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Abstract 7-Hydroxycoumarin exhibits antioxidative, lipoxygenase inhibitive and anti-
tumourigenic effects. Density and viscosity measurements have been carried out for the
solutions of 7-hydroxycoumarin in mixture solvents of water and ethanol or 1-propanol at
T = (293.15, 298.15, 303.15, 308.15 and 313.15) K. The measured data have been used to
evaluate apparent molar volumes (V), limiting apparent molar volumes (Vg), viscosity
B-coefficients of the Jones—Dole equation and variation of B with temperature (dB/dT). The
values of Vg and B-coefficients are positive and pass through their corresponding maxima
at about 18 mol-kg™" ethanol molality and 20 mol-kg™~"' I-propanol molality, respectively.
Besides, the values of Vg and B-coefficients decrease with increasing temperature. Molar
refractive indices (Rp) of the ternary solutions at the temperature of 298.15 K have also
been determined from measured refractive indices (np). There is an obvious increase of Rp
with increasing molality of the solvent. These parameters have been interpreted in terms of
solute—solvent interactions and structure making/breaking ability of components in the
aqueous solution. The temperature and concentration dependences of the weak interactions
in the solution systems have also been discussed.
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1 Introduction

Coumarin (1,2-benzopyrone) is a widely distributed natural product with low human
toxicity [1]. It can slow the development of both renal and prostate carcinoma and prevent
the recurrence of melanoma [2, 3]. The major biotransformation product of coumarin in the
human body is 7-hydroxycoumarin (7-HC) [4]. Several reports have shown that 7-HC has
antioxidative, lipoxygenase inhibitive and anti-tumourigenic effects [5—7]. However, the
molecular action mechanism of 7-HC is unknown.

A systematic knowledge of the solution behavior of drugs can be of great significance in
understanding their physiological action, which can be achieved with the help of ther-
modynamic and transport property measurements [8]. Testa et al. [9] examined the vis-
cosity of binary mixtures of water and aprotic or protic polar solvents and compared the
results with the viscosity of binary mixtures of aprotic polar solvents. This study indicated
that binary mixtures of miscible solvents may provide a valuable means for investigating
and assessing intermolecular interaction, and they are used as model systems in a phar-
maceutical perspective. Aqueous solutions of alcohols have found wide application in
pharmaceutical and cosmetic industries. When introduced into a living organism as
vehicles for pharmaceuticals or cosmetics, they affect the components of cellular fluids.
Thus the behavior of 7-HC in aqueous alcohol solutions may be important from phar-
macological and industrial viewpoints [10].

Volumetric properties of solutions, such as apparent molar volumes and limiting
partial molar volumes, are very useful to explain the intermolecular interaction
occurring in these solutions [11, 12]. Viscometric methods have been successfully used
to access the parameters of various biological molecules [13, 14]. The simultaneous
investigation of volume and viscosity effects on mixing is a powerful tool for the
interpretation of intermolecular interactions present in these mixtures. They also throw
light on solute—solvent interactions, which correlate with the structure making/breaking
properties of the solutes and solvents. In addition, the refractive index of drugs in
aqueous solutions is another parameter to determine the molecular interactions occurred
in aqueous systems.

Banipal et al. [15] have reported the volumetric and viscometric properties of some
sulpha drugs in aqueous sodium chloride solutions at 7' = (288.15 to 318.15) K and
interpreted their results in terms of interactions between solute and solvent. Igbal et al.
[16] have measured the viscosities and densities of salicyl amide, salicylic acid, and
acetyl salicylic acid in alcohols from 293.15 to 313.15 K and shown that the drug
molecules are regarded as structure-makers owing to the breakup of their hydration shell
due to thermal motion. However, to the best of our knowledge, no work has been
reported on the physicochemical effects of alcohols on 7-HC. So, the aim of the present
work is to elucidate the hydration characteristic of 7-HC in aqueous alcohol solutions. In
the work to be presented here, densities, viscosities of 7-HC + ethanol/1-propa-
nol + water solutions have been measured at 7' = (293.15, 298.15, 303.15, 308.15 and
313.15) K. These values are used to compute apparent molar volumes (Vy), limiting
partial molar volumes (Vg) and viscosity B-coefficients of 7-HC. In addition, molar

refractive indices (Rp) of the ternary mixtures at 298.15 K have been acquired from the
experimental values of refractive indices (np). All of these parameters are discussed in
terms of solute—solvent interactions occurring in the (7-HC + ethanol/1-propa-
nol + water) systems. These results may be helpful for understanding the functional
properties of 7-HC in the human body.
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2 Experimental
2.1 Materials

7-HC was purchased from J & K Chemical, Ltd. (Beijing, China) and the stated mass
fraction purity is better than 0.98. Ethanol and 1-propanol were available from Tianjin
Kermel Chemical Reagent Company (Tianjin, China) and their purities are above 0.997
and 0.995 mass fractions, respectively. All the reagents were used without further purifi-
cation. Doubly distilled water was used.

2.2 Solution Preparation

Stock solutions of aqueous ethanol or 1-propanol were prepared using double distilled
water at 298.15 K and were used as solvents for the preparation of the 7-HC solutions.
Solutions of aqueous alcohol and aqueous 7-HC solutions in the concentration range of
(14.00-22.00) mol-kg™" and (0-0.0300) mol-kg~' were prepared by mass on a Mettler
Toledo AG 135 analytical balance with a precision of +0.00001 g. All the solutions were
stored in special air tight bottles to avoid evaporation. All the solutions were used within
12 h after preparation to minimize decomposition.

2.3 Density Measurements

The densities of solutions were measured by a quartz vibrating-tube densimeter (Anton
Paar DMA 5000) thermostated to £0.001 K. The precision of the densimeter was
+5 x 107° g-cm ™. The densimeter was calibrated with double-distilled deionized water
and dry air at 7 = 293.15 K [17, 18]. The estimated uncertainties of measured densities
were found to be within 0.0005 g-cm73. The final results are the average of triplicate
measurements for each sample.

2.4 Viscosity Measurements

Viscosity measurements were carried out with a suspended level Ubbelohde viscometer.
The viscometer was calibrated with double-distilled deionized water. The viscosity values
of water at different temperatures were taken from Perry’s Chemical Engineers’ Handbook
[19]. An electronic digital stopwatch with an accuracy of +0.01 s was used for flow-time
measurements. As the flow times were greater than 100 s, the kinetic energy corrections
are not necessary [20]. The Ubbelhode viscometer, filled with test solutions, was allowed
to stand for about 30 min in an electronically controlled thermostatic water bath so as to
maintain the temperatures of the solutions to an accuracy of +0.01 K. An average of four
or five readings with reproducibilities within 0.1 s was used as final flow time. The
dynamic viscosity of solutions was calculated using

n/mo = (pt)/(poto) (1)

where p, po, t, ty, and 1, 1o are density, flow time, and viscosity of the drug solutions (7-
HC + ethanol/1-propanol + water) and the solvents (ethanol/1-propanol + water),
respectively. The calculated viscosities have an uncertainty within £0.003 mPa-s.

@ Springer



2216 J Solution Chem (2013) 42:2213-2228

2.5 Refractive Index Measurement

Refractive indices were measured with a model-2 W refractometer (Shanghai, China). The
calibration was done with pure water whose measured refraction index at 298.15 K is
1.3326. This value agreed well with that in the literature [21]. The temperature of the test
solution during the measurements was maintained within an uncertainty of +0.01 K in an
electronically controlled thermostatic water bath. The uncertainty in the refractive index
was found to be within +0.0003. All the data shown in Table 5 represent the average of
three iterations.

3 Results and Discussion
3.1 Volumetric Properties

The experimental density values of 7-HC + ethanol/1-propanol + water mixtures at dif-
ferent temperatures are listed in Table 1. The apparent molar volumes V,, of 7-HC in the
ternary systems were calculated by the following equation [22, 23]:

M —

V, = — 10002 —20) 2)

p mppg
where M and m are the molar mass and molality of 7-HC, respectively. The values of V,,
are also listed in Table 1.

A linear dependence of V,, on m was observed over the concentration range studied.
Linear regression analysis of V,, was carried out to find the partial molar volume at infinite
dilution (Vg) as follows [24, 25]:

Vy = V9 +Sym (3)

[0

where S, is the experimental slope. The experimental S, values for the investigated ternary
systems are found to be positive but are smaller than Vg. This shows the existence of weak
interactions between solute molecules, in comparison to stronger solute—solvent interac-
tions. Therefore, the values of Sy have not been reported in the tables. The data of limiting
partial molar volumes of 7-HC in infinite dilution solutions were calculated and are
summarized in Table 2.

It can be found from a perusal of Table 2 that the values of the limiting apparent molar
volume, Vg, are positive in the mixtures of water and ethanol/1-propanol, which can provide
information regarding solute—solvent interactions. Relative to water, the types of interactions
occurring between 7-HC and alcohol molecules can be classified as follows:

1) Hydrophilic-hydrophilic interactions between the —OH groups in 7-HC and the
alcohol molecules mediated through intermolecular hydrogen bonding.

2) Hydrophilic-hydrophobic interactions between the —OH group and the alkyl group in
7-HC and the alcohol molecules, respectively.

3) Hydrophobic-hydrophobic interactions between the benzofuran ring of 7-HC and the
alkyl groups of alcohol molecules.

The interaction of type (i) leads to a positive contribution to VY while those of types (ii)
and (iii) lead to opposite contributions as a result of cosphere overlap. The positive values
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Table 2 Limiting partial molar volumes (Vg) of 7-HC in aqueous ethanol and I-propanol solutions at

T = (293.15, 298.15, 303.15, 308.15, and 313.15) K (m1ven— molality of ethanol or 1-propanol based on
kilogram of water)

Msolvent (m01'kgil) V((/i (cm3~m01_1)

293.15 K 298.15 K 303.15 K 308.15 K 313.15 K

Ethanol

14.00 98.26 £ 0.01 96.40 £ 0.02 9347 £ 0.01 90.74 £ 0.02  86.97 £ 0.04
16.00 101.76 £ 0.03  100.01 £0.03  97.11 £0.03 9439 £0.05  90.04 £ 0.08
18.00 105.61 £0.02 103.84 £0.06 100.98 £ 0.04  98.63 £ 0.04  96.55 £ 0.03
20.00 101.26 £ 0.04 9922 £0.02  96.90 £0.03  94.88 £ 0.06  90.96 £ 0.06
22.00 99.47 £0.02 9792 £0.04 9479 £0.03 9197 £0.04 88.22 £ 0.03
1-Propanol

14.00 107.38 £ 0.03 105.12 £0.05 103.52 £ 0.03 100.73 £ 0.06  98.11 £ 0.07
16.00 109.96 £ 0.03 107.89 £0.05 107.32 £0.03 105.64 £ 0.05 102.89 £ 0.04
18.00 115.57 £ 0.04 112.69 £0.05 108.67 £ 0.05 106.72 £ 0.08 105.36 £ 0.06
20.00 116.81 £0.05 114.99 £0.05 113.51 £0.06 110.98 £0.09 110.21 £ 0.05
22.00 109.67 £ 0.05 108.86 £ 0.06 106.88 £ 0.04 105.84 £ 0.07 103.46 £ 0.08

of Vg suggest that the hydrophilic—hydrophilic interactions are dominant in the ternary
solutions.

Figure 1 shows that the values of Vg pass through a maximum at about 18 mol-kg™"'
ethanol molality in the range of the aqueous ethanol solutions investigated. The tendency
of Vg versus the molality of 1-propanol is very close to that in the aqueous ethanol system,
except that the molality of 1-propanol corresponding to the maximum value of Vf/z is about
20 mol-kg™'. So the plot of Vf/’, versus the molality of 1-propanol was omitted. The
maximum value of Vg can be explained as follows. On one hand, ethanol molecules may
be accommodated in the hydrophobic hydration sheath around 7-HC at lower concentra-
tions [26]. The hydrogen bonding interactions between the —OH groups of alcohol mole-
cules and water molecules in the hydrophobic hydration shell of 7-HC results in the
weakness of hydrophobic interactions. Less water molecules are released into the bulk
phase from the hydrophobic hydration sheath. This makes a positive contribution to Vg.
With the increase of the alcohol molality, the hydrogen bonding interactions are maxi-
mized, corresponding to the maximum value of Vg. On the other hand, a further increase of
alcohol contents enhances the hydrophilic-hydrophobic and hydrophobic—hydrophobic
interactions, which are responsible for the decrease of Vg. The maximum value of Vg at
about 20 rnol-kg_1 1-propanol molality may be caused by the longer alkyl chain of
1-propanol. The stronger hydrophobicity of 1-propanol attenuates the hydrogen bonding
interactions. Therefore, the maximum value of V{‘/{ occurs at a higher concentration of
1-propanol.

The values of Vf/’) decrease with temperature for the aqueous ethanol and propanol
systems. This is a characteristic property of aqueous solutions of hydrophobic solutes [27].
The hydrophobic hydration decreases at higher temperatures [28]; some water molecules
are released from hydrophobic hydration shells which leads to a negative contribution to
v,
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Fig. 1 Variation of the limiting partial molar volume of 7-HC (Vg) versus the molality of ethanol in

aqueous solutions at 7'= 293.15 K (filled square), 298.15 K (filled circle), 303.15 K (filled triangle),
308.15 K (filled inverted triangle), and 313.15 K (square)

From Table 2, it is evident that the limiting partial molar volumes of 7-HC in aqueous
1-propanol solutions are larger than those in aqueous ethanol solutions in the temperature
range studied here. This is due to the longer hydrophobic chain of 1-propanol. The longer
alkyl chain results in reinforced hydrogen bonding interactions between water molecules
surrounding these apolar groups [29]. The cooperativity of hydrogen bonding reinforces
the interaction between water molecules in hydration layers and hydroxyl groups of
alcohol molecules. The final result is the weakness of hydrophobic interactions, which
leads to the increase of Vg.

3.2 Viscometric Properties

The interaction of solute—solvent can also be discussed with the change of a dynamic
property such as viscosity. The viscosity data given in Table 3 are analyzed with the
Jones—Dole equation [15]:

(n/no—1)/c"* = A+ Bc'? (4)

where c is the molar concentration of 7-HC (calculated from molality and density data) in
the solution. The A-coefficient reflects solute—solute interactions, and B-coefficient
depends upon solute—solvent interactions and the relative size of solute and solvent mol-
ecules [30]. In the case of non-electrolytes, A = 0, and the Jones-Dole equation is sim-
plified to the form [27, 31]:

=1+ Bc (5)

where the B-coefficients were obtained from the linear plots of #, versus ¢ and are given in
Table 4. From Table 3, it can be seen that the viscosities of 7-HC-alcohol-water systems
are higher than those of the corresponding alcohol-water systems (solvent). This might
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Table 4 Viscosity B-coefficient (B) of 7-HC in aqueous ethanol and 1-propanol solutions at 7 = (293.15,
298.15, 303.15, 308.15, and 313.15) K (mojyen— molality of ethanol or 1-propanol based on kilogram of
water)

Msolvent (mOI'kg_l) B (de'mOI_l)

293.15 K 298.15 K 303.15 K 308.15 K 313.15K
Ethanol
14.00 0.197 £ 0.002 0.182 £ 0.003 0.165 &+ 0.003  0.142 + 0.003 0.119 +£ 0.004
16.00 0.270 £ 0.004 0.253 £ 0.002 0.231 4+ 0.005 0.211 &+ 0.004 0.190 + 0.001
18.00 0.355 £ 0.005 0.323 £ 0.001 0.297 &+ 0.004 0.271 £ 0.002 0.250 £ 0.004
20.00 0.312 £ 0.008 0.281 £ 0.005 0.262 4+ 0.005 0.234 + 0.002 0.210 £ 0.005
22.00 0.262 £ 0.003 0.237 £ 0.004 0.207 & 0.003 0.177 &£ 0.003  0.155 £ 0.004
1-Propanol
14.00 0.292 £ 0.003 0.264 £ 0.003 0.247 4 0.004 0.223 + 0.004 0.195 + 0.003
16.00 0.320 £ 0.002 0.296 £+ 0.002 0.281 4+ 0.005 0.263 &+ 0.003  0.229 + 0.002
18.00 0.385 £ 0.007 0.346 £+ 0.004 0.315 4+ 0.005 0.293 + 0.003 0.271 + 0.003
20.00 0.399 £ 0.003 0.372 £ 0.004 0.350 & 0.007 0.320 + 0.006 0.288 + 0.002
22.00 0.306 £ 0.005 0.279 £+ 0.003 0.257 & 0.004  0.234 + 0.003 0.205 + 0.005
0.36F -
0.32 [
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Fig. 2 Variation of viscosity B-coefficient of 7-HC versus the molality of ethanol in aqueous solution at
T = 293.15 K (filled square), 298.15 K (filled circle), 303.15 K (filled triangle), 308.15 K (filled inverted
triangle), 313.15 K (square)

indicate an increase in the net structure of the solvent; in this case solute—solvent bonds can
be formed [32].

Second, the viscosity B-coefficients for 7-HC in the mixture solvents of water and
alcohol are all positive and pass through a maximum at about 18 mol-kg~' ethanol
molality and 20 mol-kg71 propanol molality, respectively. The B-coefficients of 7-HC in
the mixed solvents of water and 1-propanol are more positive than those in aqueous ethanol
solutions. A representative plot of B-coefficient versus the molality of ethanol is shown in
Fig. 2. The positive value of the B-coefficient suggests hydrogen bonding of the solvent
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Table 5 Refractive indices (np) and molar refraction (Rp) of 7-HC in aqueous ethanol and 1-propanol
solutions at 7 = 298.15 K (m;.yc — molality of 7-HC based on kilogram of mixed solvent, Megmanol/
M _propanol — Molality of ethanol/1-propanol based on kilogram of water)

mypc (molkg™")  np R myuc (molkg™")  np R
cm?3-mol cm?3-mol

Meghanor = 14.00 mol-kg ™! M propanol = 14.00 mol kg™

0.0000 1.3550  5.5267 + 0.0041  0.0000 13640  6.4556 + 0.0044
0.0100 1.3553  5.5346 + 0.0041  0.0100 13642 6.4633 + 0.0044
0.0150 1.3554 55379 £ 0.0041  0.0149 13644  6.4688 + 0.0044
0.0200 1.3555  5.5412 + 0.0041  0.0200 13645  6.4727 + 0.0044
0.0247 1.3557  5.5460 + 0.0041  0.0250 13646  6.4766 + 0.0044
0.0300 1.3558 55492 + 0.0041  0.0300 13647  6.4806 + 0.0044
Methanol = 16.00 mol-kg71 M _propanol = 16.00 mol-kgq

0.0000 13564  5.7314 £ 0.0042  0.0000 13654  6.7592 + 0.0045
0.0100 1.3568 57412 £ 0.0042  0.0100 13659  6.7723 + 0.0045
0.0150 13570 5.7461 £ 0.0042  0.0150 13662 6.7797 + 0.0045
0.0200 1.3572 57510 £ 0.0042  0.0200 1.3665  6.7871 + 0.0045
0.0250 13574 57559 £ 0.0042  0.0250 13667  6.7929 + 0.0045
0.0300 13575  5.7595 £ 0.0041  0.0300 13669  6.7988 + 0.0045
Methanol = 18.00 mol-kg™! M propanol = 18.00 mol-kg™"

0.0000 1.3575  5.9292 +0.0042  0.0000 1.3670  7.0510 + 0.0045
0.0100 1.3578  5.9379 + 0.0042  0.0100 1.3673  7.0614 + 0.0045
0.0150 1.3580  5.9430 £ 0.0042  0.0149 1.3675  7.0675 + 0.0045
0.0200 1.3581  5.9467 £ 0.0042  0.0200 1.3677  7.0727 £ 0.0045
0.0250 1.3583 59518 £ 0.0042  0.0250 1.3678  7.0780 + 0.0045
0.0300 1.3584  5.9555 + 0.0042  0.0300 1.3679  7.0825 + 0.0045
Methanol = 20.00 mol-kg ™! M) _propanol = 20.00 mol kg™

0.0000 13583  6.1113 + 0.0042  0.0000 1.3680  7.3268 + 0.0045
0.0100 13586  6.1199 + 0.0042  0.0100 1.3683  7.3376 + 0.0045
0.0150 1.3588  6.1250 + 0.0042  0.0149 13685  7.3439 + 0.0046
0.0200 1.3589  6.1286 + 0.0042  0.0200 1.3687  7.3503 + 0.0046
0.0249 13591  6.1338 + 0.0042  0.0250 1.3688  7.3549 + 0.0046
0.0300 13592 6.1374 + 0.0042  0.0300 13690  7.3614 + 0.0046
Methanol = 22.00 molkg ™' M1 propanol = 22.00 mol kg™

0.0000 13585  6.2792 + 0.0043  0.0000 1.3695  7.5902 + 0.0046
0.0100 13591  6.2926 + 0.0043  0.0100 13700  7.6045 + 0.0046
0.0150 13594  6.2994 + 0.0043  0.0149 1.3702  7.6108 + 0.0046
0.0200 1.3596 63046 £ 0.0043  0.0200 1.3704  7.6171 £ 0.0046
0.0250 13599  6.3113 £ 0.0043  0.0250 13706 7.6235 + 0.0046
0.0300 13601  6.3166 + 0.0043  0.0300 1.3708  7.6299 + 0.0046

with the drug molecule and indicates an increase in viscosity of the solution due to the
large size of the moving molecules. This phenomenon can be attributed to the break-up of
the hydration shell due to thermal motion. The maximum of viscosity B-coefficients may
be due to the fact that a low alcohol concentration in water improves the three dimensional
polymeric structure of water while a high concentration tends to break the water structure
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Fig. 3 Variation of molar 6.5
refraction (Rp) versus the 6.4k
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[33]. These observations are in excellent agreement with the conclusions drawn from the
analysis of Vg discussed earlier.

In addition, it is found that the values of B-coefficients decrease with temperature in the
7-HC + water + alcohol mixtures. As the value of dB/dT is a better criterion for deter-
mining solute—solvent interaction, the dB/df < 0 in water 4 alcohol shows that 7-HC
behaves as a net structure maker in aqueous alcohol mixtures [34].

3.3 Refractive Index

The values of refractive index (np) were only measured at 298.15 K because there is not
much variation in Rp with temperature. The data of refractive indices presented in Table 5
show an increasing tendency with increasing molality of 7-HC. np data were used to
calculate the molar refractivity, Rp, using Lorentz—Lorenz equation [35]:

_I’lzD—lZX,'Mi
S nh+2 p

b (6)
where x; and M; are the mole fraction and molecular weight of the i-th component of the
mixture, respectively.

The calculated values of Rp are also listed in Table 5. Figure 3 shows an obvious
increasing trend of Rp with the increasing molality of the solvent. Since Rp is directly
proportional to the molecular polarizability, the overall polarizability of the system
increases with increasing amount of 7-HC in the mixture. In addition, Table 5 shows that
the molar refractive indices of 7-HC in aqueous 1-propanol solutions are larger than those
in aqueous ethanol solutions with the same molality. The conclusion is consistent with that
drawn from the density and viscosity study.

4 Conclusions

In the present work, the densities (p) and viscosities () of 7-HC have been measured in
aqueous ethanol or 1-propanol solutions from 293.15 to 313.15 K. Refractive indices (np)
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of the ternary solutions at 298.15 K were also measured and used to compute molar
refractions (Rp). Apparent molar volumes (Vy), limiting partial molar volumes of 7-HC
(Vg), viscosity B-coefficients of the Jones—Dole equation, variation of B with temperature
(dB/dT), and molar refractions (Rp) have been obtained from the experiment. The values of
Vg and viscosity B-coefficients are positive and pass through corresponding maximum

values. All of the values decrease with ascent of the temperature. In addition, the calculated
values of Rp increase with the molalities of either of the alcohols. The parameters and
variation tendencies have been discussed in terms of solute—solvent interactions and
structure making/breaking ability of components in the given solution.
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