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Warfarin and 10-hydroxywarfarin are structurally similar molecules, however, they exhibit considerably
different thermodynamics of acid dissociation. Intramolecular H-bonds and solvent composition are the
factors of great importance.
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In this work we delineate basic thermodynamic factors that govern the acid-base equilibrium of phenolic drug warfarin,

pKa = 4.99, and its metabolite 10-hydroxywarfarin, pKa = 5.95. By applying experimental and theoretical approaches ' -
have determined the enthalpic and entropic contributions to dissociation free energy for both molecules. We have found
that formation of specific intramolecular hydrogen bonds: OH--:O by warfarin and OH::OH---:O by 10-hydroxywarfar...,
respectively, may be of a great importance for the changes in enthalpy and entropy during dissociation. The Car-Parrinello
molecular dynamics have shown that these bonds are present at both temperatures T =298 K and T = 378 K. We infer that
an uncommon double bridge of 10-hydroxywarfarin, OH:-:OH--O, imposes lower flexibility of molecule and thereby
stronger rise of heat capacity and enthalpy upon dissociation than the single OH--:O bond noted for warfarin. It has bee.

proposed, in addition, that the entropic contributions derive from the two opposite effects related to: solvation of ions — it
leads to a loss of entropy, and breaking of intramolecular bonds — it causes a gain of entropy. For 10-hydroxywarfarin
these effects seem to be equal in magnitude, and thereby, its dissociation entropy is close to zero. Furthermore, we show
that addition of surfactant and aprotic cosolvent changes enthalpy-entropy relations and induces the upward pKa shifts of
both molecules, up to 1.5 pH unit. The changes in thermodynamics which are caused by these two additives are, however,

totally different.

1 Introduction In spite of a huge number of reports on pK, values determin:

for a variety of compounds, there are relatively few works
showing explicit relationships between molecular structure,
changes of enthalpy and entropy during dissociation, and giver
pK; values. Some information may be however relatively easily
gained by determining pK, at different temperatures. Therma.
variation of pK, indicates a direction of heat energy transfer
during dissociation, i.e. exo- or endothermicity of the process,
and it enables calculation of the enthalpic (AH) and entropic
(4S) contributions to dissociation energy from the Van’t Hoff
model. It is to be highlighted that thermodynamic
characterization of acid dissociation equilibrium is pivotal for
understanding of basic effects and interactions that govern
ionization state of molecule and its specific activity. Hence, it is
obvious that this knowledge is also of great importance for
designing of new molecules with predictable properties, e.g.
new drugs. It is also crucial for development of moder-
strategies of supramolecular pK, tuning, which makes up one
of the most promising concepts in current supramolecular

A sizeable part of organic molecules possesses ionizable acidic
or basic functional groups that are characterized by acid
dissociation constant K,, normally expressed as logarithmic
constant pK,.! These values determine fundamental
physicochemical properties of molecules, like polarity, water
solubility, membrane permeability, polarizability, or capability
of interactions with other molecules. Acid-base properties
account thereby for activity and functionality of compounds,
both naturally occurring endogenous compounds as well as
xenobiotics, e.g. drugs. Bioavailability of therapeutics is often
strictly dependent on their ionization state, so that on their
pKa.2 Therefore, determination of pK, is one of initial and
crucial steps during development of new biologically active
molecules.
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Their role may be recognized, at least partially, by discovering
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correlations between molecular structure and given AH/AS
values.

Warfarin (WAR) is a phenolic drug, pK, = 4.99, widely used as
an anticoagulant which prevents formation of blood clots in
cardiovascular vessels.151¢ |n vivo it is metabolized to several
structurally different hydroxywarfarins, from which 10-
hydroxywarfarin (W10) exhibits the most specific properties.
Despite having second hydroxyl group W10 undergoes only
single dissociation, due to aliphatic nature of the second —OH
group. We have found in our recent work that WAR and all
hydroxywarfarins are prone to form the single intramolecular
hydrogen bond involving the ionizable hydroxyl group OH:--O,
except W10, for which an uncommon double bridge involving
the second hydroxyl group OH:::OH---O has been identified.8 To
illustrate this, we have depicted these structures in Fig.1.
Stronger stabilization of the proton by the characteristic
double hydrogen bonding of W10 was proposed as the reason
for its higher pK, (5.95) comparing to the other
hydroxywarfarins (4.97 — 5.16).17 This elevated value, as it was
also remarked, may contribute to appreciably lower polarity of
W10 in urine (pH around 5) than its parent drug and the other
metabolites. More interestingly, we studied the pK; shifts of
WAR and W10 induced by complexation with methyl-B-
cyclodextrin.® For WAR they occurred to be spectacularly large,
around 1.50 and 1.25 pH unit for the two enantiomers,
respectively, whereas for W10 they turn out to be very small,
barely measurable. It must be further emphasized that the
acid-base equilibrium of WAR and W10 merits deeper
investigation, in order to explain what is the background for
such different properties observed between such similar
molecules.

Fig 1. The structures of warfarin (WAR), 7-hydroxywarfarin (W7) and 10-
hydroxywarfarin (W10) obtained from ADF/DFT/BLYP-D3/TZP calculations.'”
Selected distances are in A units.

To this end, we have decided to determine for the first time
the values of standard dissociation enthalpy — AH and entropy
— AS’, for WAR and W10, and afterwards, to interpret them in
terms of specific structural effects. We have also used 7-
hydroxywarfarin (W7) as the reference compound, to verify
whether and how hydroxylation site has any impact on
dissociation thermodynamics. In particular, we wanted to
evaluate the contribution of specific intramolecular
interactions to dissociation thermodynamics,18-24 and check,
whether manipulations in solvent composition by addition of
different modifiers: surfactant and cosolvent, affect
dissociation enthalpy and entropy.2>2¢ For that purpose, we
have used the capillary electrophoresis with the DAD detection
as an experimental tool. We have chosen this technique owing
to its accuracy, easy automation, and minimization of sample

2| J. Name., 2012, 00, 1-3
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and buffer consumption.?’ In parallel, AH "and AS have been
obtained theoretically, by using computational methods. As -
result, the acid-base properties of WAR and W10 have been

rationalized and logically connected with the basic
thermodynamic forces that govern their dissociatiin
equilibrium.

2 Methodology

2.1 Materials

Warfarin (WAR), the racemic mixture, was supplied by Sigma-
Aldrich (St. Louis, MO, USA), 7-hydroxywarfarin (W7) and 10-
hydroxywarfarin (W10), the racemic mixtures, were suppliec
by LGC Standards (Teddington, UK). All other chemicals we~~
supplied by Avantor Performance Materials Poland. S. A.
(Gliwice, Poland). All standard solutions were prepared in tl._
deionized water (MilliQ, Merck-Millipore Billerica, MA, USA)
and filtered through the 0.45 um regenerated cellulose
membrane, then degassed by centrifugation. The standard
concentration of analytes in injected samples was 0.2 mg/mL
All analytes were dissolved in water/methanol (1:1 v/v)
mixture to prepare the stock solution of concentration 1
mg/mL, then further dilution was made by mixing of the
proper stock solution volumes with deionized water and
electroosmotic flow (EOF) marker. Dimethyl sulfoxide (DMSO]
was used as the EOF marker in final 0.2% (v/v) concentration.

2.2 Instrumentation

Experiments were performed on the P/ACE MDQ Capillary
Electrophoresis (CE) System (Beckman Coulter, Brea, CA, USA)
equipped with a diode array detector (DAD). The bare fused-
silica capillaries of 60 cm total length, 50 cm effective length
and 75 um internal diameter were used. Sample injection was
conducted using forward pressure 0.5 psi for 4 s. During
separations, 30 kV voltage (normal polarity) and the additionai
forward pressure of 0.3 psi were applied. Capillary was
conditioned at given temperatures (15C, 20°C, 25C, 30°C and
40 C) using the liquid cooling system. Every time by using DAD
detector the whole absorbance spectra were collectea
between 200-600 nm. Signal recorded at 282 nm and 306 nm
was used for the further analysis. Each separation has been
made in triplicate.

The capillary rinsing between runs was conducted applyin-
pressure of 20 psi (137,9 kPa) of 0.1 M NaOH for 1 min, and 2u
psi of background electrolyte (BGE) for 2 min. During the first
use of the capillary at a working day: 20 psi of methanol for ~
min, 20 psi of 0.1 M HCI for 2 min, 20 psi of deionized wat r
for 2 min, 20 psi of 0.1 M NaOH for 10 min, and 20 psi of BGF
for 10 min was applied. For the fresh capillary conditionir 3,
the latter sequence was used but the duration of each
individual step was doubled.

This journal is © The Royal Society of Chemistry 20xx
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2.3 Buffering solutions

The BGEs of the same ionic strength 100 mM were prepared
according to the receipts given in Table 1. For separations, the
BGEs were diluted to 25 mM ionic strength by mixing with
deionized water. In the particular cases the buffers were
enriched by addition of sodium dodecyl sulfate (SDS) at final
concentration of 10 mM or acetonitrile (ACN) at final
concentration of 15% (v/v). Every time the pH value was
measured after mixing of all constituents, prior electrophoretic
analysis.

Table 1. Composition and predicted pH of all BGEs prepared for experiments,
calculated for 50 mL total volume and 100 mM ionic strength.

pH Buffer composition [mL]

Phosphate buffer | H3PO4 (100 mM) NaH2PO4 (100 mM)

2.50 18.52 4.80

3.50 1.83 4.98

CH3COONa (500

Acetic buffer CH3COOH (500 mM)

mM)
4.50 14.16 10.00
5.00 4.48 10.00
5.50 1.42 10.00

Phosphate buffer Il NaH2PO4 (100 mM) NazHPO4 (100 mM)

6.00 3.59 4.70
6.50 2.23 9.24
7.00 1.01 13.29
8.00 0.12 16.25
Na2B407-10H20 (50
Borate buffer a284b7 20 NaOH (1 M)
mM)
9.20 48.42 0.16
11.00 25.05 2.50

The above data were obtained from the PHOEBUS 1.3 software by Analis
(Namur, Belgium).

1.4 Methods of pK, determination

The values of pK, were determined by using the two different
capillary electrophoretic methods: one based on effective
electrophoretic mobilities (the capillary zone electrophoresis-

This journal is © The Royal Society of Chemistry 20xx

based method, CZE) and another one based on changes in
absorbance spectra (the diode array detector-based metho:'
DAD). In the CZE method the plots of effective electrophoretic
mobilities (ues) values versus pH were used to sigmoidal
function fitting (by OriginPro 9.1 software by OriginLabs, US")
and finding the inflection point indicating the value of pKj,
according to the equation:

a-107PKa
Herr = [10-PKa+ 10-DH] @

where a is a fitting parameter.

The values of ueswere obtained from the following equation:

Ltot " Le 1 1
Hefr = Hobs — Heof = %ff <__ ) @)

tobs teo f

where pes and  pops are the effective and observ

electrophoretic mobilities of analyte (m2 V-1 s1), respectivel
Ueof is the mobility of electroosmotic flow (m? V-1 s1); Ly ana
Legrare the total and effective capillary lengths (m), 0,60 m and
0,50 m, respectively; V is the separation voltage (V); toss is the
measured migration time of analyte (s), while tes is the time

measured for neutral marker of EOF — DMSO (s).

In the DAD method the values of absorbance recorded at the
maxima of electrophoretic peaks were used in calculation ol
the 8 parameter, defined by equation:
Azg2
=—=— (3
Azg2 + Ao C)

where Azs; and Asgs are the values of absorbance at the given
wavelengths (nm).

Due to different shapes of spectra of the neutral and ionize.
forms of WAR, W7 and W10, the value of 8 changes with
growing ionization of analyte (growing pH) similarly as the
value of peg. Then, the values of 8 were processed analogously
to Uegrincluding their plotting versus pH, function fitting of the
same type and finding of inflection point indicating pK,. In our
recent work we proved that both methods are mutually
consistent and give very similar pK, values, and that they can
be used interchangeably according to the current needs.l”
Fig.2 demonstrates both approaches.

The temperature variations of pK, presented in this work were
calculated based on CZE method, while DAD method was
applied as a reference approach in order to confirm cruci=!
observations. It is to be noted that in all cases both methods
yielded very similar pK, values (see Fig.2), and all qualitative
trends observed between different compounds and mediu

types were also consistent. Exceptionally, CZE could not be
applied for the micellar system containing SDS due to
modification of charge caused by ionized SDS molecule ;.
Interactions between analyte molecules and micelles resulte.
in the distorted relations between pegand pH. In this case tF -
values of thermodynamic parameters have been determince *

J. Name., 2013, 00, 1-3 | 3
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by using DAD method. CZE method was applicable in all other
cases.

1.5 Calculation of AH" and AS

The values of standard dissociation enthalpy — AH° (J-mol?)
and entropy — AS° (J-mol1-K-1) were calculated from the Van’t

Hoff model describing the relation between pK, and
temperature:
AH° 45°

)

K, = —
PRa = 5503RT ~ 2303R

where R is the gas constant (8.3145 J-mol-1.K1)

Accordingly, the pK, values determined at various temperature
were plotted against the inverse absolute temperature (1/T)
and fitted by the linear function y=bo+b;x. Subsequently the
AH and AS terms were calculated from the slope and
intercept, respectively.

0.0
°
2.0
‘_U)
<
§ 4.0 6.22
o
%
5
=’ -6.0
e CZE
-804 —— Best fit °
T T T T T T T T T T T T T M T T T
2 3 4 5 6 7 8 9 10
pH
0.55 |
v
0.50
@ 0.45 6.22
0.40 |
v
v DAD v \4
0354 —— Best fit v v
T T T T T T T T T
2 3 4 5 6 7 8 9 10
pH

Fig.2. The relation between p.gor 8 values and pH obtained for W10 at 288 K, for
CZE and DAD methods.
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it was shown that BLYP-D3 performs well for systems
containing non-covalent interactions.??39 Then the watc
solvent effects were included via the conductor polarizable
continuum model (CPCM). In order to estimate pKa values as
well as the corresponding thermodynamic contributions v e
have applied so called the proton exchange scheme as
depicted in Fig.3. It was demonstrated that it provides
reasonable estimations of pK;, values.3 As HW in the cycle we
abbreviated the WAR derivatives. The “gas” and “aq” denote
the calculations in the gas phase and the water solvent,
respectively. In order to obtain the thermodynamic data for
WAR and W10, solvation energies and gas phase dissociation
energy has been calculated, and subsequently used in the
equation shown in Fig.3. The obtained AHyq (or ASy) is a
difference between enthalpies (or entropies) of deprotonatior
in solvent of WAR derivative (HW) and a reference molecule
(HRef), in this case W7. The correct absolute value of AH fc.
WAR and W10 is the sum of AH,q and AHer. The UAKS and U™~
atomic radii were used for determining the solvent cavity as
suggested in literature.3! All necessary terms of the cycle co=
be found in ESI file Section 1.

AH .
HW, + Ref,—— W, + HRef,
AH, (HW) | AH’,(Ref) AH, (W) AH’,, (HRef)
AH“aq
HW., + Ref,— W, + HRef,,

AHoaq = AHogas + AHusolv(HRef) + AHosolv(W.) - AHosolv(HW) - AHosolv(Refv)
AH= AH°, +AH°, (Ref)

Fig.3. The proton exchange scheme3' applied in DFT calculations of
thermodynamic properties.

1.6 Computational methods

The static DFT calculations were performed by means of
Gaussian 09-D0.1 program?® based on BLYP-D3/6-31+*. The
geometries were at first point optimized in the gas phase at
BLYP-D3/6-31*+. We used such computational details because

4| J. Name., 2012, 00, 1-3

We have further characterized the electronic structure (see
point 2 in the ESI file) as well as the conformational stability of
WAR and W10 at gas phase by molecular dynamics simulations
at the DFT approach, as
implemented in CPMD software package.3237 The plane wave
basis set with cutoff energy of 100 Ry, within a cubic cell, 16 A
in length were applied. The temperature values T = 298 K and
T = 373 K have been controlled via Nosé-Hoover chain
thermostat.3227 Valence electrons have been treated explicitly

level within Car-Parrinello

within the DFT formalism employing the PBE exchange-
correlation functional with inclusion of Grimme dispersion
correction (D3), whereas, for inner electrons description, the
Goedecker type pseudopotentials have been used.3237 All t!
animations presenting CPMD trajectories are available as
supplementary files. VMD software package3’ have been used
for preparation of each animation. The lengths of simulatio..
were between 20-30 ps.

3 Results and discussion

3.1 Experimental determination of AH’ and AS’

This journal is © The Royal Society of Chemistry 20xx
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The temperature variations of pK; in the range between 288 K
and 313 K have been determined for WAR and their two
derivatives: W7 and W10. W7 has been applied as the
reference molecule for W10, to better understand the effect
of hydroxylation site. W7, contrary to W10, exhibits similar pK;
value to WAR and its intramolecular hydrogen bonding OH-:-O
is also similar in nature to the parent drug. The pK, variations
obtained for these compounds, the related values of AH" and
AS’, and the structural formula of all molecules have been
presented in Fig.4. It is seen that AH" is positive for all three
compounds, and this observation indicates that dissociation of
proton in agueous medium is endothermic. Similar AH" value
has been obtained for WAR and W7, however, the two times
higher value has been obtained for W10. The negative and also
similar values of AS® are observed for WAR and W7, and it
points that in these cases the system entropy decreases after
dissociation. Interestingly, for W10 the AS" value is close to
zero. This suggests that certain effect neutralizes the loss of
entropy in this case. One should note also, based on the
changes in AH° and AS’ between WAR/W7 and W10, that a
compensatory enthalpy-entropy relationship is noted.

- HO.

707 o WAR AH° = 169kImol’; AS° =44 mol' K" w10 OH \)K
681 @ W10 A =343kImol’; AS°=0.0J mol' K’ |
66 A W7 A =184kIimol’; AS° =42 moi' K’ /\‘/\‘/\/\
6.4 NN NF
6.2+ = .Q
6.0 . = 1
58 5 w7 OH

" 561 A N

S 54 | /\ u
52 Ho” NF N0 N0
B e
5.0 A A - .o

A - |

4.8 = -
46 WAR QM |)K
44 W
4.2 NN A
40

T T T T T T 1
3.1x10° 3.2x10° 3.3x10° 3.3x10° 3.4x10° 3.4x10° 3.5x10° 3.5x10°
1T (K")
Fig.4. The Van’t Hoff plots obtained for WAR, W7 and W10 in aqueous medium,

to%ether with the structural formulas of given compounds and the obtained
values of thermodynamic parameters.

3.2 Theoretical characterizations of WAR and W10

We have also performed theoretical calculations of the
enthalpic and entropic contributions to dissociation free
energy of WAR and W10, for which substantial differences
have been observed in the experiments. It is seen from Fig.5
that notably higher positive AH" value is observed for W10, by
+20.65 kJ-mol? at CPCM/UFF level of calculations, as related to
WAR. For comparison, the shift observed in experiment is
+17.4 kJ-moll. One must emphasize that the calculated value
of 33.1 kJ-mol* obtained for W10 agrees almost quantitatively
with the experimental estimation 34.3 kl-mol-l. Moreover, the
qualitative picture of an increase in AS values, from -9.98
J-mol1-K1 for WAR up to -6.50 J-mol-1-K1 for W10, is consistent
with the experiment, though, the agreement is less
satisfactory as in absolute sense the AS should vanish for

This journal is © The Royal Society of Chemistry 20xx

W10.0ne could comment that other theoretical approaches,
e.g. SM8T solvation model, could likely provide more accurat-
thermodynamic properties as it was the case for amines or
carboxylic acids.3® Nevertheless, the findings obtained in both
experimental and theoretical approaches herein indica e
explicit and unequivocal differences between WAR and W10.
Based on our recent works we have found,®” that formation
of the intramolecular hydrogen bonding might be the key
factor in this phenomenon.

It is important to emphasize that at two different
temperatures, 298 K and 373 K, the
interactions of WAR and W10 have turned out to be similarly
stable, as indicated by the ab initio CPMD simulations. Both
WAR and W10 do not wundergo any spontaneous
conformational during the simulations, and
therefore, both intramolecular bridges are preserved in the..
conditions; see the animations entitled war25.mg
warl00.mpg, W10-25.mpg and W10-100.mpg (attached as
supporting files). These results clearly show that both systen-
are inherently stable at free energy level, not prone to any
spontaneous transitions. It proves also that endothermicity of
dissociation is not related to breaking of these bonds during
increase in temperature, but most likely, to their breakir-
upon hydrogen bonding interaction with solvent water
molecules. In addition, one shall note that the intramolecular
bond is stronger for W10 (shorter O-:-H bond, by ~0.1 A), what
qualitatively explains why in this case the higher pK, is
observed as compared with WAR.

intramolecular

transition

One should admit that the conjugate base of W10 can also be
stabilized by the intramolecular hydrogen bonding O-:-HO,
causing a drop of its pK, value comparing to WA™.
Nevertheless, this potential effect is apparently weaker than
stabilization of the non-ionized form by the double
intramolecular bridge OH---:OH-:-:0. One should add moreover
that the higher deprotonation energy of W10 over WAR is also
valid at gas-phase level of calculations. Finally, one shoulc
mention that Mishra and coworkers3 and also Regaldo et al.4°
have modeled the spectroscopic properties of WAR and its
derivatives. The authors of the latter work have also noticed,
based on static DFT/B3LYP calculations, that the neutral forms
of these compounds can possess the intramolecular hydrogen
bonds OH---O.

AH’(cal) = +12.45 kJ-mol”
AS°(cal) =-9.98 J-K'mol”

AH(cal) = +33.1 kJ-mol”
AS°(cal) = -6.50 J-K'mol”

Fig.5 The DFT/BLYP-D3/6-31+* optimized ground state structures of WAR a' |
W10 based on Gaussian 09-D0.1 Jarogram. The dissociating i:)rotons are mark .d

by circle. In addition the selected distances of intramolecular hydrogen bor.
OH---0 are presented together with the values of thermodynamic parameters.

J. Name., 2013, 00, 1-3 | 5
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3.3 Enthalpy-entropy relationships

We are able to propose the most likely explanation for the
obtained findings. Owing to the similar results obtained for
WAR and W7 one should state, that hydroxylation site is
essential for dissociation thermodynamics. Formation of the
double hydrogen bonding by W10 seems to be the crucial
factor which distinguishes this molecule from both WAR and
W?7. Accordingly, one could further state that appreciably
higher AH" noted for W10 might stem from the fact that the
double intramolecular hydrogen bonding affects the total
degree of freedom of the molecule, thus also its heat capacity,
stronger than the weaker single bond noted for WAR and W7.
It seems to be very probable that transfer of proton from the
functional group involved in intramolecular bonding to solvent
molecules entails disconnection of particular molecule sites,
and thus, causes also release of molecular strain and rise of
conformational flexibility. This imposes positive AH and
endothermicity of the process for all molecules, however, the
most strongly for W10 where the double OH-:-:OH---O is noted.
Due to this specific linkage, also the number of ways in which
the neutral molecule of W10 may be arranged in space is
lower, thereby its entropy is also lower comparing to WAR and
W?7. It is important that after dissociation the created ions
become solvated and order water dipoles reducing their
entropy, what is energetically unfavourable effect. However,
concurrently, this effect is balanced by the breaking of
intramolecular bonding organizing the arrangement of atoms
in space, and this is entropically and energetically favourable
effect. It is seen from experimental results that for WAR and
W?7 the drop of entropy caused by solvation of ions dominates,
so that their AS is negative, whereas for W10 the loss of the
double hydrogen bridge may be able to neutralize this effect,
i.e. AS is close to zero. Due to this compensation of two
opposite entropic effects, the contribution of AS to
dissociation free energy is relatively little as compared to AH
for all three compounds.

3.4 Changes in solvent composition

6.45

-104
124
2 144
e
°
s 184
204
224
T T T T T T T 1
4 5 6 7 8 9 10 1 12
H
7.07 P
104 - »
1 /
0
~ 124 /
R4 ,.
> 13 ;i
E
o aed / ¢ A, WA
o /
"5 15 / . Wi0
3 { Best fit
16 /
AT o
-18
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Fig.6. The relation between p.g values and pH obtained for WAR (A) and W10 (R!
at 293 K in the micellar system containing 10 mM SDS.

At the next step we have performed additional experiments
using the same working concentrations of WAR and W10 (C.2
mg/mL in the injected samples), andthe media containing 1C
mM sodium dodecyl sulfate (SDS) and 15% (v/v) acetonitrile
(ACN), i.e. the micellar and aprotic cosolvent systems. It was
dictated by an interesting idea to investigate the changes in
enthalpy-entropy relations, and the corresponding pKj, shifts,
upon introduction of two different solvent modifiers. Micelles
formed by SDS constitute a hydrophobic pseudostationary
phase and a potential platform for hydrophobic interactions
with non-polar species. ACN, in turn, is a polar aprotic solvent
prone to rearrangement of
interactions in the solvent.

non-covalent electrostatic

The values of pK; shifts and related AH" and AS paramete
have been shown in Table.2. It is noticeable that addition of
SDS increases pK, of WAR by around 1.5 pH unit, and W10 _,
around 0.8 pH unit. These results confirm that interactions
with micelles favour the neutral forms of both molecules,
leading to the shifts in dynamic equilibrium. Deeper insight
into this matter is provided by the obtained plots c.
electrophoretic mobility versus pH, presented in Fig.6. We see
that growing pH entails a decline of absolute mobility of both
molecules. Remarkably,
sigmoidal shape and inflection points, whose values are very
close to pK, values revealed by DAD method. These outcomes
indicate that deprotonation must bring about exclusion of
molecules from micellar environment and their transfer tc
aqueous solvent. The two related factors contribute to this:
rise of polarity which hiders intermolecular interactions
non-polar residues, and appearance of negative charge which
is repelled by negatively charged heads of surfactants
molecules. It is visible as a decrease in mobility, since the
micelles are repeatedly ionized due to numerous sulfate
groups and thereby more mobile than the singly ionizea
molecules of WAR and W10. Very consistent picture of events
may be delineated based on AH and AS values obtained in
this system, see Table 2.

the plots are characterized by

Table 2. The values of thermodynamic parameters determined experimentally for WAR
and W10 in the modified media.

Compound Modifier pka A a5
P (pKa shift) (kJ-mol1) (J-mol-K)

SDS 6.39 (+1.44) 14.6 8.7

WAR ACN 5.38 (+0.43) 2.04 -4.0
reference 4.95 16.9 -4.4
SDS 6.89 (+0.77) 13.8 -10.2
W10 ACN 6.32 (+0.20) 8.4 -11.1
reference 6.12 34.3 0.0

The pKavalues refer to temperature of 293 K

One can see that for both WAR and W10 a drop of AH" and AS
values is observed as compared with reference aqueo s

This journal is © The Royal Society of Chemistry 20xx
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medium. Exclusion of molecules from micelles upon
deprotonation leads unarguably to creation of new hydration
shells around anionic forms, and possibly, to intermolecular
interactions with water dipoles. By contrast, the neutral forms
embedded in micelles may be prevented from such
interactions. In this reasoning the changes in AS” derives from
organization of water molecules around ionized species
liberated from micelles, and this is consistent with general
description of a “hydrophobic effect”, often cited in literature
(note that in aqueous medium the non-dissociated forms are
better solvated than inside micelles).1! Interpretation of AH is
however not straightforward and impeded by a multitude of
possible factors that may account for alterations in heat
capacity, e.g. one should consider an unknown structure of
micellar complexes. Interestingly, the apparent pK, shifts that
arise from these interactions are fairly large, up to 1.5 pH unit
for WAR. Another striking observation is that in the micellar
system WAR and W10 become quite similar in AH and
AS’values. The most likely explanation of this effect is a loss of
the specific intramolecular bonding by W10, and
concomitantly, a loss of the only distinctive feature responsible
for specific thermodynamics of W10 in aqueous medium. One
may conjecture that OH:--:OH---O linkage is vulnerable to any
distortions in nearby environment, and it may be broken
during integration with micelles. Deeper investigation of this

effect is however beyond the scope of the present work.

It is seen from Table 2, in contrast to SDS, that for WAR ACN
affects only the AH values while AS remains almost
unchanged. ACN is a polar molecule and thereby does not
form the analogous non-polar microenvironment, and
consequently, does not participate in hydrophobic effect.
Instead, aprotic ACN molecules are known to rearrange
network of water dipoles and change hydrogen donor-
acceptor abilities of solvent. This specific impact on solvent
properties is presumable reason for why only enthalpic term,
usually referred to formation/breaking of bonds, changes
significantly in this system. Analogously to the micellar system,
the differences between WAR and W10 are also considerably
smaller than in the reference aqueous system. It implies that
the specific double intramolecular hydrogen bridge
OH:-:-:OH-:-:O may also be lost in the presence of ACN molecules.
In consequence, this bonding seems to be strictly solvent-
dependent.

One should emphasize that these results constitute only an
approximate insight into the effects encountered during
changes in solvent composition, and they are burdened with
some uncertainty. In particular, the effect related to changes
in dielectric permittivity along with increase in temperature for
different systems (aqueous, micellar and cosolvent) has not
been recognized. One should however note that such effect
may influence accuracy of the thermodynamic terms
determined from the Van’t Hoff model.#243 |n addition, pK;
values have been determined as “apparent” parameter valid
only for the given solvent composition, i.e. 10 mM SDS and
15% ACN. In the case of SDS the observed shifts of pK, may be

This journal is © The Royal Society of Chemistry 20xx

strictly dependent on binding degree, which for W10 could be
lower due to the presence of additional OH group. In fac’
some difference is visible from Fig.6, where WAR exerts larger
absolute mobility than W10 in the non-ionized state during
interaction with SDS molecules. Deeper investigation of the €
issues is not obligatory for the main idea of this work, but
appears to be an interesting direction of the future research.

Considering these all facts together, one can however state
that the micellar and aprotic cosolvent systems are the elegant
reference for aqueous medium. They explicitly show that
enthalpic  and entropic  effects are independent
thermodynamic forces and their interrelations observed ir
experiment may disclose nature of events occurring on a
molecular level.

4 Concluding remarks

In the present study the thermodynamic contributions (AH",
AS’) to free dissociation energy of warfarin (WAR),
hydroxywarfarin (W7) and 10-hydroxywarfarin (W10) in water
solvent have been for the first time studied experimentally and
computationally. In addition, the system containing sodium
dodecyl sulfate (SDS) and acetonitrile (ACN) cosolvent hav.
been studied. As far as AH" is concerned, it has been found
that among these structurally similar molecules W10 exhibits
distinctively the highest positive enthalpy of deprotonation
(+34.3 kJ-moll), whereas the similar values have been
obtained for WAR and W7 (+16.9 kJ-mol! and +18.4 kJ-mol-1,
respectively). The entropic term has appeared to be similarly
negative for WAR and W7 (-4.4 J-mol1-K1, and -4.2 J-mol1-K-1,
respectively), whereas it is nearly zero for W10. It has been
suggested that one of the factors that determine acid-ba
properties of WAR and its hydroxylated derivatives in water
medium is the presence of intramolecular hydrogen bonds
involving the ionizable hydroxyl group. The double lineal
linkage OH:--OH:--:O noted for W10 seems to be of a
paramount relevance for direction and magnitude of enthalpic
and entropic effects that accompany dissociation of proton.
Most likely, it increases spatial organization of molecule and
constricts its flexibility, more significantly that the single
OH---:O bond observed for WAR. Higher stability of the non-
dissociated W10 form, in comparison to WAR, derives from

energetically unfavourable gain of enthalpy during
dissociation, that reflects disconnection of the long
intramolecular bridge. This effect is, however, partially

counterbalanced by entropic factors that favour dissociation of
W10 as compared with WAR. Therefore, a compensatory
enthalpy-entropy relationship is observed. The~

interpretations are supported by the observation that W7,
which forms only the single OH---O bond, behaves similarly to
WAR, despite possessing the second hydroxyl
Modification of the solvent composition by addition «
surfactant (SDS) or polar aprotic cosolvent (ACN), alters
dissociation thermodynamics, and shifts pK, values in upwa d
direction. The nature of effects standing behind these tw~
modified systems is, however, totally different. In the micell r

grou .

c
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system the entropic factors become a dominant force and they
dictate direction and magnitude of pKj, shifts. They correspond
evidently to a transfer of the dissociated species from micelles
to aqueous environment. In the aprotic cosolvent system,
most likely, changes in hydrogen donor-acceptor properties of
solvent are reflected by enthalpic term, with a marginal
significance of entropic factors.
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