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Structural Isomerization and Molecular Motions of Liquid n-Alkanes. Ultrasonic and
High-Frequency Shear Viscosity Relaxation
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Between 20 and 120 MHz, the complex shear viscositg-tdtradecanen-pentadecanay-hexadecane, and

a n-eicosangi-tetradecane mixture has been measured using a shear impedance spectrometer. The data are
compared to ultrasonic absorption spectra of the liquids as measured between 1 MHz and 2 GHz. Relaxational
behavior has been found. The extrapolated high-frequency shear visggsitys distinctly smaller than the

static shear viscosityy0). The shear viscosity relaxation time is discussed in light of literature data of the
orientational correlation time from depolarized Rayleigh scattering and also of the collision time as resulting
from dielectric spectrometry. The assumption appears to be likely that the shear viscosity relaxation is due to
rotational isomerizations of the chain molecules. A damped torsional oscillator model has been used to evaluate
the spectra. The reasonable number of three carbon atoms per oscillator unit results. The activation energies
and enthalpies are derived from measurements at different temperatures.

1. Introduction homologue. To also study the effect of dilutionpentadecane/
n-hexane mixtures with mole fraction= 0.75 andx = 0.5 of
pentadecane have been included. Smbexane it = 6; Fluka,
>99.5%) did not show any relaxation characteristics in the
measuring frequency range, it may be taken as an ideal (inert)
solvent. The solutions were prepared by weighing appropriate
amounts of the constituents into suitable flasks.

The densityp of the sample liquids has been determined
picnometrically. Thestatic shear viscosityyso = 7s (v — 0)
has been measured using a falling ball viscometer (Haake,

laxational ch teristics in the sh ; it id B/BH) and also a set of Ubbelohde-type capillary viscometers
re laxagllon_a ¢ r?tra(': ?“Sﬂ']cs n | € SI ear tV'SCOtTC" y ma}yl_pro_\él € (Schott, KPG). Theyso values given in Table 1 are weighted
vajuabie Insignts Into the molecular Interactions of fIquids, \neang of the data measured with both methods.

aIIowing one to set up models of elemen.tary processes that take Ultrasonic Absorption Spectrometry. We have used two
place in the molecules, we have Stl"d'e.d expenmentally the parallel experimental approaches to investigate the shear viscos-
frequency-de_pendent (co_mplex) shear wscosny_of the liquid ity relaxation of alkanes. One utilizes longitudinal compressional
n-alkanes using a shear impedance spectrometric method. W acoustic) waves. It is based on the dependence of the sonic

combined these measurements with broad-band. UItrasor!'Cabsorption coefficientt upon the shear viscosity. For nonmetal-
spectrometry of the liquids. Alkanes have been studied here iNjic liquids, for which a small contribution from the heat

order_ to first e_x_clude_ effects from association dL_Je_to hydrogen conductivity can be neglected
bonding. Additional interest springs from conflicting models
of the viscoelastic properties of liquittalkanes:3

The shear viscositys of liquids reflects in an obvious manner
the intermolecular forces that are responsible not only for the
existence of condensed matter at all but also for specific
differences in the properties of condensed fluids. Despite the
fundamental importance of intermolecular forces to the study
of liquids and regardless of the key position of the shear
viscosity in a great variety of transport phenomena in fldids,
comparatively little is known on the frequency-dependent
behavior ofys in low-viscosity liquids. Since the knowledge of

@)

8m? 3
o= (775 + va)

2. Experimental Section 3,oc3

Sample Liquids. A previous study of the ultrasonic absorp-
tion spectra ofn-decane,n-dodecanen-tetradecane, and-
hexadecane at 2 clearly revealed relaxation behavitFhe
relaxation frequency; of the relaxation process with discrete
relaxation timer = (27v,)~! increased with increasing length
of the hydrocarbon molecule. For decangust coincides with
the upper limit (2 GHz) of our present measuring range. We 2
thus focused on longer normal alkanes40&H,),—>CHs, n > iy = 4”_’;,73 (2)

14, here. We used-tetradecanen = 14, Fluka, >99%), C

n-pentadecanen( = 15, Fluka, >99.8%, Sigma,>99%),

n-hexadecanen(= 16, Fluka,>98%), andh-eicosanerf = 20, is expected to exist in fluids. In deriving eq 1 it is tacitly
Fluka, >97%). Becaus@-eicosane is a solid at room temper- assumed that no other relaxation mechanisms contribute to the
ature (melting point: 36°C), we measured an eicosane/ absorption coefficient within the frequency range under con-
tetradecane mixture with mole fractiorn—= 0.33 of the higher sideration.

wherev denotes the frequency of measurementatite sound
velocity of the liquid. The volume viscosity, is related to the
curl-free part of the acoustic field. If no high-frequency
relaxation processes contribute to the volume viscosifys
2/3 s is found® Hence a minimum sonic absorption coefficient
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TABLE 1: Survey of the Sample Liquids as Well as Density essential device of the setup was a disk-shaped AT-cut quartz
(p) and Static Shear Viscosity §s¢ Data at Some (2Rr = 15 mm, thicknesshr = 0.83 mm) suitable for thickness
Temperatures T shear oscillations. One end face of the disk was loaded with a
sample T,°C p, mglcn? 75 mPas thin layer @ ~ 3 mm) of the liquid under test. The resonator
n-tetradecane 250  760.0 2.05 was operated at the odd harmonics of the AT-cut quartz

18.5 764.0 fundamental frequencyrsn = 2 MHz. We got quality factors

100  766.0 sufficiently high for reliable measurement & 80 000) in the
n-pentadecane 2023-0 767963'0 2.55 frequency range between 20 and 120 MHz.

150 771.0 3.20 To precisely determine the resonance frequengy= (2n
n-pentadecanethexanex=0.75 150  759.3 2.19 + Dvrsh n =1, 2, ..., and quality factoQ(v) of each
n-pentadecanethexanex = 0.5 15.0 738.5 1.31 resonance peak, we always recorded the electrical cell imped-
n-hexadecane 250  770.0 3.05 ance in a sufficiently broad frequency range aroungallowing

200 773.0 for a careful consideration of higher order vibration motfes.
n-eicosanet-tetradecanex(= 0.333) 12%_% 7776‘}3& 313 The electrical impedance of the AT-quartz resonator was

measured in a RF-bridge, enabling us to sensitively compensate
2 The mole fractiorx refers to the higher homologue in a mixture.  for the high capacity of the device as resulting from the gold-
coated transducer faces. The measug@dndQ(v; ) data yield
We applied two methods to measure the absorption coefficient the real parZ. and the imaginary pai. of the complex shear
o of the liquids in the frequency range from 1 MHz to 2 GHz. impedancezy(v) = Z|(v) + iZ/'(v),*>® from which the com-
At low frequencies, where. is small, we used a plano-concdve plex shear viscosity follows as

and a biplandr cavity resonator cell for fixed path-length

continuous wave measurements of the quality factor relative to Z) + iZ’(v))2
a carefully chosen reference liquid. At > 20 MHz three nv) =nL—ini(v) = . ° (3)
specimen cells were utilized for the direct determinatiormof lwp

by a variable path-length pulse-modulated wave transmission
technique. The cells mainly differed in the parameters of the
transducers (30 MHz v < 500 MHz: lithium niobate disks,
transducer diamete = 12 mm, fundamental frequency of
thickness vibrationst = 10.8 MHz, overtone operation at=
@2n+1)vr,n=1,2,..2500 MHz < v < 2 GHz: broad-band
end face excitatiof§ of lithium niobate rods, Ry = 3 mm,
lengthlt = 10 mmi1121.3 GHz< v < 4.6 GHz: zinc oxide
layers sputtered on circular delay lines made of sapphire with
diameter By = 7 mm, vt = 1.3 GHz, overtone operatiofy.

The temperature of all specimen cells was controlled to within
+0.05 K, and it was measured with an accuracyt®.02 K.
Temperature differences between the different cells were thus
smaller thant-0.05 K, resulting in an estimated error of less . liquid/ d - faddd At higher fre-
than 0.1% in the values of the absorption coefficienfAt all sonic waves at liquiditransducer interia t higher fre

. . . . guenciesc was derived from the waviness in the transfer
frequencies highly stable synthesized signal generators havzunction of the variable path-length cells due to multiple

been used. Hence frequency fluctuations can be neglecte eflections of the sonic signal at small transducer spacing. The

throgghout. . experimental error in the sound velocityAs/c = 0.001 aty
With the resonator measurements, the main sources of _ 5\ 004~ 500 MHz andAc/c = 0.0005 otherwise

possible errors are small disturbances in the cell geometry, in
particular, small deformations occurring during the emptying, re
cleaning, and refilling procedure when the sample is exchanged
for the reference. Repeated filling of the cavity cells resulted

Hereinw = 2xv is the angular frequency. Measurements of
reference liquids with well-known (static) viscosityo, for
which at frequencies up to 120 MHz no relaxation phenomena
are expected, yielded the following experimental errors
Andng 0.05, 20 MHz= v < 60 MHz; 0.03, 60 MHz= v < 80
MHz; 0.1, 80 MHz=< v < 120 MHz.

Sound Velocity MeasurementsThe sound velocity of the
samples has been determined in connection with the measure-
ments of the ultrasonic absorption coefficient. In the lower part
of the frequency range of the measuremerttas been derived
from the distances between series of resonance frequencies of
the cavity resonator cells, taking into account the nonequidis-
tancy of the cell resonances due to incomplete reflection of the

Regression Analysis of Measured Spectra.o analytically
present measured specia,) by relaxation spectral functions
R(vn, Pj) we used a Marquardt algoritidfhto minimize the

. ; - . . . variance
in an estimated uncertainty of about 5% in thealue, including
also the error that might result from small deviations of the N [Sv,) — R, P)\2
) . A 1 n m j
sound velocity and the density of the reference liquid from the XZ(P .P)= (4)
respective sample data. A significantly higher accuratoy/( S S N 1£ AS(v,)

~ 1%) has been achieved in the pulse-modulated traveling wave
transmission measurements since this method does not need gerew,,, n = 1, ..., N, are the frequencies of measuremén,

reference IIQUId At hlgher frequencies, depending on the J = l, ___'\], are the parameters ﬁ, andASVn) denotes the

absorption coefficient of the IIQUId, the usable Sample thickness experimenta| error of at Vn. AS1is used as We|gh|ng factor
range in the measurements may be so small that the limitedin eq 4.

accuracy of the distance metek§ nm with the cell that uses
ZnO films as transducers200 nm otherwise) cannot be
neglected. 3. Results and Analytical Description of Spectra

Shear Impedance Spectrometry.The other approach is
based on the determination of the complex shear wave imped- Sonic Absortion Spectra. In Figure 1 the frequency-
anceZs of the liquid as a function of frequenay To achieve normalized ultrasonic absorption spectrum of pentadecane is
a high sensitivity, sufficient for the study of low-viscosity displayed at 15°C. If relaxation processes are missing in
liquids, we applied a shear resonator technitfueasically a acoustical spectra, frequency-independgrdandz, result in a
further development of the method by Eggers and Fdhdke constant/v? (eq 1). Theo/v? data forn-pentadecane, however,
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100 i - . : i i unimolecular reaction of the type
©a
95 | Q@ 0 i kf
e X A=A 7
0® © k
E90F ° i
o Closer inspection of the spectra leads to the conclusion that,
< 85t . within the limits of experimental error, all but one can be well
< represented by a relaxation term with discrete relaxation time
~ 80F . 74. Hence we used the relaxation spectral function
>
© 75 R,(v) Au—m“ +B )]
" | V) = v
1+ (a)‘cm)2
0 1 4 1'0 4‘0 16 460 1000 4000 to represent the frequency-dependehtdata. Hereir, is the
v . MHz relaxation amplitude. In deriving eq 8 it has been tacitly taken

] ) ) o into account that the dispersion in the sound velocity is small.
Flgunoe 1. Ultrasonic absorption coefficient pe? for n-pentadecan_e Hencec(v)ic(v — ») = 1 has been used. Th&,, 7, andB
?ancgt’io% %ﬂﬁﬁ;‘igﬁgi;‘;ﬁ:ﬁgmﬁg curve represents a relaxation values_ following from the nonlinear Ieast-squqres regression

analysis of the measured spectra are collected in Table 2 where
the sound velocities are also given.

The only sample of which the spectrum cannot be adequately
represented by thBy(v) function (eq 8) is then-eicosaneil-
tetradecane mixture. As illustrated by Figure 3 the excess
absorption region for this liquid extends over a somewhat
broader frequency range than predicted by eq 8. We suppose
this broadening to be due to a superposition of two relaxation
terms, assuming both constituents of the mixture to display their
own ultrasonic relaxation. For simplicity we assumed these
relaxation mechanisms to proceed independently from another.
We therefore analyzed theeicosanei-tetradecane spectrum
in terms of two relaxation contributions with discrete relaxation
time. In doing so we fixed the relaxation timg of one of the

0.01 e t t the value fon-tetrad t th t t
4 10 40 100 400 1000 4000 erms at the value fon-tetradecane at the same temperature
M (z; = 0.19 ns, 25°C, Table 2). The fitting procedure yielded a
Ve z relaxation amplitudey); = 0.014+ 0.003, in agreement with
Figure 2. Ultrasonic absorption spectra in the formaf)ex vs v for our expectations due to simple mixture relatioA§ & 0.012
n-pentadecanefhexane mixtures at different mole fraction of + 0.002). It seems thus to be justified to considgrand A

n-pentadecandl, x = 1; O, x = 0.75; A, x = 0.5; 15°C. The full, th t f the-ei | Hi
dashed, and dotted lines are graphs ofRh@) function (eq 8) with € parameters of the-eicosane relaxation process.
the parameters given in Table 2. Shear Viscosity Relaxationln Figure 4, as an example, the

real party, and the negative imaginary payt of the complex
atv > 100 MHz clearly decrease with frequency, thus indicating shear viscosity oh-hexadecane, as following from the shear
relaxation behavior. Because the relaxation frequency obviouslyimpedance measurements (eq 3), are displayed as a function of
is high, it is useful to plot the data also in the formatJexc VS frequencyv. Within the frequency range of measuremeft
v, in which the high-frequency part of the spectrum is accentu- decreases slightly from, = (3.1 + 0.1) x 102 Pas at 20
ated. Herel = c/v is the sonic wavelength and suffix exc MHz to n, = (2.9 + 0.3) x 103 Pas at 120 MHz. With all
indicates that only the part of the total absorption per wave- studied alkanes the small frequency dependence in the real part
length, o, that exceeds the high-frequency asymptotic back- of the viscosity does not exceed the experimental uncertainty.

ground contribution, )asy is shown However, corresponding with the decreaseyi(v), the nega-
tive imaginary part; increases almost proportional #o This
() exe = (04) — (0U4) 5y (5) behavior is characteristic for the low-frequency wing of a
relaxation process. Hence we analyzed the shear viscosity
In plotting the (u)exc Spectra spectra in terms of the relaxation spectral functidn= —1)
(04) 55y = BY (6) A
RO) = nde0) + 1 ©)

has been assumed withindependent of, corresponding with

a constant par’ = Bcin the frequency-normalized spectrum  gjnce the frequency range of the shear viscosity measurements
(Figure 1). The @1)exc Spectra displayed in Figure 2 confirm s 195 small to allow for a reliable determination of the three
the relaxation characteristics in the sonic absorptionnof parameters(e), As, andrs of the Ry(v) function, we assumed

pentadecane. These spectra also show that the amplitude of thg, the ultrasonic relaxation and the shear viscosity relaxation
excess absorption becomes smaller whdrexane is added to to be due to the same molecular mechanism. Hence we used

n-pentadecane whereas the relaxation frequehdy almost
independent of the mixture composition. Hereis simply T
defined as the frequency at which thelfexc Vs v relation adopts
its maximum. These dilution properties suggest an underlying in the evaluation of the measured spectra. The results for the

=T (20)

S o



3272 J. Phys. Chem. A, Vol. 104, No. 15, 2000

Behrends and Kaatze

TABLE 2: Sound Velocity ¢ and Parameters of the Ultrasonic Spectrum (Eq 8) fom-Alkanes at the Temperature T2

sample T,°C c, m/s Ay, 16 Tow PS B, ps
n-tetradecane 10.0(2) 1368(6) 18(2) 240(20) 91(1)
18.5(1) 1336(6) 16(2) 220(30) 84(1)
25.0(1) 1313(6) 16.9(15) 190(10) 78.6(7)
n-pentadecane 25.0(1) 1324(6) 15.0(15) 250(20) 86.6(9)
20.0(1) 1345(6) 14.5(13) 270(20) 91.7(10)
15.0(2) 1364(6) 14.4(9) 320(10) 98(1)
n-pentadecanathexane X = 0.75) 15.0(2) 1332(6) 9.05(33) 324(21) 84(1)
n-pentadecanga/hexane X = 0.5) 15.0(1) 1295(6) 5.5(13) 287(50) 72(1)
n-hexadecane 18.5(2) 1363(6) 14.4(5) 390(10) 101.8(6)
20.0(1) 1359(6) 16.0(10) 330(10) 98.0(10)
25.0(1) 1336(6) 16.8(7) 290(10) 91.9(5)
n-eicosanai-tetradecanex(= 0.333) 25.0(1) 1333(6) 5.3(15) 520(70) 92.0(8)

aWith the n-eicosanei-tetradecane mixture parametéisandz, refer to the eicosane relaxation. A second relaxation term has been found in
the spectrumA;, = 0.0014,7;, = 0.19 ns) and has been attributednttetradecane.

20 T T T T T T T
10 |

0.02 Lot
0.4 1 4 10 40100 4001000 4000

v, MHz

Figure 3. Ultrasonic excess absorption spectrum of theicosane/
n-tetradecane mixture at 2%. Dashed and dotted curves show the
subdivision of the spectrum into two relaxation terms with relaxation
timest}, andz,, respectively. The full curve represents the superposi-
tion of both terms.
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Figure 4. Real party; (®) and negative imaginary pant (O) of the
complex shear viscosity ofi-hexadecane at 25C displayed as a

error agree with the static valuego as determined with the
normal viscometers. This agreement may be taken to indicate
the absence of systematic errors in the shear wave impedance
spectrometry.

4. Discussion

Conformational Modes and Orientational Motions. As
illustrated by Figure 5 the, data of then-alkanes depend
strongly upon the length of the molecules. Furthermore the
ultrasonic relaxation times far-dodecanen-tetradecane, and
n-hexadecane agree almost perfectly with molecular reorienta-
tion times as derived from depolarized Rayleigh scattefing.
Both findings indicate a structural relaxation process in which
motions of the complete molecules are involved. On the other
hand, dielectric relaxation timeg are substantially smaller than
7o (Figure 5), for examplezq(20 °C)/ro(25 °C) = 0.07 for
n-dodecane. They values have been taken from microwave
and far-infrared spectra of a seriesmeflkanes2% Here the
74 values are just defined by the frequengy(=(27tg)™?) at
which the microwave dielectric loss data adopt a relative
maximum?2 A careful analysis showthat, in the 5-500 GHz
range, the dielectric spectra of timealkanes are subject to a
Frohlich relaxation time distribution (Figure 6) involving a
minimum and a maximum relaxation tid&The more sophis-
ticated evaluation of the measured dielectric spectra in terms
of a continuous relaxation time distribution function, however,
is of low significance for the present discussion.

The dielectric relaxation of the nondipolaralkanes is
considered to be due to temporary collision-induced moments
at the molecule endS. Within the framework of that model
the relaxation timery is the mean lifetime of the induced
moments, and it has been reasoned that this lifetime is mainly
determined by the translational motions of the alkane mol-
ecules?® As might be suggested intuitively, with long-chain
n-alkanes rotational molecular motions around short axes of
inertia are much more hindered than translational motions in
the direction of the major molecular axis. The latter will thus
predominaté® Following these lines of reasoning the finding
of the orientation correlation times, to substantially exceed

function of frequency' The curve is a graph of the Debye_type Spectra| the dle|e'[I’IC re|axati0n t|meﬁj reﬂec“ng Irans|a’[i0na| mOlIOﬂS

function defined by eq 9 with the parameter values given in Table 3.

high-frequency viscosityy(«), the relaxation amplitudds, and
the static viscosity

170) = n4() + A (11)

are given in Table 3. It is found that thg(0) data from the

is a reasonable result. The strong correlation between¢he
data and the ultrasonic relaxation times (Figure 5), which
are obviously given by the relaxation rates

1, =k +k (12)

of unimolecular reactions (eq 7), suggests the reorientation of
an n-alkane molecule to be coupled to a conformational

high-frequency measurements within the limits of experimental relaxation process. This coupling may be illustrated as follows.
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TABLE 3: Fitted High-Frequency Viscosity n4«), Relaxation Amplitude As, and Relaxation Timezs (Eq 9), as Well as the
Fitted Low-Frequency Viscosity 75(0) (Eq 11) for Somen-Alkane Systems at 25°C

sample 1s(), mPas +£10%

As, mPas +20% Ts, NS+10% 740), mPas +10%

n-tetradecane

n-pentadecane 1.27
n-hexadecane 1.23
n-eicosanei-tetradecanes = 0.333 1.89
1000 r T T
/i,
300 | B I
/ 8/
100 é/@m,rm ]
= 30t .
- - — -O— ‘0_71
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Figure 5. Relaxation times at 25 and 20C from ultrasonic
spectroscopy 1; O, ref 4; @, this paper), depolarized Rayleigh
scattering tor, A, ref 25; a, ref 20),3C NMR (z;; <, ref 26), and
dielectric spectroscopyrd; O, ref 23) plotted versus the numberof
carbon atoms pemn-alkane molecule Hanso.
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Figure 6. Microwave part of the dielectric loss factor spectrum for a
series ofn-alkanes at 20C.23 The loss factor is defined by tah =
€"'(v)le'(v), wheree” ande€' are the negative imaginary part and the
real part, respectively, of the complex (electric) permittivity.

During a periodz, an alkane molecule is subject to a large
number of thermally driven collisions with neighboring mol-
ecules. The high flexibility will result in changes of the
molecular conformation. Rotation around an individuat©
bond occurs rather often, as indicated by thédata in Figure

2.06
1.19 0.25 2.46
1.74 0.29 2.97
1.19 0.52 3.08

13C relaxation timeg® 7,/7; ~ 9 for n-dodecane (Figure 5). The
similarity of 7or andz,, data in Figure 5 reveals reorientation of
an n-alkane through a significant angle around the short axis
of inertia to occur with the frequency of conformational changes.
Henceror ~ 14 Suggests the reorientation time to mainly reflect
the time for which a molecule has to wait until a conformational
transition results in favorable conditions for the orientational
motion. This view involves the reorientation itself to follow a
jump mechanism.

Reaction Volume. Number of Cis-Trans Configurations.
These ideas of molecular motions in long-chain liguidlkanes
are based just upon the relative order of magnitude in the
relaxation times of different parameters of the liquid. We now
attempt to verify the above view of conformational isomeriza-
tions to play a central role in the microdynamicsmélkanes
by detailed evaluation of the measured relaxation spectra.

Assuming a unimolecular reaction (eq 7), the amplitdde
of the ultrasonic relaxation term (eq 8) accordity

nrcip A,
RT

2
) (13)

is given by the reaction volum&V, the reaction enthalpsH,
and the stoichiometric factdr, defined by

=[AT AT (14)

In eq 13 the heat capacity at constant pressure and the thermal
expansion coefficient for frequencies well above the relaxation
frequency ¢ > (277,)~1) are given by1°

[(AH)?
Cho =Cp— ———— (15)
pe v pRT2
and
FAHAV
A= il - as
respectively.

Let us consider egs 13 and 14 in light of the model of coupled
hypothetical torsional oscillatofs"28as originally derived to
describe the modes of polymer chain motiéh& The coupled
torsional oscillator model yields a series of relaxation terms.
We assume the ultrasonic absorption spectra of alkanes to reflect
the relaxation mode with the lowest relaxation frequency,
representing the transition from an all-trans configuration of the
chain molecule to a configuration in which the mean nuntber
of rotated C-C bonds per alkane molecule is adoptedA¥f,
denotes the molar volume change associated with the rotation

5 (ziltqg = 2 for n-dodecane). Rotational isomerization of the of a single G-C bond
long-chain normal alkanes as reflected by the ultrasonic

relaxation process, however, cannot considered a sum of

independent individual bond rotations as observed with the

smaller homologues. Rather it constitutes a collective phenom-whereAV = 1.8 cn¥/mol, as following from the volume change
enon depending on the length of the alkahétence for the of long-chainn-alkanes! Let tmo = [CnH2n+2] denote the molar
higher homologues, is significantly greater than the individual ~ concentration of the-alkanes. The concentration of eigans
C—C bond correlation time; as derived from nuclear magnetic and trans-trans configurations is then given by [A% kcnol

AV = kAV, (17)
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TABLE 4: Gibbs Free Activation Energy AG* Resulting from the Relaxation Times (Eq 19) on Alternative Assumptions upon
the Number ny, of Individual Oscillators per Alkane Molecule, as Well as the Activation Enthalpy AH* and Entropy AS

Following from Temperature-Dependent Measurements (Eq 20)

No=n No = N/2 Mo = n/3
alkane AGF, kd/mol AGF, kd/mol AGF, kd/mol AH*, kJ/mol AS, J/imol, K

n-decané 7.3 10.9 12.8

n-dodecant 8.8 12.2 14.1

n-tetradecane 9.2 12.6 14.5 16.4 6
n-pentadecane 9.5 12.9 14.9 18.2 11
n-hexadecane 9.5 13.0 15.0 19.1 13
n-eicosane 9.9 13.3 15.3

a All data refer to 25°C.
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Figure 7. Mean numbek of rotated C-C bonds per alkane molecule

and fractionk/(n — 1) of rotated bonds as a function of the numher
of carbon atoms pem-alkane molecule.

(n — 1) and [A] = (1 — K)cmol/(n — 1), respectively, so that

_ k k

I'=q= 1(1 n— 1)
Use of reasonable reaction enthalpigd2° results in contribu-
tions of the enthalpy term to the relaxation amplitudie (eq

13) that do not exceed the experimental erxéy,. We therefore
neglected the effect from the enthalpy term to calcukatesing

(18)

individual oscillators per alkane 82,12 was thus assumed to
equal eithem/2 or n/3. Latern, = n has been preferred.

The first normal mode of the coupled system of torsional
oscillators corresponds to the relaxation term with the smallest
relaxation frequency. Hence the relaxation timef that mode
is identified with the relaxation time, in the ultrasonic spectra.

It is given by the relatiofy-28

0, =2, sinz(zi) g ACTRT (19)
N
with the characteristic frequeney, for the rotation of a single
C—C bond and with the Gibbs free energy of activation
AG' = AH" — TAS (20)
where AH¥ and AS' denote the enthalpy and entropy of
activation, respectively. Assuming, to be independent of the
length ofn-alkane molecules, we used = 8.5 THz as reported
for ethane®? The AG* values following for the alternativey,
values are presented in Table 4. If these values are compared
to the experimental activation energie&* = 14.2 kJ/mol for
n-propané and AG"* = 14.5 kJ/mol for n-butane®? the
assumption ofny, = n/3 appears to be most realistic. This
statement contradicts the results by Cochran et al. who preferred
ne = n.2 However, those authors considered th&* values
from eq 19 in light of AGF = 12.1 kJ/mol for ethane. We
suppose that ethane, with its one-C bond only, constitutes a
special case and that comparison to the activation energies of
higher homologues is more appropriate.

Since we measured somelkanes at different temperatures,
we used eq 20 to calculate the activation enthalpy and entropy
for these liquids, assumingH* andAS' to be independent of
T in the limited measuring range. As expected intuitively]*

egs 17 and 18 together with relation 13. The results of this and ASF seem to increase with chain lengt(Table 4).

calculation are shown in Figure 7. The mean number of rotated

C—C bonds per alkane molecule increases flom 2.2 with
n-decane tk = 2.7 with n-eicosane. Since thevalue derived
from the relaxation amplitude depends on thé, value used

Isomerization—Viscosity Coupling. Shear Viscosity Dis-
persion Amplitude. According to the model of coupled damped
torsional oscillatorg;2”-28 an n-alkane molecule is capable of
the large number™ of different conformations of which the

in eq 17 and because this value is not precisely known, the all-trans conformation is the most stable one. The liquid may

absolute number of cistrans configurations should not be

respond to a shear gradient by two molecular mechanisms,

overemphasized. Nevertheless a tendency is found in the relativereorientation of complete molecules as rigid rod-shaped units

content of rotated €C bonds to decrease with chain length:

k/(n — 1) = 0.24 atn = 10 andk/(n — 1) = 0.14 atn = 20.
According to eq 17 the slightly increasirkgvalues displayed

or deformation of the molecules by intramolecular structural
isomerization. Both modes of molecular motions tend to
facilitate mutual movements of neighboring molecular layers

in Figure 7 result in a reaction volume that also increases with and thus act an influence on the viscoelastic properties of the

the length ofn-alkane molecule, fronAV = 3.9 cn¥/mol for
n-decane tAAV = 4.8 cn¥/mol for n-eicosane.
Number of Coupled Oscillators. Free Energy of Activa-

tion. Originally, in the model of coupled torsional oscillators

liquid. For this reason, Tobolsky, when presenting the model
of coupled damped torsional oscillat@fspredicted a shear
viscosity relaxation.

As already indicated when discussing the different relaxation

allowance was made for two or three carbon atoms in the alkyl times of n-alkanes (Figure 5), reorientation of a molecule

chain to move as one oscillating uAlt?® The numbemy, of

without a significant change of its conformation during the
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Figure 8. Relaxation amplitudéds derived from the shear viscosity
spectra ©, eq 9) and shear viscosity stefws resulting from the
ultrasonic spectra®, eq 21), normalized to the mole fractionof
n-alkane under consideration, at 25, displayed versus the number
of carbon atoms per alkane moleculgHg+2.
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orientation timer,, is unlikely. Rather the reorientation appears
to be stimulated by rotational isomerization. If this is accepted
a viscosity relaxation with discrete relaxation timgand also
the conformity of relaxation timess = 7, = 7o appears to be

J. Phys. Chem. A, Vol. 104, No. 15, 2008275

scattering studies. It turns out that this discrepancy was just
due to the limited accuracy of those ultrasonic relaxation data
but that the scenario of molecular motions developed by
Tobolsky” and Cochran et &lis in conformity with our present
ultrasonic and shear viscosity relaxation spectra.
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