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The extent of H bonding in alcohols may be reduced by sterically hindering its OH group. This
technique is used here for investigating the reasons for the prominent Debye-type dielectric
relaxation observed in monohydroxy alcohdlsudlik et al, Europhys. Lett.40, 549 (1997);
Hanseret al,, J. Chem. Physl07, 1086(1997); Kalinovskaya and Vijjbid. 112, 3262(2000], and
broadband dielectric spectroscopy of supercooled liquid and glassy states of 1-phenyl-1-propanol is
performed over the 165-238 K range. In its molecule, the steric hindrance from the phenyl group
and the existence of optical isomers reduce the extent of intermolecular H bonding. The equilibrium
permittivity data show that H-bonded chains do not form in the supercooled liquid, and the total
polarization decays by three discrete relaxation processes, of which only the slower two could be
resolved. The first is described by the Cole—Davidson-type distribution of relaxation times and a
Vogel—-Fulcher—-Tammann-type temperature dependence of its average rate, which are
characteristics of the-relaxation process as in molecular liquids. The second is described by a
Havriliak—Negami-type equation, and an Arrhenius temperature dependence, which are the
characteristics of the Johari—Goldstein process of localized molecular motions. The relaxation rate’s
non-Arrhenius temperature dependence has been examined qualitatively in terms of the Dyre theory,
which considers that the apparent Arrhenius energy itself is temperature dependent, as in the
classical interpretations, and quantitatively in terms of the cooperatively rearranging region’s size,
without implying that there is an underlying thermodynamic transition in its equilibrium liquid. The
relaxation rate also fits the power law with the critical exponent of 13.4, instead of 2—4, required by
the mode-coupling theory, thereby indicating the ambiguity of the power-law equation200®
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I. INTRODUCTION that of process I, according to the Arrhenius equafidn.

Studies of dielectric relaxation in certain primary was concluded that there was no contribution to the viscosity

alcohol$~® and aliphatic amidég® have shown that a major and structural relaxation from process |.

fraction of their orientation polarization decays exponen- A Mmore recent study of a secondary alcohol,
tially, i.e., according to a single Debye-type relaxation. Th 5_—m_ethy|—2—hexan01, also showed three relaxation regions
temperature dependence of the relaxation rate, neverthelesdmilar to those observed for 1-propanol, and the relaxation
remains non-Arrhenius. Recently, Hansetnal® concluded rate of processes | and Il approached each other on cooling
that the Debye_type process in 1_pr0pano|' Ca”ed process ‘PWard the quuid,s Vitriﬁcation temperature. But Contrary to
which relaxes~95.5% of its orientational polarization at the interpretation of processes | and Il in 1-propanptp-
119.7 K, is not associated with the supercooled liquid’scess | in 5-methyl-2-hexanol was attributed to a relaxation
structural relaxation and viscosity. This conclusion supportednechanism of H-bond breaking and reforming and process I
the prevailing view that the Debye-type relaxation process i$o the OR group motions within the H-bonded chains, as in
incompatible with the non-Arrhenius temperature depenthe earlier interpretations of similar relaxations observed in
dence of a supercooled liquid’s transport properties. The remonohydroxy alcohol$:®

maining orientation polarization was resolved, in order of its ~ The relatively broad, process Il in both 1-propanol and
increasing rate, into two processes, which were called pros-methyl-2-hexanol was identified as the well-known
cesses Il and Ill. Both had a broad distribution of relaxationa-relaxation process? which is commonly observed in mo-
times. Process Il in 1-propanol contributed.5% to its total  |ecular liquid$>*?and amorphous polymet& Contributions
polarization at 119.7 K, and process H1%. The average tg the permittivity from process IlAe,, decreased on heat-
relaxation rate of both processes, | and II, were found tqng, as expected from the Curie law, but its relatively small
decrease with temperature in a non-Arrhenius manner, anghagnitudes, 2.45 for 1-propanol at 119.7 Knd 0.8 for
5-methyl-2-hexanol at 160.9 Kimplied that in its interpre-
3Electronic mail: jvij@tcd.ie tation, a very small fraction of molecules would contribute to
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the a-relaxation process. This created a difficulty in under-
standing how the orientational diffusion of a relatively small
number of molecules that contribute oniy2.45 to the per-
mittivity of 1-propanol can be seen as responsible for its
supercooled liquid’s viscosity and structural relaxation.

Here we examine these issues by a detailed study of a £
molecule, 1-phenyl-1-propand( CsHs)HC(OH)—C,Hs], in
which one H atom in the C¥OH group of 1-propanol has
been replaced by the phenyl group. This introduces a steric
hindrance to H bonding without significantly affecting the
net dipole moment. Moreover, the 1-phenyl-1-propanol mol-
ecule contains an asymmetric carbon atom, and therefore
should exist in thadextre, andlevoforms. Their presence
may make it difficult to produce intermolecularly H-bonded
chains, thereby keeping most of molecules in their non- "
bonded states. In an earlier stddlpf its supercooled liquid
performed over limited frequencies and temperatures, the di-
electric spectra of 1-phenyl-1-propanol was analyzed in
terms of both(i) a sum of Debye-type process plus a small,
unanalyzable relaxation, arfiil) a Cole—Davidson relaxation
process, or a skewed arc functidtts equilibrium permittiv- 10 L L P
ity was interpreted in terms of the formation of H-bonded 100100 100 107 107 10
linear chains which increased its dipolar orientational corre- f [Hz]
lation factor,g,15 from 1 to~1.4. Johari and Dannhausét’ FIG. 1. Thee' and €’ spectra of supercooled liquid 1-phenyl-1-propanol at

also studied the effects of hydrostatic pressure on it%everalto:-zmperatures. The curves are labelex498.72 K,(2) 200.78 K,

density+® viscosity:’ and dielectric behavidf at different  (3) 202.91 K, (4) 204.46 K, (5) 206.92 K, (6) 209.12 K, (7) 210.96 K, (8)
temperatures 212.84 K,(9) 216.68 K,(10) 219.07 K,(11) 222.72 K,(12) 227.31 K, and
' (13) 229.65 K.

Il. EXPERIMENTAL METHODS

1-phenyl-1-propanol was purchased from ChemicalThe €' spectra shows that a shoulder gradually develops on
Sample Company, OH, by Dannhauser in 1967 for dielectridghe high frequency side of thé peak as the liquid is cooled
relaxatiort* and viscosity” studies under high pressurés’  below 205 K. Also, afT<209K and at frequencies higher
It was refluxed with Caklin order to remove any moisture, than 10 kHz,e¢” approaches a plateaulike value. This indi-
and fractionally distilled in vacuum. The middle fraction was cates that a third very weak relaxation process may also be
collected for the dielectric and viscosity measurements. Theresent, but its features cannot be analyzed mainly due to the
left-over middle fraction sample was kept in a hermeticallylimited frequency range of this study. Such a feature has
sealed container in storage for 22 years, redistilled irbeen observed in other alcohols and molecular liquids,
vacuum, and studied. The dielectric cell used was a miniamainly in glycerol afT<204 K.***The ¢’ and ¢’ spectra of
ture, tunable parallel plate condenser containing 18 plateglassy and highly viscous states of 1-phenyl-1-propanol at
with an air capacitance of nominally 26.7 pfhis conve- selected temperatures, are provided in Fig. 2.
niently available capacitor seems superior to the parallel Both thee' and €’ spectra were analyzed by using the
plates separated by spacers used successfully up to 1 MHwNFIT 2.7 program provided by Novocontrol, Hundsagen,
frequency range by several group$he cell and the sam- Germany. An earlier version of the computational algorithm
ple’'s temperature was controlled by keeping it inside a cry-has generally been used in the dielectric data analysis by
ostat, model Oxford CF 1200, purchased from Oxford InstruFischer and co-workers?® and thewINFIT 2.7 by two of us
ments. Instead of preprogramming, the discrete temperatuf®.E.K. and J.K.\). in earlier studies:'® Briefly, the equa-
was set for isothermal control at the desired value by itdion used is
manual setting. The temperature was controlled to within 50 i=n
mK over a period of up to 8 h, as was needed for measure-  x(,)=¢ + >, . —
ments at the lowest temperature in the lowest frequency S1[1+ (iwm) ]
range. The dielectric permittivity', and lossg”, were mea- |, hare the empirical parameters and B, determine the
sured over the frequency range, 1 mHz to 1 MHz by Means sy mmetric shape of the specteg; and e, ; are the limit-
of a Solartron FRA-1255A frequency response analyzer a”ijng, low-, and high-frequency permittivity values of the in-

a Chelsea Qi(aﬁltleé:tric interface. This procedure has been dyiqual relaxation spectra, andits characteristic relaxation
scribed earlier. time. The frequency of the relaxation peak was calculated

€0, €,

@

Ill. RESULTS AND ANALYSIS from
1/a; —1/a;
The € and €" spectra of supercooled liquid 1-phenyl-1- f =277 Y sin «im } I[sin ““8”7} '_ )
propanol at selected temperatur&sare provided in Fig. 1. ’ 2+2p; 2+2B;
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FIG. 3. The resolution of thex and the Johari—Goldstein processes in
FIG. 2. The spectra of the faster relaxation observed in the highly viscoud-phenyl-1-propanol at 206.92 K. The parameters used for the calculations
liquid, and vitrified states of 1-phenyl-1-propanol at different temperaturesare given in the text.
The curves are labeled a4) 165.6 K,(2) 170.76 K,(3) 175.5 K,(4) 180.5
K, (5) 182.6 K,(6) 185.78 K,(7) 187.50 K,(8) 189.44 K,(9) 191.63 K,(10)

193.71 K,(11) 196.12, and12) 198.72 K. . .
1y and12 X ex —1529.3/(T— 155.1)], as is shown by the continuous

line in Fig. 4. This fitting equation has also been used satis-
To elaborate how the relaxation spectra were resolvedactorily for describing the relaxation in supercooled
into several relaxation regions, the spectra of 1-phenyl-1kiquids!~8121318=2}The faster relaxation is described by the
propanol at 206.92 K is shown in Fig. 3. The continuous lineArrhenius equationf ,, ,= 10**exp(—10595.2RT).
in Fig. 3 is the curve calculated with the parametexg; The magnitude ofAe;, A€, for the two relaxation pro-
=11.27, @;=0.974, B;=0.64, 71=77.8ms, Ae, cesses is plotted agairkin Fig. 5(top panel. The values of
=0.247,a,=0.818,8,=0.625, ryy ,=0.504 ms. The high-
est frequency relaxation process could not be resolved,
which was mainly due to the exceedingly small values of its 10°.,
€’ contribution and the experimental errors. Becausee-
mains constant at 0.980.01, which is within the uncertainty
of the experimental data and the data analysis, its value may
be seen as close to 1, i.e., the distribution is regarded as the
Cole—Davidson typé.It is worth noting that at the limiting
low frequencies, the’ and€” values often contain contribu-
tions from dc conductivitygy.. As discussed in the Appen-
dix of Ref. 19, this tends to broaden the spectra at the low-
frequency side enough to be fitted by the Kohlrausch
relaxation functionas in Refs. 2, 20, 21 or the Havriliak—
Negami equatioffas in Refs. 1 and 22a subject. Therefore,
no attempt was made to fit the data to the alternative Kohl-
rausch function as in Refs. 2, 20, and 21. 10"
The quantity,f,,, (=1/277,y, although arbitrary, has
been deemed as suitable for delineating the temperature de-
pendence of dynamical processes, and we use it as a measure
of the average rate of dlelgctrlc relaxat|on: Its .value for Fhe A0 a4 45 52 56 60 64
two relaxation processes is plotted logarithmically against
1/T in Fig. 4, whereo 4 multiplied by a factor 18 is also 1000/T [1/K]

plotted for the purpose of comparing against the variation 0F:IG. 4. Plots of lod, for the a-relaxation and the Johari—Goldstein relax-

fm. Thef,, data are descri'b'ed SatiSfaCthily by the Vogel—4tion processes against the 100Gb6r 1-phenyl-1-propanol. Also plotted
Fulcher—Tammann  empirical ~ equation,f,;=10"*32  logarithmically is the dc conductivity.

fm1
Vogel-Fulcher-Tammann

f [Hz] or 10°g, [S/m]
5!\3

1-Phenyl-1-Propanol
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against the temperature. Bottom frame: The distribution paramete®nd

B, for the a relaxation andx, and 3, for the Johari—Goldstein-relaxation

spectra.

a, and 8, and of a, and B, are plotted against in Fig. 5
(bottom panel From a recent study of several supercooled

|23

liquids, Olsenet al=° have

shown that wheih is such that
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FIG. 7. The spectra of and¢” of partially crystallized sample of 1-phenyl-
1-propanol at four temperatures showing the decrease ireirend the
insensitivity of thee”-peak frequency caused by the air gaps in the sample
and the crystal/liquid interface effects on H bonding.

the a-relaxation and Johari—Goldstein relaxation processesrystallized 1-phenyl-1-propanol sample at four tempera-
are widely separated, the normalizet spectra,(i.e., after
dividing the €’ values by thee’-peak height superimpose peak decrease on increasifigas expected when an increas-
satisfactorily well. That this may also be the case here isng fraction of the supercooled liquid slowly crystallizes.
indicated by the nearly constant values of theand3,, as
seen in Fig. 5bottom panel particularly at high tempera- to increase inT partly due to the extrinsic effects of air gaps
tures. The validity of this superposition may be directly seernthat form when the sample contracts on crystallization, and
from the plots of the normalized' spectra provided in Fig. partly due to the change in H bonding caused by the crystal/
6. Small differences in these parameters, as noted at differetitjuid interface.

temperatures in Fig. bottom paneél do not seem to change

tures. Here, the magnitudes ef and the height of the”

However, the peak frequency appears to become insensitive

the superposition significantly, as was found earlier for somg\, piscussioN

molecular liquidsi:*? but hydrostatic pressure has been

found to broaden the spectra for 1-phenyl-1-propanof* The equilibrium permittivity

considerably®

We first consider the effect of induced steric hindrance

Finally, Fig. 7 shows the relaxation spectra of a partiallyon the orientation polarization of a monohydric alcohol. The

10° —5—200.78 K
——209.12K

—0—219.07K

1-Phenyl-1-Propanol

f/f
m

equilibrium permittivity, e5, of 1-phenyl-1-propanol as seen

in Fig. 1, is 15.5 at 200.8 K, which is less than half the
value of 38.5 for 1-propanol at 202.9 ®.This is a direct
effect of the deliberately induced steric hindrance on the
equilibrium dielectric property of an alcohol, and it indicates
a considerable decrease in the dipolar alignment due to the
intermolecular H-bond formation in 1-phenyl-1-propanol
from that in 1-propanol.

The extent of H bonds and other interactions that tend to
align the dipole vectors in a parallel or antiparallel manner
may be determined from the magnitude of the contribution to
permittivity, Ae, from a relaxation process. This contribution
is related to molecular dipole moment, density, and tempera-
ture by a statistical theory developed by Kirkwold,

5 . . 26 . . .
FIG. 6. The superposition of the dielectric loss spectra of 1-phenyl-1-onsageﬁ and Fralich.™ Accordingly, for liquids and

propanol at three temperatures,

as indicated.

solids?’
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€s
2est €,

€.+2\24mNpp ) The above-given analysis has a bearing upon the recent
3 ) 3KgTM gug () conclusions regarding the mechanism of the first two relax-
ation processes in 1-proparfokor that alcohol it was con-
where e, is the limiting high frequency permittivity of the cluded that process | did not contribute to V|§c05|ty a_md
orientation polarization associated with a certain rel<';1xatior§trUCtural rglaxann; only process |l a_nd possibly 11l did.
processN, is the Avogadro numbep is the densityM the The relaxation processes that were atFrlbuted to the transport
molecular weightkg the Boltzmann constarf, the tempera- property(and structural relaxatiorcontributed a total\e of

— 1
ture, andu the vapor phase dipole moment. The quangity 3:12 (__2'45+0‘§7) f'it 119'7.K' fand were regarded as the
is known as the orientational correlation factor whose valudli€/€ctric - polarization-contributing  rotational—translational

is 1 when there is no intermolecular association leading téj|ffu3|o?] of ur;]bontlje_d mr?ler]cule;s as |r:j mc\a/l\c/acullar I|qu!ds,
the correlation of dipole vectors. Wheg is greater than e.g., ortho-terphenyl, in which only van der Waals type in-

unity, it indicates a parallel dipolar correlation, which occurstgractlons are present. This is much less tharof ~12 in

when the ROH molecules associate intermolecularly by Hig. 5, for the only process that contributes to the viscosity

bonds and form linear chain structures. This is a generallﬁ‘nd structural relaxation in 1-phenyl-1-propanol at 198.7 K.

accepted molecular interpretation for the large valuegof Moreover, since thg value of 1-phenyl-1-propanol cal-
which have been observed for,® 28 amide<1° and culated here has shown little indication of H-bond associa-

primany*~8 and secondaf?*1®alcohols. tion, either process | observed in 1-propanisl absent in

The quantitye, of 1-phenyl-1-propanol as seen in Fig. 1 1-phenyl-1-propanol, or a suitable model that allows a math-
is 15.5 at 200.8 SK which is consistent with the earlier re_ematical relation between the population of molecules in-

ported valued? A calculation from Eq/(3) based on the total volved in structural relaxation in 1-propanol and in its dielec-
value of Ae (:'6 —,) in which e.. was taken as equal to tric relaxation processes Il and Il withe of 3.12 needs to
S ] o

1.1n2, with np, being the refractive index for the N-line, be developed. It is conceivable that the originally proposed

had led to value ofj as~1.6 at 213 K* This in turn had mechanisms for the relaxation processes in 1-pro§grrtd
in other alcohols with extensive H-bond associdtiis a

indicated a small extent of intermolecular H-bond associa- it N thel detailed vsis of th
tion such that the dipole vectors were correlated in a parallerlnore appropriate one. INeverineless, a detalled analysis ot the

manner. Now since only the slowest relaxation process irkIght scattering and othe_r properties WhiCh were used {0 Sup-
1-phenyl-1-propanol is attributable to the long-range diffu-POrt the recent mechanism for relaxations in 1-propaisol

sion of moleculesg,,, the limiting low-frequency permit- still required.
tivity of the faster relaxation needs to be taken as equal t
€. 1, the limiting high-frequency permittivity of the slow
relaxation process. When this is done by using the data from On the basis of the above-given analysis, intermolecular
Figs. 1 and 2A e (=€es— €. 1) is ~12 at 198.7 K. A recal- H-bonded association does not occur in 1-phenyl-1-propanol.
culation with this value ofA e; from Eq.(3) yieldsg as~1,  This would explain why the additional Debye-type relaxation
within the uncertainty of the analysis. This indicates that anyis absent in 1-phenyl-1-propanol, and present in 1-propanol.
parallel correlation of dipole vectors does not contribute toSince dielectric relaxation by the mechanism of rotation of
the first relaxation process in 1-phenyl-1-propanol. Therethe -OR group occurs only when H-bonded chains are
fore, the population of intermolecularly H-bonded chains inpresenf, the latter will also be absent in 1-phenyl-1-
1-phenyl-1-propanol is negligible. Since 1-propanol haspropanol. It may be recalled that both processes occur in the
shown a large Debye-type relaxation as process |, and thisxtensively H-bonded structures in the liquid states of
process is absent in 1-phenyl-1-propanol, we conclude that-propanof-?° isomeric octanol§,and 5-methyl-2-hexandl.
the induced steric hindrance to H-bond association on replacFherefore we conclude that as in rigid molecular, H-bond
ing one H atom in the —CJOH of 1-propanol by one phenyl free liquids!*223both the Cole—Davidson forhof relax-
group also causes the dielectric relaxation effects of lineaation spectra in 1-phenyl-1-propanol and its non-Arrhenius
H-bond association to vanish, or become undetectable.  variation off, ; of the slow relaxation process admit to the
We use Eq(3) further to show how thé.e value may be same underlying mechanisms that are responsible for the
used to approximately determine whether or not extensive ldorresponding features observed in dihydroxy and trihydroxy
bonding occurs in a monohydroxy alcohol. The vapor phasealcohols, such as propylene glycol and its oligonérs,
dipole moment of monohydroxy alcohols is 1.68 D. If inter- pentane-diol$? and glyceroft192033-3¢jn which extensive
molecular H-bond association were absent, geyas equal intermolecular H-bonding does occur, agtt1 at low tem-
to 1, thenTAe for a relaxation process according to E§)  peratures(Certain mono-hydroxy long chain alcohols have
would depend on the magnitude of the teptM, and the shown a similar behaviot, but it is uncertain whether the
value ofe,, . Since thep values of liquid alcohols at a given Arrhenius variation of theif ,, with T was accurately deter-
low temperature differ by no more than 10%-15%, and theimined for two reasonsi) limited temperature range of mea-
€, varies between 2.6 and 3.0, i.e., withifil5%, one ex- surements an¢li) a decrease in thek; to a value approach-
pects that at a givem, the Ae value of liquid alcohols will be  ing that of a nonpolar liquid at low temperatures.
within 15%—-20% of each other. Alternatively staték for The a-relaxation process, which is normally observed in
a molecular relaxation process in a monohydroxy alcohol asupercooled liquidé'*? and polymers? has been attributed
a givenT should be inversely proportional to its molecular to translational—rotational molecular motions. Its freezing
weight, within 10%—20%. out on the time scale of one’s experiment causes the liquid's

Ae=(es—€,)=

%. The nature of the dielectric relaxation processes
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vitrification. In this sense, 1-phenyl-1-propanol shows thewhereT, andB are empirical parameters. As noted in Sec.
dielectric relaxation behavior of a typical, low-molecular Ill and Fig. 4, Aygr=10"3?Hz, B=1529.3K, andT,

weight, non-H-bonded supercooled liqdit?and this orien- =155.1. As stated earlié?,a further analysis may be done
tational diffusion would contribute to its viscosity and its on the premise that the curved shape of the configurational
structural relaxatiori® entropy against thd@ plot aboveT, extrapolates to zero at

We now consider the reasons for the broad dielectricTy, wheref,, also becomes formally zero, and that doing so
relaxation spectra observed in the studies of rigid moleculadoes not imply that the configurational entropy of an equi-
liquids, flexible molecular liquids with and without intermo- librium liquid in fact becomes zero &t,. In this analysis,
lecular H bonds, and in H-bonded alcohols. The distributiorthe preexponential terms in the Vogel-Fulcher—Tammann
of relaxation times implied by the broad spectra has beerequation are seen as identical to that in the Adam—-Gibbs
explained in terms of several formal mechanisms, some oéquatiorn!
which are inherent to a molecular rotation and others to the
structure of the liquid. These are, the Glarum’s defect diffu-  fm=Aac &P —Z*Au/RT), ®)
sion model and its modificatioris;*® models for a dynamic
heterogeneity?**?and those that require a multiplicity of
single relaxation time&~° A somewhat unrelated mecha-
nism that can account generally for both a single relaxatio

time and a distribution of relaxation times was proposed b3f1igh temperature limit, it has been shown that parameters of

Anderso_n and Ullmaff. Thege arise from two cqnd|t|ons of Eq. (3) can be estimated from knowledge of the parameters
the relative rates of fluctuations of the dipole with respect to

th tential ¢ fit di In this f of Eq. (4) without implying that the temperaturg, has a
€ potential energy contour ot Its surroundings. in this uC’thermodynamic significance. This gaveA u=8.318 and
tuating environment model, the dipolar reorientation occur

, ; S =[T/(T—Typ)]. By using the values d8 andT,, as pro-
fasterhth%n tlhém'oIeClIJIa) e_nvanmgntl of thi dlporlle relaxes, Yided in Sec. Ill, we obtaim\u=12.7 kJ/mol,z*(198.7 K)
|.e|., t tg |$ ectrllc rt(;gxatlon ttlrznedlls (Iass t an tt et.structurlzzAhSG, andz* (T, for f =10"*Hz)=5.05 for 1-phenyl-1-
relaxation ime. 1n this case, the dipolar reorientation wou propanol. These values seem comparable to the values of

occur in a fluctuating environment of potential energy Iand-14.5 kd/mol and 3.4, respectively, for ethylene glycol, 20.6
scape which itself changes with the angular orientation of the 5,10\ and 3 2 for dlycerol 157 ’kJ/moI and 4.9 for :salol

dipole, without the.neled for co—operatiyity. .Therefore, ON€4nd 13.1 kd/mol and 6.4 farterphenyl, as listed in Tables |
would observe a distribution of relaxation times partly be-

; . X and Il of Ref. 55, and 23.0 kJ/mol and 2.2 for 5-methyl-2-
cause of the angle-dependent barriers to reorientation ar]‘£xano| Remarkably, the values for 1-phenyl-1-propanol

partly because different molecules would have different en—(lz_7 kd/mol and 5.05are higher tham u=7.4 kd/mol and
vironments. This seems equivalent to the cage or free VO« (T y=3.4 for process | in 1-propanol. They are also
ume model for molecular relaxation, which is implicit in the highgr than the values of 7.8 kJ/mol and 4.3 for
Bueché&’ and the mode-coupliff consideration of the prob- 2-methyltetrahydrofuran, of 7.4 k/mol and 5.7 tb#!, pro-
lem. In contrast, when the dipole relaxes slowly with rESpecbylene carbonate a;'ld 71 kJ/mol and '4_4 for
to its environment, the averaging of the potential energy Con?s-bromopentane. (I\’Iote that the value of Au for
tours in the various environments causes the Debye-type r%'—methyltetrahydrofurano—terphenyl, d—I, propylene car-

laxation. bonate, 3-bromopentanespropanol and salol in Table Il in

hFi.”agy’l dthe. higlh'frequency éz'g‘;(atﬁ?”h is the “§‘Za' Ref. 55 should be multiplied by 2.3026 in order to make
Johari-Goldstein relaxation process; which corresponds o, comparable with the form of E@4) here and that

to Iocal!zed motions of mplepules, and Wh'(.:h oceurs Overgiven in Ref. 55. This error was caused by the use of the
the entire range of the liquid and the vitrified state. Its

h h teristicd v the broadeni ¢ th notation B in Refs. 1, 21, and elsewhere in a |gdpased
three - characteristics, namely the ‘broadening of € ainer than the usual ladhased Vogel-Fulcher—Tammann
spectra, the decrease e on cooling, and the Arrhenius

. > equation). It should be stressed that a comparison between
temperature dependence of the relaxation rate are consist

with the three features of the faster relaxation proceseél 5. (4) and (5), which are used to estimaw* and A,
equire only the matching of the shapes of the plots df,In
observed for 1-propanol, many non-H-bonded liquids, an(ii d y g P P dh

a gainstT at T > T, and this matching was done by using
5-methyl-2-hexano. the available values of the paramet&sand T,. Therefore
the estimates af* andAu depend sensitively on the values
of BandT,, which themselves are obtained by using a rela-
C. Temperature dependence of relaxation rates tively long extrapolation.

The second aspect worth discussing is an analysfs,of
Two aspects of the temperature dependence of the relax- : . :
. . . 7.~ In terms of a temperature-variant Arrhenius energy, which
ation dynamics need be considered here. The first is a

56 7
analysis of the variation of ,, with T in terms of the Adam Has been recently expressed by Dg t@l.,. and Dyr{ei and
: . . i in terms of what was called the “shoving model”’They
and Gibbs configurational entropy thedfyThe data in Fig. . ) . i
. o considered that molecular interactions are anharmonic near
4 can be described by the empirical Vogel-Fulcher— . .
. B0 54 T4, with strong short-range repulsion and weak long-range
Tammann equatior? gr 7 . ) .
attraction, and that a certain amount of energy is spent in the

fm=Averexd —B/(T—Typ)], (4)  shoving of the surrounding molecules in a local region be-

where z* is the number of molecules forming a coopera-
tively rearranging regionAu, is “...largely the energy bar-
rier resisting the cooperative rearrangement per monomer
"Legment! and R is the gas constant. Since* =1 in the
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fore diffusion can occur at all. This increases the volume of 6
the aggregate fronv to V+AV. In this manner, a critical 5 1-Phenyl-1-Propanol
volume may be defined a¥c=2(AV)?/3V. This consider- ad
ation ultimately lead &>’ N
fm:ADyreexq_GwVC/kBT), (6) 24

whereG,, is the temperature-dependent shear modulus of a
liquid andkg the Boltzmann constant. Th&y’ argued that
Eqg. (6) resembles the expression obtained in the revised
mode-coupling modéf when G, is replaced by the zero-
frequency bulk modulus. Although both,, andV. depend 3-
upon T, they surmised that the temperature dependence of

log(t_[Hz])

V. is negligible in comparison with that db... Thus the ]

energy term in the Arrhenius equatiofy,=Aarhenius€XP 7

(—E/RT) itself increases with decrease i Since the 6 Souletie A
phonon-frequency values of the preexponential terms in Egs. 477" \“;%%jgz'fghe;;?gfym‘

(5) and (6) are identical, a comparison of Eq&) and (6) e
leads toG..V-=2z* Au when the quantities are represented 4.0 4.4 438 52 5.6 6.0
in mole units[It should be noted that neither E@) nor Eq. 1000/T [1/K]

(6) implies thatf,,=0 atTy]. For 1-phenyl-1-propanol, we
coloulate 5. Vc 04 1(0r 2 A =5 0127 KIMOL For 00,85 2 s o et st
comparison,G.. V¢ for other liquids at theifT,, as calcu- 3 ' - N , 'm
Iatedpfrom the dgta given in 1gables | and Il in Ref. 55 are:~ -0 &1 ~1529.3/7 ~155.13), power law equationf,,~ 104 (T
—183.11)/183.11° and the Souletie—Bertrand equationf,,
25.1 kJd/mol for process | in 1-propanol, 77.2 for salol, 49.3= 10654 (T—178.65)T]*8% all for process I. The Arrhenius equatioh,
for ethylene glycol, 65.92 for glycerol, 50.6 for 5-methyl-2- =10"*%exp(-10595RT), is fitted to thef, , data.
hexanol, and 83.9 kJ/mol far-terphenyl atT,. The varia-
tion of G,V from 25 kd/mol for 1-propanol to 84 kJ/mol for
glycerol would be a reflection of the differences between
their respectives,, andV values according to the shoving
model®®>7 It should be noted that these values are smalle

than those determined from the slopes of theif,Jrmgainst At first sight, the excellence of the fit seen in Fig. 8

1/T plots at a spgcmed temperature, accord-mg to E()] would indicate that the theories on which E¢&.and(8) are
This may partly arise from the long extrapolation required to, .
based are valid for 1-phenyl-1-propanol and

obtain the values oB and T, which have been used to esti- . : i
" : 5-methyl-2-hexanol. However, in these theories, it is re-
matez* Au here, and partly due to the poor fit of the data _ . o
- . uired that the critical exponentmust be between 2 and 4.
used for obtaining these parameters. It is perhaps more a he values ofy observed here is evidently 3 to 4 times as
propriate to determine the magnitudez’fA u directly from

. . high, which indicates that the theories are not valid, even
the slope of the Iifi,, against 1T plot at a given temperature. ) .
) . L though the data fit the relevant equations. We conclude that
Finally, we consider a further aspect of variationfgf

: . . the fit of such equations to the experimental data is a general
with T. In the current literature, two more equations have : .
: T one. The theories had put a constraint on the valug, eihd
been used to fit th& dependence of,,. The first is an S . . .
. . . . o that constraint is violated here, making the fit ambiguous and
empirical equation provided by Dissado and P . . :
60  less meaningful in terms of these theories.
namely, f,,~(T—T¢)?, and the second by Nagel al, T
L . There are further implications of Egé7) and (8) that
fn~[(T—T¢c)/Tc]”. There is finally the equation based on d b ined h di 4 efien
the mode-coupling theof:2 need to be examined here. As discussed e ligme ap-
' proach off ,, toward its high temperature value is quite dif-
foo=And (T—To)/Tc], (7)  ferent for the Vogel-Fulcher—Tammann and power law
equations. To elaborate, in the high temperature limit, differ-
whereA¢, Tc, andy are empirical parameters. These threeentiating the former with respect toTlyields
equations admit to the same form, namely, thatvaries as
(T—Tg)?. Souletie and Bertrafid have provided a some- [o(Inf)/d(1T)]~—B, 9)
what different equation,

=178.65, andy=18.56 for Eq.(8). Remarkably similar val-
ues of the parameters had been obtained for
5-methyl-2-hexandt.

which implies that asT—», Inf,—InA). In contrast, by
differentiating the power law equations or B@) with re-

whereAgs, Tc, and y are also empirical constants. Equa- SPect to 1T one obtains

tions (7) and (8) were fitted to the data for the-relaxation

process in 1-phenyl-1-propanol, and the plots are shown in  [d(Infy)/d(1T)]~— T, (10
Fig. 8. The parameters used for fitting awe,.= 103

Tc=183.1, andy=13.14 for Eq.(7), andAgg=10'®%* T.  which implies that ag —, In f—o=.

fn=Ase (T—Tc)/T]?, 8
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