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bstract

We report a study of the effect of solvent properties (polarity, H-bonding and viscosity) on the relaxation dynamics of milrinone (MIR) by
sing steady-state UV–vis absorption, emission and picosecond emission techniques. The major solvent effect on the steady-state absorption and
mission spectra is due to specific interactions between solvent molecules and different sites of MIR, although the effect of medium polarity is not
egligible. Time-resolved experiments provided more information. The observed effect on the relaxation dynamics is due to H-bonding acceptor

bility, polarity and viscosity of the solvent. The result is explained in terms of the presence of an intramolecular charge-transfer reaction and
wisting motion. The anisotropy decay data suggest that MIR rotates under stick boundary conditions. We believe that these results might be of
mportance for improving drugs design and may help to understand the interactions of MIR and other drugs with the environment.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Milrinone (scheme, MIR), 1,6-dihydro-2-methyl-6-oxo-3,4′-
ipyridine-5-carbonitrile, a cardiotonic drug, is an inotropic
gent used for the short term intravenous therapy of con-
estive heart failure [1]. This drug can exist in different
automeric and conformational structures in the ground and
xcited states [2–4]. The electron donating methyl substitutent
f MIR drives the equilibrium towards the keto form in water
3,5,6]. Theoretical calculations predict ∼7 kcal/mol energy gap
etween the keto and enol forms, the former one being the
ore stable structure [4]. From the point of view of medi-

al use, both keto and cation structures are the active forms
2,7].

The short time of action of MIR is promising. However,

ong-term of use the oral form of the drug revealed that it is
ssociated with adverse side effects [8–11]. Detailed knowl-
dge about solvent interactions with drug at the S0 and S1 states
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E-mail addresses: elkemary@yahoo.com (M. El-Kemary),
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s essential for drug design and synthesis, and for the evalua-
ion of photostability and phototoxicity of the drug. Therefore,
he involved molecular mechanism can be explored through the
tudy of the fast dynamic aspects of the drug photorelaxation in
ifferent media [12–14]. The H-bonding, twisting motion and
ntramolecular charge transfer (ICT) are perhaps key features for
notropic activity of keto (K) and cation structures [4]. An assess-

ent of the solvent effect on its photodynamics may help for a
etter understanding of its interactions with the environment
for example water and biological molecules—its target pro-
ein and/or membrane transport). Such a result may also help to
nderstand the behavior of other medicines having comparable
roups.

Therefore, the information may add new knowledge to
mprove drugs design and use in phototherapy where the out-
ome of the interaction of light with the medicine is of great
mportance. In previous studies, we have reported on the fast
ynamics of MIR in water and in cyclodextrin nanocavities
4,15]. We also showed that in neutral water solutions, K form
ndergoes an ICT reaction at S1 in a time constant shorter than

00 fs, followed by a 10-ps dynamics assigned to vibrational
elaxation/cooling and twisting motion in the formed ICT state
16]. Here, we report on the fast dynamics of excited MIR, in
olvents of various polarity, viscosity and H-bonding ability to
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ain more insight into the drug–solvent interaction. The results
how the importance of H-bonding, ICT and twisting motion on
he photorelaxation of the drug.

. Experimental

MIR (purity ≥ 97%), purchased from Sigma–Aldrich was
sed as received. Its purity was checked by thin layer chromatog-
aphy (TLC). Solvents (spectroscopic grade, purchased from
igma–Aldrich or Merck) were dried and distilled when nec-
ssary before use. Steady-state absorption and emission spectra
ere recorded on Varian (Cary E1) and Perkin-Elmer (LS 50B)

pectrophotometers, respectively. Fluorescence quantum yields
ere determined using quinine sulphate in 0.1N H2SO4 as a stan-
ard [17]. Emission decays were measured by a time-correlated
ingle photon counting system described before [18]. The sam-
le was excited by a 40 ps pulsed (20 MHz) laser centered at
71 nm and the emission signal was collected at the magic angle.
he instrumental response function (IRF) of the apparatus was

ypically 65 ps. Multiexponential functions convoluted with the

RF signal were fitted to the emission decays using the Fluofit
ackage. The quality of the fits was characterized in terms of
esidual distribution and reduced χ2 value. All the measurements
ere done at 293 ± 1 K.

a
b
o
(

ig. 1. (A) UV–vis absorption, and (B) emission spectra of MIR in 1,4-dioxane (—)
,4-dioxane (—), acetonitrile (- - -) and water (– –) observed at 390 nm. For the emiss
hotobiology A: Chemistry 187 (2007) 339–347

. Results and discussion

.1. Steady-state absorption and fluorescence spectra

In a previous study, we observed that the keto (K) form is the
ominant species of MIR in neutral water solution [4]. Like in
he case of parent unsubstituted pyridone [19], no indication of
hototautomerization was found in solution [4], though this pho-
oreaction is normally observed in heteroaromatic compounds
20–22].

Results of X-ray crystallography (solid state), 1H NMR stud-
es (water solution) and theoretical calculations (gas phase)
howed that K is stable under a rotameric conformation in which
he pyridone part is rotated by 52◦ around the C–C bond con-
ecting the two aromatic moieties [4,23].

The UV–vis absorption and fluorescence spectra of MIR
ere measured in different solvents. Fig. 1 shows representa-

ive spectra. Table 1 lists the absorption and fluorescence data
ogether with some solvent parameters [24–26]. The steady-state
esults indicate a relatively small solvent effect on the absorption

nd fluorescence maxima reflected in position and shape of the
ands. The absorption maxima of MIR in the studied solvents are
bserved at 340–350 nm (S0 → S1 transition) and 265–275 nm
S0 → S2 transition), whereas the emission maxima are located

, acetonitrile (- - -) and water (– –) solutions. (C) Excitation spectra of MIR in
ion spectra, the excitation wavelength was 340 nm.
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Table 1
Steady-state UV–vis absorption and fluorescence data of MIR in different solvents at maximum intensity

Solvent λa (nm) λf (nm) �ν̃ (cm−1) f(ε,n) η (cP) ET (30) α β π*

1 1,4-Dioxane 266, 348 397 3546 0.03 1.42 36.0 0 0.37 0.49
2 Diethyl ether 268, 350 397 3383 0.30 0.23 34.5 0 0.47 0.24
3 THF 268, 350 394 3190 0.44 0.46 37.4 0 0.55 0.55
4 CH2Cl2 265, 347 393 3373 0.47 0.40 40.7 0.13 0.00 0.73
5 DMSO 274, 350 395 3254 0.66 1.99 45.1 0 0.76 1.00
6 CH3OH 270, 341 390 3685 0.71 0.55 55.5 0.98 0.66 0.60
7 Ethylene glycol 260, 339 397 4310 0.67 20.8 53.8 0.90 0.52 0.92
8 CH3CN 267, 346 392 3392 0.71 0.37 45.6 0.19 0.31 0.66
9
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Water 266, 334 385 3966

his table also contains solvent parameters (see text for detail).

t 392–400 nm. These values are not far from those observed in
eutral water: 334, 266 and 385 nm, respectively, suggesting that

is the dominant structure in these media. The spectral band
ositions of MIR are shifted to longer wavelengths when com-
ared to those reported for pyridone derivatives not having CN,
H3 and pyridyl groups [27]. Note that for MIR, the CH3 group
ay interact with the π system of the pyridone ring through an

yperconjugation stabilizing its rotamer at the excited state, as
t has been reported for 1-methyl-2(1H)-pyridone in which the
ethyl is rotated by 60◦ with respect to that of the ground state

28]. Ground-state theoretical calculations for K of MIR and of
-methyl-3,4′-bipyridin-6(1H)-one (MB, a structure similar to
IR but without the CN group) reveal that within a water cav-

ty (continuum dielectric model), the dipole moment value of
B (4.1 D) is lower than that of MIR (10.5 D), revealing that

he CN group significantly induces a charge redistribution at the
round state of MIR. Moreover, for MIR the calculations indi-
ate that the Mulliken charge density is −0.828 a.u. at the CN
roup and +0.877 a.u. at the rest of pyridone moiety [4]. This
harge difference shows that an electronic flow at S0 takes place
rom the pyridone part to the CN group. The fluorescence exci-
ation spectra (Fig. 1C) in aprotic nonpolar (1,4-dioxane), protic
olar (water) and aprotic polar (acetonitrile) solvents are almost
imilar to those of the absorption ones, except that the relative
ntensity of the S2 transition band to that of S1 is slightly smaller
hen compared to that in the absorption spectra. The small dif-

erence might be due to more efficient non-radiative channel at
igher energy of excitation.

An analysis of the solvatochromic shift of absorption and
mission bands revealed that the wavelengths of absorption and
mission maxima are shifted to shorter values when increasing
olarity and H-bonding ability of the solvent (Table 1). This
rend is consistent with that reported for comparable pyridone

olecules [27]. In water and methanol solutions, the observed
lue shift is due to the presence of H-bonding complexes in
hich both N–H and C O groups of K are associated with sol-
ent molecules, probably forming a cyclic complex as in the
ase of 2-pyridone (2PY) [29]. The interaction with the C O
roup provokes a decrease in the electronic delocalization of

he electrons lone-pair to the pyridone π system and therefore a
lue shift in the absorption spectrum. Furthermore, a larger H-
onding energy in the ground state than in the excited one can
lso lead to the same effect, and will contribute to a blue shift

c
a
(
t

0.76 1.00 63.1 1.17 0.47 1.09

f the spectra. The complexation of 2-PY with water produces
blue shift in the electronic origins relative to the uncomplexed
olecule, and the experimental result was explained in terms

f a stronger intermolecular H-bond between both molecules
t the ground state than in the excited one [30]. Note that for
,4-dioxane and diethyl ether, the solvent molecule can only
ind to the N–H proton of MIR. To analyze the solvent effect
n the ground and excited states, we examined the variation of

˜abs, ν̃em and �ν̃ (ν̃abs − ν̃em = Stokes shift) with some solvent
haracteristics. Table 1 displays the related parameter values.

Fig. 2A shows the variation of ν̃abs and ν̃em with the value
f ET (30) [24]. While the sensitivity of these transitions to this
olvent parameter, governed by polarity and H-bonding acidity
f the solvent, is not large, the best correlation is obtained for the
hange of the absorption transition with a correlation coefficient
= 0.92 (Eq. (1)). For emission transition, we got R = 0.74 and
.D. = 188. If we use the reaction dielectric field factor to ana-

yze the change (f(ε,n) = [(ε − 1)/(ε + 2)] − [(n2 − 1)/(n2 + 2)]),
here ε and n are the dielectric constant and the refractive index
f the solvent, respectively), we obtained a very weak R ∼ 0.6
or the absorption and emission transitions. When the analysis
s performed in terms of Kamlet–Abboud–Taft solvent param-
ters: H-bond donating acidity (α), H-bond accepting basicity
β) and polarity/polarizability (π*) [25], the correlation for ν̃em
s very weak (R = 0.68 and S.D. = 240), while that for ν̃abs gives
.97 (Eq. (2)).

ν̃abs(cm−1) = 26774 + 48ET(30),

R = 0.923, standard deviation (S.D.) = 211 (1)

ν̃abs(cm−1) = 28636 + 920α − 351β + 246π∗,

R = 0.967, S.D. = 112 (2)

Therefore, from the above analysis of the absorption and
mission transitions position when changing the solvent nature,
e can conclude the following: the spectral position of the

mission band is relatively less sensitive and shows a lower cor-
elation with the variation of the used solvent parameters, when

ompared to the absorption one. For this transition, taking into
ccount the characteristics of the used parameters in Eqs. (1) and
2), an increase in the polarity and acidity of the medium shifts
he absorption band to shorter wavelengths, while the reverse
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of the solvent lead to an increase in the Stokes shift values of
MIR when the value of these solvent parameters increases. The
extent of the relative contribution is larger for α (normalized
coefficient: 76%) than for π* (5%). The negative coefficient of
ig. 2. (A) Variation of ν̃F (�) and ν̃A (©) with ET (30), (B) variation of Stok
uide the eye and the circle is to envelope the trend. The solvent parameters and

s obtained when the basicity of the medium increases. The
mprovement of the correlation, reflected in the values of R and
.D. in Eqs. (1) and (2), shows that the basicity of solvent through
-bond donating ability (reflected in β) affects the spectral posi-

ion of S1 transition. The value of coefficients in Eq. (2) shows
he acidity of the solvent (α) has the largest effect, while its
olarity–polarisability (π*) exhibits the lowest one.

We analyzed the variation of �ν̃ with the above solvent
arameters, and we observed low and dispersed sensitivity of
he �ν̃ to f(ε,n) (not shown), ET (30) and π* scales (Fig. 2B and
). Therefore, we analyzed the �ν̃ value change in terms of α,
and π*, and we obtained:

�ν̃(cm−1) = 3373 + 620α − 151β + 42π∗,

R = 0.700, S.D. = 253 (3)

To begin with, the quality of the correlation, the value of R is
ot good, and that of S.D. is high. Both values reflect a significant
eviation of the related points from the expected fit. The scat-
ering of the data is probably because MIR is a multifunctional

olecule with possible different kinds of interactions with the

olvent (Scheme 1). Four sites of MIR are sensitive to H-bonding
nteractions with the medium: C O, NH, C N groups, as well
s the nitrogen atom of 3-(4-pyridyl) moiety; and two possible
CT reactions in the first electronically excited state may happen:
ft (�ν̃) vs. ET (30), and (C) variation of �ν̃ vs. π*. The dashed line is only to
bers are listed in Table 1 (see text for detail).

ne from the pyridone part to the CN group and the pyridone to
yridyl moieties, as well as twisting motion [4]. The interaction
ith the solvent will influence the extent of these intramolecu-

ar events happening at the excited state, and therefore on the
mission quantum yield and spectral position of the remaining
mission.

The positive sign of α and π* coefficients in Eq. (3) indicates
hat the H-bond donor (HBD) acidity and polarity/polarizability
Scheme 1. Molecular structure of keto form of MIR.
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(−151) indicates the reverse trend: an increase of the basicity
hrough HBA ability leads to a lower value of �ν̃. The larger
oefficient for α relative to that of β suggests that the HBD acid-
ty of solvent has more effect on the spectral behavior of MIR
ompared to the H-bond acceptor (HBA) basicity. Therefore, in
he push–pull H-bonding interactions of MIR with the solvent,
he acidity of the medium has the stronger effect on �ν̃ and the
esulted electronic flow balance should affect the ICT reactions
from the pyridone part to the CN group or to the pyridyl moiety)
t S1. Both polarity and H-bonding ability of the solvent have
een accounted for complicated medium effects on UV absorp-
ion and fluorescence emission spectra of pyridone derivatives
31]. For MIR, the S1(π,π*) state of K may be easily mixed with
he close lying S2(n,π*) state through a vibronic coupling, and
he extent of this coupling should be sensitive to the polarity and
-bond donating ability of the solvent. For 2-pyridone, com-
lexation with water shifts the 0–0 transition to the blue, a result
hich indicates a weaker H-bond formed between the S1 state

nd water than with the S0 state and water [30]. Thus, the relative
osition (energy) of S1(π,π*) state to that of S2(n,π*) one should
e sensitive to H-bonding acidity (α) of the solvent, and Eq. (3)
redicts that an increase in α induces an increase in �ν̃ for which
he main involved transitions are of (π,π*) type. An increases
n the acidity of the solvent stabilizes more the S0 state than
he excited S1(π,π*) one, but it destabilizes the S2 (n,π*) state,
nd therefore leads to a larger energy gap between S1(π,π*) and
2(n,π*) and to a lower vibronic coupling. A stronger coupling

nduces a faster non-radiative deactivation of the S1 state. On
he other hand, any molecular distortion or twisting motion will
ffect the above coupling and the electronic conjugation within
IR. As said previously, the methyl group may rotate and inter-

ct with the π system of the pyridone ring (hyper conjugation),
nd the pyridyl moiety shows a twisting motion [4,15].

.2. Picosecond time-resolved emission study

For a better understanding of the interactions of MIR with

he used solvents, we recorded the emission decays upon exci-
ation at 371 nm. Representative ps-emission decays observed
t 440 nm in 1,4-dioxane and dimethyl sulfoxide (DMSO)
re shown in Fig. 3. Table 2 presents the data of the multi-

t
i
s
K

able 2
alues of fluorescence quantum yield (Φf), emission lifetime (τi), and normalized (to

Solvent Φf τ1 (ps) a1 (%)

1,4-Dioxane 0.004 45 100
Diethyl ether 0.003 24 100
THF 0.005 39 99
CH2Cl2 0.003 24 100
DMSO 0.067 135 98
CH3OH 0.010 50 97
Ethylene glycol 0.033 270 99
CH3CN 0.005 29 99
Water 0.014 65 99

r and knr are the radiative and non-radiative rate constants, respectively.
a kr = Φf/τ1.
b knr = (1 − Φf)/τ1.
40 nm and upon excitation at 371 nm. The data of the multi-exponential fits
solid lines) are shown in Table 2. The figure shows the IRF (65 ps) of the
pparatus.

xponential fits and the values of fluorescence quantum yield
Φf) together with those of the radiative (kr) and non-radiative
knr) rate constants in various solvents. The results clearly indi-
ate that the excited-state photorelaxation of MIR is sensitive to
he solvent properties. For less polar and aprotic media, Φf is
round 3 × 10−3 and the emission lifetimes (τ) are in the range
f 25–45 ps, respectively. For polar and H-bonding acceptor sol-
ents, both Φf and τ significantly increase (Table 2). In addition
o this change in these solvents, a 0.5–2 ns lifetime appears in
he emission decays with weak amplitude (1–3%). The major
icosecond component having lifetime in the range 25–270 ps
97–99%) is assigned to the excited keto form of MIR according
o a previous report in water [4]. The minor component might
e due to a formed and relaxed ICT state [4,15], as it was previ-
usly shown in water solutions, or due to a zwitterionic structure
f MIR. Because of the limited ps-time resolution of the used
pparatus (∼10 ps after deconvolution of the signal using and
RF of 65 ps), we could not observe any rising ps-component in

he emission decay of ICT state. Femtosecond transients of MIR
n neutral water showed an ultrafast component having a time
horter than 100 fs, and assigned to an ICT reaction of excited

in water solution [16].

100) pre-exponential factor (ai) of fitting decay function in different solvents

τ2 (ns) a2 (%) kr
a (108 s−1) knr

b (109 s−1)

0.9 ± 0.2 22 ± 4
1.2 ± 0.2 41 ± 8

0.95 1 1.3 ± 0.3 25 ± 5
1.2 ± 0.2 41 ± 8

2.0 2 4.9 ± 0.4 7 ± 2
0.5 3 2.0 ± 0.4 20 ± 4
1.9 1 1.2 ± 0.3 3.6 ± 1
1.5 1 1.7 ± 0.4 34 ± 6
1.34 1 2.1 ± 0.4 15 ± 3
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ig. 4. Plot of log knr vs. π*. The values of solvent polarity-polarisability param-
ter and numbers are listed in Table 1.

Because, the amplitude of the ns-component in the emission
ecay is only 1–3%, we used the apparent global quantum yield
f and τ1 for calculating kr and knr values (Table 2). The val-

es of knr are in the range of (15–40) × 109 s−1 except for EG
nd DMSO (from Sigma–Aldrich, Anhydrous, ≥99.9%). The
ifference reflects the high viscosity and polarity of these two
edia. We note also that while the values of kr are in the range of

1–2) × 108 s−1, in DMSO (5 × 108 s−1) is larger. This suggests
hat when compared to the result in other media, the emitting
tate in DMSO (a very large polar and basic solvent) might expe-
ience significant different relaxations from those occurring in
he other media. As we previously suggested, two close-lying
inglet (n,π*) and (π,π*) electronic states might be present due
o pyridyl and pyridone moieties, and the vibronic coupling
etween them could be significantly affected by this solvent, and
y the no-planarity of MIR. For 1-methyl-2(1H)-pyridinimine
n,π*) states between the first (π,π*) and the second (π,π*) sin-
let excited sates have been found close lying to the S1(π,π*)
tate [32]. The low emission quantum yield was explained in
erms of no planarity of the structure at S1 and mixing between
n,π*) and (π,π*) states. For 2-PY, two close-in-energy struc-
ures have been found in a cold molecular beam expansion, and
ssigned to conformers of different planarity of the ring [30].
oth situations may happen in MIR, and would partly contribute

o its fast photophysics in solution. In rigid media (polymeric
atrix) or within a caging nanocavity, the emission quantum

ield significantly increases, due to a restriction of molecular
otion in the non-radiative decay of MIR [4,15].
To gain further insight into the solvent effect on the fast

elaxation of MIR, we analyzed the knr values with different
olvent parameters. To begin with f(ε,n), the results show that,
here is no good correlation between knr and this parameter. We
ave observed no correlation using ET (30) scale. However, knr
ariation was correlated with π* scale (Fig. 4).

Furthermore, we analyzed the variation of log knr values using
he α, β and π* scales (Eq. (4)).
log knr = 11.15 − 0.02α − 0.75β − 0.76π∗,

R = 0.658, S.D. = 0.265 (4)

fi
r
t
i

hotobiology A: Chemistry 187 (2007) 339–347

An improvement of the regression fit is obtained by adding
he effect of the viscosity (η) of the medium on knr (Eq. (5)). As
xpected the result shows that an increase in η of the medium
ecreases the value of knr.

log knr = 10.67 + 0.03α − 0.51β − 0.29π∗ − 0.44 log η,

R = 0.992, S.D. = 0.046 (5)

The effect of acidity is not significant, and if we exclude it
rom the analysis, we obtain:

log knr = 10.67 − 0.50β − 0.27π∗ − 0.44 log η,

R = 0.990, S.D. = 0.044 (6)

Therefore, the solvent affects the radiationless transitions of
by its basicity, polarity, and viscosity. The negative values of
and π* coefficients indicate that the non-radiative deactiva-

ion processes are favored with decreasing the basicity and the
olarity–polarizability of the solvents. Both effects have signifi-
ant contributions. The small contribution of α suggests that the
cidity of the solvent has only weak effect on the non-radiative
rocesses of MIR. It is worth noting that, in Eqs. (2) and (3), α

arameter has a significance effect on ν̃abs and �ν̃ values, while
weak one on knr (Eq. (5)). We explain this interesting behav-

or in terms of the absence (or weak) of H-bond interactions of
IR at the S1 state with the solvent. As said above for 2PY

omplexed to water the H-bond interaction at S1 is weaker than
t S0, shifting the origin of the 0–0 transition of the complex
o the blue side of the absorption spectrum [30]. Femtosecond
xperiments on MIR using normal and deuterated water show
imilar emission transients, showing no H/D isotope effect on
he H-bonding interaction with water, and therefore suggesting
n extremely fast (shorter than 100 fs) intermolecular H-bond
nteractions of MIR with water [16].

.3. Viscosity effect on relaxation time of MIR

Fig. 5A shows the effect of solvent viscosity on the UV–vis
bsorption spectra of MIR using mixtures of water and EG of
ifferent compositions. Upon going from water to EG solution,
he absorption maximum of the lower energy band is red-shifted
rom 335 to 345 nm. However, the shape of the spectrum does
ot change. Fig. 5B depicts the fluorescence emission spectra of
IR in these mixtures. Upon increasing the mole fraction of EG

XEG) in the mixture, the emission intensity increases and a red
hift from 385 nm (in water) to 393 nm (in EG) is observed. The
nset of Fig. 5B shows the increase of the global emission quan-
um yield (Φf) with XEG. As discussed before, because of the
nvolvement of twisting motion of the pyridone part, the emis-
ion characteristics of MIR are expected to be sensitive to the
hanges in viscosity of the medium. Therefore, Fig. 6A displays
epresentative emission decays of MIR in the used EG–water
ixtures, and Table 3 presents the data of the multi-exponential

ts and Φf together with the radiative (kr) and non-radiative (knr)
ate constant values for the different compositions of the mix-
ures. The increase of Φf and therefore the decrease of knr upon
ncreasing viscosity of the medium clearly indicate that the twist-
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ig. 5. (A) UV–vis absorption and (B) emission spectra of MIR in water–EG
ixtures of different XEG values. The inset of (B) shows the variation of fluo-

escence quantum yield (Φf) vs. XEG upon excitation at 340 nm.

ng motion of the pyridone moiety, and probably that of methyl
roup rotation affecting the molecular planarity are one of the
ain efficient radiationless channels. Because of the H-bonding

bility and polarity of the water–EG mixtures do not change sig-
ificantly with the molar fraction of water, the observed change
n knr is mainly due to viscosity variation. Comparing with other
rugs, piroxicam showed high sensitivity towards solvent polar-
ty [33]. As previously said, the coupling between S1(π,π*) and

2(n,π*) states should be enhanced by any change in the copla-
arity of the molecular frame of the molecule, including those
rovoked by the methyl and pyridyl ring rotations. Thus, in addi-
ion to the polarity effect in the vibronic coupling, an increase

w
o
p

able 3
hotophysical emission decay parameters of MIR in water–ethylene glycol mixtures

EG η (cP) τ1 (ps) a1 (%) τ2 (ns)

1.0 65 99 1.34
.22 3.33 89 99 1.15
.40 6.82 116 99 1.12
.54 9.65 138 98 1.04
.72 13.70 173 99 1.06
.00 20.80 270 99 1.09

EG is the mole fraction of ethylene glycol. This table gives the viscosity of the medi
alues gated at 440 nm. The data of the multi-exponential fits (solid lines) are
hown in Table 2. (B) Variation of non-radiative rate constant (knr) of MIR with
iscosity (η) of water–EG mixtures.

n the viscosity of the used EG–water mixtures will decrease
olecular distortion and therefore reduces the vibronic coupling

nd the non-radiative rate constant value.
Fig. 6B displays a plot of knr versus the viscosity (η) values

f the used mixtures [34]. The experimental data were analyzed
ollowing the expression [35]:

nr =
(

C

ηm

)
exp

(
− E0

RT

)
(7)
here C is a constant, 0 ≤ m ≤ 1.0 and E0 is the activation energy
f the non-radiative processes. To extract the values of these
arameters, we wrote Eq. (7) in the form knr = A/ηm, where

a2 (%) Φf kr (108 s−1) knr (109 s−1)

1 0.014 2.1 ± 0.4 15 ± 3
1 0.016 1.8 ± 0.4 11 ± 3
1 0.019 1.6 ± 0.4 8.4 ± 2
2 0.020 1.5 ± 0.3 7.1 ± 2
1 0.023 1.3 ± 0.3 5.6 ± 1
1 0.030 1.1 ± 0.3 3.6 ± 1

a.
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Table 4
Rotational time values (φ) of MIR in water–EG mixtures of different XEG and
viscosity values

XEG φ (ps) η (cP)a

0 67 ± 15 1.0
0.22 88 ± 18 3.34
0.40 140 ± 25 6.82
0.54 265 ± 40 9.65
0.72 337 ± 50 13.7
1.00 568 ± 60 20.8

T

u
E
n
i
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is a constant. A linear correlation between ln knr and ln η

ives m ≈ 0.4 and A = 1.7 × 1010 s−1. Values for m = 0.23–1.0,
nd C = 1 × 1010 to 4 × 1012 s−1 have been reported [35–39].
ote that the obtained value for m ≈ 0.4 (in Eq. (7)) is similar

0.44) to that obtained for the coefficient of log η in Eqs. (5)
nd (6) which examine the effect of other solvent parameters
n addition to the viscosity one. Thus, for m ≈ 0.4 and when
≈ 4 × 1012 s−1 we obtain E0 = 3.2 kcal/mol (R2 = 0.967), and
hen C = 1 × 1010 s−1 we found E0 = 1.1 kcal/mol. The val-
es of E0 are comparable to those found (1–4 kcal/mol) for
olecules undergoing photoinduced conformational changes

nd showing dynamical solvent effects [35–39].

.4. Viscosity effect on rotational time of MIR

To gain information on the rotational times (φ) of MIR and
herefore on its interaction with the solvation shell, we have
erformed time-resolved emission anisotropy measurements in

ater–EG mixtures. Fig. 7A shows representative r(t) decays.
hese do not show a significant change when measuring at dif-

erent wavelengths of observation over the emission band. The
ecays fit to a single-exponential function. The obtained φ val-

ig. 7. (A) Anisotropy decays of MIR in water–EG mixtures of different XEG

alues, gated at 440 nm. (B) Variation of rotational time (φ) of MIR with the
iscosity (η) of water–EG mixtures. The solid curve is a fit supposing a linear
hange of φ with η.
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he gating emission was 440 nm. The viscosity values are from Ref. [35].
a Viscosity at 293 K [34].

es increase from 67 ± 15 ps in pure water to 568 ± 60 ps in pure
G (Table 4). Clearly and as it is expected from the hydrody-
amic theory [40,41], the rotational motion of the drug is slower
n more viscous mixtures.

Fig. 7B shows a linear correlation between the rotational
ime and the viscosity of the solvent mixtures [34]. This result
ndicates that the viscosity is the main factor that determines
he rotational relaxation time of MIR in these mixtures. The
t of the data yields a correlation coefficient of 0.987, with a
lope of 25 ± 3 ps/cP and an intercept of ∼16 ps at η = 0. Similar
onzero intercept has been observed previously in other com-
ounds [42–44]. However, there is no clear physical meaning to
xplain its value at η = 0 [43].

We used the anisotropy data to get information on the hydro-
ynamic behavior of MIR. Geometry optimization of MIR
hows that MIR has an ellipsoid shape with semimajor axis
alues b = 3.5 Å and a = c = 4.65 Å, and a volume (V = 4πabc/3)
= 229 Å3. According to the Stokes–Einstein–Debye hydrody-

amic theory [40,41], the rotational time (φ) of a rotor is related
o V by

= ηV (fC)

kBT
(8)

here η is the viscosity of the solvent, kB the Boltzmann con-
tant, T the absolute temperature and f is a shape factor of the
olute (f = 1 for a sphere). For non-spherical molecules, f > 1
nd the magnitude of the deviation from unity in the value of
describes the degree of the non-spherical nature of the solute
otor. The value of f was determined from the molecular dimen-
ions as 1.1 and 0.055 under stick and slip boundary conditions,
espectively [44]. The coupling parameter C is depending on
he boundary condition. The two limiting cases are the hydro-
ynamic stick and slip. For a non-spherical solute molecule, the
alue of C is a sensitive function of solute shape and it is in
he range 0 < C ≤ 1. Its magnitude depends on solute–solvent
riction and on the relative size of the solute compared to that
f solvent molecules. From the slope of Fig. 7B (25 ps/cP) and
sing Eq. (8), we calculated under stick- and slip-boundary con-
ition limits, the value of C, and we got 0.4 and 8, respectively.
hereas the slip prediction is out of the limiting range of C
0 < C ≤ 1), the stick one seems reasonable. We conclude that
he excited MIR is rotating under stick condition in the used
ater–EG mixtures. Therefore, a solvation shell involving water
r/and EG molecules is rotating with MIR. It has been observed
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hat the value of C decreases as the relative solvent/solute size
atio increases [42]. C values of 0.11–0.78 were observed for
oumarin 153, with comparable size to MIR, in different solvents
42].

Finally, the initial value of r(t) in these media is ∼0.32, not
ery different from the ideal one (0.4), indicating that the emis-
ion transition moment of MIR has rotated by ∼21◦ to that of
ts absorption.

. Conclusion

The present study shows the role of specific interactions
etween different sites of MIR and solvent molecules. In
trongly polar solvents, a possible vibronic coupling of S1(π,π*)
ith a close lying S2(n,π*) state should decrease, and therefore

eads to a slowing of non-radiative rate constants when compared
o those found in nonpolar solvents. In addition to that, molecular
istortion and twisting motion of the pyridyl part, which enhance
adiationless transitions and vibronic coupling, are slowed in
ighly viscous solvents. Because of the H-bond donating and
ccepting sites of MIR, the effect of H-bond donor and acceptor
olvent shows reversed trends. Furthermore, the solvent effect
n the dynamical behavior (knr) indicates a decrease of H-bond
nteraction of accepting groups of MIR with the media, most
robably due to a fast ICT reaction. Time-resolved ps-emission
nisotropy experiments combined with theory suggests that the
nteraction of MIR in the used mixtures of EG and water is strong
nough that the solvation shell is rotating with the drug.
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