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Ultrasonic attenuation spectra (30 kHz v < 400 MHz) of the isobutyric acid/water mixture of critical
composition and also of the acid itself (50 kHzv < 1100 MHz) are discussed at different temperatures.
Quasielastic light scattering data from photon correlation spectrometry of the critical system are evaluated to
yield the amplitudeD, of the mutual diffusion coefficient in the homogeneous phase. Using literature values
for the amplitude of the fluctuation correlation length, the background and critical part of the heat capacity,
and the linear coefficient in the pressure dependence of the critical tempefafutee sonic attenuation
spectrum as predicted by the Bhattachatjeerrell model has been calculated for the critical mixtur&aat
Following again this theoretical model, the contribution due to concentration fluctuations at the temperatures
of measurement and also the high-frequency asymptotic background contribution has been subtracted from
the experimental spectra. The resulting excess attenuation spectra of the isobutyric acid/water mixture reveal
two relaxation processes, both characterized by a discrete relaxation time. These Debye-type relaxations are
discussed in terms of the monomer/linear dimer and linear dimer/cyclic dimer equilibria of the carboxylic
acid. The relaxation times of the mixture of critical composition exhibit slowing characteristics in the chemical
reactions near the critical temperatufe< Tc < 5 K) which cannot be explained by the critical behavior of

the viscosity. Rather there seems to be an intrinsic effect that slows down near the critical point.

1. Introduction wp = ks T/(Bn £ (1)

During the past decades there has been considerable interest )
in binary liquids near their consolute points, particularly because ©f the order parameter fluctuations, extend over a very broad
of their fascinating feature to display order parameter fluctua- Téquéncy range. Hence theoretical models of the critical
tions of equal importance over a wide range of sizéMuch molecular dynamlps can be undoubtedly vgrlfled only by
attention has been directed toward universality, renormalization, Proadband acoustical spectrometry. In eqslis the shear
and scaling. Additionally, Procaccia et al. pointed to effects of Viscosity of the liquidks denotes the Boltzmann constant, and
critical slowing of chemical reactions which might occur T 1S the temperature. , -
between the constituents of a binary fluid when the system ©On the basis of the scaling hypothe&is}“ the critical part
approaches a critical demixing pof#® However, little has been ~ ®:° in the sonic attenuation per wavelength (=a/, o is the
done to elucidate the interrelations between specific molecular fotal attenuation coefficient, = cJv is the wavelength, and,
interactions and the existence of critical concentration fluctua- S the sound velocity) is assumed to be given by the relation
tions.

Because of their periodic variations of temperature and (v, T) = AMF(Q) (2)
pressure, acoustic fields couple to the spatial Fourier components . .
of the fluctuations. Unique sonic spectra result from the retarded HereA(T) denotes a frequency independent amplitudefe(&z)
heat transfer within a microheterogeneous liquid. Ultrasonic the scaling function. The reduced frequeri2y according to
attenuation and sound velocity measurements, therefore, provide o
important information upon the molecular dynamics of binary Q = 2mvlwg = 2vl(wet™) 3)
liquids near a critical point. For this reason, there has been
considerable activity, both theoreti€&i®! and experimental, in  in strongly dependent upon the reduced temperature
the field of acoustic properties of critical binary liquids.
However, most experimental studies, of which we mention only P= IT—Tdl
some more recent oné%;*! suffer from a too limited frequency T
range of measurements. Small band measurements are inade-
quate for several reason. First of all, critical contributions to Measurements at fixed frequeneyand varying temperaturg
the sonic spectrum, due to the many scales of the fluctuationare thus frequently used to measure the scaling function. This
correlation lengthE and all the more so of the relaxation rate  procedure may be questioned because (noncritical) background

(4)
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contributionsa,? to the sonic attenuation per wavelength

o, = + 0T ®)
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Drittes Physikalisches Institut (DPI) using three methtds.
Below 1 MHz, utilizing a biplanar cavity cell, a resonator
method had been appliéti At high frequencies, pulse modu-
lated travelling wave transmission methods had been used in a

may remain undiscovered and thus lead to severely incorrectfixed path (5 MHz= v < 30 MHz) and a variable path length

results?® In the above relationsl is the critical temperature,
wo is the amplitude ofwp, Zo denotes the dynamical critical
exponent, and is the exponent of the fluctuation correlation
length, following power law behavior

E=gf (6)
Using eq 6, it is tacitly assumed that background contribution
&p to &€ can be neglected.

We recently performed a broadband ultrasonic attenuation

study of the critical system ethanol/dodec®&féwhich, in the
frequency range of measurements (0.2 M&Hz < 500 MHz),
displays a simple background term only, proportional to the
frequency

a,°(v,T) = B(Tyv @)

It was found that for this simple system with unusually small
coupling constang, the experimental scaling function can be
well represented by the FotMoser scaling function

(30 MHz < v < 400 MHz) mode of operatioff. The spectra
for the mixture of critical composition were complemented at
the Heat Physics Department (HPD) by reverberation measure-
ments between 30 and 60 kiZzThe previous measurements
on pure isobutyric acid at 23C°8 were completed by spec-
trometry at 10, 20, 30, and 4C (HPD). In these measurements,
in addition to the reverberation methéda cavity resonator
method ¢ < 1 MHz)"®77and also further developed versions
of a pulse-modulated wave transmission technique was agplied.
The cavity resonator measurements involved a cell with
convexo-concave piezoelectric lengé$he error in the attenu-
ation coefficient data was 20% at< 200 kHz and 5% at =
200 kHz. The error in the values of the measuring frequency
was negligibly small. The temperature of the various specimen
cells was controlled and measured to within 0.03 K.

Dynamic Light Scattering. In order to determine the mutual
diffusion coefficientD, which according to the Kawasaki
Ferrell relatiod*7®

D = kg T/(671 &) (8)

Fem(Q)?%3%and, with some reservations, also by the empirical

Ferrell-Bhattacharjee scaling functidfeg(€2)?123 At Q < 1,
Fes somewhat exceeds the measured data WHilg remains

is related to the fluctuation correlation lengthwe used a self-
beating digital photon-correlation spectrométés measure the

somewhat below the experimental data, a result to which decay rate of the time autocorrelation function

attention has to be given in future work. We nevertheless feel
that theoretical models are so well established that attempts can S(0,T) = exp(-tI'(q,T) ©)
be made to calculate the critical contributi@sf(v) to complete . . .

ultrasonic spectra and to properly extract the noncritical of the light quasielastically scattered from the sanipié3 Here
background contributions thereby. From a clear separation of
the critical part from noncritical background contributions with
relaxation characteristics, we expect valuable insights into the
correlations between the fluctuations in concentration and theis the amount of the wave vector selected by the scattering

q = (4nnld,) sin(0/2) (20)

elementary chemical processes occurring in the binary liquid.

geometry, Ao denotes the wavelength of the incident light,

In this paper we focus on the system isobutyric acid/water, the the refractive index of the sample liquid, afidhe scattering

critical solution behavior of which has been intensively studied
in the pastt—® applying a variety of experimental methods. In
addition to the protolysis reaction, association equilibria exist
in carboxylic acid/ water mixtures. It is well established now
that preferably single hydrogen-bonded linear dimers (“chain-
like”, D¢rn) and double bonded cyclic dimers {pare formed
with the higher homologues of formic aciéiHere we inspect
the prospective effects of critical concentration fluctuations on
the coupled dimerization reactions.

2. Experimental Section

Samples. Various samples of the isobutyric acid/water
mixture of critical composition have been prepared using
isobutyric acid, (CH),CHCOOH, from Fluka (puriss. p.a.,
>99.5%) without additional purification. Water was deionized,
distilled, and UV sterilized. The mass fraction of the critical
mixture wasY, = 0.392 + 0.01 due to the equal volume
criterion. The visually determined critical temperatiizeof the
individual samples varied between 26.28).02°C and 26.42
+ 0.02°C, in conforming with the scatter of literature data (e.g.,
26.20273 26.28%3 26.38% and 26.393°C57). Pure isobutyric
acid was also measured as delivered by the manufacturer.

Ultrasonic Spectrometry. At frequencies between 200 kHz

angle. In the hydrodynamic limit

D(T) = gg(r(q,n/qz) (11)

To enable careful measurementsld? at 3¢ < 0 < 145 a
specially designed céll was precisely positioned on a goni-
ometer system. The autocorrelation function of the scattered
light at each selected scattering angle was determined with the
aid of a commercial digital correlation board (ALV Laser,
Langen, FRG). It was provided with 288 channels that allow
for real time measurements with a characteristic time scale
between 2x 1077 and 3.4x 10 s88 We used a 632.8 nm
light source (He-Ne laser, 8 mW) and the usual setup to reach
high spatial resolution, to exclude fluorescent light from
detection, and to avoid contributions from orientation correla-
tions within the liquid®® The temperature of the sample was
controlled to within 0.02 K and was measured with an error of
less than 0.01 K.

3. Results and Treatment of Data

Isobutyric Acid Ultrasonic Spectra. In Figure 1 a biloga-
rithmic plot of an ultrasonic excess attenuation spectrum

and 400 MHz, the ultrasonic attenuation spectra for the samples

of critical composition had been measured previously at the

0,7 W) = 0y (v) — ") (12)
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Figure 1. Ultrasonic excess attenuation per wavelength bilogarith- 3l — — — .
mically plotted versus frequency for isobutyric acid at@ The curve 00401 04 1 4 10 40100 400
is the graph of the relaxation spectral funcion defined by eq 14 with v, MHz

the parameter values given in Table 1. Figure 2. Ultrasonic excess attenuation spectra for the isobutyric acid/

water mixture of critical composition at 3% (0, T — Tc = 8.58 K)

TABLE 1: Sound Velocity cs and Parameters of the and at 30°C (O, T — Te = 3.58 K),

Low-Frequency (1) and High-Frequency (2) Debye Term as
Well as the Asymptotic High-Frequency Term @) of the
Model Spectral Function Ry, (Eq 14) for Isobutyric Acid at

Four Temperatures T subdivision of the measured spectra into two Debye terms, the

- . asymptotic high-frequency term and a critical term due to
. Zi(()”;/;) i(ioﬁ/l 22(8;) i‘{oﬁj 122(3?/) i(spoj) concentration fluctuations, is possible without any restrictions
<) ~7 ° 0 0 0 ° in the parameter valué8we shall fix the critical contribution

10 1192 4.6 26 54 0.47 66.6 in the f0||owing_

20 1156 8 18 55 0.37 63.4 In a broadband ultrasonic study of the system ethanol/
30 1118 5.2 14 51 0.33 53.5 dod s f d the Folk-M ling functiofey t

40 1082 6.6 10 57 0.25 166 odecané® we found the Folk-Moser scaling functiofrey to

be somewhat superior to the FerreBhattacharjee scaling
function Frg, as mentioned in the Introduction. We shall
nevertheless use the FB model here to calculate the critical
contribution to the sonic attenuation because all necessary
parameters are available. Following this procedure we tacitly
assume that the different contributions superimpose linearly in
the acoustic spectra.

with B independent of» has been subtracted from the total  Ferrell and Bhattacharjee have presented the empirical
attenuation per wavelengtly, in order to accentuate the two  rg|atior?®

relaxation regions in the spectrum. These relaxations with

is shown for pure isobutyric acid. The asymptotic high-frequency
part (eq 7)

o) = BT (13)

relaxation frequencies; and v, around 10 and 16 Hz, Feg(Q) = Q1L+ 91/2)72 (16)
respectively, can be analytically represented by Debye-type
relaxation terms with discrete relaxation timgs= (27vi) i for the scaling function. Hence using eq 3 g function can
= 1,2. We thus fitted the model relaxation functian € 27v) be calculated provided the amplitudg of the relaxation rate
of the order parameter fluctuations is known. If eqs 1 and 8 are
Ra(v) = Aot /(1 + 0°1) + Aot (1 + 0’ + B(Vl4) analogously applied, the amplitude
wo = 2DyE,? (17)

to the measured spectra using a nonlinear least-squares regres-

i 87
sion analysi$? The values for the parameters & are can be obtained from the amplitudes of the diffusion coefficient
displayed in Table 1. and the fluctuation correlation length. We used our light

Mlxtur_e of Critical Composm_on. In F|g_u_re 2 the EXCESS  scattering data to determine the mutual diffusion coefficient (eq
attenuation spectrum for the mixture of critical composition is 11) as a function of temperature. TH2 vs T relation as

shown for two temperatures distinctly above the upper critical oo« \red in the homogeneous phase close to the critical

demixing temperatur&.. Again two relaxation regimes emerge. temperature is displayed in Figure 3. When fitted to the power
The relaxation frequencies, however, are shifted to somewhat

smaller frequencies and the relative magnitude of the relaxation
amplitude changed. The spectra can no longer be described by D(T) =D P (18)
a sum of two Debye-type relaxation terms only. Particularly at 0
low frequencies, where a Debye term displays a simple linear

i = 10 m2 o1 i
log o, vs log v behavior with slope these data yieldy = 5.9 x 1071 m? st if the exponent is

fixed atv* = 0.664, as predicted by mode coupling thebty.

) Deby Using & = 3.6 x 10719 m from the literaturé® wg = 9.1 x
lim[d(log a;,"**)/d(logv)] = 1 (15)  10° s* follows, and with the aid of this valuBes(Q) can be

calculated.

smaller slopes are found for the spectra of the mixture of critical 1€ critical concentration;(v,T) to the ultrasonic spectrum

composition. Moreover, the slope noticeably decreases when@t & temperaturg, according t&®

approaching the critical point, as characteristic for critical c c

contributionso,%(v) to the ultrasonic spectrum. Since no reliable o, (v, T) = oy (v, TYFea(R2) (19)
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T T T T T T TABLE 2: Sound Velocity cs, Relaxation Rate wp of
Concentration Fluctuations, and Parameters of the
Relaxation Spectral Function Defined by Eq 14 for the
Isobutyric Acid/Water Mixture of Critical Composition with
Tc = 26.46°C

_ Cs(m/s) 10Pwp 1073A; 71(ns) 1073A; 71 (ns) B (ps)
TEC) 10% £0.2% (s) +10% £10% +10% £20% +10%

26.46 0.1335 1411.3 03 74 180 31 6.6 66
26.57 0.5005 1411.3 39 82 156 30 4.5 66
26.68 0.8672 1411.2 112 94 124 27 2.7 63
26.90 1.600 1411.2 36.7 99 112 25 1.9 60
270 1932 14111 52.8 99 108 25 17 61
28.0 5.246 14104 365 99 99 21 1.7 60
30.0 1181 1410.1 1770 93 85 18 1.7 59

D(T), 10 2m?s!
N W A L O oo \O

—_
T
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0.0 0.1 0.2 0.3 04 0.5
T - TC s K 50 1 T T T 1 T T T 1
Figure 3. Mutual diffusion coefficienD of the isobutyric acid/water/ o«
mixture of critical composition displayed versiis— Tc. The curve S 20
shows the power law behavior predicted by the theory (eq 18) with -
the critical exponent* = 0.664 and the amplitude, = 5.9 x 10°%° o
m? s7L. 1 10
z
is controlled by the scaling functiofreg and the critical = s
contributiono, (v, Te) at the critical temperature. Following again BS
the Ferrel-Bhattacharjee mod&l [;l )
o, (v, T) = Sgv™° (20) g 1
whered = ag/(Zo7) = 0.06 and d
05 1 1 1 1 ! 1 Il 1 |
ﬂZ(SCS{Ql/ZCUO)écS(TF)gz 00401 041 4 10 40 100 400
= 21
2T, \ 2 c, (21) v, MHz

Figure 4. Ultrasonic excess attenuation without the critical contribution
as calculated according to the BhattachafjEerrell theory, displayed

at 35°C @, T — Tc = 8.58 K) and at 26.46C (O, T — Tc = 0.04 K).

The curves are graphs of the double-Debye-term relaxation spectral
function (eq 14) with the parameters given in Table 2.

In these equationsy is the critical exponent of the specific
heat

C,=Cit ™+ Cp (22) )
Q1 = (wlwe)t™%" (= 2.67) is the dimensionless half-attenuation 0—H
frequency® andg is the coupling constant, given by 2(R—C/ )
I\
dT. Tof ° &
9= p(Tgcp(d—‘#?" 29 / N
PP o—H--0 K| 0—H
R—C C-R = R-C
with the thermal expansion coefficiemf) for the mixture of N0 H—0 k] o H—0
critical composition. Usingo(Te) = 0.99 g m 353 dT/dP = /\C—R
—5.5 x 1077 K/Pa#® Cg =35JgltK L8 andCj= 3.5 x o/
102)Jg1K138g=2.1, andS=6.5x 107> m~ %follows. Dy D.p

With these values and with the sound velocities obtained as aFigure 5. Scheme of coupled reactions for the formation of single
byproduct from our ultrasonic atten_u_atlon mef_;lsur_ements (TableH—bonded chainlike dimer®¢, and double-H-bonded cyclic dimers
2), we are able to calculate the critical contribution Dey from carboxylic acid monomers M.

o (v, T) = cSv O'OﬁFFB(Q) (24) taken to indicate that the,%(v,T) part has been appropriately
considered. Hence we fitted the relaxation spectral function
Rm(v) also to thea,(v,T) — a,%(v,T) spectra for the mixture of
critical composition. The parameter values obtained thereby are
presented in Table 2. Also given in that compilation of data
are the values for the relaxation ratg as following from the
power law behavior (eq 3) andy = 9.1 x 10° s7L,

to the measured ultrasonic attenuation spectra. In doing so we,
also used the alternative form of the scaling function

Fea(Q) = [1 + 0.414@Q,,/Q)" 2 (25)

given by Ferrell and Bhattacharjée.

Two ultrasonic excess attenuation spectra from which the
critical part, due to concentration fluctuations, has been
subtracted, are displayed in Figure 4. The remaining contribu- It is now well establishei:63:66.729092 that in pure carboxylic
tions to the frequency-dependent sonic attenuation again canacids and also in carboxylic acid/water mixtures association
be well described by a sum of two Debye type relaxations. This equilibria exist as depicted in Figure 5. It is also accepted that
correspondence with the pure isobutyric acid spectra may bethe high-frequency relaxation term (“27) in the ultrasonic spectra

4, Discussion
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reflects the monomer/chainlike dimer equilibrium

K
2M < Dg,

(26)
and the low-frequency relaxation (“1”) the equilibrium between
both types of dimers

K

Dcy *;{ Dch (27)

Since the relaxation timeg andz, differ by about 2 orders of
magnitude, both steps of the total reaction 2%l D, are

assumed to be largely decoupled from one another. The dimer/

Kaatze and Mirzaev
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Figure 6. Eyring plot of the relaxation times of the low-frequency

dimer reaction has been found to be significantly promoted by (;,) and the high-frequency4) Debye term in the isobutyric acid excess

catalytic action from hydronium ions (“A”, acid) and carboxylate
ions (“B”, base) so that eq 27 has to be compl&tet

K

A+ Dy Do+ A (27a)
K

B + Dy <" Den + B (27b)

The relaxation rate;~* related to the cyclic dimer/chainlike
dimer reaction is then given by the relation

Ly = Ky + K+ (K + K)e(A) + (ki + K)e(B)

wherec(A) andc(B) denote the concentrations of the hydronium

(28)

ions and carboxylate ions, respectively. The forward and reverse
rate constants are independent of concentrations. The rate

constants for the reverse reaction (formation of a double
hydrogen-bonded cyclic dimer from a single-bonded chainlike
dimer), however, are inversionaly proportional to the viscosity
ns Of the solution, due to the molecular rotation around the
direction of the existing hydrogen bond involved in this step.
Following Corsaro and Atkinséh

K= (29)

in eq 28.
The relaxation rate of the monomer/chainlike dimer reaction
step, according 8
1/, = 4Kc(M) + K, (30)
is related to the rate constarksandk, and to the monomer
concentratiorc(M). Let us assume the formation/disruption of
the hydrogen bond itself to be very fast as compared.tdhe
bonding strength of the hydrogen bonds in pure water, for
example, fluctuates very rapidly, with correlation times on the
order of 0.1-1 ps?% Hence it may be justified to consider
the dimerization reaction to be diffusion-controlled so that
f f
ko = koD ky = KyoD (31)
with Dy denoting the diffusion coefficient of carboxylic acid
monomers.
Let us now inspect the relaxation timesandr, as extracted

attenuation spectra.
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Figure 7. Relaxation time ratiai(Y=Y,T)/z(Y=1T),i = 1,2 versus
temperature. The curves are drawn just to guide the eyer;{Yel,T)
values have been interpolated due to the Eyring type behavior (eq 32;
Figure 6).

assumed to be governed by activation barriers. Hence the
temperature dependence of the relaxation times is assumed to
be controlled by Eyring relatiof%

h AGf .
T = @_Cﬁ ex E , 1=1,2 (32)
In this equatiorCs, i = 1,2 denote configurational factors almost

independent oT andAG* = AH;¥ — TAS* are the Gibbs free
energies of activation. The relaxation times and 7, for
isobutyric acid follow an Eyring behavior as predicted by eq
32. The plots in Figure 6 yieldH;* = 26.5+ 5 and AH,*
11.7+ 2 kJ/mol. Both values are in the order of hydrogen bond
energies. The finding oAH;* > AH,* may in parts be due to
the viscosity effect in the; data which tends to enhance the
variation of the relaxation time with temperature.

In order to demonstrate the particular temperature effect in
the relaxation times of the isobutyric acid/water mixture of

from the ultrasonic attenuation spectra. In Figure 6 the relaxation critical composition, a plot of the ratiog(Y=Yc, T)/zi(Y=1,T)

times for pure isobutyric acid are logarithmically plotted as a

as a function ofT is given in Figure 7. At 2PC < T < 35°C

function of 1/T. This plot has been chosen because the formation these ratios reveal almost identical temperature dependences in

of the hydrogen-bonded chainlike dimer from monomers and

the relaxation times of the mixture and of the pure acid,

also the single-bonded/double-bonded dimers reaction arerecpectively. AfT — T, < 0.5 K, however, the relaxation times
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Figure 8. Bilogarithmic plot of the relaxation times, i = 1, 2 of the

isobutyric acid/water mixture of critical composition versus the reduced

temperaturd. The lines indicate power law behavior (eq 33).

of the mixture of critical composition substantially increase when

approaching the critical temperature.
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attenuation data at even higher frequencies. Applying the relation

defined in eq 33 yieldy; = 0.2 + 0.05 andy, = 0.3+ 0.2.

Since the viscosity of the isobutyric acid/water mixture of critical

composition varies neaf.” asys = 7sd %% only, the power

law behavior in the relaxation time of the low-frequency single-
bonded/double-bonded dimer reaction cannot be solely due to
an effect of viscosity (eq 29). Hence there must exist an intrinsic
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1994 98, 189.

(39) Zielesny, A.; Woermann, . Chem. Soc., Faraday Trank995
91, 3889.

(40) Khabibullaev, P. K.; Mirzaev, S. Z.; Saidov, A. A.; Shinder, I. I.
Phys. Dokl.1995 40, 627.

(41) Hornowski, T.; Labowski, MArch. Acoust1996 21, 53.

(42) Fisher, M. ERep. Prog.Phys1967 30, 615.

(43) Kadanoff, L. P.; Swift, JPhys. Re. E 1968 166, 89.

(44) Halperin, B. |.; Hohenberg, P. ®hys. Re. 1969 177, 952.

(45) Mirzaev, S. Z.; Kaatze, UChem. Phys. Lett submitted for
publication.

(46) Mirzaev, S. Z.; Telgmann, T.; Kaatze, Bhys. Re. E 200Q 61,
542.

(47) Durr, U.; Mirzaev, S. Z.; Kaatze, Ul. Phys. Chemsubmitted for
publication.

(48) Friedlander, J.Z. Phys. Chem1901, 38, 385.

(49) Chu, B.; Schoenes, F. J.; Fisher, MAhys. Re. 1969 185 219.

(50) Stein, A.; Allen, G. TPhys. Re. Lett 1972 29, 1236.

(51) Labowski, M.Acoust. Lett1979 3, 123.

(52) Kaatze, U.; Woermann, Ber. Bunsen-Ges.Phys. Chefr982

mechanism that slows down near the critical demixing point. gg g1

On the contrary, due to the exponerit= 0.664 in the power
law behavior of the mutual diffusion coefficient (eq 18), it

appears to be likely that the diffusion-controlled monomer

chainlike dimer reaction (eq 31) ne&yis largely governed by
the critical slowing of the diffusion coefficiel@y of monomers.
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