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ABSTRACT: Warfarin is a potent anti-coagulant drug and is on
the World Health Organization’s List of Essential Medicines.
Additionally, it displays fluorescence enhancement upon binding to
human serum albumin, making warfarin a prototype fluorescent
probe in biology. Despite its biological significance, the current
structural assignment of warfarin in aqueous solution is based on
indirect evidence in organic solvents. Warfarin is known to exist in
different isomeric formsopen-chain, hemiketal, and anionic
formsbased on the solvent and pH. Moreover, warfarin displays
a dual absorption feature in several solvents, which has been
employed to study the ring-chain isomerism between its open-
chain and hemiketal isomers. In this study, our pH-dependent
experiments on warfarin and structurally constrained warfarin
derivatives in aqueous solution demonstrate that the structural assignment of warfarin solely on the basis of its absorption spectrum
is erroneous. Using a combination of steady-state and time-resolved spectroscopic experiments, along with quantum chemical
calculations, we assign the observed dual absorption to two distinct π→ π* transitions in the 4-hydroxycoumarin moiety of warfarin.
Furthermore, we unambiguously identify the isomeric form of warfarin that binds to human serum albumin in aqueous buffer.

■ INTRODUCTION

Coumarin derivatives are of significant interest due to their
pharmaceutical importance as well as their fluorescent
properties. Warfarin, a coumarin derivative of clinical
significance, is a highly potent anti-coagulant drug that reduces
the risk of strokes and heart attacks by preventing blood clots
in veins.1−3 Moreover, warfarin binds to human serum albumin
(HSA),4 the most abundant protein in blood plasma that
transports hormones, fatty acids, bilirubin, and drugs in the
human body.5,6 The high affinity and selectivity of warfarin
toward HSA and the substantial increase in its fluorescence
upon binding to the protein make warfarin a prototype
fluorescent probe in biology.7 Fluorescence lifetimes of
warfarin in aqueous solution, free or bound to blood plasma
proteins, have been correlated to blood coagulation.8

Interestingly, warfarin is known to exist in various isomeric
forms.9−12 The conjugation between the functional groups
gives rise to the coumarin and the chromone structures in
various solvents (Figure 1).13,14 Moreover, proximity of the
hydroxyl and the carbonyl moieties allows open-chain and
cyclic hemiketal conformations, leading to four possible
isomers of warfarin. In addition, the deprotonated forms
(anion) also contribute to the structural diversity of warfarin in
water. Therefore, the structural determination of warfarin in
water is important from the perspective of biological
applications.15

Surprisingly, the current structural interpretation of warfarin
in aqueous solution is based on indirect spectroscopic evidence
in non-aqueous solvents. Nuclear magnetic resonance (NMR)
studies in different organic solvents have indicated the
predominance of the coumarin structural form over
chromone.13,16,17 In addition, the coexistence of hemiketal
and open-chain isomeric forms has been suggested from NMR
peak positions.16−18 However, the structural details of warfarin
in an aqueous medium are unavailable from NMR due to the
low solubility of warfarin in water. More recently, absorption
spectroscopy in organic solvents and in solvent mixtures has
been employed in lieu of NMR to identify the warfarin
isomers. The warfarin absorption spectrum consists of two
overlapping peaks in the 250−350 nm range, which have been
assigned to the hemiketal (∼280 nm) and the open chain
isomers (∼310 nm).19 Although the absorption experiments
were not performed in an aqueous solution, several structural
studies on the ring-chain isomerism as well as various
biological applications of warfarin have used these absorption
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spectrum-based structural interpretations.10,11,20−27 The inter-
pretation gets even more ambiguous with another recent study
suggesting that these two absorption peaks of warfarin arise not
from the different isomeric forms but from n→ π* and π→ π*
transitions.23 The biological significance of warfarin and the
existence of several coumarin-based drug molecules demand an
unambiguous structural assignment in the aqueous medium.
In this report, we investigate the origin of the dual

absorption of warfarin in aqueous solution using a combination
of time-averaged and time-resolved spectroscopic experiments
and quantum mechanical calculations. Absorption and
emission experiments on warfarin in aqueous solutions at
different pH values are performed. In addition, experiments are
performed on warfarin derivatives with structural constraints
such that only one of the isomeric forms is available for
warfarin. Interestingly, we observe a similar dual absorption
pattern for both the structurally constrained warfarin
derivatives, irrespective of being restricted to one particular
isomer. These results demonstrate that the lower and the
higher wavelength transitions in the absorption spectrum of
warfarin do not arise from two different structural isomers.
This is further corroborated by steady-state emission spec-
troscopy. Our results show that the ring-chain isomerism of
molecules structurally related to warfarin cannot be explained
using the relative populations of the two absorption bands as
they have been done in the past. Further, our results also show
that the dual absorption is due to two distinct π → π*
transitions of warfarin. Quantum chemical calculations indicate
that the dual absorption band arises due to distinct transitions
to accessible excited states. The transitions take place from two
energetically close occupied molecular orbitals (MOs) to the
lowest unoccupied molecular orbital (LUMO) pertaining to
the coumarin moiety of warfarin. Time-resolved emission
spectroscopy on coumarin derivatives confirms that warfarin

exists in its anionic form in water at a pH greater than 6.0.
Further, experiments are performed in the presence of HSA to
identify the isomer of warfarin that binds to the blood plasma
protein in aqueous buffer. Our results reveal that warfarin
adopts an open-chain anionic form when bound to HSA,
independent of the pH of the aqueous buffer.

■ MATERIALS AND METHODS

Chemicals. Warfarin (analytical standard), 4-hydroxycou-
marin (98%), pyranocoumarin (analytical standard), and HSA
were purchased from Sigma-Aldrich, and their purity was
checked using the high-performance liquid chromatography−
mass spectrometry (HPLC-MS) technique. Methoxywarfarin
and 4-methoxycoumarin were synthesized using the normal
methylation method, and purity of the synthesized compounds
was checked by NMR spectroscopy and the HPLC-MS
technique.28 All solvents were of spectroscopy grade (Sigma-
Aldrich).

Spectroscopic Experiments. Absorption and fluores-
cence spectra were measured in a Shimadzu UV−vis−NIR
(360+) spectrophotometer and a PTI Quanta Master steady-
state spectrofluorometer, respectively. A quartz cell of a 1 cm
path length was used as the sample chamber. Freshly prepared
∼60 μM solutions of warfarin and its related compounds were
used for this purpose. Picosecond fluorescence dynamics
studies of the fluorophore solutions were performed with a
time-correlated single-photon counting (TCSPC) system
employing a picosecond laser operating with λex = 310 nm
and a pulse width of ∼50 ps.

Quantum Chemical Calculations. Geometries of 4-
hydroxycoumarin, 4-methoxycoumarin, and different isomeric
forms of warfarin were optimized using density functional
theory (DFT) with the hybrid functional B3LYP29,30 and the
6-31+G(d,p) basis set. The effect of the solvent was
incorporated during geometry optimization using the SMD
solvation model.31 The calculation of transition energies and
oscillator strengths of the higher singlet excited states were
performed using time-dependent density functional theory
(TDDFT) with the same functional and basis set. It was shown
that transition energies calculated by the TDDFT method
matched well with experimental values for coumarin
derivatives.32−35 Molecular orbital diagrams of all possible
forms of every compound were computed at the Hartree−Fock
(HF) level of theory with the 6-31+G(d,p) basis set. The
equation-of-motion coupled-cluster singles and doubles
(EOM-CCSD) method, with the same 6-31+G(d,p) basis
set, was used to calculate accurate oscillator strengths of
isolated 4-methoxycoumarin. The DFT, TDDFT, and HF
calculations were performed using the Gaussian 09 program,36

and the EOM-CCSD calculations were carried out using
Molpro 2012.37,38

■ RESULTS AND DISCUSSION

The ground-state structures of different isomeric forms of
warfarin in water are optimized using DFT (Table 1). We
consider every possible structural conformer of warfarin to
remove any bias reported in previous studies. The open-chain
and the cyclic hemiketal coumarin structures (I and III) are
found to be more stable than the corresponding chromone
structures (II and IV). Moreover, in the case of any
equilibrium between I and III, the equilibrium is expected to
shift toward the lower energy hemiketal isomer. Estimation of

Figure 1. Possible isomers of warfarin: (I) coumarin open chain, (II)
chromone open chain, (III) coumarin hemiketal, (IV) chromone
hemiketal, (V) coumarin anionic, and (VI) chromone anionic. The
hydroxyl, ketone, and ester functional groups are shown in green, red,
and blue, respectively.
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the S0 → S1 transition wavelengths and the corresponding
oscillator strengths further suggests that the chromone
conformers are not only energetically unfavorable but also
would not contribute to the absorption spectrum of warfarin.
The structures V and VI corresponding to the warfarin anion
are merely resonance structures, and thus, a single species of
the deprotonated form of warfarin is present in solution at
higher pH.
Absorption spectra of warfarin in aqueous solution show two

distinct absorption peaks centered at ∼280 and ∼310 nm at
lower pH (Figure 2a). An increase in the pH results in the
decrease in the absorbance of the ∼280 nm peak along with a
concomitant increase in the absorbance of the ∼310 nm peak.

Moreover, a small red shift is observed in the band at ∼310 nm
for pH values greater than 5. On the basis of previous
structural assignments (Figure S1 in the Supporting
Information), the dual absorption pattern in water can be
speculated to arise from the open chain (∼310 nm) and the
hemiketal isomers (∼280 nm).19,20 Although this speculation
may appear qualitatively consistent with our calculated
wavelengths, confounding results are obtained when control
experiments are performed on structurally constrained warfarin
derivatives.
Two structurally constrained warfarin derivatives, methox-

ywarfarin and pyranocoumarin (structures in Figure 2b and
Figure 2c, respectively), are chosen, which by virtue of their
structures, are restricted to exclusively open-chain and
hemiketal conformers, respectively. Surprisingly, similar to
warfarin, both methoxywarfarin and pyranocoumarin have dual
absorptions at ∼280 and ∼310 nm (Figure 2b and Figure 2c,
respectively), irrespective of their confinement to one specific
isomeric form. However, unlike warfarin, the absorption
spectra of methoxywarfarin and pyranocoumarin do not
show any pH dependence. The inability of methoxywarfarin
and pyranocoumarin to convert to the anionic form is the
likely explanation for the invariance of the absorption spectra
with changing pH. As the stability of pyranocoumarin may be
debatable in acidic solution (see the Supporting Information
for details), absorption experiments are further performed in
non-aqueous solvents to confirm the dual absorption pattern of
pyranocoumarin (Figure S2 in the Supporting Information).
These observations in structurally constrained warfarin
derivatives are in conflict with the earlier structural assign-
ments of warfarin on the sole basis of the absorption
spectrum.19 This gives rise to the following question: what
then is the origin of the two bands?
A recent report has mentioned that the dual absorption of

warfarin arises from n → π* and π → π* transitions.23 As a
single carbon−carbon bond fission of warfarin results in 4-
hydroxycoumarin and phenylbutanone (structures are shown
in Figure 3a) without any change in the conjugation length, the
absorption spectrum of warfarin can be considered to be a
combination of the absorption spectra of the two moieties.
Negligible absorption due to the n → π* transition of the keto-
carbonyl group at ∼260 nm is observed for phenylbutanone
(Figure 3a). The absorption spectrum of 4-hydroxycoumarin
(Figure 3a,b) shows similar spectral signatures and pH
dependence as that of warfarin. pH-independent dual
absorption of 4-methoxycoumarin (Figure 3c), similar to that
of 4-methoxywarfarin, further suggests that the single
absorption band at higher pH in both warfarin and 4-
hydroxycoumarin (pKa of 4.1)15 arises due to the anionic
species. More importantly, both the transition frequency and
the weak intensity of the n → π* absorption in phenyl-
butanone suggest that the n → π* transition does not
contribute to the dual absorption of warfarin. These results
clearly indicate that the 4-hydroxycoumarin moiety of warfarin
is solely responsible for the dual absorption pattern. This is a
significant conclusion, although the assignment of the two
bands still remains unresolved.
In a previous report on coumarin, the dual absorption was

hypothesized to arise from HOMO → LUMO and HOMO-1
→ LUMO transitions.39,40 As our results suggest that the dual
absorption profile of warfarin arises exclusively from the 4-
hydroxycoumarin moiety, TDDFT calculations are performed
for all possible Franck−Condon transitions on the optimized

Table 1. Calculated Spectral Parameters for S0 → S1
Electronic Transitions of Various Forms of Warfarin in
Water (SMD Solvation Model) Using DFT and TDDFT
B3LYP/6-31+G(d,p)

open chain hemiketal anion

structure I II III IV (V/VI)a

relative ground-state
energy (kcal/mol)

3.6 10.6 0.0 8.0 288.4

absorption λmax (nm) 316.7 309.7 303.1 309.7 319.3
oscillator strength (f) 0.56 0.03 0.66 0.04 0.44
aSee the Supporting Information for details.

Figure 2. Normalized (at 310 nm) absorption spectra of (a) warfarin,
(b) methoxywarfarin, and (c) pyranocoumarin in aqueous solution of
different pH. The structures of methoxywarfarin and pyranocoumarin
are shown along with the spectra.
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geometries of 4-hydroxycoumarin (neutral and anionic), 4-
methoxycoumarin, and warfarin (all coumarin-type isomers).
The HF molecular orbitals (MOs) are also computed.
Schematic representations of all possible transitions in 4-
hydroxycoumarin, its anion and 4-methoxycoumarin (within
260−340 nm), the corresponding oscillator strengths (f), and
the MOs are shown in Figure 4a−c and Figure S3a−c (see the
Supporting Information). Additional schematic representations
from similar calculations on different coumarin-type isomers of
warfarin in the range of experimental absorption are shown in
Figure 4d−f and Figure S3d−f (see the Supporting
Information). Figure 4 and Figure S3 clearly show that only
π orbitals are involved in every transition. Furthermore, the n-
type orbitals are quite buried and the first n-type orbital below
the highest occupied molecular orbital (HOMO) is HOMO 5
or HOMO-6, as presented in Figures S4 and S5 in the
Supporting Information. Therefore, these calculations provide
further theoretical support to disregard the contribution of the
n → π* transition to the absorption spectrum. According to
energy profile diagrams, HOMO → LUMO, HOMO-1 →
LUMO π→ π* transitions contribute to the dual absorption of
4-hydroxycoumarin and 4-methoxycoumarin. The dual ab-
sorption nature of warfarin at lower pH can also be explained
to arise from transitions originating from distinct but
energetically close occupied orbitals to the LUMO. The

DFT calculated wavelengths agree well with those obtained
from experiments. Theoretically, thecalculated oscillator
strength corresponding to any transition is comparable with
the experimentally observed optical density. For deprotonated
warfarin and 4-hydroxycoumarin, oscillator strengths are
relatively high for HOMO → LUMO transitions, while they
are small for other higher energy transitions. These results
explain the experimentally observed single absorption nature of
the anionic species at high pH. In addition, the calculated
absorption wavelength is the highest for the warfarin anion,
which also explains the red shift observed in the warfarin
absorption spectrum with an increase in pH.
The only observation that is not reproduced by the TDDFT

calculations is the relative intensities of the lower and higher
wavelength transitions in the experimental absorption spectra
of warfarin and 4-hydroxycoumarin at low pH. Therefore, a
more accurate, albeit computationally expensive method,
EOM-CCSD, has been used to perform calculations on 4-
methoxycoumarin to address this issue (Table 2).41 4-
Methoxycoumarin is selected instead of warfarin to reduce
computational cost as well as to restrict any contribution from
the anionic form in the dual absorption. This calculation has
been carried out in the gas phase because the inclusion of
solvent effects increases computational costs significantly;
moreover, EOM-CCSD calculations with continuum solvation
models are known to have large errors.42 The oscillator
strengths predicted by EOM-CCSD are remarkably consistent
with experimental absorbance. The absolute values of the
excitation energies predicted by EOM-CCSD are higher than
those predicted by TDDFT and the experiment, and this is
possibly due to cancellation of errors in TDDFT and because
EOM-CCSD calculations are performed for the isolated
molecule corresponding to the gas phase, while the
experimental spectrum is obtained in solution.
To validate the theoretical predictions, steady-state and

time-resolved emission studies are performed on warfarin. In
agreement with the earlier reports, emission bands, independ-
ent of the excitation wavelengths, are observed at ∼356 and
∼390 nm at pH = 3 and 9, respectively (Figure 5a and Figure
5b, respectively).10,19,27 If warfarin exists as different structural
isomers, then multiple distinct emission bands are expected.
The single emission band supports the theoretical prediction
that the dual absorption arises not from structural isomers but
rather due to excitations from two distinct energetically
accessible states. As radiative emission occurs exclusively for
the S1 → S0 transition, any fluorophore excited to S2 (second
excited singlet state) would initially decay to S1 through
internal conversion. This explains the single emission band of
warfarin at 356 nm, irrespective of exciting the molecule to S2
(280 nm) or S1 (310 nm). On the other hand, at pH = 9, the
red-shifted single emission peak at 392 nm is the emission of
the warfarin anion. DFT calculations performed on excited-
state structures of warfarin (Table S1 in the Supporting
Information) agree well with the experimental results.
Earlier studies, limited by instrumental resolution, have

speculated ultrafast excited-state dynamics of warfarin to be
responsible for the single emission peak in steady-state
fluorescence spectra.10,19,27 Time-resolved emission experi-
ments on warfarin at pH = 3 and 9 with λex = 310 nm are
performed. Time profiles, collected at several wavelengths
across the steady-state fluorescence spectra (Figure 5c,d),
exhibit a uniform decay rate at pH = 3, irrespective of emission
wavelengths, indicating the absence of any excited-state

Figure 3. Absorption spectra of (a) phenylbutanone and 4-
hydroxycoumarin in ACN and THF; normalized absorption spectra
of (b) 4-hydroxycoumarin and (c) 4-methoxycoumarin in aqueous
solutions of different pH. The structures of phenylbutanone, 4-
hydroxycoumarin, and 4-methoxycoumarin are shown along with the
spectra.
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dynamic process of a time scale slower than 50 ps in warfarin.
A single exponential fit to the emission time profile at 360 nm
provides the fluorescence lifetime of warfarin at pH = 3 to be

∼55 ps. Emission time profiles of deprotonated warfarin at pH
= 9 also indicate a constant, yet slower, decay rate of ∼125 ps,
irrespective of the emission wavelength. These observed
emission lifetimes are consistent with the fluorescence
quantum yields (φ) at pH = 3 (φ = 2.71 × 10−3) and 9 (φ
= 4.77 × 10−3), calculated using anthracene as a standard
reference compound at its excitation wavelength (305 nm) in
cyclohexane (φ = 0.36).43 The calculated non-radiative decay
rate, found to be ∼2.3 times slower at pH = 9, further validates
the presence of the anionic species at higher pH. The rigidity
due to extended conjugation in the anion suppresses the non-
radiative decay channel, thereby increasing the emission
quantum yield as well as emission lifetime of deprotonated

Figure 4. Energy level diagrams for (a) 4-hydroxycoumarin and (b) its anion, (c) 4-methoxycoumarin, and warfarin in its (d) open-chain, (e) cyclic
hemiketal, and (f) anionic forms in the aqueous medium (SMD solvation model). Molecular orbitals are calculated at the HF/6-31+G(d,p) level of
theory, while the excitation energies are calculated using the TDDFT B3LYP/6-31+G(d,p) method.

Table 2. Calculated Spectral Parameters for Electronic
Transitions of 4-Methoxycoumarin in Vacuum at the EOM-
CCSD/6-31+G(d,p) Level of Theory

absorption
λmax (nm)

oscillator
strength (f)

predominant orbitals
involved

first allowed
transition

272.0 0.10 HOMO → LUMO

second allowed
transition

235.1 0.24 (HOMO-1) → LUMO and
HOMO → LUMO
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warfarin. As discussed earlier, our theoretical calculations
indicate that a single species of deprotonated warfarin is
present in solution at higher pH.
Since warfarin is used as an anti-coagulant drug as well as a

prototype fluorescent probe in biology, it is imperative to
ascertain which isomeric form of warfarin binds to HSA. The
reported X-ray diffraction data of the crystal structure of the
warfarin-HSA complex are consistent with the open-chain form
of the warfarin molecule;44 however, the protonated or
deprotonated status of warfarin, when bound to HSA, cannot
be determined from X-ray diffraction. To determine the
protonation status of warfarin in the enzyme environment, we
perform absorption and emission experiments of the warfarin-
HSA complex at three different pH values (3, 7.4, and 9). The
absorption spectrum at any pH shows a single absorption band
at ∼310 nm (Figure S6a in the Supporting Information). The
emission spectrum shows a single fluorescence peak at ∼382
nm (Figure S6b in the Supporting Information). Interestingly,
the absorption as well as emission spectra of HSA-bound
warfarin is almost independent of pH. Close resemblance of
the absorption spectra of warfarin, when bound to HSA, with
its deprotonated form indicates that warfarin is present in the
open-chain anionic form in the HSA binding pocket. However,
the emission spectrum shows an ∼10 nm blue shift from that
obtained for deprotonated warfarin in aqueous solution (pH =
9). The high microviscosity of the binding pocket, as compared
to the surrounding, can explain the blue shift of the emission
maximum. In a previous report,45 a gradual blue shift of
warfarin emission maxima has been reported with increasing
viscosity of the solvent. Above experimental evidence also
suggest that the pH of the protein solution has minimal effect
on the warfarin binding site and that the warfarin molecule is
confined in the protein pocket.

■ CONCLUSIONS

Using a combined theoretical and experimental study of
warfarin, we confirm that the coumarin moiety of warfarin is
solely responsible for the absorption spectrum of warfarin in its

aqueous form. We demonstrate that the dual absorption
feature in the absorption spectrum is not indicative of the
presence of multiple isomeric structures of warfarin in solution
but rather due to excitations arising from two closely spaced
occupied molecular orbitals terminating at the lowest
unoccupied molecular orbital. Our study also illustrates that
the ring-chain isomerism of molecules structurally similar to
warfarin, as reported in previous studies, cannot be explained
using the spectral features of the warfarin absorption spectrum.
Further, this report decisively eliminates the possibility of the n
→ π* transition contributing to the dual absorption feature of
warfarin. The steady-state and the time-resolved emission
experiments provide additional support to distinguish between
the neutral and the anionic isomers of warfarin. Further, these
results allow us to determine that warfarin exists in the open-
chain anionic form in the active site of HSA. Finally, as the
coumarin moiety, which mostly contributes to the absorption
and emission spectrum of warfarin, is present in many drugs,
our study will be helpful in examining various drug−receptor
interactions.
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