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The molar (KC,,) and rational (KX,,) partition coeffici-
ents in the octanol/buffer, i-propyl myristate/buffer, chlo-
roform/buffer, and cyclohexane/buffer systems were de-
termined for acetanilide and phenacetin at 25.0, 30.0, 35.0,
and 40.0 °C. In all cases except for cyclohexane, the KC,,
and KX, values were greater than unity. This demon-
strates that these two drugs have predominantly lipophilic
behavior. Gibbs and van’t Hoff thermodynamic analyses
have revealed that the transfer of these drugs from water
to organic solvents is spontaneous and that it is mainly
driven enthalpically for i-propyl myristate and chloro-

form, and entropy-driven for octanol and cyclohexane.
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Acetanilide and phenacetin were used as common analgetics for a long time. De-
spite the fact that nowadays they have no therapeutic utility, these drugs are still useful
as model compounds in thermodynamics of pharmaceutical solutions. This interest is
mainly due to their simple molecular structures that permit the analysis of interactions
between the drugs and the model organic solvents used in QSAR studies (Quantitative
Structure-Activity Relationships).

Thermodynamics of the transfer of drug compounds can be studied by measuring
the partition coefficient as a function of temperature. Such data can be used for predict-
ing absorption, membrane permeability, and in vivo drug distribution (1). Semipolar sol-
vents have been found to yield better correlations with the partitioning of solutes ob-
tained in model membranes compared to non-polar solvents such as cyclohexane (CH),
which interact only by non-specific forces (London interactions). In particular, octanol
(ROH) has been found to be a useful reference solvent for extrathermodynamic studies
(such as enthalpy-entropy compensation of partitioning in a variety of systems (2, 3), al-
though i-propyl myristate (IPM) has also been used. It has been specially used in order
to determine hydrophobic constants because it most closely simulates stratum corneum-
-water partition (4, 5). IPM is best related to skin/transdermal absorption because its po-
lar and non-polar nature mimics the complex nature (polar/non-polar matrix) of the
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skin (6). On the other hand, chloroform (CHL) has also been used in this kind of studies
because it acts mainly as a hydrogen donor to form hydrogen bonds with the solutes
(unpublished data).

The molal partition coefficient (K™,,) for any solute between organic and aqueous
phases is calculated by means of:

GG
c,W,

0

K" =W, (1)

where, W, and W, are the masses (usually in g) of aqueous and organic phases, respec-
tively, and ¢; and ¢, are aqueous concentrations of the solute (usually in ug mL-1) before
and after the solute transfer from the aqueous phase to the organic medium, respectively
1, 7).

If the solutions are very diluted, the molar partition coefficient (KC,,) is calculated
as K™, ,,(po/ pw), Where p, and p,, are the densities of the organic and aqueous phases, re-
spectively. On the other hand, the rational partition coefficient (KX, in mole fraction)
is calculated as K€,,(V,/Vy), where V, and V,, are the molar volumes of the organic
and aqueous phases, respectively (unpublished data).

The standard change of Gibbs free energy for the transfer of a solute from the aque-
ous phase to an organic medium is calculated as follows:

AG, = -RTInK, @)

Otherwise, the enthalpy change for the transfer may be obtained directly by ther-
mometric microcalorimetry titration or indirectly as the difference of the respective heats
of solution in each of the phases, which may be obtained by solution calorimetry (8). As
said previously, a method widely used in the physicochemical study of pharmaceutical
compounds (such as drugs) is the analysis of the temperature-dependence of partitioning
with the use of van’t Hoff method. This procedure gives the standard enthalpy change:

X 0X
fes) -
/1),

Therefore, AHX,_,, is determined from the slope of the pondered linear plot of
In KX, as a function of 1/T. The standard entropy change of transfer is obtained by
means of:

0X X
AS :Awaij% (4)

AHOX ., and AS9X, ., represent the standard changes in enthalpy and entropy, re-
spectively, when one mole of drug is transferred from the aqueous medium to the or-
ganic system at infinite dilution.
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The main objective of this study was to compare the partitioning behavior of acet-
anilide (ACN) and phenacetin (PNC) in the organic solvent/aqueous buffer (pH 7.4) sys-
tems: octanol/buffer (ROH/W), i-propyl myristate/buffer IPM/W), chloroform /buffer
(CHL/W), and cyclohexane/buffer (CH/W), using the thermodynamic approach based
on the variation of partitioning with temperature (van’t Hoff aquation). A comparison of
the partitioning behavior of both drugs would be useful in medicinal chemistry. These
compounds allow evaluating the effect of the ethoxy moiety present in PNC on several
processes of drugs transfer between liquid phases in comparison with ACN.

EXPERIMENTAL

Chemicals

The following chemicals were used in this investigation: acetanilide, standard re-
agent grade (Merck, Germany), phenacetin, analytical reagent grade (BDF, UK), octanol
extra pure (Merck), i-propyl myristate for synthesis (Merck), cyclohexane, analytical re-
agent (Merck), chloroform, analytical reagent (Mallinckrodt, USA), distilled water (con-
ductivity < 2 pS), potassium chloride, analytical reagent (Merck), sodium mono and di-
hydrogen phosphates, analytical reagents (Merck).

Shake flask method

Both aqueous and organic solvents were saturated before performing the experi-
ments. Solutions of known concentration of each compound were prepared in aqueous
phosphate buffer adjusted to pH 7.4 at ionic strength of 0.15 mol L1 (physiological val-
ues, 9). Then, specified volumes of organic solvent were added to specified volumes of
aqueous solutions of ACN and PNC in glass flasks (the volumes employed were as fol-
lows: for ROH/W: 5 mL of ROH and 20 mL of 20 ug mL~! for ACN or 50 pg mL! for
PNC aqueous solutions, for CH/W: 45 mL of CH and 5 mL of 10 pg mL~! for ACN or 12
pg mL1 for PNC, for IPM/W: 10 mL of IPM and 10 mL of 20 pg mL-! for ACN or PNC,
for CHL/W, 5 mL of CHL and 20 mL of 20 pg mL-! for ACN or 50 ug mL~! for PNC). All
aliquots were weighed on a digital analytical balance (Mettler AE 160, Germany, sensi-
tivity £ 0.1 mg). The mixtures were then stirred on a Wrist Action Burrel model 75 (USA)
mechanical shaker for one hour. Samples were allowed to stand in Magni Whirl Blue (M.
Electric Company, USA) water baths kept at 25.0, 30.0, 35.0, and 40.0 °C (+ 0.1 °C) for at
least 48 hours under sporadic stirring. After this time the aqueous phase was separated
and the drug concentration was determined by measuring UV absorbance, followed by
interpolation from the previously constructed calibration curve for each compound
(Hewlett Packard 8452A spectrophotometer, USA). The molal partition coefficients were
calculated by mass balance according to Eq. (1) and converted to molar and rational par-
tition coefficients by means of the respective relationships. Densities of the liquid phases
at several temperatures were determined using a digital density meter (DMA 45 Anton
Paar, Austria). All the partitioning experiments were repeated at least three times and
averaged.
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RESULTS AND DISCUSSION

The molecular structure and some physicochemical properties of ACN and PNC are
summarized in Table I. The pK, values were corrected to ionic strength p = 0.15 mol L1
[similar to that of the gastrointestinal tract and blood (9)], by means of the Debye-Htick-
el equation (10). Partitioning was determined at pH 7.4 (physiological value of blood).
At this pH these drugs have their highest distribution coefficient values because the mo-
lecular compound without dissociation dominates (11). The pH value was regulated
with phosphate buffer having the capacity of 0.01 mol L! calculated by means of the
Koppel-Spiro-Van Slyke equation (10), using pK, values corrected to g = 0.15 mol L-1.

Table 1. Physicochemical properties of acetanilide and phenacetin

Compound Molecular structure M, pK;2 Mmax
NHCOCH,
Acetanilide 135.16 0.47 240
(ACN)
NHCOCH,
Phenacetin 179.21 2.1 242
(PNC)
OCH,CH,

a Corrected to p = 0.15 mol L-! by means of the Debye-Hiickel equation (10).
b Value in water at pH 7.4 and p = 0.15 mol L-1.

Table II summarizes the temperature-dependence of the molar and rational partition
coefficients for the drugs studied in all partitioning systems. The K€, and KX, values
diminish with rising temperature for ACN and PNC in IPM/W and CHL/W, but in-
crease for both drugs in ROH/W and CH/W. The greatest partitioning was recorded for
PNC in ROH/W at 40.0 °C and the lowest for ACN in CH/W at 25.0 °C. From the parti-
tioning data (K€, and KX, values for both drugs are greater than 1 for ROH/W,
IPM/W and CHL/W systems), it follows that both solutes show a semipolar and lipo-
philic, although not properly hydrophobic, behavior (Kcyy is << 1).

The temperature-dependence of rational partitioning is presented as van’t Hoff plots
in Figs. 1a and 1b for ACN and PNC, respectively. In all cases, straight lines with deter-
mination coefficients greater than 0.95 were obtained. Therefore, the van’t Hoff method
is useful for the respective thermodynamic analysis (8).

Table III summarizes the rational thermodynamic functions related to the transfer of
both drugs from aqueous media to organic systems (octanol, cyclohexane, i-propyl my-
ristate, and chloroform). In all cases except for CH/W, AGX,_,, at 25.0 °C is negative;
then, the transfer of these drugs from aqueous media to almost organic systems is spon-
taneous (considering the standard and reference states, that is, ideal drug solutions having
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Table I1. Molar (K€) and rational (KX) partition coefficients of ACN and PNC as a function
of temperature

Temperature (°C)P

Compound Part.it.i on

coefficient® 25.0 30.0 35.0 40.0
Kromm 13.60 (0.07) 16.20 (0.02) 17.50 (0.13) 215 (0.4)
Komm 89.9 (05  106.90 (0.14) 115.6 (0.9) 1418 (2.8)
KCopw  0.0262 (0.0002) 0.0292 (0.0007) 0.0384 (0.0009) 0.0487 (0.0014)

AN K¥gw 01571 (0.0013) 0176 (0.004) 0232 (0.005  0.296 (0.009)
Kpaw 1.83 (0.06) 1570 (0.010) 115 (0.04) 1010 (0.002)
KX 31.3 (1.1) 26.93 (0.18) 19.8 (0.6) 17.37 (0.03)
KCepmm 7.74 (0.11) 7.05 (0.04) 6.40 (0.11) 6.14 (0.01)
S 28.8 (0.4) 26.17 (0.14) 23.7 (0.4) 22.75 (0.05)
Kromm 30.3 (0.4) 30.6 (0.9) 30.7 (0.7) 31.2 (0.4)
KXromm 199.9 (2.8) 202 (6) 203 (5) 206.2 (2.4)
Ko 0.0355 (0.0002) 0.0514 (0.0017)  0.066 (0.004)  0.090 (0.003)

NG Kiyw 02125 (0.0014) 0310 (0.010) 0402 (0.026)  0.545 (0.015)
Kpaiw 2.240 (0.014) 2.07 (0.05) 1.82 (0.05) 1550 (0.002)
KXo 38.23 (0.24) 35.5 (0.8) 31.3 (0.8) 26.64 (0.04)
j CR—— 32.0 (0.9) 30.60 (0.18) 29.8 (0.6) 28.3 (0.5)
KXcrm 119 (4) 113.7 (0.7) 110.4 (2.3) 1047 (1.7)

KC€ expressed in molarity, mean (SD), n = 3; KX expressed in mole fraction, mean (SD), n = 3.

2 Krom w: octanol/buffer (pH 7.4, u = 0.15 mol L) partitioning, Kcyy/w: cyclohexane/buffer (pH 7.4, u = 0.15
mol L) partitioning, Kipy w: i-propyl myristate/buffer (pH 7.4, u = 0.15 mol L) partitioning, Kcyy /w: chlo-
roform/buffer (pH 7.4, 4 = 0.15 mol L) partitioning.

b+0.1°C

unity in mole fraction in each phase). On the other hand, the same results may be ex-
plained as a higher solute affinity for organic media. Magnitudes of these properties are
also proportional to the degree of lipophilicity of the drugs (2, 3). The enthalpies of
transfer (AHOX,_, ) of the drugs are negative for IPM/W and CHL /W, indicating enthal-
py-driving for transfer in these systems, and positive for ROH/W and CH/W. Negative
enthalpies indicate the presence of significant hydrogen bonding (considered as the most
important interaction of transfer) between molecules of the drugs and IPM and CHL.
CHL can establish hydrogen bonding as a donor of hydrogen, while IPM acts as an ac-
ceptor (that is, the latter solvent is an ester Lewis base). The entropies of transfer (AS9X,,_, )
are negative for ACN in IPM/W and in CHL/W and for PNC in IPM/W, and positive in
other cases. These results indicate that the transfer of these drugs is mainly entropy dri-
ven in ROH/W and CH/W for ACN, and also in ROH/W and CH/W for PNC, while
for the latter drug the transfer is enthalpy-entropy driven in the CHL/W system.

Egs. (5) and (6) were used to evaluate the respective contributions in absolute val-
ues for enthalpy ({y) and entropy ({rg) toward the standard free energy of transfer and

199



Y. Baena et al.: Thermodynamic study of the transfer of acetanilide and phenacetin from water to different organic solvents, Acta
Pharm. 55 (2005) 195-205.

6.00 a)

5.00 | — 5 .

4.00 4

3.00 | W © ROH/W

5 2.00 ] 0 CHW

In K

1.00 4 A IPM/W

0.00 } ¢ } } O CHL/'W
T (1K) L2
-1.00 |

-2.00 | B\&\ﬁ\a

-3.00
0.00315 0.00320 0.00325 0.00330 0.00335 0.00340

6.00 b)
5.00 |

4.00

3.00 F—t— &  ° © ROH/W

5 2.00 | O CH/W

S
= 1.00 A IPM/W
0.00 } } } } O CHL/W

100 B\ﬂ\g\ﬂl/T (1/K)

-2.00 4
0.00315  0.00320  0.00325 0.00330 0.00335  0.00340

-3.00

Fig. 1. Partitioning-temperature dependence for: a) ACN and b) PNC expressed in mole fractions
(mean + SD, n = 3).

indeed to identify the main effect on transfer, that is, energy changes (included in (p) or
molecular organization changes (included in {g7). Similar equations have been used re-
cently to evaluate the relative contributions by enthalpy and entropy to the free energy
of solvation of some non-steroidal anti-inflammatory drugs (NSAIDs) in the process of
solution in several solvents (12, 13). The respective contributions of all the partitioning
systems evaluated are presented in Table III.

0X
w—0

Ly (%) = 100 R+ [TAS (5)
o TASE,
Crs (%) = D[+ 1A (6)
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Table III. Gibbs free energy, enthalpy, entropy, and enthalpy and entropy contributions to Gibbs free
energy of ACN and PNC transfer from aqueous media to several organic solvents at 25.0 + 0.1 °C

Compound Pa;‘;;zr;ng (SG:(;"Ij”)a (%H rlz)”ij‘;a q ﬁﬁ?r?(ifl)a Cu (%) Lrs (%)
ROH/W  -11210 (0.013) 224 (2.6) 113 (13) 399 601
CH/W 4590 (0.020) 34 (4) 98 (12) 53.8 462
ACN IPM/W -8.53 (0.09) 32 (4) —79 (9) 576 424
CHL/W 833 (0.04)  -125(1.3)  -14.0 (1.5 750 250
ROH/W ~13.10 (0.04)  1.53 (0.19) 49 (6) 95 905
PNC CH/W 3.840 (0.017)  47.8 (2.2) 147 (7) 522 478
IPM/W 29.030 (0.015)  -18.7 (2.3) 32 (4) 662 338
CHL/W 1180 (0.07)  —6.5 (0.5) 18.0 (1.4) 548 452

aMean (£ SD), n = 3.

From the data for {y (%) and Crg (%) from Table III, it follows that transfer of ACN
and PNC from water to IPM and CHL is driven mainly by energetic change but for
ROH/W the process is mainly driven by organizational change. In the case of CH/W, al-
most equivalent contributions of enthalpy and entropy toward the transfer processes for
both drugs are assumed.

The results obtained for the CH/W system are apparently in contradiction with
those presented in Table III. It should be kept in mind that the thermodynamic functions
in Egs. (5) and (6) are used as absolute values without considering the endothermic or
exothermic nature of the process. In the relevant literature (1, 3, 7), the analysis made
considering the sign of the respective thermodynamic function has been traditionally re-
garded as more relevant (Table III). The dominant effect of entropy on free energy of
transfer from water to ROH could be due to the disorder increase in the micro-heteroge-
neous structure of water-saturated octanol by the solute accommodation (14), especially
in the case of PNC.

Seiler (15) in 1974 proposed Eq. (7), which compares the partition coefficients of a
drug in the ROH/W and CH/W systems, for the basic purpose to obtain information re-
lated to the contribution of hydrogen bonding to the partitioning of solutes. In a more
complete treatment, other considerations, such as molecular geometry and steric effects
of the solute and solvents, should be considered. However, in a first approach, Eq. (7) is
a good attempt to identify the principal solute-solvent interaction affecting the transfer:

Alog Ko = log K;(OH/W —log K()S(H/W (7)

The above equation shows the hydrogen bonding nature of the interactions betwe-
en the drug and octanol with respect to cyclohexane. If Alog Kropw > 0, this indicates
some contribution of hydrogen bonding to the partitioning. Table IV presents the values
of the Seiler parameter and other analogous parameters for ACN and PNC at 25.0 °C,
calculated from different rational partition coefficients showed in Table II. Partitioning
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systems 1 and 2 were chosen based on their respective hydrogen bonding capabilities:
ROH: H-donor and H-acceptor, IPM: H-acceptor, CHL: H-donor, CH: aprotic (neither H-
-donor or H-acceptor). Then, the difference obtained between systems 1 and 2 will be
the resultant hydrogen bonding capability. For example, for Alog Kipysw parameter, the
resultant H-bonding effect is that of an H-acceptor because IPM is H-acceptor, while CH
is aprotic without capability of establishing H-bonds.

CH is an aprotic solvent not able to form hydrogen bonds either as donor or accep-
tor and therefore acts only by non-specific interactions (London forces). However, ROH
using the hydroxyl group can be a hydrogen acceptor and/or donor, and moreover, its
alkyl chain permits structural immobilization of solutes due to the tetrahedral micro-
structure adopted in saturation by this solvent in contrast to the CH behavior (1, 14).
Alog Kropw includes the contributions by hydrogen bonding and by structural immobi-
lization to the partitioning (in this analysis, the non-specific interactions are considered
similar for all organic solvents and drugs).

Alog Kippw allows to estimate the contribution of the solvent as a hydrogen bond-
ing acceptor in IPM/W rational partitioning. Comparison of the Seiler parameter (Alog
Kronyw) with Alog Kjpyw shows that the octanol, besides contributing to the drug parti-
tioning as hydrogen acceptor, may also contribute as hydrogen donor; therefore Alog
Kippiyw values are lower than the Seiler parameters. The third parameter, Alog K'ropmw,
was calculated and it compares the ROH/W and IPM/W partition coefficients in order
to establish the contribution of the organic solvent as hydrogen donor to the partition-
ing. As already said, CHL acts mainly as hydrogen donor and therefore other two pa-

Table IV. Parameter of Seiler and other analogous parameters for ACN and PNC at 25.0 + 0.1 °C

Com- « N Solver}t Solutt.e
pound Parameter®  System 1 System 2 log K*; log K%, Alog K> H-bonding H-bonding
character® character®
Alog Kropmw ROH/W CH/W 1954 -0.804 2.758 A, D D, A
Alog Kippw IPM/W CH/W 1495 -0.804 2.299 A D
ACN Alog Keyry  CHL/W CH/W 1459 -0.804 2.263 D A
Alog K'romw ROH/W IPM/W  1.954 1.495 0.458 D A
Alog K”romw ROH/W CHL/W 1954 1.459 0.494 A D
Alog Kgopwe ROH/W — CH/W 2301 -0.673 2973 A, D D, AA
Alog Kippyw IPM/W CH/W 1.582  -0.673 2.255 A D
PNC Alog Keppw CHL/W CH/W 2.076  -0.673 2.748 D AA
Alog K'row ROH/W — IPM/W 2301 1582 0.718 D AA
Alog K'ropw ROH/W — CHL/W 2301 2076  0.225 A D

a Expressed in mole fraction.
b Alog K = log K1 - log K2.
¢ A — acceptor of hydrogen, D — donor of hydrogen.

202



Y. Baena et al.: Thermodynamic study of the transfer of acetanilide and phenacetin from water to different organic solvents, Acta
Pharm. 55 (2005) 195-205.

rameters were calculated in order to analyze the contribution of this kind of interaction
to the partitioning of drugs. Alog K¢y allows to observe the possible contribution of
the organic solvent as hydrogen donor, while Alog K”ropw (obtained from ROH/W
and CHL/W) allows to evaluate the behavior of the organic solvent as hydrogen accep-
tor. The results generally show higher Alog K values for PNC than ACN when the drugs
act as hydrogen acceptors (Alog Kcyrw and Alog K'ropw). The respective values are
very similar when the drugs act as hydrogen donors using the Alog Kjpysw parameter.
This value is slightly higher for ACN, whereas the difference between the drugs is most
marked for the Alog K”"grop/w parameter. These results indicate a more acidic character
for ACN than for PNC. This acid-base behavior is explained by the effect of the ethoxy
group (present in PNC in contrast to ACN). Therefore, the hydrogen acid present in
these drugs is the one present in the amide group of both drugs (more acidic for ACN
than for PNC). On the other hand, the basic group (hydrogen acceptor) in ACN is the
carbonyl moiety in the amide group. For PNC, in addition to carbonyl moiety in the am-
ide group, there is an oxygen atom in the ethoxy group that also acts as hydrogen accep-
tor. At this point, it is convenient to remember that the previous analysis considered
only the effect of hydrogen bonding without considering other kinds of interactions or
geometric parameters (such as differences in molecular size).

CONCLUSIONS

From the free energy values for ACN and PNC partitioning, it can be concluded
that the transfer of these drugs from aqueous media to organic solvents is spontaneous
except for CH. The process of transfer is mainly enthalpy-driven for IPM and CHL while
it is entropy-driven for ROH and CH (based on the sign of the thermodynamic func-
tions). This could be explained basically as the difference in hydrogen bonding between
the drug and the aqueous and organic solvent. In addition, the respective organizational
aspects at molecular level in each phase, which are covered by the entropy contribu-
tions, should be taken into account.

The partitioning values obtained confirm the semipolar but mainly lipophilic nature
of these drugs. This was previously observed by studying their solubilities in several
solvents used in QSAR studies (16, 17), in dioxane-water mixtures (18, 19) and in some
useful pharmaceutical cosolvent mixtures, such as ethanol-water, propylene glycol-wa-
ter and polyethylene glycol-water (unpublished data). It was found that the highest so-
lubility for ACN and PNC was obtained in mixtures rather than pure solvents (18, 19,
unpublished data). Finally, similar behavior was obtained in the study of partial molar
volumes at infinite dilution for these drugs in ethanol-water binary mixtures (unpub-
lished data), because lower values of this volumetric property were found in mixtures
(indicating more solvation) than in water or absolute ethanol. From Seiler and other
analogous parameters, it follows that hydrogen bonding plays an important role in the
transfer of both drugs.
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SAZETAK

Termodinamicko ispitivanje prijelaza acetanilida i fenacetina iz vode
u organska otapala

YOLIMA BAENA, JORGE A. PINZON, HELBER J. BARBOSA i FLEMING MARTINEZ

U radu su odredeni molarni (K, i razdjelni (K},,) particijski koeficijenti acetani-
lida i fenacetina u sustavima oktanol/pufer, i-propil-miristat/pufer, kloroform/pufer i
cikloheksan/pufer na 25,0, 30,0, 35,0 i 40 °C. U svim slucajevima osim za cikloheksan,
vrijednosti Kj,, i K, bile su veée od jedan. To ukazuje da su ova dva lijeka pretezno
lipofilna. Gibbsova i van’t Hoffova termodinamicka analiza su otkrile da je prijelaz tih
lijlekova iz vode u organska otapala spontan i da su uglavnom pokrenuti entalpijski za
i-propil-miristat i kloroform te entropijski za oktanol i cikloheksan.

Kljucne rijeci: acetanilid, fenacetin, particijski koeficijent, termodinamika
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