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Densities of aqueous solutions of mixtures of dibucaine hydrochloride (DCHC), a local anesthetic, and
dodecyltrimethylammonium chloride (DTAC) were measured as functions of total molality. The apparent
molar volumes of the mixtures were calculated from the density data. The molar volumes in the monomeric
and micellar states were evaluated from the dependence of the apparent molar volume on the total molality.
The critical micelle concentration (cmc) of the mixtures was determined from the break point of the apparent
molar volume vs. the total molality curves, while the micellar composition was evaluated from the dependence
of the cmc on the mole fraction of DTAC in the mixture. The composition diagram of micellization has a
swollen cigar shape, slightly distorted in the composition range near the DTAC component; such a distortion
indicates slightly non-ideal mixing between the hydrophobic groups of DCHC and DTAC molecules in the
micelle. However, the molar volume of micellar state varies depending upon the micellar composition along a
straight line connecting the molar volumes of DCHC and DTAC. Moreover, the volume of micelle formation
is smaller for DCHC, which has larger monomer and micellar volumes than DTAC, and increases linearly
with increasing DTAC composition in the micelle. Therefore, the bulky structure of the hydrophobic part
of the DCHC molecule affects both the miscibility and the volume behavior in the DCHC~DTAC mixed
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micelles.

Local anesthetics are amphiphilic and some of them
behave like surfactants in water.)~ In a preceding
paper,® the surface adsorption and volume behavior of
the hydrochloride salts of local anesthetics were studied
by measuring the surface tension and density of their
aqueous solutions. It was shown that some local anes-
thetics form micelles in aqueous solutions and adsorb
strongly at the solution surface. A correlation between
the surface activity and the anesthetic action of the lo-
cal anesthetics was suggested. Further, it is known that
the interactions between anesthetic molecules and cell
membranes are important for the anesthetic action, and
that one key parameter characterizing the interactions
is the partial molar volume.®—*® Therefore, in order
to elucidate the molecular mechanism of the anesthetic
action, it is necessary to accumulate further thermo-
dynamic information on the molecular interactions be-
tween anesthetics and model biomembranes.

Recently, we have investigated the relation between
the volume behavior of mixed micelles and the miscibil-
ity of the surfactants for binary surfactant systems by
measuring the density of the aqueous solutions.!*!% Tt
would be interesting to know the effect of the molecular

structure characteristic of a local anesthetic on the vol-
ume behavior of the mixed micelles and their miscibility
in a mixed system of a local anesthetic and a surfactant.
Therefore, in the present work, we use dibucaine hydro-
chloride (DCHC), which forms micelles in water, and
dodecyltrimethylammonium chloride (DTAC). The mo-
lar volumes and the compositions of the mixed micelles
of DCHC and DTAC are obtained thermodynamically
from the density measurements of aqueous solutions of
mixtures of DCHC and DTAC. The relationship be-
tween the volume behavior and the miscibility in the
mixed micelle is discussed.

Experimental

Materials. Dibucaine hydrochloride (DCHC),
purchased from Sigma Chemical Co., was recrystallized
twice with acetone. Dodecyltrimethylammonium chloride
(DTAC), purchased from Tokyo Kasei Kogyo Co., Ltd., was
recrystallized six times by using a mixture of acetone and
ethanol. The water was distilled twice; in the second step,
small amounts of potassium permanganate and potassium
hydroxide were added. The molecular structure of dibucaine
hydrochloride is shown in Fig. 1: it has a butoxylated quin-
oline ring, an amide group, and a diethylamino group. Since
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Fig. 1. Molecular structure of dibucaine hydrochloride.

the pK, values of quinoline and triethylamine are 4.97 and
10.72, respectively,'® the protonation occurs only on the
nitrogen atom of the diethylamino group under the present
experimental conditions. Thus, the protonated diethylami-
no group of DCHC acts as a hydrophilic group. Moreover,
DCHC is assumed to be a strong electrolyte.®)

Method. The density, p, of the aqueous solution of
DCHC (component 1) and DTAC (component 2) mixture
was measured as a function of the total molality m: and the
composition, Xz, of the mixture at 2540.001 °C under at-
mospheric pressure by using a vibrating tube density meter
(Anton Paar DMA 60/602). m; and Xz are defined as

me = m1 +ma (1)

and
X2 =ma/my, (2)

where m; is the molality of component i. The experimental
error in the density was within +0.001 kgm™3.

Results and Discussion

The experimental results of the densities, p, of aque-
ous solutions of the DCHC-DTAC mixtures are listed
in Table 1. The data for the pure system of DTAC are
reproduced from our recent paper.'® The apparent mo-
lar volume, ¢y, of the mixtures at constant composition
was calculated from the density data by using

¢e=(1/p—1/pw)/ms+ M/p, 3)

where p,, is the density of pure water, M the mean molar
mass of the mixtures defined by

M =M X, +M2X2, (4)

where M; is the molar mass of component i. The ¢
vs. my, curves are drawn in Fig. 2. The curve of DCHC
(X2=0) coincides with that in the preceding paper.®) ¢,
for DTAC (X2=1.0) is almost constant below the cme,
begins to increase at the cmc, and approaches asymp-
totically to a value at high concentration with increas-
ing m;. On the other hand, ¢; for DCHC (X;=0)
decreases slightly with increasing m; below the cmec,
and increases gradually above the cme. Although ¢, of
DCHC is greater than that of DTAC, it doesn’t seem
to be affected strongly by the formation of the micelles.
The shape of the curves for mixtures changes gradually
with composition between the shape for DCHC and that
for DTAC. By the least-squares method, the following
equations were fitted to the ¢, values:
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Fig. 2. Apparent molar volume vs. total molality

curves at constant composition: Xo=(1) 0, (2)
0.0952, (3) 0.2032, (4) 0.3256, (5) 0.4684, (6) 0.6312,
(7) 0.7962, (8) 1.

¢y = Ao+ Arme + Az(my)® + As(me)®  (me < Cy)  (5)

and
¢¢ = Bo+ B1/ms + Bz/(m:)? + Bs/(m:)®, (my > Cy), (6)

where C; is the critical micelle concentration (cmc) and
A; (1=0, 1, and 2) and B; (j=0, 1, 2, and 3) are pa-
rameters chosen to give the best fit; these are shown in
Table 2.

From the concentration dependence of the apparent
molar volume of the mixtures, the molar volumes of
the mixtures in the monomeric and micellar states were
obtained by using the following equations:'¥

VoV =X 4+ Xo VoY = 0(mue) /Ome (me < Cy)  (7)

and
VM/NtM = J(mepe) /Omy, (my > Cy), (8)

where VW (i=1 and 2) is the partial molar volume
of monomeric component i, VM the molar volume of
the micelle, NM (= NM+ NM) the number of solute
molecules in the micelle, and C; the cmc. The mo-
lar volume of the micelle and the number of solute
molecules in the micelle are defined as the excess quan-
tities with reference to the dividing spherical interface
which is located around the micelle so as to make the
excess number of water molecules be zero.'” Practi-
cally, we evaluated O(my¢t)/0my by using the following
equations:

d(mede) /Omi=Ao + 2A1my + 3A2(my)?
+4A3(mi)*  (me < Ct) (9)
and

8(mugy)/Ome=Bo — Ba(my) ™2

—2B3(m:)™3  (me > Cy). (10)

In Fig. 3, O(myps)/Om, is shown as a function of
mg. The O(my¢y)/dmy vs. my curves show a discon-
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Table 1. Experimental Densities for Aqueous Solutions of DCHC-DTAC Mixtures

my P my P me 14
mmol kg—1! kgm—3 mmol kg—1 kgm—3 mmol kg—? kgm~—3
X2=0
0 997.045 67.010 1000.863 100.184 1002.651
9.947 997.615 69.881 1001.024 125.473 1003.926
20.124 998.200 72.449 1001.170 150.673 1005.156
30.440 998.789 75.440 1001.337 175.428 1006.341
40.114 999.340 77.315 1001.440 200.576 1007.529
45.032 999.623 79.931 1001.578 225.352 1008.676
49.868 999.898 82.087 1001.699 250.067 1009.802
54.852 1000.179 85.063 1001.864 275.110 1010.931
59.466 1000.440 87.386 1001.991 300.760 1012.059
62.318 1000.598 89.459 1002.093
64.662 1000.734 94.740 1002.368
X2=0.0952
9.864 997.526 60.387 1000.030 95.818 1001.624
19.930 998.035 62.687 1000.134 100.510 1001.832
29.856 998.533 65.001 1000.241 125.499 1002.909
40.121 999.049 67.997 1000.378 150.679 1003.969
45.418 999.308 69.704 1000.454 174.888 1004.973
48.146 999.446 73.077 1000.610 200.438 1006.010
50.196 999.546 75.086 1000.697 224.860 1006.981
52.826 999.673 80.673 1000.950 250.283 1007.983
55.344 999.787 85.181 1001.156 274.961 1008.936
57.975 999.914 90.043 1001.367 297.980 1009.816
X2=0.2032
4.917 997.255 46.565 999.017 83.088 1000.397
9.616 997.456 49.188 999.119 88.017 1000.570
14.591 997.668 51.597 999.213 93.132 1000.760
19.690 997.888 53.993 999.304 98.052 1000.937
24.668 998.102 56.482 999.394 122.278 1001.808
29.880 998.326 58.995 999.490 147.381 1002.684
34.418 998.524 63.865 999.678 171.790 1003.521
39.461 998.739 69.077 999.878 196.779 1004.361
41.679 998.827 74.032 1000.059 221.108 1005.167
44.032 998.919 78.445 1000.220 245.253 1005.972
X2=0.3256
5.065 997.213 40.328 998.360 90.237 999.727
9.820 997.370 42.368 998.417 100.135 999.989
14.772 997.535 43.680 998.452 124.909 1000.636
19.697 997.697 46.346 998.528 149.993 1001.279
24.567 997.858 48.406 998.585 175.042 1001.908
29.674 998.027 50.162 998.636 199.826 1002.525
31.701 998.093 54.969 998.775 224.340 1003.119
33.716 998.159 60.099 998.914 250.103 1003.741
35.563 998.217 70.131 999.188 274.860 1004.319
37.330 998.266 80.145 999.460 299.410 1004.896
X2=0.4684
4.897 997.154 36.676 997.841 84.212 998.642
9.953 997.271 39.628 997.899 89.279 998.722
15.097 997.387 43.881 997.971 94.487 998.810
19.995 997.498 49.441 998.064 99.853 998.898
24.919 997.609 54.233 998.143 124.506 999.283
27.006 997.655 58.990 998.217 149.765 999.678
30.279 997.732 64.355 998.311 174.540 1000.059
31.507 997.746 69.545 998.399 199.239 1000.429
33.099 997.776 74.634 998.486 224.863 1000.809

35.186 997.821 79.327 998.560 249.842 1001.173
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Table 1. (Continued)

my 14 me P me 14
mmol kg—1 kgm~—3 mmol kg—! kgm~—3 mmol kg—1 kgm~—3
X2=0.6312

5.160 997.098 32.713 997.357 90.506 997.615
10.139 997.149 34.629 997.366 100.300 997.654
15.131 997.204 37.137 997.377 125.330 997.756
17.542 997.228 40.116 997.393 150.197 997.858
20.068 997.255 44.892 997.414 174.963 997.957
22.052 997.277 50.483 997.450 199.675 998.056
24.092 997.298 55.313 997.470 224.818 998.150
25.859 997.315 60.296 997.491 249.666 998.246
27.902 997.331 70.643 997.533 274.341 998.337
29.594 997.340 80.537 997.575 304.770 998.461

X2=0.7962

5.097 997.038 34.844 996.929 83.799 996.539
10.076 997.031 39.468 996.892 89.442 996.492
14.765 997.024 44.938 996.845 94.899 996.451
17.551 997.018 50.032 996.806 99.555 996.413
20.022 997.014 54.668 996.769 124.832 996.215
22.330 997.010 59.748 996.727 149.574 996.028
24.955 996.999 64.997 996.684 174.819 995.840
27.216 996.985 70.276 996.643 199.868 995.654
29.711 996.967 74.244 996.615 225.057 995.473
32.451 996.949 79.772 996.570 249.983 995.298

Xo=1

1.994 997.011 49.287 996.036 108.734 994.666

4.004 996.976 50.037 996.018 118.682 994.445

5.994 996.941 52.332 995.963 128.699 994.222

7.988 996.907 55.009 995.901 138.404 994.012

9.968 996.873 57.400 995.849 148.642 993.784
11.976 996.838 59.915 995.789 158.633 993.566
13.982 996.805 62.650 995.721 168.554 993.348
15.967 996.771 64.997 995.669 178.026 993.146
18.032 996.734 67.416 995.611 188.711 992.917
19.934 996.702 69.895 995.555 198.070 992.715
22.019 996.665 72.580 995.492 247.396 991.682
24.006 996.624 75.027 995.435 297.570 990.661
26.049 996.576 77.486 995.380 346.779 989.688
27.976 996.531 79.991 995.319 396.561 988.725
29.925 996.487 82.619 995.260 446.818 987.781
32.090 996.434 85.193 995.203 496.966 986.864
33.960 996.389 87.555 995.151 543.149 986.034
35.920 996.343 89.584 995.103 597.880 985.078
38.029 996.294 92.472 995.037 645.867 984.260
39.920 996.250 95.111 994.981 695.690 983.437
42.377 996.195 97.397 994.929 747.305 982.606
45.005 996.134 98.743 994.893 797.451 981.805
47.494 996.075 99.445 994.878 848.641 981.031

tinuous change associated with the micelle formation.
O(mypt)/Om, for DCHC in the concentration range
above the cmc increases gradually with increasing my,
while that for DTAC is almost constant, perhaps be-
cause DCHC cooperates less in the micelle formation,
since the structure of the hydrophobic part of the
DCHC molecule is bulky and the number of molecules
in the DCHC micelle is low.®*—2Y Moreover, although
the value of 9(my¢t)/Omy is larger for the mixture at
lower Xs, the magnitude of the discontinuous change at

the cmc becomes smaller.

In Fig. 4, V¥ at the cmc and VM/NM at 250
mmolkg~! are plotted against the composition Xs.
Since X> is identical with the monomer composition
XV at m; below the cmc and can be assumed to be
the micellar composition XM at sufficiently high m;
above the cmc, the curves are regarded as the VW
vs. Xo¥ and VM/NM vs. XM curves. We can find
that both of VW and VM/NM change linearly between
their values for single components. Similar results have
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Table 2. Fitting Parameters of the ¢¢ vs. my

X2 0 0.0952 0.2032 0.3256 0.4684 0.6312 0.7962 1
———-3A0 = 323.58 320.59 314.40 309.91 304.20 297.64 289.74 282.02
cIme- mao.
10% A,
(om? mol_l)(mmolkg—l)_l —-3.7399 —5.4872 —0.26887 —1.6610 —6.9685 —4.7164 0.28223 0.31719
3
o 1_11)0( Ii;ol T 0.44115  0.48774 —0.85362 0.19798 2.7660  0.71758  0.38994  0.043769
cme© mo
10° A3
(cm? mol—l)(mmol kg_l)—3 —0.18118 1.0804 —3.8034 0.060951
EEB%)E)T_—I 327.50 324.31 319.51 315.22 309.47 303.18 296.53 288.71
1072B;
(om? mol“l)(mmolkg—l) —5.5316 —5.2013 —4.1624 —-2.8250 —2.1827 —-1.9970 —1.3792 —1.5321
107*B
(om? 1_(1))( 2 lkg_1)2 1.1335 1.5771 1.0622 0.24280 0.060447 0.051066 —0.2.1161 0.0063262
m- mo mmo
-5
(om? 1}?)( Bs lkg_l)?’ —1.4733 —-1.2917 0.22658 0.21154 0.12601 0.40786
cm- mo. mmo
330 been obtained for the mixtures of decyltrimethylam-
| 1 monium bromide (DeTAB)-dodecyltrimethylammoni-
"'.'3 30 L — 2 um bromide (DTAB)'* and DTAB-DTAC.'®
g —= 3 Next, we will consider the miscibility of DCHC
@ [~ 4 molecules with DTAC molecules in the mixed micelle.
£ 1310 - . . " .
S T 5 This is performed by drawing the composition diagram
g — of micellization (CDM)?? which consists of the C; vs.
S 300 | 6 X, and C; vs. micellar composition, X3! (= N1/ NM),
S el 7 curves. The cmc value, C;, of the mixtures was obtained
g 290 — from the intersection of the ¢; vs. m; curves below and
S Lo 8 above the cmc. In Fig. 5, the C; values are plotted
280 — 1 L 1 L L 1 against Xs. It is found that the cmc of the mixtures
80050 100 150 200 250 300 ¢ g

m, / mmol kg!

Fig. 3. Partial derivative of my¢¢ with respect to total
molality vs. total molality curves at constant compo-
sition: Xo=(1) 0, (2) 0.0952, (3) 0.2032, (4) 0.3256,
(5) 0.4684, (6) 0.6312, (7) 0.7962, (8) 1.

280 1 1 1
0 0.2

Fig. 4. Molar volumes of monomer (V,V) and mi-
celle (VM/NM) vs. composition curves: (1) VW, (2)
Va/NM.

are lowered below the line connecting the cmc values of
DCHC and DTAC and the C; vs. X5 curve is concave
upward. Applying

XM = X5 — 2(X1X2/C)(0C, /0 X2)Tp (11)

to the C; vs. Xy curve, we evaluated the micellar com-
position XM.1417 In Fig. 5, the C; values are plotted

80
70

60 |
50

40 |
30 |
20 |

C./mmol kg'!

1 1
0.4 0.6
X X!

Fig. 5. Critical micelle concentration vs. composition
curves: (1) Cy vs. Xz, (2) Gy vs. XM
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Fig. 6. Volume of micelle formation vs. micellar com-

position curve.

against XM. The region surrounded by the curves has a
swollen cigar shape distorted slightly in the composition
range near Xpo=1. This fact may indicate the slightly
non-ideal mixing of the hydrophobic groups of DCHC
and DTAC molecules in the micelle. However, this non-
ideal mixing doesn’t affect the micellar volume, which,
as seen in Fig. 4, varies linearly with XM between the
values for each component of the DCHC-DTAC system.

Finally, let us calculate the volume of micelle forma-
tion, AY V, by using!4!"

AWV =VM/N' = (XYY + x3'wY). (12)

The calculated values of A¥ V are plotted against X3*
in Fig. 6. Although DCHC has greater values of the
molar volumes in both monomeric and micellar states
than DTAC, the value of AM V is smaller for DCHC
than for DTAC and increases linearly with X}1. There-
fore, we may conclude that the bulky structure of the
hydrophobic part of DCHC molecule has important ef-
fects on the miscibility and the volume behavior in the
mixed micelle.
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