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Acoustie properties of the eritical n-amylic alcohol-nitromethane mixture
have been analysed in the ultra- and hypersonic range for two concentrations
and at two temperatures. On the basis of obtained values of propagation veloci-
ties and acoustic wave absorption coefficients, fundamental physical, chemical
and acoustic parameters have been determined, as well as the ratio of the total
intensity of the eentral component to two MANDELSZTAM-BRILLOUIN components
for individual concentrations of the investigated mixture.

Experimental results of investigations of absorption coefficients in a wide
range of acoustic wave frequencies have been compared to the theories of FixmAN
and CzapAN. Also average life-times of concentration fluctuations in the n-amylie
alcohol-nitromethane mixture have been estimated with the application of
experimental results. This was done not only in the direct nearness of the
temperature of component separation, but at temperatures distant from it also,
according to the method given by M. J. SzacuraroNow and P. K. CHABIBUL-
LAJEW.

The method of determining the mean correlation radius of concentration
fluetuations and the mean radius of intermolecular interactions on the basis
of the intensity of dispersed light in terms of the angle is deseribed and measu-
rement results of these quantities in the investigated mixture in the direct
nearness of the critical point are given.

The kinetics of concentration fluctuations in the n-amylic alcohol-nitro-
methane mixture are analysed. With the application of the achieved mean
concentration relaxation time, ,, correlation radius of concentration fluctuations,
&, and the diffusion coefficient, D, the average length of concentration waves,
Ag, in the mixture under investigation has been determined.

Introduction

The structure of liquid mixtures and their molecular miscibility hitherto
has not been sufficiently explained. Among others optic and acoustic methods
are applied in these problems. The method of molecular dispersion of light has
proved itself to be very effective in explaining the state of short-range order
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in liquids and the molecular miscibility of liquids in terms of various factors®
Molecular dispersion of light is caused by non-homogeneities in the dispersive
medium. Density fluctuations, concentration fluctuations and orientation flue-
tuations of anisotropic molecules can be such non-homogeneities in liquids.

Research on acoustic wave absorption in various critical mixtures have shown
that these mixtures exhibit an additional range of aeoustic dispersion, which
is not observed in individual liquids with low viscosity [1]-[3]. It has been pro-
ved [4]-[6] that quantity a/f? depends on frequency, temperature and concen-
tration. The curve illustrating a/f? in terms of concentration has a maximum
which corresponds to the critical concentration of the mixture. A strong increase
of the value of the critical concentration is observed with the decrease of the
acoustic wave frequency. At all concentrations the existing dispersion of the
quantity a/f? is not accompanied by any significant change of the propagation
velocity of an acoustic wave in terms of frequency.

The strong inerease of absorption of acoustic waves in mixtures in the
direct nearness of the critical point, intensity increase of the central component
in the fine structure of Rayleigh dispersion of light and the significant decrease
of the diffusion coefficient are all caused by the increase of concentration flue-
tuations and the increase of their radius of correlation when approaching this
p oint.

This paper presents results of complex acousto-optic investigations of the
critical n-amylic alcohol-nitromethane mixture. Molecular processes have been
analysed and significant physical and chemical properties of this mixture have
been determined.

1. Ulira- and hypersonic properties of the ecritical n-amylic alcohol-nitromethane mixture

The n-amylic alcohol-nitromethane mixture has a top critical point. Its
critical parameters are respectively: T} = 27.8°C and z;, = 0.385 (# — mole
fraction of m-amylic aleohol). The critical temperature has been determined
visually after the phase boundary had disapeared and after the maximum of
the intensity of the central component of light dispersion. The temperature
of component separation is given in Table 1.

The index of refraction in terms of concentration in the n-amylic alcohol-
-nitromethane mixture at a temperature of 29.2°C has been determined with the
use of a refractometer in a thin layer of mixture. Measurement results are presen-
ted in Fig. 1. Measurements showed that #» versus composition is a nearly linear
funection and the critical point does not influence it. At 29.2°C refractivities of
pure components of this mixture differ from each other insignificantly, hence
critical opalescence does not oceur and the fine structure of Rayleigh light disper-
sion can be also observed in the direct nearness of the temperature of
separation of components.
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Table 1

n-CHu0H | 49 0.1 0.3 0.385 0.5 0.9 1.0

w CH,NO, : 5 : ; . { .

Ty (°C) = 15.5 27.6 27.8 26.9 8.2 =

n 1.3776 | 1.3792| 1.3886| 1.3891| 1.3933| 1.4023| 1.4104

Av (em™Y) | 0.141 0.132 | 0.130 | 0.128 | 0.133 0.132 | 0.130

fn(GHz) 4.23 3.96 3.90 3.84 3.99 3.96 3.90

¢o (m/8) 1340 1270 1248 1232 1240 1243 o

e (m/s) 1374 1285 1257 1257 1281| 1264 1237

f S 0.6 0.7 6.4 17.8 7.2 0.5 0.3

a/f2-1015 | 19.15 | 28.04 | 73.89 82.62 | 64.66 47.50 | 20.02

(s%/m)

AvﬂvIB' 103

i 5 6 15 16 14 10 4

o (kg/m?) 1124.1 | 1079.0 | 972.4°| 958.2 927.6 | 839.6 814.8

Chemically pure media were used in the experiment. They were additionally
chemically purified and destilled several times, The degree of purity was checked
by measurement of the index of refraction, density and boiling point.

Acoustic properties of the m-amylic alcohol-nitromethane mixture were
investigated at the following concentrations: » = 0.1; 0.3; 0.385; 0.5; 0.9 —
mole fraction of m-amylic aleohol.

The propagation velocity of an acoustic wave was determined for two fre-
quencies: 28 MHz and ~ 3900 MHz. While the amplitude absorption coeffi-
cient for acoustic waves was determined in the ultrasonic range, in the interval
from 29.6 MHz to 128.6 MHz with the application of the pulse method and the
utilization of resonance excitation of piezoelectric transducers; and in the hyper-
sonic range with the utilization of the fine structure of Rayleigh light
dispersion.

1=302.2 K
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Fig. 1. Refractive index in terms of concentration in the critical n-amylic alcohol-nitrometha-
ne mixture at temperature 7' = 29.2°C
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The measuring apparatus for ultrasonic testing and photoelectric recording
of the fine structure of the Rayleigh light dispersion in liguid media, as well as
the method of calibration and evaluation of the accuracy of the propagation
velocity and the absorption coefficient of a hypersonic wave have been des-
cribed in paper [4].

Table 1 includes fundamental physical, chemical and acoustic parameters
of the mixture, determined at the temperature of 29.2°C and for the angle of
dispersion equal to 90°.

Research has proved that in pure nitromethane [7], oscillation relaxation
occurs, while in pure n-amylic aleohol [8] structural relaxation takes place.
Therefore, for frequencies not exceeding we can admit that acoustic dispersion
~ 10° Hz in the n-amylic alecohol-nitromethane mixture will be caused by the
relaxation of concentration fluctuations.

Table 2
f afﬂfz. 1016 (m—l.SE)
(MHz) x = 0.1 x =103 | x = 0.385 z =05 @ =09
29.2°C | 40°C | 29.2°C [ 40°C | 29.2°C | 40°C 20.2°C | 40°C | 29.2°C
29.6 65 58 | 300 138 | 354 143 219 97 | 80
48.4 65 57 226 108 ' 248 116 172 81 9%
68.6 62 56 174 92, 197 108 138 71 76
88.8 64 56 142 85| 156 04 113 70 75
128.6 64 55 125 Pl Sngel ISiviss 99 69 74
~ 3900 52 32 51 62 64 | 58 57 60 45

Table 2 states determined values of a/f? for various concentrations and two
temperatures in the investigated frequency range. The analysis of data given
in Table 2 shows that in the n-amylie alcohol-nitromethane mixture the quanti-
ty a/f? has a maximum at @, = 0.385. The value of this maximum decreases
with frequency increase and practically disappears at hypersonic frequencies.

The central component in the fine structure of the Rayleigh light dispersion
in mixtures depends not only on izobaric density fluctuations but also on con-
centration fluctuations. The dispersion intensity on concentration fluctuations
can be expressed by the following formula:

én\* —
~—-—] - 2,
IGOIIG ( am ) (Aw)

Concentration fluctuations observed in the m-amylic alcohol-nitromethane
mixture increase when the temperature approaches the curve of separation of
components and are considerable when the temperature approaches critical
parameters of the mixture.
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Therefore, the I,/2I ;5 ratio for this mixture achieves the maximal value
near the critical parameters. This is shown in Table 1, where the values of 1/21 ;.
are given for investigated concentrations at a temperature of T = 29.2°C.

A significant increase of the I,/2I,, ratio when critical parameters are
approached means that a strong light dispersion takes place on concentration
fluctuations and izobaric density fluctuations, while at the same time the in-
fluence of adiabatic density fluctuations decreases.

A considerate depolarization spectrum is observed in the n-amylic aleohol-
-nitromethane mixture. It achieves its maximum in the direct nearness of the
critical point. Hence, the dispersion on orientation fluctuations is also visible
and registered.

2. Experimental investigations of acoustic wave absorption in the critical #n-amylic aleohol-
-nitromethane mixture. A comparison with theories of Fixman and Czaban

From among many trials of explaining the characteristic behaviour of mixw
tures in the surroundings of the critical point those were most suecessful which
took into consideration the coupling between concentration fluctuations and
the acoustic wave. Concentration fluctuations in various volume elements of
the mixture can be considered as independent at a considerable distance from
the critical point. When approaching the critical point the magnitude of the
fluetnations and their correlation radius quickly increases.

An acoustic wave in the medinm influences the mean fluctuation amplitude
and its distribution function. The fluctuation distribution attains the equili-
brium value with a certain delay, which depends on the diffusion coefficient .D.
Part of the energy of the acoustic wave causes a change in the distribution
of concentration fluctuations and then is changed into heat. This is an irrever-
sible process and thus it leads to the absorption of acoustic waves. At ade-
quately high frequencies of the acoustic wave the change of the distribution of
concentration fluctuations can not occur in one period and the absorption cau-
sed by these fluctuations is not observed.

Theories of FixmAN and CzABAN, as well as theories desecribing acoustic
wave propagation in mixtures near their critical point, are founded on the
given above relaxation model. Both theories differ in the calculation method
and certain additional assumptions. :

According to Fixman the change of the fluctuation distribution occurs
only due to adiabatic temperature changes caused by the acoustic wave. Basing
on this assumption FIXMAN calculated [9], [10] the connected with this process
additional contribution to the specific heat. Then, FIXMAN assumed that this
process contributed to the specific heat to the same extent at a constant pressure
and constant volume (present research has proved this assumption to be false
[11]) and on the basis of this assumption calculated the acoustic wave velocity
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and its absorption coefficient. Applying Debye’s formula [12]
%2 = (6/12-T)| T — T}, (1)

where »-! = £ is the correlation radius of concentration fluctuations; I is the
radius of intermolecular interactions; T is the eritical temperature, the final
result of FIXMAN’S theory can be presented analytically as follows:

a/f* = Af~** Im[f(d)]+ B, (2)
d = Cf~"*\T-T,l, (2a)
¢ = 0 {1 — Ac, [~ Re[f(d)]} (3)

where ¢, — acoustic wave velocity at ot » 1.

Function f(d) was defined numerically by Kendig and others [13]. Its analytic
form, which was applied by the authors, was given by Fixman [10]. Constants
A and O are slightly dependent on temperature and independent from fre-
quency.

Basing on latest works of KAWASAKI [14], KADANOFF and SwIirT [15],
0zABAN modified FIXMAN’S assumptions concerning the change of the fluctuation
distribution due to an acoustic wave. CZABAN accepted that the change of the fluc-
tuation distribution influenced by an acoustic wave occurs not only due to adia-
batic temperature changes, but also due to abrupt changes of the critical tem-
perature caused by the acoustic wave pressure. On the basic of the above as-
sumptions CZABAN determined the complex adiabatic compressibility of a me-
dinm with strong concentration fluctuations [16]. Changes of the distribution
of fluctuations due an acoustic wave were calculated with the application of the
fluctuation dissipative theorem. CZABAN derived the propagation velocity and
the acoustic wave absorption coefficient from the real and imaginary part of
the adiabatic compressibility, respectively [17]. Final results of his considera-
tions are as follows:

Mo b—arctanbd
0= 60{1— 2 : [{T—Tkl+d[m—ik|]‘°'2[F,(wr)— —n——:H, (4)
TTy 12
& a/ft = M[|T—T;|+|o—%, *]*F,(wr)+ L (5)
Functions F,(wr) and F,(w7) have been given in paper [17]:
T]_ —
T = L [T~ T + | o — T, [+ (6)
27

¢, — acoustic wave velocity at ot € 1,
@, — critical concentration of the mixture,
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M and L — constants weakly dependent on temperature and concentration
and independent of frequency. It results from the scaling theory
that b ~ 5 [18].

Expressions (4) and (5) are true when wr <340 [18].

Constants 4, ¢ and M and 7, are represented by parameters of the mixture
both in FIXMAN’S and CzZABAN’S theories. However it is difficult to determine
some of them, i.e. the correlation radius or the diffusion constant. Thus, most
frequently these constants are determined on the basis of the condition of great-
est consistency of theory with experiment. Also in this paper this method has
been applied.

The least square method has been used in determining parameters of the
curve of greatest consistency.

The value of function Im[f(d)] was calculated from its analytic form presen-
ted in paper [7]. Derivatives of functions Im[f(d)] and F,(w7) were approxi-
mated by the differential quotient

s f(@y+ 6x) — f ()
g dx .

F!

(7)

Suecessive approximations have to be applied in the process of matching-
because non-linear dependencies occur in both CZABAN’S and FIXMAN’S theories.

2.1. Resullts and discussion

The calculation procedure presented in the preceeding paragraph was used
to determine parameters of best fitting curves in the n-amylic alcohol-nitrome-
thane mixture for FIXMAN’S and CzABAN’s theories.

Presented in Table 3 values of parameters of best fitting curves were obtained
on the basis of FIXMAN’S theory for the n-amylic alcohol-nitromethane mixture..

Table 3
Molar fraction
of n-amylic 4-100 0 B-10'8 ’
eihsl (S+3,’4 .m—l) (5-1,'2 v deg"l) (m—l o 32)
0.385 2.07 574 66.6
0.300 1.72 567 65
0.500 1.35 942 61.2

Experimental points describing «/f? in terms of frequency for three concen-
trations and two temperatures, respectively, have been marked in Figs. 2—4.
Full lines in these figures were calculated from formulae (2) and (2a), which:
result from FIxman’s theory.
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§x10™
Im’'s?
X=0.385
300 +
3022K
200
x
A
100
P Fig. 2. a/f* versus logf in the n-amylie
alecohol-nitromethane mixture with ecritical
concentration z = 0.385 (# — molar frae-
tion of m-amylic alcohol) at two tempe-
. : ratures. Full lines obtained from formulae
0; 2 3 logfiMHzl| (2) and (2a); x, A — experimental points
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X=0300

200

100

Fig. 3. a/f? versus logf in the m-amylic al-
cohol-nitromethane mixture with concen-
tration & = 0.300 (x — molar fraction of
n-amylic alcohol) at two temperatures.
Full lines obtained from formulae (2) and

(2a); x, A — experimental points 0 5 3 tog f (MHz]
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The following values of parameters of best fitting curves have been obtained
on the basis of CZABAN’s theory for the n-amylic alcohol-nitromethane mixture:
M = 2.751 10-1! [s2deg®m 1]

T; = 2,166 10-7 [s]
L =60.1 10 [g2m-1]

Quantity d in equation (6) was determined from the separation temperature-
-concentration dependence for the mixture. It equals: d = 400 deg/mole fra-
ction.

Full lines in Figs. 5-7 were plotted on the basis of formulae (5) and (6),
which result from CzABAN’S theory.

The value of velocity dispersion of an acoustic wave at the critical concen-
tration and temperature of 29.2°C was evaluated for the n-amylic aleohol-nitro-
methane mixture from formulae (3) and (4). According to FIXMaN’s theory this
value equals ~ 3.5%, and according to CZABAN ~ 0.6 9. Whereas, experimen-
tally determined dispersion equals ~ 0.49,.

a/f? in terms of concentration and temperature for the n-amylic alcohol-
-nitromethane mixture is shown in Figs. 8 and 9. In the n-amylic alcohol-nitro-
methane mixture a/f?* has its maximum at », = 0.385. The magnitude of this

r%x 0% x
(m's?)
f%aro” 300 | X=0385

Im’'s? i l

200

100

1

1 0 1 i
2 3 logffMHz] 2 3 logf(MHz]

Fig. 4. a/f* versus logf in the n-amylic Fig. 5. a/f* versus logf in the n-amylic
alcohol-nitromethane mixture with concen- alcohol-nitromethane mixture with concen-
tration # = 0.500 (z — molar fraction of tration = = 0.385 (z — molar fraction of
n-amylic alcohol) at two temperatures. Full  m-amylic aleohol) at two temperatures.
lines obtained from formulae (2) and (2a); Full lines obtained from formulae (5) and
X, A — experimental points (6); %, O — experimental points
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maximum decreases when frequency is increased and it nearly disappears at
hypersonic frequencies.

This effect can not be explained by the increase of laver viscosity, because
it slightly increases only in the direct nearness of the critical point [19], or by
relaxation processes taking place in pure components of the mixture. Measure-
ments conducted in pure components of the mixture have shown that a/f? is
only slightly dependent on frequency and it is several orders of magnitude lower
than in the m-amylic alcohol-nitromethane mixture.

The mean square of concentration fluctuations increases strongly in eritical
mixtures when -, and T—T,, [20]. Therefore, the existance of a relation bet-

ween the increase of (4z)? and the increase of acoustic wave absorption can be
suggested.

According to the found consistency between experiment and theories of
FixwAN and CZABAN — based on the same relaxation model — this effect can
be attributed to strong concentration fluctuations in the neighbourhood of the
eritical point of the mixture. However, it should be mentioned that the closer the
values of parameters of a mixture are to eritical, the better the consistency
This is especially important for CzABAN’S theory, because its values of parame

a, ,0’5
[m's? \
300
15,
X=0300 im'sY

200 + 200

100

a

2 b I'Dgff:MHZJ‘ 0 2 3 ngf[M‘k}

Fig. 6. aff? versus logf in the m-amylic Fig 7. a/f* versus logf in the n-amylic aleo-

aleohol-nitromethane mixture with concen- hol-nitromethane mixture with concentra-

tration @« = 0.300 (¢ — molar fraction tionz = 0.500 (z — molar fraction of n-amy-

of m-amylic aleohol) at two temperatures. lie alcohol) at two temperatures. Full lines

Full lines obtained from formulae (5) and obtained from firmulae (5) and (6); x, O —
(6); %, © — experimental points experimental points
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Fig. 8. a/f? versus concentration in the n-amylic alcohol-nitromethane mixture at tempera-
ture of 29.2°C for frequencies 29.6; 48.6; 68.6; 88.8; 128.6; ~ 3900 MHz (curves I-VI); con-
centration of components expressed in molecular fractions of m-amylic alecohol. Full lines

obtained from formulae (5) and (6); %, @, &, O A — experimental points
T=313K
100+ .
AT
1286 MHz
' i A
x ]I B O o
1% < A = ~3900 MHz
[m’'s?]
o
1 1 1 1 1 i T = 1 1
o @2 04 06 08 X
CH; NO, ;- : n-CsHyOH

Fig. 9. a/f? versus concentration in the n-amylic alcohol-nitromethane mixture at tempera-

ture of 40°C for frequencies 128.6; ~ 3900 MHz (eurves I, IT); concentration of components

expressed in molecular fractions of n-amylic alcohol. Full lines obtained from formulae (5)
and (6); A, O — experimental points
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ters of the best fitting curve are common for all concentrations and temperatures
of the mixture as opposed to FIXMAN’s theory, for which concentration-depen-
dent constants, 4 and C, have to be chosen for every concentration separately.

Trials [6], [21] of generalizing FIXMAN’S theory, i.e. deseribing the absor-
ption coefficient in terms of concentration with the application of FLORA-
-HUGGINS’s approximation, have given very poor consistency between theory
and experiment (usually the maximum is shifted towards higher concentrations,
which have understated values).

If the FLORA-HUGGINS’S approximation was not used, then an additional
quantity (du/cz), , would have to be determined. This quantity would have
to be derived from the total intensity of the central component of light dispersion.
At this stage of research CzZABAN’s theory is more appropriate than FIxman’s,
because it describes acoustic properties of critical mixtures in a more complex
way with less parameters to be determined.

The relationship between «/f* and concentration for the n-amylic alecohol-
-nitromethane mixture (determined with the application of OzABAN’S theory),
the better describes experimental results, the higher the acoustic wave fre-
quency.

For this reason Fig. 9 presents theoretical curves and experimental results
only for two highest investigated frequencies. Lower frequencies exhibit far
worse conformity.

Because CzABAN [17] observed a similar eorrectness in other critical mix-
tures, maybe this conclusion can be generalized.

Theories of FIXMAN and CZABAN are based on a fundamental assumption
that anomal behaviour of an acoustic wave in mixtures near their critical point
is caused by strong concentration fluctuations. Although according to present
research concentration fluctuations are responsible for such a behaviour of an
acoustic wave, other mechanisms can not be excluded, mechanisms which in-
fluence the process only in certain conditions and mixtures. Therefore, further
research work on the absorption coefficient and velocity dispersion of acoustic
waves has to be done in a wide range of frequencies, temperatures and concen-
trations in order to determine in which range the theories of FIXMAN and OZABAN
are valid.

3. Experimental determination of the mean relaxation time

The complex module of volume elasticity in the case of a continuous spectrum
of relaxation times has the following form [22]:

Pons [OROE ol [20E) @

Function H (7) is the density of the spectrum of relaxation times.
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The integration range is infinite in (8), but practically the function is inte-
grated in a range where H(7) # 0. Formula (8) can be successfully applied in
the interpretation of experimental data, when the range of the dependence of
E(w) and n(w) on frequency is very wide

E, — module at equilibrium,
N — Viscosity at wz > 1,
7 — relaxation time.

Function H(7), which characterizes relaxation properties of the medium,
can be derived from experimental data with approximate methods. If we ag-
sume that function wv/(1+ w?c?) has the same properties as function 4§, then

H(7) = o[n(®) — %olomij (9)

In order to explain the relationship between frequency and accustic wave
absorption on concentration fluctuations, contributions of cther relaxation pro-
cesses have to be subtracted from the total absorption, i.e.

= =—<-B, (10)

where B includes contributions to a/f? of all mechanisms excluding absor-
ption due to concentration fluctuations.

The value of B in the first approximation can be determined from expres-
sion

a
B = (fT) ~ B+ 2,B,, (11)
wr>=l

where: B, — absorption of an acoustic wave in the first component,
B, — additional absorption of an acoustic wave in the second com-
ponent.
Thus, the absorption of acoustic waves with various frequencies, caused by
concentration fluctuations, can be determined with the use of expression (11).
In order to explain the relationship between frequency and additional absor-
ption of an acoustic wave, o, aloga —logw diagram was drawn. It occuvred
that the relation between loga’ and logw in the investigated frequeney range
18 linear for all concentrations of the critical n-amylic aleohol-nitromethane
mixture. Fig. 10 presents the relation between loga’ and logw for the critical
concentration as an example.

Thus, it follows that o’ is expressed by an exponential function in terms of
frequency :

ali= gl (12)

where a* and p — parameters dependent on the composition and tempera-
perature of the mixture.
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Hence, the density of the spectrum of relaxation times, H (), for concentration
fluctuations in an wm-amylic alcohol-nitromethane mixture equals

H(t) = K777 (13)

This shows that H(r) in the frequency range under investigation is expressed
by a hyperbolic function. The relaxation time spectrum discontinue in the range
of small 7 < (1011 — 10-2), because relaxation is not observed at high frequen-
cies (~ 10° Hz). The relaxation time spectrum should disappear also in the range
of large v if the mixture is in a thermodynamic steady state.

loga’
10
0s -
0 F
1 1
85 log w 9
Fig. 10. loga’ versus logw in the m-amylic alcohol-nitromethane mixture with critical con-
centration # = 0.385 at temperature of T = 40°C (# — molecular fraction of n-amylic
aleohol)

Approximating H (r) by an appropriate function [2] and with the applica-
tion of equation

tH(7)d(InT)

= K“ﬂ—l(m/_ﬂ_'_”) (ﬂ)mp (14)
H(v)d(In7) K\(2Vp-y) \7

=l
cuﬁgh‘—ﬁB

the average relaxation time, 7,, which characterizes the time of occurance of
the Fourier component of concentration fluetuations, can be calculated. Here,
K (2) denotes the MacDonald function. Because (fy)"* < 1, K(2) can be expand-

ed into a series according to the order of the argument 2z = l/f_)’;. If only the first
term, 0 < z< 1, is taken into consideration, then we obtain:

T,

a

1 v or!
— 102+Up (_ _2)! mi~VP ., (_A) ; (15)
p EB
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Table 4
Molar
fraction T B-105 . Ta
of €C) | (emt-s?) % hslid! (®)
n-CH,,OH
0.1 29.2 35 1.38-10-17 | 0.97 | 4.05-1010
40 38 3.95-10-17 | 0.89 | 5.03-10°1°
0.3 29.2 31 1.07:10-19 | 0.25 | 4.04-10-8
40 27 9.44-10713 | 0.45 | 3.60-10-°
0.385 29.2 32 4.21-1071° | 0.19 | 2.23-10-7
40 28 1.46-10-13 | 0.55 | 1.91-10-°
0.5 29.2 35 7.36-10~1 | 0.25 | 3.99-10-8
40 30 2.16-10-14 | 0.62 | 1.34-10-?
- L]
i b 123022 K

1 1 1 1

0 Q2= 04 0608 14
n-CyH, 0H CH;NO,

Fig. 11. logz, versus concentration in the

n-amylic alcohol-nitromethane mixture at

temperature of 7' = 29.2°C. Full line obta-

ined from formula (16); @ — experimental
points

=log T,
T=313 K

- 1 1 1

IR TR TR L e
n=CyHy OH CH, NG,

Fig. 12. logr, versus concentration in the

n-amylic aleohol-nitromethane mixture at

temperature of 7 = 40°C. Full line obta-

ined from formula (16); ® — experimental
points
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where p — parameter determined from experimental data, from the relation
between the angle of inclination of line o’ in terms of logw, 7, and 75 — times
corresponding to respectively the maximal and minimal frequency at which
measurements were conducted (v, ~10-'1s, 75, ~10-8g).

Values of 7, for investigated concentrations of the eritical n-amylic aleohol-
-nitromethane mixture were caleulated from formula (15) for two temperatures.
Results of calculations are given in Tab. 4, and 7, in terms of concentration for
two different temperatures is presented in Figs. 11 and 12.

Values 7, in Figs. 11 and 12, determined from experimental data, are denoted
by points, while solid curves were drawn on the basis of the formula which resuls
from Czaban’s theory. This formula is as follows [177:

Ta = T (|T— Tl +d'| o —z|3) "2, (16)

In the course of caleulations it was accepted that Fele
7, = 2166-10-758

d’ = 400 deg
7, = 0.385 mole fraction
Ty = 27870,

As it can be seen, 7, increases by several orders of magnitude in the surroun-
dings of the critical point and maintains high values in a wide range of concen-
trations and temperatures.

The relaxation process of concentration fluctuations in mixtures consisting
of components A4* and B* is based on the following reaction

2 A*B*z>A*A*{ B*B*  AH,, 17)

where AH, is the thermal effect of the reaction.

Therefore, only a strong increase of the thermal effect in reaction (17) can
lengthen the time of oceurance of concentration fluctuations (see Table 4 and
Figs. 11 and 12) and increase their average correlation radius.

4. Elements of the theory of Rayleigh light dispersion in media near the critical point

The intensity of light dispersed on concentration fluctuations in a direction
determined by wave vector _ff is expressed by formula [23], [24]
&t nV [ Oe 5
I(¢)=I,——{|—} & 18
(9) = I, Ty (&ﬂ )T’Q (4), (18)
where R is the distance between the dispersive centre with volume V and the

observation point; 2 is the wave length of inciding light ; and 8(q) is the structu-
ral factor. This last quantity is defined as the mean of the square of the g-Fourier
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component fluctuation of concentration fluctuations. Hence,

8(q) = (42 (q)2 (19)

In accordance with previous research it can be assumed that a correlation exists
between fluctuation in neighbouring volume elements in the surroundings of
the critical point. If this correlation can be expressed by Ornstein’s and Zernik’s
function [20]

G(r) = _‘;?e-”'f, (20)

where £ is the correlation radius, then the structural factor ean be expressed
by [24]

o kpTw*yp kgTx?B, 2 %
(Q) e l+ 2-52 = 167{2 19‘ ? ( }'
1 14+ ——no*sin’

fr — isothermal compressibility, n — refractive index, # — angle of dis-
-persion.

The correlation radius, &, which occurs in formula (20), is related to the.
mean radius of intermolecular interactions introduced by Debye [12] by the
following expression: ‘

6
12T,

Ele — |T-T,|. (22)

It results from (22) that the value of the critical exponent », which describes.
the behaviour of the correlation radius in the eritical point and thus is expres-
sed by formula & ~ [(T—T,)/T.]", is equal to 0.5. Whereas calculations
performed with the application of the three-dimensional Ising model lead to
the value of 0.64 [24]. Values of » contained in interval 0.5-0.6 were obtained
from experimental research (e.g. [25] and [26]).

From (21) we have that at temperatures sufficiently near to the eritical
temperature of the system (¢-& < 1) the intensity of dispersed light depends on
the observation angle.

The correlation radius of concentration fluctuations or the mean radius of
intermolecular interactions in critical mixtures can be determined from this.
asymmetry.

4.1. Results of measurements of dispersed light intensity in terms of the angle in.
the n-amylic alcohol-nitromethane mizture

Both liquids, which constitute the mixture, i.e. n-amylic alcohol and nitro-
methane, have very similar refractive indexes. For this reason, and because
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the exciting laser beam had a small diameter and the path of the dispersive beam
in the medium was relatively short (approximately 2 cm) [27], the influence
of repeated dispersion on the registered dispersed light intensity was not consi-
dered.

The dispersion was investigated under two angles: 4, = 43° and 9, = 1407,
which were determined with the accuracy of 49, = A9, = + 0.5° with the ap-
plication of the apparatus described in paper [31].

The minimal dispersion asymmetry which could be measured equaled
(I, —Ip5) /T ~4% due to light intensity fluctuations caused by technical
instabilities and unstable laser or interrupter system functioning.

Measurements were done for a mixture with the eritical concentration of
2, = 0.385 molecular fraction of nm-amylic alcohol.

The dispersion asymmetry, i.e. the value of ratio k = I ;./I 4 differing from
one, was observed in the temperature range: 0.05°C < |T — T}| < 0.2°C. Results
of measurements are presented in Fig. 13.

1
0 0.05 o1 o5 02 AT (K]

Fig. 13. Coefficient of light dispersion asymmetry versus temperature difference (AT
= T—1T;) in the m-amylic alcohol-nitromethane mixture with critical concentration =
= 0.385

Making use of values of the asymmetry coefficient k, the correlation radius
was determined for every temperature from the following relationship resulting
from expression (21)

_ 16z*n 8in2d, /2 — ksin®d, [2

=
¢ A2 k—1

’ (23)

where 4 is the wave length of He-Ne laser light. Results of measurements are
presented in Fig. 14. Approximating experimental points with a straight line
a correlation coefficient equal to 0.98 was obtained. While approximating them
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with a power curve, £=* ~ (AT)", an exponent equal to y = 0.96 and a slightly
worse correlation coefficient was achieved. Therefore, we can risk a statement
that there is a linear dependence between £-2 and AT in the investigated tem-
perature range. Thus, the mean radius of intermolecular interactions may be
determined from the value of the slope of the straight line and formula (22).
The following value was achieved:

1=74+1[A]

This value is very close to the value of I determined for similar two-component
mixtures with light dispersion methods and X-ray methods [27].

410" .
AAr
7 -
5F
4 F
3 £ [ ]
2 o
1 L 1 1
0 005 o1 075 AT [K]

Fig. 14. £-2 versus AT for the m-amylic alcohol-nitromethane mixture with ecritical con-
centration z = 0.385. Slope of the straight line equals 0.0004 A-2 deg-!

4.2. A comparison of experimental values of the mean radius of intermolecular

interactions and the correlation radius of concentration fluctuations in the n-amylic

alcohol-nitromethane mixture with values resulling from theories of FIXMAN and
CZABAN

FixmAN’s theory establishes a relationship between the propagation process
of an acoustic wave and the diffusion process, and it is based on a definite
relaxation method. Basing on correlation distribution functions M. FIXMAN
[10] derived formula (2) describing acoustic wave absorption induced by con-
centration fluctuations. With the application of constants 4 and C the mean
radius of intermolecular interactions can be determined from expression

A2 (0 mg)2(C)?

s (24)
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Values of econstants 4 and C for the n-amylic alcohol-nitromethane mixture
were established on the basis of experimental results of acoustic wave absorption
(condition of the greatest consistence of theory with experiment). The follow-
ing values were obtained for concentration x = 0.385: 4 = 2.07 107* &** m~?
and ¢ = 574 57" deg™". Values of the quantities in formula (24) were estimated
from own measurements and data from literature.

The value of specific heat was caleulated from values for pure components
with the application of formula (for ideal mixtures)

0p® = Ole+Co(1—m). (25)

Value O} = 146 J mol~' deg™' was obtained. The specific heat ratio, y,
= ¢,/¢,, was estimated from relation ¢, — ¢, = SR, where R is the gas constant.
Value y, = 1.4 was obtained. The velocity of an ultrasonie wave in a mixture
with concentration # = 0.385 was experimentally determined at ¢, = 1232 m/s.
Quantities n, and n, are the so-called density numbers. They are defined as
the ratio of the volume fraction of one component to the partial molar volume
(volume occupied by one mole of the component in the mixture). Partial molar
volumes for both components of a mixture with concentration # = 0.385 were
graphically determined from a curve illustrating molar volume of the mixture
in terms of its composition. The following values of density numbers for both
components of the mixture were calculated:

ny = 3.17107% atom A~* and n, = 4.66 10~* atom A-3.

All above mentioned values introduced into expression (24) give the following
value of the mean radius of intermolecular interactions I = 5 A. Tt is relatively
close to the experimentally derived value.

It can be found in literature (e.g. [9]) that 1 calculated from FIXMAN’S
theory usually has lower values than ! experimentally determined with the
application of optic methods.

On the other hand, CzABAN accepted [16], [17] that the anomal behaviour
of an acoustic wave in critical mixtures is caused by the interdependence betwe-
en the volume and concentration of the mixture. It appears that the volume
is influenced by concentration fluctuations. Considering the diffusive delay
of the distribution change of concentration fluctuations, related to it change
of volume will also be delayed in respect to the acoustic wave pressure and
this leads to anomal absorption and dispersion of the acoustic wave.

The expression for the absorption coefficient of an acoustic wave is given
by formula (5), in which

ap — 144 Eyooem, (_ o, | Ty )2
4 -m2&] aop 00,
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is a quantity weakly dependent on temperature and concentration of the mix-
ture.

The dependence of the correlation radius on temperature and concentration
of the mixture is described by expression

L 51(|T'—Tk|+d'|m"ik|3)_o'6- (26)

Values of constants M, 7, and d' have been determined from experimental
data in paper [7]. The maximal consistence of theory with experiment was the
principle of their selection. The following values were achieved:

M = 2.75 101 s%deg?m-!; 7, = 2.1710-175 and d' = 400 deg/mol. fraction.

Having M, 7, and d’, & can be calculated from formula (5). To this end the
values of following expressions were estimated at (on the basis of data from
literature for similar mixtures)

or, T
k£ _ 5.10-*degm?/N and = —
op Qop

= 1.55-10-7 deg m?/N.

This estimation gave the value of £, equal to & = 25 A.

Fig. 15 presents the correlation radius in terms of temperature for the criti-
cal nm-amylic alcohol-nitromethane mixture with concentration x = 0.385.
The full line represents values calculated according to formula (26). Fig. 15
proves that CzZABAN’S theory gives values of the correlation radius, &, about
one and a half times lower than values determined from experiment. A similar
relationship was stated by CzZABAN himself [17] for an aniline-cyclohexane
mixture.

The value of the correlation radius for the n-amylic alcohol-nitromethane
mixture, which was determined in this paper with the application of an optic
method, exhibits good consistence with values of this radius obtained from
theories of Fixman and Czaban. This confirms the pertinence of the theoretical

gx 102
179 X=0385

o

2 -
o
]

F o

1 1 1 1
0 005 01 o1 AT [K]

Fig. 15. Correlation radius versus temperature difference in the n-amylic alcohol-nitrome-
thane mixture with concentration # = 0.385. Full line marks values calculated from CzABAN’S
theory (formula (26)); O — experimental points
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model, on which both theories are founded. However, obtained results do
not univoeally point to one of these theories. At this stage of research it ean be
stated that CZABAN’S theory is more convenient, because it allows a more com-
plex description of parameters of critical mixtures (at a smaller number of
parameters to be determined).

Trials of determining the correlation radius for the n-amylic alecohol-nitro-
methane mixture for other from eritical concentrations have been carried out.
However, they did not deliver satisfactory results due to a too small value of
the coefficient of dispersion asymmetry, k, even very near to the critical point
(AT = 0.05°C). In fact, when we estimate from formula (26) the value of the
correlation coefficient for concentration # = 0.5 we achieve a value of & = 0.39%,.
This is a value too small to measure with the presented system. Therefore,
there is a need of certain improvements in the system (e.g. a concurrent measure-
ment of the dispersion intensity of light under two angles), which would allow
a very accurate measurement of the value of the correlation radius of concen-
tration fluctuations in a possibly wide temperature range.

5. The determination of the average length of a concentration wave and of the diffusion
coefficient in the ecritical n-amylic alcohol-nitromethane mixture

The determination of the spectrum of concentration waves in a series of
eritical mixtures would contribute significantly to the solution of the problem
of kinematics of concentration fluctuations and to the explanation of such
processes as light dispersion or propagation of acoustic waves in such media.
Yet, this is a very complicated problem — even in the case of a solid body,
not to mention liquids with their disordered particle motion. The problem of
the spectrum of concentration waves in liquid media is mostly expressed in
the form of qualitative predictions rather then accurate empirical or theoretical
conclusions.

An opinion was presented in accordance with which concentration fluctua-
tions can be considered as a set of waves propagating in the medium in all
directions with various frequencies. For the first time such an approach was
proposed by Einstein, who presented a concentration flucfuation in the form
of the sum of a Fourier series. Later it was proved that many informations
about the nature of such waves can be derived from their analogy to elastic
Debye waves.

On the basis of the mentioned analogy between concentration waves and
density waves en one hand, and elastic Debye waves on the other, it can be
found that in order to determine the spectrum of concentration waves, the
specetrum of normal vibrations has to be found. Of course experimental determi-
nation of the mean length of concentration waves is a different problem from
the determination of the spectrum of these waves. Yet, it leads to several con-
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clusions concerning the behaviour of such a spectrum in terms of temperature
and coneentration of the mixture.

The distribution function of concentration fluetuations in the field of an
acoustic wave differs from the distribution function at equilibrium. Hence,
mean amplitudes of eoncentration waves, ¢,, assume new values, ct. When an
acoustic wave has passed through the mixture, the system will tend to the ini-
tial state and ¢,—¢,. If we assume that the change of mean amplitudes of con-
centration waves occurs in accordance with Fick’s diffusion equation [30],
then the length of a g-concentration wave, 7,, which fades in relaxation time,
4,, can be expressed by formula

1
- = 4n?D/ A} (27)

Tq

An analogical relation can be written also for such a concentration wave, for
which the mean amplitude fades in relaxation time 7,. This is the mean relaxa-
tion time of concentration fluctuations, defined by expressions (14).

Concentration waves, which initially were considered only as an effect of
a formal expansion of concentration fluctuations into a Fourier series, are equi-
valent to density waves, in mixtures; and these, as MANDELSZTAM proved [23],
are elastic Debye waves. Using this analogy and basing on Debye’s argumenta-
tion, the smallest possible length of a concentration wave in the expression
presented in paper [23] can be estimated. The maximal frequency of elastic
Debye waves and their minimal wave-length, estimated with the application
of this method, equal w,,, = 10"* Hz and 4,,;, = 1.5 A, respectively.

In order to determine the mean length of concentration waves atter formula
(27), we have to know the mean relaxation time of concentration fluctuations
and the diffussion coefficient of the mixture. Relaxation times, 7,, in the criti-
cal n-amylic alcohol-nitromethane mixture were found with the application
of the method described in paragraph 3 for various concentrations and two

Table 5
Molar |
fraction T £ D107 Aq [ %o
of CC) | (A) | (em2-s-1) (em) (s)
n-C;H,,0H

0.1 20.2 | 6.1 39.2 | 2.5-10-% |4.05-10-10
40 ’ 4.0 74.3 3.8-10-% |5.03-10-10
0.3 29.2 | 18.5 7.4 1.1-10-5 | 4.04-10-8
40 5.5 31.2 6.7:10-6 |3.60-10-9
0.385 29.2 | 20.4 iy 2.2-10-5 |2.23-10-7
40 5.6 26.3 4.4-10-6 |1.91-10-9
0.5 29.2 | 16.4 5.9 9.6-10-6 | 3.99-10-8
40 5.4 229 | 3.4-10-9 |1.34:10-°
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temperatures. Values of the diffusion coefficient for the same temperatures
and concentrations have been calculated from formula [24]

D = kgT[6 mn,¢. (28)

‘The correlation radius for this mixture has been determined with the application
of the Rayleigh light dispersion effect (see paragraph 4).

D«10° A
tm’s T [s]

90 r T=3022K : ]

80 + od
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30 48
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0 al: QIZ’ 0.13 X {.:'no.'ar frcrlcrr'onJ

Fig. 16. D and 7, versus concentration in the critical n-amylic alcohol-nitromethane mixture
at temperature T' = 29.2°C

px10° ' -logt,
m?s] | RGN
9 T=313K 2
80 D 13
70 + 14
60 15
50 1+ 46
40 17
30 r 18
EG.
20 19
10k 410
1 1 1 1 1
0 o1 02 03 X [molar fraction]

Fig. 17. D and 7, versus concentration in the critical n-amylic alcohol-nitromethane mixture
at temperature 7' = 40°C
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Values of the correlation radius for definite concentrations and temperatures
were calculated from expression (26) (see paragraph 4b) [31], [32].

Final results of calculations are presented in Table 5. Figs. 16 and 17 illu-
strate D and 7, in terms of concentration in the critical n-amylic alcohol-nitro-
methane mixture at two temperatures: 29.2° and 40°C, respectively. In com-
plience with the predictions of the theory the mean relaxation time of concen-
tration fluctuations increases when the critical point is approached, while the
diffusion coefficient decreases. Figs. 18 and 19 present the mean length of
concentration waves in terms of the concentration of the mixture at the same two
temperatures. As it can be seen the mean length of concentration waves increas-
es by an order of magnitude when the conditions of the mixture approach cri-
tical conditions. This means that the spectrum of concentration waves moves
towards lower frequencies.

A0 r=302.2 K
Im I CF
e
]
4 r
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L L L | ARG Do
0 a1 02 03 X [molar fraction]

Fig. 18. Mean length of concentration waves in terms of concentration in the eritical n-amylie
alcohol-nitromethane mixture at temperature of 1' = 29.2°C
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Fig. 19. Mean length of concentration waves in terms of concentration in the eritical n-amylic
alcohol-nitromethane mixture at temperature of T' = 40°C
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6. Conclusions

Results obtained in the complex investigations of the eritical si-amylic
alcohol-nitromethane mixture lead to the following conclusions:

1. It was stated that the acoustic behaviour of this mixture does not differ
from the behaviour of other critical mixtures. And so: quantity a/f? depends
on frequency, temperature and concentration. The a/f? curve has a maximum
corresponding to the critical composition of the mixture. The value of this
maximum strongly increases with the decrease of the acoustic wave frequency.
At all concentrations the existing dispersion of quantity a/f* is not accompa-
nied by significant changes of the propagation velocity of the acoustic wave
in terms of frequency. :

2. It was found that out of existing theories of acoustic wave propagation
in critical mixtures, two, namely the theories of Fixman and Czaban, describe
this process in the case of the investigated n-amylic aleohol-nitromethane mix-
ture correctly. The consistency of theory with experiment is the better, the clo-
ser thermodynamic conditions (temperature and concentration) of the mixture
are to critical conditions. The value of the correlation radius of concentration
fluctuations in this mixture was determined on the basis of this consistence.

3. The value of the correlation radius of concentration in the investigated
mixture was measured with the use of the effect of Rayleigh light dispersion.
The value determined in experiment is close to the value resulting from both
theories. The discrepancies are due to inaccuracies of optic measurements and
to simplifying assumptions of both theories.

4. Using performed acoustic and optic measurements, the kinetics of con-
centration fluctuations were analysed in the mixture under investigation.
Values of the following parameters of this mixture were determined: mean
relaxation time of concentration fluctuations, mean length of the concentration
wave and the diffusion coefficient.

In conclusion it can be stated that acousto-optic methods prove to be very
effective in investigations of molecular structure and mechanism of molecular
processes in liquid media. Hence, the increasing number of publications in this
domain, which can be found in professional literature.

Research was performed within the framework of Problem CPBP 02.03/2.3.
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