexponential function is used to fit
the fluorescence anisotropy decays since a single-exponential
function does not fit the data. The amplitudes,ar1 andar2, and
reorientation times,τr1 and τr2, are listed in Table 2. All the
values ofar1 + ar2 for C153 in PEGs are close to 0.4 (Table 2),
as is the case for simple solvents.57

The dependence of PEG’sM on the reorientation time
constants of C153 in PEG is shown in Figure 6. The slower
reorientation time constantτr2 increases with the PEG’sM,
although the faster rotational diffusion timeτr1 is insensitive to
the M of PEG within experimental error. The feature of the
orientational dynamics of C153 in CE is similar to that in
PEG: τr1 values in CE4 and CE5 are almost identical, butτr2

values in CE5 are larger than those in CE4 (Table 2).
3.3. Dynamic Fluorescence Stokes Shift.When a fluores-

cence probe, which shows a linear relationship between the

fluorescence maximum frequency of the fluorescence probe and
the solvent polarity, is used to study the solvation process, we
can estimate theS(t) from the direct measurement of the
dynamic fluorescence Stokes shift of the fluorescence probe.
Equation 1 can thus be rewritten as

where ν(t), ν(∞), and ν(0) are the fluorescence maximum
frequencies of the fluorescence probe at timest, ∞, and 0,
respectively. Time 0 is defined as the time when the dipole
moment of the solute changes due to the excitation of the
electronic state by light, and time∞ is defined as the time when
the system achieves the equilibrium state. Since the solvation
process in most simple solvents is much faster than the lifetime
of the fluorescence probe,ν(∞) is often defined as the maximum
frequency of the steady-state fluorescence spectra. Namely, the
dynamic fluorescence Stokes shift of a solvatochromic molecule
corresponds to the solvation dynamics.

Figure 7 shows the typical examples of the time-resolved
fluorescence spectra of C153 in PEG600 at times of 0.05, 0.10,
0.30, 1.00, and 3.00 ns. It is evident from Figure 7 that the
fluorescence maximum shifts to the longer wavelength with the
time evolution up to the nanosecond region. The liquid oligo-
(ethylene oxide)s studied here show the subnanosecond solvation
component as well as the other complex solutions,42,43 though
the subnanosecond solvation dynamics is not commonly ob-
served in most of the simple organic solvents.6 To estimate the
maximum of the time-resolved fluorescence spectrum at each
time, the time-resolved fluorescence spectra measured are fitted
with a log-normal line-shape function:58

where If0, νp, b, and ∆ are the peak height, peak frequency,

TABLE 2: Reorientation Parameters for C153 in Poly(ethylene glycol)s and Crown Ethers

medium ar1 (ar1/(ar1 + ar2)) τr1/ns ar2 (ar1/(ar1 + ar2)) τr2/ns

EG3 0.07( 0.01 (0.18) 0.082( 0.08 0.32( 0.01 (0.82) 1.89( 0.02
EG4 0.09( 0.01 (0.23) 0.079( 0.06 0.30( 0.01 (0.77) 2.10( 0.03
EG5 0.08( 0.01 (0.21) 0.079( 0.08 0.30( 0.01 (0.79) 2.08( 0.05
PEG300 0.08( 0.01 (0.21) 0.058( 0.10 0.31( 0.01 (0.79) 2.34( 0.04
PEG400 0.08( 0.01 (0.21) 0.058( 0.09 0.30( 0.01 (0.79) 2.42( 0.04
PEG600 0.09( 0.01 (0.24) 0.068( 0.07 0.29( 0.01 (0.76) 2.89( 0.05
CE4 0.10( 0.01 (0.26) 0.066( 0.05 0.29( 0.01 (0.74) 0.64( 0.03
CE5 0.10( 0.01 (0.26) 0.077( 0.07 0.29( 0.01 (0.74) 1.29( 0.04

Figure 6. (a) Faster reorientational time constantsτr1 (triangles) and
faster solvation time constantsτs1 (circles) and (b) slower reorientational
time constantsτr2 (triangles) and slower solvation time constantsτs2

(circles) of C153 in poly(ethylene glycol)s vs the molecular weights
M of poly(ethylene glycol)s.

r(t) )
I|(t) - I⊥(t)

I|(t) + 2I⊥(t)
(3)

Figure 7. Examples of the time-resolved fluorescence spectra of C153
in PEG600. The fluorescence maximum shifts to the longer wavelength
with the time evolution (purple, 0.05 ns; blue, 0.10 ns; green, 0.30 ns;
orange, 1.00 ns; red, 3.00 ns).

S(t) )
ν(t) - ν(∞)

ν(0) - ν(∞)
(4)

If(ν) ) If0 exp[-ln(2)(ln[1 + 2b(ν - νp)/∆]

b )2] (5)
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asymmetric parameter, and width parameter, respectively. When
2b(ν - νp)/∆ is less than-1, If(ν) is taken as 0.

The dynamic features of the solvation process of C153 in
the oligo(ethylene oxide)s can be expressed by eq 4. For the
data analysis,ν(0) is defined as the maximum frequency of the
fluorescence spectrum at the time when a sample is excited by
a laser pulse. The value ofν(∞) is tentatively estimated from
the extrapolation of the biexponential fit toν(t) at infinite time,32

because the slower solvation component (τs2) is rather competi-
tive with the fluorescence lifetime of C153 in PEGs (about 5
ns). The value ofν(∞) estimated by the above method is in
good agreement with the maximum frequency of the fluores-
cence spectrum at>5 ns within experimental error.

Figure 8 shows the decays ofS(t) for C153 (a) in PEG600,
PEG300, and EG3 and (b) in CE5 and CE4. The biexponential
fit curves are also shown in Figure 8. The amplitudes are set to
be 1 (as1 + as2 ) 1) for a convenient normalization. The fit
parameters of the solvation dynamics are summarized in Table
3. We also used the sum of a stretched exponential and single-
exponential functions (as1exp(-t/τs1)â + as2exp(-t/τs2)), which
is well used to express the polymer dynamics, for the fit to the
experimental data. The indexâ in the stretched exponential

function obtained by the fit toS(t) for all the oligo(ethylene
oxide)s is almost unity (0.9< â < 1.1), and both the amplitudes
and time constants are quite similar to those obtained by a
biexponential fit function.

To clearly see the dependence of PEG’sM on the solvation
time constants for C153 in PEG, the plots of the (a) faster
solvation timeτs1 and (b) slower solvation timeτs2 against the
M of PEGs are shown in Figure 6. The notable points from
Figures 6 and 8 and Table 3 are the following: (i) The slow
subnanosecond to nanosecond solvation dynamics are observed
for all the PEOs measured in this study. (ii) The faster solvation
time constantτs1 in both PEGs and CEs is about 130 ps and is
almost independent of the molecular weight and molecular
structure (linear or cyclic shape). (iii) The slower solvation time
constantτs2 in both PEG and CE becomes slower with the larger
M of the molecules. (iv) The slower solvation time constantτs2

in PEGs depends linearly on theM of the polymers.

4. Discussion

4.1. Steady-State Absorption and Fluorescence Spectra.
As shown in Figure 3, both theνabs andνfl of C153 in PEGs
become larger and∆ν becomes smaller with the largerM of
PEG. However, the relationships betweenνabs, νfl , and∆ν and
the M of PEG for C153 in PEG are not simple. We rescale
from M to the volume fraction of the hydroxyl groups of the
entire polymer,VOH/Vmolecule, because PEG has two polar
hydroxyl groups per molecule and the ethylene oxide main chain
is much less polar than the hydroxyl end group.

Figure 9 shows the dependence of theνabs, νfl , and ∆ν of
C153 in PEG onVOH/Vmolecule. The volumes of the hydroxyl
group and polymer are estimated from the sum of the van der
Waals increments.59 Interestingly, all theνabs, νfl , and∆ν values
of C153 in PEG depend linearly onVOH/Vmolecule. This indicates
that the static solvation energy (or the solvent reorganization
energyλs) of C153 in PEG depends linearly on the volume
fraction of the polar group in the molecule, becauseλs can be
estimated by the fluorescence Stokes shifts in the target solvent
and in a nonpolar solvent as the reference:60

where∆ν and∆νref are the Stokes shifts in the target solvent
and in the reference nonpolar solvent, respectively. Since∆νref

is a constant,λs is directly correlated with∆ν. Namely, the
hydroxyl groups of PEG have a contribution to the stabilization
of the excited-state C153 in PEG systems, and the volume
fraction of the hydroxyl group is linearly related to a static
solvation parameter.

4.2. Orientational Dynamics of C153.The reorientational
time correlation functionr(t) for C153 in PEG and CE is
expressed by a biexponential function as shown in Figure 5.
Nonexponential behaviors of the orientational dynamics of C153
in alcohols and some organic solvents were also reported.57 The
notable point of the present result is that the faster reorientation
time constantτr1 is about 70 ps for all the PEGs and the slower
reorientation time constantτr2 with a time range of 1.8-3.0 ns
shows a linear relationship with theM of PEG in the range of
M ) 150-600.

The orientational dynamics of both solvent and solute
molecules in simple solutions follows the hydrodynamic mod-
els.61,62In a simple hydrodynamic model, the rotational diffusion

Figure 8. Decays of solvation correlation functionsS(t) for C153 (a)
in poly(ethylene glycol)s (red circles, PEG600; blue squares, PEG300;
green triangles, EG3) and (b) in crown ethers (red circles, CE5; blue
squares, CE4). Biexponential fit curves are also shown by the
corresponding colored lines.

TABLE 3: Parameters for the Solvation Dynamics of C153
in Poly(ethylene glycol)s and Crown Ethers

medium as1 τs1/ns as2 τs2/ns

EG3 0.78( 0.06 0.12( 0.01 0.22( 0.06 0.57( 0.11
EG4 0.79( 0.06 0.14( 0.02 0.21( 0.06 0.66( 0.13
EG5 0.70( 0.05 0.13( 0.01 0.30( 0.05 0.80( 0.10
PEG300 0.70( 0.03 0.12( 0.01 0.30( 0.03 0.95( 0.09
PEG400 0.69( 0.02 0.12( 0.01 0.31( 0.02 1.30( 0.10
PEG600 0.70( 0.02 0.13( 0.01 0.30( 0.02 1.56( 0.17
CE4 0.80( 0.04 0.13( 0.01 0.20( 0.04 1.02( 0.20
CE5 0.78( 0.03 0.14( 0.01 0.22( 0.03 1.62( 0.18

λs ) (∆ν - ∆νref)/2 (6)
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time of a spherical particle,τr, is expressed by

whereV is the volume of the target particle,η is the medium
viscosity, kB is the Boltzmann constant,T is the absolute
temperature,f is the shape factor,C is the solute-medium
coupling friction factor, andτr0 is the free-rotator correlation
time. Sluch et al. reported that the rotational time constant of
anthracene in poly(isobutylene) with a molecular weight of less
than 560 (η is 1300 cP forM ) 560) obeys the hydrodynamics
model and the model breaks down in the largerM poly-
(isobutylene).63

From Figures 4 and 6b, we find a nearly linear dependence
of the τr2 of C153 in PEG on theη for the liquid polymers.
Since we used only the C153 probe in this study,V andf in eq
7 are invariable parameters. Coumarin derivatives make specific
hydrogen bonds with hydrogen-bonding solvent molecules.64-66

The parameterC varies for polymers with differentM values,
because the mole fraction (or volume fraction) of hydroxyl
groups in the polymer decreases with the largerM of PEG.
However, the volume fraction of hydroxyl groups in PEG is
not linear toM (andη) (Figures 4 and 9). Therefore, the specific

interaction between C153 and hydroxyl groups of PEG could
not (or only slightly) varyC with the PEGs with differentM
values. As a result, the slower orientational dynamics of C153
in PEGs obeys the hydrodynamic model. In contrast to the
slower reorientation, the faster reorientation occurs very rapidly
like low-viscosity solvents and is insensitive to the PEG chain
length and molecular structure. Since the densities of PEGs and
CEs are not much different (the densities of EG3, PEG600, CE4,
and CE5 are 1.125, 1.128, 1.089, and 1.109 g/mL, respectively)
and they have the same constitutional repeat unit, we can expect
that the free volume in the liquids might be nearly constant.
The present result of the faster reorientation of C153 in PEGs
and CEs may arise from no difference of the free volumes of
the liquids.

4.3. Solvation Dynamics in Oligo(ethylene oxide)s.Any
simple solvent has the ultrafast solvation component in the
femtosecond region.6 When an apparatus whose instrument
response is insufficient to resolve the solvation dynamics is used,
the observation of the dark solvation component, which is
undetectable with the apparatus, is well recognized in pure
solvents67 and micelle solutions.13,17 Since the instrument
response of the spectrometer used in this study is about 30 ps
in the shortest detection condition, we need to determine the
whole solvation process of C153 in PEGs and CEs we have
observed in this study.

The maximum frequency of the time-zero fluorescence
spectra of C153 in PEO can roughly be estimated by the method
proposed by Fee and Maroncelli.67 The time-zero spectrum here
means a fluorescence spectrum prior to any solvent relaxation.
It is not the experimental time-zero fluorescence spectrum. The
time-zero frequency of the fluorescence spectrum maximum can
be estimated from the steady-state absorption and fluorescence
spectra in nonpolar solvent and the absorption spectrum in the
target polar solvent:

where the subscripts “p” and “np” refer to the spectra in polar
and nonpolar solvents. The frequencies here are not the values
of the maximum frequencies but correspond to the midpoint
frequencies of absorption or fluorescence spectra,νamd or νfmd,
in the solvents. The midpoint frequency is given by

whereνl andνh are the low and high frequencies (red and blue
wavelengths) on the half-height points of the spectrum. Cyclo-
hexane is used as the reference of the nonpolar solvent in the
present work. The maximum frequency at time zero,νp,f(t )
0), is estimated as the sum ofνp,fmd(t ) 0) and the difference
between the midpoint and maximum frequencies in the steady-
state fluorescence spectrum of the target system. The calculated
time-zero wavelengths of the fluorescence spectra of C153 in
PEGs and CEs,νcal(0), are listed in Table 4. The maximum
frequencies of the observed time-resolved fluorescence spectra
of C153 in the oligo(ethylene oxide)s,ν(0), the maximum
frequencies of the fluorescence spectra at infinite time,ν(∞),
and the dark solvation components ((νcal(0) - ν(0))/(νcal(0) -
ν(∞))), which are undetectable with the present laser setup, are
also listed in Table 4. The solvation dynamics of C153 in PEGs
and CEs discussed here contribute about 60% to the whole
solvation process for the PEGs and about 50% for the CEs.

In this study, we observed thatτs1 is about 130 ps for all the
PEGs and CEs measured, butτs2 becomes slower with the larger
M of the molecule. Pant and Levinger recently measured the

Figure 9. Dependence of the frequencies of the (a) absorption
maximumνabs, (b) fluorescence maximumνfl , and (c) Stokes shift∆ν
of C153 in poly(ethylene glycol) on the volume fraction of the polar
hydroxyl group,VOH/Vmolecule.

τr ) 3VηfC
kBT

+ τr0 (7)

νp,fmd(t ) 0) ) νp,amd- [νnp,amd- νnp,fmd] (8)

νmd ) (νl + νh)/2 (9)
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solvation dynamics of coumarin 343, which is similar to C153,
in tri(ethylene glycol) monoethyl ether by femtosecond laser
spectroscopy.12e They found that the solvation dynamics in tri-
(ethylene glycol) monoethyl ether is expressed by a triexpo-
nential function with time constants of 0.26, 24, and 105 ps
(the amplitudes are 0.10, 0.19, and 0.71, respectively). Argaman
and Huppert reported the solvation dynamics in di(ethylene
glycol) dimethyl ether, tri(ethylene glycol) dimethyl ether, and
tetra(ethylene glycol) dimethyl ether.68 According to their result,
the ∼10 ps solvation component, which is attributed to the
intramolecular segmental motion, depends on the molecular
weight (i.e., the longer the polymer, the slower the solvation
time constant) and the∼100 ps solvation component, which is
related to cooperative motions of the polymer molecules due
to the creation and annihilation of the network by the fluctua-
tions, is almost insensitive to theM of the polymers. This result
is in good agreement with the results of the Brillouin scattering
measurements,69-72 dielectric measurements,73,74and molecular
dynamics simulations.75 Our result also shows no dependence
of PEG’s M on the ∼100 ps dynamics in an even wider
molecular weight range (150< M < 600). Further, we find
that cyclic CEs also have a∼100 ps solvation component, and
this component is almost unity for both CE4 and CE5. That is,
the ∼100 ps solvation component in PEGs and CEs is related
to cooperative motions arising from the local dynamics of
ethylene oxide parts of PEGs and CEs and has no relevance to
the chain length, end groups, and molecular geometric structures.

In contrast to the 130 ps component of the solvation
dynamics, the slower time constant for the solvation dynamics
depends on theM of PEGs and is about 10% of the total
amplitude of the solvation process. Sinceη is an important
physical parameter for the dynamics in liquids1-5,61,62 and
polymer solutions,54-56,76,77we consider the relationship between
the time constant of the slower solvation dynamics and the bulk
viscosity. It is clear from Figures 4 and 9 thatτs2 and η for
C153 in PEG have a nearly linear correlation.

As shown from the dependence ofη on the M for PEG
(Figure 4), the PEGs used in this study are not entangled.53-56

Further, the slower orientational dynamics of C153 in PEGs
obeys the hydrodynamic model. If the slower solvation dynamics
is due to the reorientation of the entire oligomer molecule, the
slower solvation time constant should be in accord with the
hydrodynamic model (eq 7). The correlation between the PEG’s
volume59 andM is also linear. However, if bothη andM are
taken into consideration, the change of the time constants is
too small. It is thus less possibile that the linear PEG behaves
as a small rigid particle (the Stokes-Einstein-Debye hydro-
dynamic model).

It is known that thelongestrotational relaxation time of a
polymer can be expressed by the Rouse model in some cases

of short polymers (oligomers) in melts.78 According to the Rouse
model, the diffusion constantD is proportional to 1/M and the
time constant of the relaxation is proportional to the square of
M.54-56,79 Shi and Vincent reported the molecular weight
dependence of PEO on lithium cation mobility in PEO.80 They
showed that the mobility of the cation in low molecular weight
PEOs (below the entanglement limit) was explained by the
Rouse-Zimm model. Borodian and Smith estimated the Rouse
time of PEO withM ) 530 at 450 and 363 K by the molecular
dynamics simulation.81 The time constant is in good agreement
with the present result (τs2 for PEGs withM ) 400 and 600).
However, the present result shows the linear dependence ofτs2

on M. Interestingly, only the smallest molecular weight PEO
studied by Shi and Vincent (M ) 400) showed an anomalously
high value of the diffusion coefficientD of the lithium cation
for the feature of the Rouse model (D ∝ M-∼2).80 Since the
molecular weight range in the present experiment is much lower
than in Shi and Vincent’s experiment (400< M < 3200, the
Rouse region), the mechanism of the observed oligomer
dynamics may be different from that of the Rouse model.

The slow nanosecond solvation dynamics is also observed
in CEs. From the comparison between the time constants of
the slower solvation dynamics in CEs and PEGs which have
the same numbers of the constitutional repeat unit, it is evident
that the slower solvation dynamics in CEs is slower than that
in PEGs, though the values ofη of CEs are smaller than those
of PEGs. Further, the time constants of the slower orientational
dynamics in the CEs are larger than those of the slower solvation
dynamics in the PEGs with the same numbers of the constitu-
tional repeat units, though the time constants of the slower
orientation dynamics in the PEGs are smaller than those of the
slower solvation dynamics in the CEs.

In simple solutions, there is a correlation between the
orientational dynamics and the diffusive solvation dynamics.57,82

Figure 10 shows the plots ofτr2 vsτs2 for C153 in PEGs (circles)
and in CEs (squares). It is clear from Figure 10 that the
correlation betweenτr2 andτs2 for C153 in PEGs is also linear.
Moreover, we find the correlation for PEG is different from
that of CE. Similarly to the present result, Maroncelli and co-
workers showed that the correlation between the orientational
dynamics and the solvation dynamics for C153 in linear alcohols
is different from that for C153 in polar aprotic solvents.57

Although the PEGs and CEs studied here are oligomer systems,
not simple solution systems, the different features of PEG and
CE might arise from the presence of hydrogen-bonding sources
as in the case of simple solution systems.

TABLE 4: Calculated Time-Zero Fluorescence Maxima
νcal(0), Observed Time-Zero Fluorescence Maximaν(0),
Infinite-Time Fluorescence Maxima ν(∞), and Dark
Solvation Components of C153 in Poly(ethylene glycol)s and
Crown Ethers

medium
νcal(0)/103 cm-1

(λcal(0)/nm)
ν(0)/103 cm-1

(λ(0)/nm)
ν(∞)/103 cm-1

(λ(∞)/nm)
dark solvation
componenta

EG3 20.71 (482.9) 19.90 (502.6) 18.83 (531.1) 0.43
EG4 20.83 (480.0) 20.02 (499.5) 18.93 (528.3) 0.43
EG5 20.85 (479.6) 20.14 (496.5) 18.99 (526.6) 0.38
PEG300 20.92 (478.1) 20.24 (494.0) 19.06 (524.5) 0.37
PEG400 20.95 (477.3) 20.32 (492.2) 19.12 (523.1) 0.34
PEG600 20.96 (477.0) 20.28 (493.2) 19.20 (520.8) 0.39
CE4 21.24 (470.8) 20.43 (489.6) 19.67 (508.5) 0.52
CE5 21.15 (472.8) 20.32 (492.1) 19.52 (512.3) 0.51

a Calculated as (νcal(0) - ν(0))/(νcal(0) - ν(∞)).

Figure 10. Slower reorientation time constantsτr2 vs the slower
solvation time constantsτs2 for C153 in poly(ethylene glycol)s (circles)
and in crown ethers (squares).τr2 depends linearly onτs2 for C153 in
poly(ethylene glycol)s.
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5. Conclusions

The solvation dynamics and orientational dynamics of a
solvatochromic fluorescence probe molecule, coumarin 153, in
liquid poly(ethylene glycol)s and crown ethers have been
investigated by picosecond time-resolved emission spectroscopy.
The time constant of the faster solvation dynamics in poly-
(ethylene glycol) is∼130 ps and does not depend on the
molecular weight in the range ofM ) 150-600. In contrast to
the faster solvation time constant, the time constant of the slower
solvation dynamics (0.5-1.6 ns) depends linearly on the
molecular weight and bulk viscosity of poly(ethylene glycol).
The feature of the orientational dynamics of C153 in liquid poly-
(ethylene glycol)s is similar to that of the solvation dynamics:
the faster reorientational time is almost constant (∼70 ps), and
the slower reorientational time constant (1.8-3.0 ns) depends
linearly on the molecular weight and bulk viscosity of poly-
(ethylene glycol). From the comparison between poly(ethylene
glycol) and crown ether, we found that the faster solvation
dynamics in crown ethers is similar to that in poly(ethylene
glycol)s. However, the slower solvation dynamics in crown
ethers is somewhat different from that in poly(ethylene glycol)s.
This difference between crown ether and poly(ethylene glycol)
is due to the distinction of the molecular structures including
the presence of hydroxyl groups.
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