ARCHIVES OF ACOUSTICS
23, 3, 411-428 (1998)

ABSORPTION OF ULTRASONIC WAVES IN AQUEOUS SOLUTIONS
OF o-CYCLODEXTRIN WITH ALKYLPYRIDINIUM
OR ALKYLTRIMETHYLAMMONIUM BROMIDES

A. BALCERZAK, R.PLOWIEC

Institute of Fundamental Technological Research
Polish Academy of Sciences
(00-049 Warszawa, ul. Swietokrzyska 21)

A. JUSZKIEWICZ

Department of Chemistry
Jagiellonian University
(30-060 Krakéw, ul. Ingardena 3)

Measurements of the absorption coefficient, a/ f2, of aqueous solutions of a-cyclodextrin
with alkylpyridinium bromides CnHan41CsH4NBr or alkyltrimethylammonium bromides
CnH2n+1N(CH3)3Br (n = 8, 10, 12), were carried out at 15, 25, 35 and 45°C in the con-
centration range 0.01 M to 0.04 M and frequency range 1 MHz to 150 MHz. The occurrence
of two ultrasonic relaxation processes has been noted. The obtained results have been
compared with data published previously for sodium alkyl sulfates.

1. Introduction

Different molecules or their moieties can penetrate a cavity of the cyclodextrin
molecule forming an inclusion complex [1, 2]. This process is caused by driving forces of
several kinds, among which the hydrophobic interaction plays an important role [2-6).
Many aqueous systems containing cyclodextrins and surfactants were investigated from
the hydrophobic interaction point of view [7-25].

In a work [25] published formerly, the results of ultrasonic investigations of aqueous
solutions of a-cyclodextrin (a-CD) with sodium alkyl sulfates were presented. In this
work the presentation of ultrasonic investigations of other surfactants, alkylpyridinium
and alkyltrimethyl-ammonium bromides is continued. The surfactants have anionic polar
heads (in comparison to the cationic ones of sodium alkyl sulfates) of different dimen-
sions.

The manner of making measurements and calculations is similar to that presented
formerly [25].
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2. Experimental part

Measurements of the absorption coefficient, a/f?, in aqueous solutions of a-CD
with alkylpyridinium bromides C,,Hay+1 CsH4NBr or alkyltrimethylammonium bromides
CnH2n+1N(CH3)3Br (n = 8, 10, 12) were performed in the frequency range 1 MHz to
150 MHz at 15, 25, 35 and 45°C and at the concentration of 0.04 M of each of the com-
ponents. At 25°C the measurements were also made for 0.01, 0.02 and 0.03 M equimolar
solutions.

As previously the resonator and pulse methods were applied for the measurements
[25].

The additional measurements of the speed of sound and the density for these solutions
were also made. They are needed for further calculations [25]. The speed of sound was
measured applying the resonator method [26-28]. The measurements of the density were
performed by means of a MG-2 densimeter (Ecolab, Poland) which works on the principle
of a U-shaped tube oscillator.

The parameters of the theoretical equations

81 ) A,‘

AP Dy mi &
B f/frz

o= Zum'l‘*'(f/fm (2)

were adjusted to the measured values of absorption by means of nonlinear regression.
The adjusted parameters are: the relaxation frequency, f.;, the relaxation amplitude,
A;, the contribution to the sound absorption from any other processes that may occur
at higher frequencies beyond the frequency range measured, B, and the maximum of the
excess absorption per wavelength, f,i. f is the measured frequency, « is the ultrasonic
absorption, i = (a — Bf?)] is the excess absorption per wavelength A (A = ¢/f, ¢ is the
speed of sound), ! is the number of relaxation processes (I = 1 or 2 in our case). The
relation between A; and pm; is as follows: pmi = fridi(c/2).

3. Results and discussion

The results of the measurements are presented in Tables 1-6.

Representative plots of the dependence of the excess sound absorption per wave-
length, u, on frequency, f, for several investigated systems are shown in Figs. 1-6.

The values of the parameters of Eqgs. (1) and (2) are shown in Tables 7 and 8.

The occurrence of two relaxation processes for the surfactants with the decyl and
dodecyl hydrocarbon chains should be noticed, while one relaxation process has been
found for the octyl chain. This result is similar to that for aqueous systems of a-CD with
the sodium alkyl sulfate [25]. The values of the B parameter are slightly greater then the
absorption coefficient o/ f2 for pure water at corresponding temperatures. This can be
caused by a greater viscosity of the liquid systems under test than that of water. This



Table 1. Ultrasound absorption, speed of sound and density for aqueous solutions of a-cyclodextrin
with octylpyridinium bromide.

temperature concentration
15°C 25°C 35°c | 45°C | ooiM | oo2M | o0sM
concentration 0.04 M temperature 25°C
f absorption a/f? [10715s?m~1]
[MHz]
1.00 44.4 87.3 24.8 20.1 24.4 26.5 30.9
1.55 40.7 34.5 26.1 20.5 24.8 27.7 30.5
2.04 41.6 35.6 26.9 20.0 24.6 27.1 32.3
3.08 412 33.7 25.1 21.2 25.1 27.2 31.2
3.57 42.1 34.2 25.8 20.5 24.8 26.8 31.2
4.60 41.0 35.0 24.8 20.5 24.6 27.4 30.7
5.58 41.1 33.9 25.2 20.2 24.6 26.8 31.6
6.32 41.2 34.9 25.5 20.5 25.0 27.0 30.9
7.06 39.9 34.6 25.2 20.3 24.7 27.0 31.2
8.50 40.7 33.8 25.7 202 24.8 26.6 30.4
9.35 40.3 33.5 25.0 19.9 24.7 27.1 30.7
10.00 40.4 33.4 24.7 19.7 24.7 26.5 30.5
15.00 38.7 325 23.9 19.0 24.3 26.2 29.3
20.00 37.4 31.2 23.4 18.9 24.3 25.8 28.8
30.00 35.3 20.4 21.6 17.4 23.9 25.0 27.3
40.00 33.4 28.1 20.7 16.5 23.5 24.5 26.2
50.00 32.5 27.3 19.7 15.8 23.5 24.1 25.7
60.00 32.0 26.6 19.4 15.4 23.3 23.9 25.2
70.00 31.6 26.3 19.0 15.1 23.2 23.7 24.9
80.00 31.3 26.0 18.7 14.9 23.2 23.6 24.8
90.00 31.1 26.0 18.7 14.7 23.2 23.5 24.6
100.00 30.9 25.7 18.5 14.6 23.1 23.5 24.5
110.00 30.8 25.6 18.4 145 23.1 23.4 24.4
120.00 30.7 25.6 18.3 144 23.1 23.4 24.4
130.00 30.6 25.5 18.3 14.3 23.1 23.4 24.3
140.00 30.6 25.5 18.2 14.3 23.1 23.3 24.3
150.00 30.5 25.4 18.2 14.3 23.1 23.3 24.2
speed of sound [m/s]
1481.3 [ 1511.8 | 1531.8 I 1550.6 | 15005 | 15043 | 1508.0
density [kg/m?]
10100 | 10061 | 1002.3 | 9982 | 99003 | 10016 | 10039

[413]



Table 2. Ultrasound absorption, speed of sound and density for aqueous solutions of a-cyclodextrin
with decylpyridinium bromide.

temperature concentration
1°c [ 25°c | ss°C | 4°c | oM [ oo2m | o0sm
concentration 0.04 M temperature 25°C
f absorption a/f? [10~1%52m~]
[MHz]
1.00 59.6 52.1 35.7 39.3 20.6 37.9 424
1.55 63.6 52.6 45.0 34.2 28.2 35.4 44.2
2.05 63.9 50.1 41.2 35.6 29.6 37.3 43.0
3.08 54.7 49.6 38.9 35.0 28.3 36.9 40.8
3.55 55.7 48.3 30.7 33.4 28.6 35.5 41.2
4.36 53.4 46.4 37.8 32.6 27.6 34.0 39.2
5.61 50.0 44.1 35.8 31.3 27.1 33.3 37.4
6.31 49.1 42.6 35.2 30.8 26.5 32.8 36.4
7.09 47.2 41.0 33.6 20.2 26.7 31.8 36.0
8.50 45.4 39.5 31.8 28.1 26.2 30.6 34.0
9.25 44.4 38.8 314 27.3 26.0 30.2 33.3
10.00 44.1 38.2 30.7 26.4 25.9 20.9 33.1
15.00 0.3 34.4 27.1 23.2 25.2 28.4 30.5
20.00 38.9 32.6 25.1 21.1 24.6 27.3 20.2
30.00 36.2 30.2 22.8 18.9 24.2 26.2 27.4
40.00 34.6 28.6 21.2 17.5 23.8 25.2 26.4
50.00 33.5 97.7 20.4 16.6 23.5 24.8 25.8
60.00 32.7 26.9 19.7 16.0 23.4 24.4 25.3
70.00 32.3 26.5 19.2 15.6 23.3 24.2 24.9
80.00 31.9 26.1 18.9 15.3 23.2 24.0 24.7
90.00 31.6 25.9 18.7 15.1 23.1 23.9 24.5
100.00 31.5 25.7 18.5 14.9 23.1 23.8 24.4
110.00 31.2 25.6 18.3 14.8 23.1 23.7 24.3
120.00 31.2 25.4 18.2 14.7 23.0 23.6 24.2
130.00 311 25.4 18.1 14.6 23.0 23.6 24.2
140.00 31.0 25.3 18.1 14.6 23.0 23.6 24.1
150.00 30.9 25.2 18.0 145 23.0 23.5 24.1
speed of sound [m/s]
1481.4 ] 1511.9 | 1532.0 ] 1550.8 J 15006 | 15044 | 1508.2
density [kg/m?)
10113 | 10076 | 10035 | 9994 | 9998 | 10023 | 10049

[414]



Table 3. Ultrasound absorption, speed of sound and density for aqueous solutions of a-cyclodextrin
with dodecylpyridinium bromide.

temperature concentration
15°C 25°C 35°C | 45°C | 0.01M | oo2m | 0.03M
concentration 0.04 M temperature 25°C
f absorption a/f? [10-19s2m™1)
[MHz]
1.00 66.2 78.8 56.9 54.1 29.9 42.8 54.0
1.55 76.0 69.2 53.6 50.5 34.0 425 55.7
2.05 734 66.3 58.8 52.0 32.5 45.0 56.7
3.08 69.6 65.5 55.4 50.3 315 42.0, 52.2
3.55 69.4 63.2 54.5 48.8 31.6 414 52.4
4.36 65.4 61.3 51.4 48.3 315 39.7 50.2
5.61 61.1 55.8 48.2 45.1 30.3 38.5 47.6
6.31 58.3 54.7 46.3 435 29.9 37.5 45.6
7.0 57.2 52.2 44.9 421 20.4 36.4 44.4
8.50 53.1 48.8 41.1 38.7 28.5 34.9 416
9.25 51.6 471 39.6 37.6 28.4 34.3 40.5
10.00 50.5 45.5 38.4 35.9 28.0 33.5 39.6
15.00 44.2 39.1 31.8 29.6 26.6 30.5 34.5
20.00 413 35.7 28.1 25.4 25.9 20.1 31.9
30.00 37.8 31.9 24.5 21.2 25.0 27.2 29.1
40.00 35.7 30.0 22.5 19.1 24.5 26.2 27.7
50.00 34.4 28.7 21.2 17.9 24.1 25.5 26.7
60.00 33.4 27.8 20.4 17.0 23.9 25.0 26.1
70.00 32.9 27.2 19.8 16.5 23.7 24.7 25.6
80.00 32.4 26.8 19.4 16.0 23.6 24.5 25.3
90.00 32.0 26.4 19.1 15.7 23.5 24.3 25.1
100.00 31.9 26.2 18.9 15.5 23.4 24.2 24.9
110.00 31.6 26.0 18.7 15.3 23.4 24.0 24.7
120.00 315 25.9 18.6 - 15.1 23.3 24.0 24.6
130.00 31.4 25.7 18.4 15.0 23.3 23.9 24.5
140.00 31.3 25.7 18.3 14.9 23.3 23.8 24.5
150.00 31.2 25.5 18.3 14.8 23.3 23.8 24.4
speed of sound [m/s]
122 | 15123 ] 15324 | 15516 | 15006 | 15045 | 1508.4
density [kg/m?]
10134 | 10006 | 10053 | 10014 | 1000.2 | 10033 | 10065

[415]



Table 4. Ultrasound absorption, speed of sound and density for aqueous solutions of a-cyclodextrin
with octyltrimethylammonium bromide.

temperature concentration
15°C 258G | 38°C | #°c | ooim | 002M [ o03m
concentration 0.04 M temperature 25°C
f absorption a/f? [10715s2m~1]
[MHz]
1.00 40.7 32.1 26.3 22.1 23.6 26.5 30.5
1.55 40.9 33.5 24.8 19.8 25.0 27.0 31.4
2.04 41.8 34.3 24.0 20.4 24.8 28.1 31.2
3.08 40.0 33.5 24.3 20.6 24.8 27.1 31.0
3.57 425 335 24.8 20.3 245 26.8 30.8
4.60 40.5 33.0 24.9 20.3 24.8 26.9 30.8
5.58 42.0 33.5 23.9 20.3 24.9 26.8 31.4
6.32 40.7 33.0 245 19.7 24.8 27.2 30.6
7.06 40.9 33.0 24.8 20.2 24.6 26.8 30.3
8.50 40.4 32.7 24.6 20.3 24.6 26.7 30.3
9.35 40.2 32.9 24.1 20.0 24.6 26.6 30.2
10.00 39.9 32.4 23.9 19.9 24.6 26.9 20.9
15.00 38.9 31.5 23.2 19.3 24.2 26.0 29.3
20.00 37.1 30.4 22.4 18.6 24.3 25.6 28.5
30.00 35.0 28.6 20.9 174 23.8 24.8 27.2
40.00 33.4 27.1 19.8 16.4 23.6 24.2 26.2
50.00 32.4 26.4 19.1 15.8 23.4 23.9 25.5
60.00 31.7 25.8 185 15.2 23.2 23.7 25.2
70.00 31.4 25.3 18.3 15.0 23.2 23.5 24.9
80.00 31.0 25.1 17.9 14.7 23.1 23.4 24.6
90.00 30.8 25.0 17.8 14.5 23.1 23.3 24.5
100.00 30.7 24.8 17.7 144 23.0 23.3 24.4
110.00 30.5 24.7 17.5 14.3 23.0 23.2 24.3
120.00 30.4 24.6 17.5 14.3 23.0 23.2 24.3
130.00 30.4 245 174 14.1 23.0 23.2 24.2
140.00 30.3 24.5 17.3 14.1 23.0 23.1 24.2
150.00 30.2 24.4 17.3 14.1 23.0 23.1 24.1
speed of sound [m/s]
1481.2 ] 1511.7 | 15318 | 15316 | 15504 | 15043 | 1507.9
density [kg/m3)
1009.7 | 1005.8 | 10019 | 9979 [ 9992 | 10014 | 10036

[416]



Table 5. Ultrasound absorption, speed of sound and density for aqueous solutions of a-cyclodextrin
with decyltrimethylammonium bromide.

temperature concentration
15°C 25°C ss°c | 4s°C 001M | 002M | 0.03M
concentration 0.04 M temperature 25°C
b absorption «/f? [1071% s?2m~1]
[MHz]
1.00 63.6 52.0 38.8 36.8 27.3 36.7 44.0
1.55 59.5 52.0 40.5 34.5 20.1 37.6 43.7
2.05 60.0 50.4 40.8 34.9 29.3 36.0 42.4
3.08 57.1 49.4 38.7 33.5 28.1 35.6 417
3.55 54.2 46.7 38.4 33.5 27.9 35.0 40.6
4.36 52.7 46.1 36.0 324 27.2 34.6 39.2
5.61 49.2 43.3 34.3 30.6 27.4 32.6 37.4
6.31 48.4 42.1 33.9 30.3 26.8 32.3 36.1
7.09 46.5 41.2 32.7 28.9 26.5 31.9 35.8
8.50 45.0 38.8 30.8 27.6 26.2 31.0 34.2
9.25 44.0 38.2 30.1 26.6 26.0 30.6 33.5
10.00 433 37.5 29.4 26.0 25.9 30.1 33.0
15.00 39.9 34.2 26.0 22.5 25.3 28.3 30.8
20.00 38.5 32.6 24.4 20.8 24.9 27.5 20.4
30.00 36.0 30.2 22.1 18.5 24.3 26.2 27.7
40.00 34.4 28.7 20.7 17.3 23.9 25.4 26.7
50.00 33.3 27.8 19.8 16.4 23.7 24.9 26.0
60.00 32.7 27.0 19.2 15.8 23.5 24.6 25.5
70.00 32.1 26.6 18.9 15.4 23.4 24.3 25.2
80.00 31.8 26.2 18.5 15.1 23.3 24.1 24.9
90.00 315 26.0 18.3 14.9 23.3 24.0 24.7
100.00 313 25.8 18.1 14.7 23.2 23.9 24.6
110.00 31.1 25.7 18.0 14.6 23.2 23.8 24.5
120.00 311 25.6 17.9 14.5 23.2 23.7 24.5
130.00 31.0 25.4 17.8 144 23.1 23.7 24.4
140.00 30.9 25.4 17.8 14.3 23.1 23.7 24.3
150.00 30.8 25.3 17.7 14.3 23.1 23.6 24.3
speed of sound [m/s]
1481.2 ] 1511.8 | 1532.0 l 1550.7 | 15005 | 15044 | 1508.1
density [kg/m3]
1011.1 | 1007.5 | 10033 | 9992 | 999.7 | 10023 | 10049

[417)



Table 6. Ultrasound absorption, speed of sound and density for aqueous solutions of a-cyclodextrin
with dodecyltrimethylammonium bromide.

temperature concentration
15°C 25°C | 35°C | 45°C | 0.1M | 0.02M | 0.03M
concentration 0.04 M temperature 25°C
f absorption a/f? [10-19s?m~1]
[MHz]
1.00 73.8 71.6 60.6 52.4 33.6 415 59.4
1.55 778 65.7 60.4 50.4 35.0 45.0 55.8
2.05 76.3 66.6 57.7 53.6 35.1 43.7 56.1
3.08 70.4 64.7 55.2 50.4 33.7 43.6 53.0
3.55 68.8 62.3 55.2 48.5 33.4 42.0 52.0
4.36 64.9 59.4 52.6 47.0 32.6 40.5 49.0
5.61 60.8 54.6 48.3 43.0 311 38.5 46.1
6.31 58.0 53.5 46.8 425 30.8 37.8 447
7.09 55.8 50.8 44.7 40.3 30.2 36.3 42.7
8.50 52.4 47.2 41.1 37.3 20.3 34.5 40.3
9.25 50.6 46.0 40.0 35.5 28.8 33.9 39.0
10.00 49.8 4.5 38.2 34.4 28.4 33.3 38.0
15.00 44.2 38.2 31.9 27.8 26.9 30.3 33.8
20.00 41.3 35.1 28.3 24.1 26.0 28.7 31.6
30.00 38.1 31.6 24.6 20.6 25.1 27.1 29.2
40.00 36.1 29.9 22.6 18.7 24.5 26.1 27.8
50.00 34.9 28.6 21.4 174 24.1 25.4 26.9
60.00 34.0 27.8 20.6 16.8 23.9 25.1 26.3
70.00 33.4 27.2 20.1 16.2 23.7 24.7 25.8
80.00 33.0 26.8 19.6 15.8 23.6 24.5 25.5
90.00 32.7 26.4 19.3 15.5 23.5 24.4 25.3
100.00 324 26.2 19.1 15.3 23.4 24.3 25.1
110.00 32.2 26.0 18.9 15.1 23.3 24.1 25.0
120.00 32.1 25.9 18.7 15.0 23.3 24.0 24.8
130.00 31.9 25.7 18.6 14.9 23.2 24.0 24.8
140.00 31.8 25.6 18.5 14.8 23.2 23.9 24.7
150.00 31.8 25.6 18.4 14.7 23.2 23.9 24.6
speed of sound [m/s]
14821 | 15123 | 1532.3 ] 15515 | 15006 | 15045 | 1508.4
density [kg/m?]
10134 | 1009.5 | 10052 | 10013 | 10001 | 1003.3 | 1006.4

[418]
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Fig. 1. Plot of the excess sound absorption per wavelength, u, vs. frequency, f, for the aqueous
solution of a-cyclodextrin and octylpyridinium bromide. Temperature: 25°C, concentration: 0.04 M.
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Fig. 2. Plot of the excess sound absorption per wavelength, u, vs. frequency, f, for the aqueous
solution of a-cyclodextrin and decylpyridinium bromide. Temperature: 25°C, concentration: 0.04 M.
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Fig. 3. Plot of the excess sound absorption per wavelength, i, vs. frequency, f, for the aqueous
solution of a-cyclodextrin and dodecylpyridinium bromide. Temperature: 25°C, concentration: 0.04 M.

2-10°
240

160
120

80

40

T R PO T (-SSR A ST |

T

M A W R | L e | " Y]

1 10 100  f[MHz]

Fig. 4. Plot of the excess sound absorption per wavelength, p, vs. frequency, f, for the aqueous solution
of a-cyclodextrin and octyltrimethylammonium bromide. Temperature: 25°C, concentration: 0.04 M.
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Fig. 5. Plot of the excess sound absorption per wavelength, u, vs. frequency, f, for the aqueous solution
of a-cyclodextrin and decyltrimethylammonium bromide. Temperature: 25°C, concentration: 0.04 M.
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Fig. 6. Plot of the excess sound absorption per wavelength, u, vs. frequency, f, for the aqueous
solution of a-cyclodextrin and dodecyltrimethylammonium bromide. Temperature: 25°C,

concentration: 0.04 M.
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Table 7. Relaxation parameters for aqueous solutions of a-cyclodextrin with alkylpyridinium bromides
at different temperatures and concentrations.

t c fr1 Ay 1035 | gy - 108 fr2 A2 1015 | pma-10% | B-1015
°c] | M] | [MHz] | [s?m™!] [MHz] | [s?2m™}) [s2m™1]
octylpyridinium bromide
15 0.04 25.7 11.5 219 30.2
25 0.04 27.0 9.55 195 25.1
35 0.04 28.9 7.82 173 17.9
45 0.04 31.4 6.61 161 14.0
25 0.03 27.0 7.32 149 24.0
25 0.02 26.8 4.03 81.2 23.2
25 0.01 27.9 1.84 38.6 23.0

decylpyridinium bromide

15 0.04 31.1 9.94 229 4.7 24.2 84.1 30.5
25 0.04 33.0 8.38 209 6.0 20.4 92.7 24.8
35 0.04 35.3 7.06 191 7.6 17.5 102 17.6
45 0.04 37.2 5.72 165 8.8 16.3 111 14.1
25 0.03 32.8 5.66 140 6.0 15.2 68.9 23.8
25 0.02 34.0 4.26 109 5.9 10.7 47.4 23.3
25 0.01 32.6 1.95 47.7 5.8 4.62 20.1 22.9

dodecylpyridinium bromide

15 0.04 36.2 9.28 249 6.5 37.4 180 30.6
25 0.04 38.4 7.68 223 7.4 37.9 212 25.0
35 0.04 40.7 6.54 204 8.3 35.4 225 17.7
45 0.04 42.8 5.33 177 10.0 33.6 261 14.3
25 0.03 38.1 5.67 163 7.7 27.4 159 24.0
25 0.02 37.1 4.51 126 7.3 17.0 93.4 23.5
25 0.01 37.3 2.40 67.2 7.4 7.74 43.0 23.1

fact indicates that above 150 MHz there are no special relaxation processes which could
be connected with the presence of a-CD and the surfactant in the aqueous solution.
Within the limits of the experimental error (=& £5%) a linear dependence of y.,; on
concentration C' and an independence of f,; of concentration were found.
These features indicate that the origin of the relaxation is a first-order or a pseudo-
first-order processes

k1
A A, (3)

k21
where A; and A, denote two stages of the inclusion complex, k2 and ks; are the rate
constants of the direct and opposite reactions, respectively.
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Table 8. Relaxation parameters for aqueous solutions of a-cyclodextrin with alkyltrimethylammonium
bromides at different temperatures and concentrations.

t 'o; fr1 Ap-1015 | g 106 fr2 A3 +10%5 | pm2-108 | B-10'3
[°C] | [M] | [MHeg] [s?m~1] [MHz] | [s’m™}] [s?m~—1]

octyltrimethylammonium bromide

15 0.04 26.3 11.6 226 29.9
25 0.04 27.9 9.53 201 24.1
35 0.04 30.1 7.81 180 17.0
45 0.04 32.0 6.69 166 13.8
25 0.03 27.8 7.01 147 23.9
25 0.02 27.2 4.02 82.2 23.0
25 0.01 28.5 1.88 40.3 22.9

decyltrimethylammonium bromide

15 0.04 31.8 9.43 222 4.6 24.2 82.4 30.4
25 0.04 34.0 8.09 208 5.9 20.0 89.4 24.9
35 0.04 35.7 6.47 177 7.3 17.5 98.0 17.3
45 0.04 384 5.51 164 8.6 16.3 109 13.9
25 0.03 32.8 5.86 145 5.7 15.2 65.3 24.0
25 0.02 34.4 4.29 111 6.1 9.89 45.4 23.4
25 0.01 33.0 2.07 51.2 5.7 4.23 18.1 23.0

dodecyltrimethylammonium bromide

15 0.04 36.5 9.09 246 5.8 39.6 170 31.2
25 0.04 39.1 7.61 225 7.0 37.4 198 25.0
35 0.04 41.1 6.48 204 8.1 36.3 225 17.9
45 0.04 43.3 5.30 177 8.9 34.2 236 14.2
25 0.03 38.9 5.96 175 6.6 27.5 137 24.2
25 0.02 39.1 4.05 119 6.9 18.2 94.4 23.6
25 0.01 40.1 2.51 75.4 6.8 9.78 49.9 23.0

For this kind of relaxation processes, the following kinetic and thermodynamic for-
mulas can be derived [29-31].
The relaxation frequency, f,, can be expressed as
1 kT AST ~AHE

o z—ﬂ_kzl(l +K)=grexp| —= |exp | —pm (1+K), (4)

where K is the equilibrium constant for reaction (3) (K = ki2/k21), L\Sgé1 and AHZ, are
the activation entropy and activation enthaply for the opposite reaction, respectively. T'
is the absolute temperature. R, k and h are the gas, Boltzmann and Planck constants,
respectively.
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The function (4) is a linear one in the In(f,/T) and (1/7') coordinates with the slope

_AH;, K AH°

Y=""R "1+K R 5)
and the intercept
k AST,
by =1In (ﬁ) - R2‘ : (6)

when the relationship between the equilibrium constant K and the reaction enthalpy
AHO,

dinK  AH° 7
d(1/T) — R’ .
is applied.
The maximum excess attenuation per wavelength, i, is given by
_m AVE K
Hm =28 RT A+ KR2C (8)

where 3 is the adiabatic compressibility, AVs is the isentropic change of volume which
accompanies the transition from the state A; to the state Ay, C is the total molar
concentration.

In the In(uy,BT) and (1/T) coordinates, the plot of equation (8) is a straight line

with the slope
_AH° K -1

TR K+1 ©
and the intercept
T AV2
= = . 10
by =In ( 5 R C‘) (10)

After combining equations (4), (5) and (9), one can get a formula from that K can
be calculated:

1 K
= exp [— (a +—a ):| (1+ K), (11)
kT (AS;) TR
—— exp
2rh

where the values of ay, a, and AS7; can be determined from the ultrasonic measure-
ments.

From the mentioned formulas, the values of ASZ;, K, AH®, AHZ’E1 and ky; can be
calculated. Subsequently, the values of other kinetic and thermodynamic parameters can
be established according to the formulas:

the rate constant of direct reaction

k12 = .K'kgl 3 (12)
the free enthalpy of activation of the opposite reaction

AGE, = AHY, - TASE,, (13)
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the free enthalpy of the reaction (3)

AG® = -RTIn K, (14)
the entropy of this reaction
AH® — AG®
Yt vl (15)
T
the enthalpy of activation of the direct reaction
AHT, = AH® + AHE; (16)

the entropy of activation of this reaction

AST; = AS® + AST, (17)
the free enthalpy of activation of the direct reaction

AGT, = AG® + AGYE, . (18)

The modulus of the molar volume change, which accompanies reaction (3), can be cal-
culated from a transformation of equation (8)
2RTB (1+ K)? pm]"?

|[AVs| = —TETETT A (19)

The thermodynamic and kinetic parameters of the high- and low-frequency processes
are presented in Tables 9-12.

Table 9. Kinetic and thermodynamic parameters of the high-frequency relaxation process for aqueous
solutions of a-cyclodextrin with alkylpyridinium bromides CnHzp41CsHsNBr at 25°C.

n| af by | ay bu | (pm/C)-10% | K103 | AGO AHC AS° k12-1075
K™Y K1) [m?/mole] [kJ/mole] | [kJ /mole] | [J/(mole-K)] | [s7!]

8| —309.1(12.46 | 901.4 | —27.42 4.76 5.87 12.7 —7.58 —68.2 9.90

10| —256.5(12.48 | 922.3 | —27.43 5.07 3.68 13.9 —1.73 —~72.5 7.60

12(—211.3|12.48| 951.6 | —27.46 5.67 3.57 14.0 -7.97 —-73.6 8.58
AGY, | aHL asl,  |kn-10-%| AGEL | AHE Asp |Avs|

| (kJ /mole] | [kJ/mole] | [J/(mole-K)]| [s7!] |[kJ/mole]|[kJ/mole]|[J/(mole-K)]|[cm3/mole]
38.8 —4.97 —147 1.69 26.1 2.61 —78.7 23.7
39.4 —5.59 —-151 2.07 25.5 2.13 —78.5 30.8
39.2 —6.18 —152 2.40 25.2 1.79 —78.5 33.0

The high-frequency relaxation process in the liquid systems under test is connected
with the exchange of water molecules in the hydratation shell of the a-CD molecule [32,
33], just as for the a-CD + sodium alkyl sulfate aqueous solutions [25]. This conclusion
results from the similarity of the ultrasonic, kinetic and thermodynamic parameters of
this relaxation process for systems with and without surfactants [34].
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Table 10. Kinetic and thermodynamic parameters of the high-frequency relaxation process for aqueous
solutions of a-cyclodextrin with alkyltrimethylammonium bromides CnHzn41(CH3z)aNBr at 25°C.

n| af by | ap by | (um/C)-10% | K.10%| AGP AHO AS° k12-1073
K™Y K1 [m?/mole] [kJ /mole] | [kJ /mole] | [J/(mole-K)] | [s7}]
8|—311.5[12.50|891.7 | —27.35|  4.83 556 | 129 -7.50 —68.3 9.69
10| -265.1|12.54| 907.5 [ -27.41| 5.3 440 | 135 ~7.61 -70.6 9.36
12(—212.3{12.50| 932.1 | -27.39|  5.80 3.00 | 144 ~7.80 —74.4 7.35
AGY, | AHE ASh,  |ka-1078| AGE, | AH] ASh |Avs|
[kJ/mole] | [kJ /mole] | [J/(mole-K)]| [s™1] |[kJ/mole] | [kJ/mole] | [J/(mole - K)] | [cm?/mole]
38.9 —4.87 ~147 1.74 26.0 2.63 1.3 24.6
38.9 ~5.38 ~149 2.13 25.5 2.24 -78.0 28.4
39.5 —6.01 ~153 2.45 25.1 1.79 —78.8 36.4

Table 11. Kinetic and thermodynamic parameters of the low-frequency relaxation process for aqueous
solutions of a-cyclodextrin with alkylpyridinium bromides CnHan41CsHsNBr at 25°C.

n| af by ay by (um /C)-108 | K AGP AHC ASO k12+10-7
K1Y K- [m3/mole] [kJ /mole] | [kJ/mole] | [J/(mole-K)] | [s7?]
10| —1617 | 15.33 | —924.7 | —22.04 2.31 244 -7.92 —8.35 —-1.43 3.62
12| —1004|13.49| —1136 | —2053| 518 |47.7| -958 | -9.85 ~0.90 4.55
AGT, | AHT, Asf,  |ka-107%| AGE, | AHL AST |AVs|
[kJ/mole] | [kJ/mole] | [J/(mole-K)]| [s7!] |[kJ/mole] |[kI/mole]|[J/(mole+K)]|[cm?*/mole]
29.9 13.1 —56.2 14.8 37.8 21.5 —54.8 6.5
20.3 8.15 —71.0 9.55 38.9 18.0 —70.1 13.3

Table 12. Kinetic and thermodynamic parameters of the low-frequency relaxation process for aqueous
solutions of a-cyclodextrin with alkyltrimethylammonium bromides CnHzn41(CH3)3NBr at 25°C.

n| a; | b; | au b |(um/C)108] K | AG® AHO AS®  |kyz1077
K1) [K-1 [m3/mole] [kJ /mole] | [kJ/mole] | [J/(mole-K)] | [s7!]
10 (—1626 | 15.33 | —913.7 | —22.10 2.21 23.8| -—7.86 —8.62 —1.36 3.56
12| -1022 |13.47 | —1096 | —20.72 4.81 429| -9.32 —-9.55 —-0.77 4.30
Ach | amrg ASE  |kn-107%| AGE | AHL ASE |AVs|
[kJ /mole] | [kJ/mole] | [J/(mole-K)] | [s] |[kJ/mole] | [kJ/mole] | [J/(mole - K)] | [cm?/mole]
29.9 13.2 —56.1 15.0 37.8 21.4 —54.8 6.3
29.5 8.28 —-71.0 10.0 38.8 17.8 ~70.3 12.1

The origin of the low-frequency relaxation process is the penetration of the hydropho-
bic alkyl chain of the surfactant into the cavity of a-CD [26]. The rate constant ki> and
the equilibrium constant K increase when the alkyl chain becomes longer (i.e. when n
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increases). These facts reflect a deeper penetration of the longer (and more hydrophobic)
hydrocarbon chain into the hydrophobic cavity of a-CD. For the short octyl chains (hav-
ing rather weak hydrophobicity), this kind of penetration does not take place, thus there
is no low-frequency relaxation process in the aqueous solutions of a-CD with octylpyri-
dinium bromide or octyltrimethylammonium bromide. These conclusions are similar to
those for sodium alkyl sulfates [26].

Taking into account the results for sodium alkyl sulfates, and presented in this work,
for alkylpyridinium bromides and alkyltrimethylammonium bromides, one can notice
that the occurrence of the low-frequency relaxation process does not depend on the
structure of the polar head of the surfactant and on its electric character (cationic or
anionic). This can be the evidence of a diminutive influence of interactions between the
polar head of the surfactant with the a-CD molecule on above described penetration.
Nevertheless, this influence exists since ultrasonic, kinetic and thermodynamic parame-
ters have slightly different values for those three groups of the surfactants.
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