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To gain insight into the effects of intermolecular H-bond association on the changes in permittivity and
relaxation characteristics of supercooled alcohols, two techniques were used here: (i) introduglihg a C
group in 2-propanol to obtain 1-phenyl-2-propanol, and thus increasing the steric hindrance to H-bonding,
and (ii) dissolving the latter in 2-methylpentane and thus decreasing the extent of H-bonding by separating
molecules in a nonpolar solvent. Broad-band dielectric spectroscopy studies of supercooled liquid 1-phenyl-
2-propanol and its 1:1 (mol:mol) mixture in 2-methylpentane were performed over the2B88K range.

These show that-94% of the total polarization decays according to the David<dole distribution of
relaxation times and that the equilibrium permittivity decreases when phenyl group is substituted in 2-propanol.
Analysis in terms of the statistical theories of dielectric behavior shows that the decrease is due to a decrease
in the orientation correlation factor, and that this also occurs in the mixture with 2-methylpentane. The induced
steric hindrance reduces the extent of intermolecular H-bonding in comparison with that of 2-propanol. The
relaxation rate follows the non-Arrhenius temperature dependence. It 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 14.52 for 1-phenyl-2-propanol and 12.9 for the mixture,
instead of 2 to 4, usually required by the mode-coupling theory. This indicates the ambiguity of the power-
law equations. The excess dielectric loss observed at high frequencies may indicate Nagle's “wing”, or else
a merged JohariGoldstein relaxation.

Introduction to its total polarization is able to control its viscosity-determining

The exponential decay of orientation polarization by a single structural relaxation. This conclusion has been critically exam-

relaxation process in a supercooled liquid is regarded asn€d elsltzawhere, where the dielectric study of 5-methyl-2-
incompatible with the mathematical models of molecular Néxanok*also showed that the Debye-type relaxation contrib-

dynamics in supercooled liquids and their vitrification. This Ut€S~97% to the static permittivitys in remarkable similarity
subject has been comprehensively and critically reviewed 0 the findings for 1-propa.nol.l But, contrary to the interpretation
recently by Lunkenheimer et.&land by Nga? Theyt2 have of the E_)eb;_/e-type relaxation in 1-pr0pa}ﬁ6t,he correspond_lng
described the dielectric features of supercooled liquids, limita- relaxation in 5-methyl-2-hexanilwas interpreted as a first-
tions of the interpretations of the data obtained in the different order rate process of H-bond breaking and reforming, which
regions of the relaxation and resonance spectra and the data’§ontrolled the rate of orientation polarization. It had been further
significance itself for understanding the molecular dynamics of argued that if the Debye type relaxation did not contribute to
liquids in general. Yet, dielectric studies of certain aliphatic the orientation polarization of 1-propanol and only less than
amided# and alcohols 1! and one secondary alcohdhave 3% of the total number of molecules contributed to its structural-
shown that a major fraction of their orientation polarization relaxation-determiningx-relaxation process, then there is a
decays exponentially, in a Debye-type mantiéFhe temper- difficulty in understanding how the orientational diffusion of
ature dependence of the relaxation rate in some cases remain#his small population of molecules alone can be responsible for
Arrhenius over 46 decaded*?although in most cases it has its supercooled liquid’s structural relaxation and viscosity. This
been found to be non-Arrhenius. To maintain consistency with issue has been subsequently examined by a detailed dielectric
the available models for a supercooled liquid’s molecular relaxation study of supercooled liquid and glassy states of
dynamicst2 the observed Debye-type relaxation has been seen1-phenyl-1-propandt! C;Hs CH(CsHs)OH, a molecule in which

as extrinsic to its vitrification. For example, it has been one H atom in the CKDH group of 1-propanol (&4sCH,OH)
concluded that the Debye-type process in 1-propanol, which had been replaced by the phenyl group, thus converting it to a
relaxes~95.5% of its orientational polarization at 119.7 K, is secondary alcohol. This introduced a steric hindrance to
not likely to be associated with its structural relaxatt®ihis intermolecular H-bonding via the OH group without significantly
means that the molecular diffusion that contributes omy5% affecting the net dipole moment. Moreover, 1-phenyl-1-propanol
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molecule contains an asymmetric carbon atom and therefore

exists in thedextre, andlevo-forms, which also makes the
formation of intermolecularly H-bonded chains between the two
species difficult. Its dielectric relaxation spectra showed a
Davidson-Cole type distribution of time%,rather than the
Debye-type single relaxation tinié.

Steric hindrance to H-bonding in 1-phenyl-1-propanol can
be reduced by increasing the distance between ghis Group
and the OH group within the molecule, which can increase the
probability of intermolecular H-bonding. This would occur in
1-phenyl-2-propanol, where the OH group is attached to the
second C atom and the;l8s group remains at the first C atom,
i.e., in this molecule the phenyl group substitutes an H atom
on the terminal C atom of the 2-propanol molecule. As in
1-phenyl-1-propanoldextro and levo- forms may also exist
for 1-phenyl-2-propanol, in which the second C atom (instead
of the first in 1-phenyl-1-propanol) becomes asymmetric, and
these may influence the intermolecular H-bonding. (It is worth

noting that such designs of alcohol molecule isomers were used

as a technique for studying the nature of intermolecular and
intramolecular H-bonding during the 1980% 22 and 19703328
albeit with limited frequency range for the dielectric measure-
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ments then possible with manually operated equipment.) Here rigyre 1. The ¢ and€” spectra of supercooled liquid 1-phenyl-2-

we report on a detailed study of its dielectric spectra over a

propanol at several temperatures. The curves are labeled as (1) 198.74

broad frequency and temperature range in both the supercoole, (2) 200.43 K, (3) 202.57 K, (4) 203.72 K, (5) 207.61 K, (6) 209.49

liquid and vitrified states. Johari and Dannhaé&érad per-
formed a dielectric study of supercooled liquid 1-phenyl-2-

propanol over a limited frequency and temperature range, and

had analyzed its dielectric spectra in terms of both: (i) a sum

of Debye-type process plus a small, unanalyzable relaxation and

(i) a Davidsor-Cole relaxation process, or a skewed arc
function? Its s was interpreted in terms of the formation of
H-bonded linear chains which increased its dipolar orientational
correlation factorg?® from 1 to ~1.4. They also studied the
effects of hydrostatic pressure on its density and visc#sitly
different temperatures.

When mixed with a nonpolar solvent, intermolecular H-
bonding is considerably reduced if the alcohol molecules do

not form clusters large enough to undergo phase-separation. If

€5 Of the solution is found not to be in proportion to the alcohols
concentration, then in the pure alcohol intermolecular H-bonding
must have existed. It is less than that expected then a
predominantly parallel correlation of the dipole vectors would
have been present in the alcohol. But, if it is found to be more
than that expected, a predominantly antiparallel correlation of

the dipole vectors would have been present in the alcohols. Here

we also use the solution study to investigate the state of
H-bonding in 1-phenyl-2-propanol from measurements of its
dielectric properties in a nonpolar solvent, 2-methylpentane.

Experimental Methods

K, (7) 211.56 K, (8) 213.82 K, (9) 215.46 K, (10) 217.31 K, (11) 219.42
K, (12) 221.34 K and (13) 223.51 K, (14) 225.4 K, (15) 227.58 K,
(16) 229.68 K, (17) 232.29 K, (18) 234.29 K, (19) 236.21 K, and (20)
238.23 K. Uncertainty in the temperature is 0.05 K.

propanol in 2-methylpentane was prepared by weighing, kept
in a sealed container, and studied immediately after its prepara-
tion. The dielectric cell used was a miniature, tunable parallel
plate capacitor containing 18 plates, with an air capacitance of
nominally 26.7 pF. (This commercially available capacitor has
inconsequential amount of stray capacitance and seems superior
to the two parallel plates separated by spacers used successfully
up to 1 MHz frequency range by several groups. Its easy
availability at low cost has been invaluable in studying
dielectrically the growth of macromolecules in real tife3?

in which a capacitor cannot be reused.) The capacitor was
immersed in the liquid sample contained in a glass vial, and its
temperature was controlled by keeping it inside a cryostat, model
Oxford CF 1200, purchased from Oxford Instruments. Instead
of preprogramming the cryostat, the temperature was controlled
to within 50 mK at the desired value by its manual setting and
up to a period of over 24 h needed for measurements at the
lowest frequencies. The dielectric permittivigy and losse”
were measured over the frequency range, 1 mHz to 1 MHz by
means of a Solartron FRA-1255A frequency response analyzer.
The detailed procedure has been described eéafifér.

1-Phenyl-2-propanol was purchased from Chemical Sample Results and Analysis

Company, Ohio, by W. Dannhauser in 1967 for dielectric
relaxatio?’22 and viscosity studies under high pressiifek.
was refluxed with Caklin order to remove any moisture, and
fractionally distilled in a vacuum. The middle fraction was
collected for the dielectric and viscosity measurements. The left-
over middle fraction sample, which had been stored in a
hermetically sealed container for 22 years, was redistilled in a

Figure 1 shows the' ande¢'" spectra of supercooled liquid
1-phenyl-2 propanol and Figure 2 those of its solution in
2-methylpentane at selected temperattreShe ¢ spectra of
both show no clear evolution of a shoulder on the high-
frequency side of the" peak which could be attributed to a
second relaxation process. Therefore, at first sight it seemed

vacuum and studied here. (We are grateful to Professorthat there is only one spectrally broad relaxation process in

Dannhauser (now retired) for donating to GPJ all samples of

1-phenyl-2 propanol and in its solution, as was initially assumed

alcohols he and co-workers had studied in the 1960s and 1970s.Jo be the case in glyceroland propylene carbonateThe

2-Methylpentane of 99%-purity was purchased from Aldrich

Chemicals, and was used as such. The solution of 1-phenyl-2-

dielectric spectra were analyzed by using the fitting algorithm
as described earli&¥®* and used by other$:35
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f [Hz] Figure 4. The resolution of the' ande€" spectra of 1:1 mixture of
1-phenyl-2-propanol and 2-methylpentane at 199.27 K. The parameters

Figure 2. Thee' ande” spectra of supercooled liquid 1:1 (mol/mol)  used for the calculations are given in the text.

mixture of 1-phenyl-2-propanol and 2-methylpenatne at several tem-

peratures. The curves are labeled as (1) 188.38 K, (2) 190.53 K, (3) mixtyre in 2-methylpentane. The highest frequency relaxation

197.96 K, (4) 199.27 K, (5) 201.2 K, (6) 203.19 K, (7) 205.47 K, (8 : :
207.38 K. ((9))209_37 K, (go)) 211.38 K,( ()11) 213.38 K( Zmd (12) 215(.4)1 process could not be resolved owing to the exceedingly small

K and (13) 217.38 K, (14) 219.38 K, (15) 221.72 K and (16) 223.49 Values of itse”contribution and the experimental errors. For
K. Uncertainty in the temperature is 0.05 K. brevity, the resolved spectra ef is partly shown here. The

resolved shapes of thé-spectra are similar to the shapes
described earliet*34Because of the low values ofe, for both
1-phenyl-2-propanol and its solution, reliable valueaef, .,

B2, and tyn2 could not be determined as a function of
temperature. The situation was complicated by the factAlat
decreased rapidly with decreasihgTherefore, values of these
parameters are excluded from discussion here.

The values of the equilibrium permittivitys, of 1-phenyl-
2-propanol, and of its 1:1 mixture with 2-methylpentane were
obtained from an analysis of the spectra shown in Figures 1
and 2. These are plotted agairistin Figure 5, whereeg of
1-phenyl-1-propanol taken from our earlier study is also plotted
for comparison. Thes of 1-phenyl-2-propanol is less than the
value extrapolated from the data reported edfiet low
temperatures, but is consistent with the values at high temper-
atures.

The values ofA¢;, ay, andfS; for 1-phenyl-2-propanol and
for its solution are plotted again3tin Figure 6. It should be
mentioned that the notations for then this computation refers
T - - - - to (1- ccole-col)3® and B is the same as the Davidse@ole

1-Phenyl-2-Propanol

" 10t 10t 100 100 100 10 skewed arc paramete$,® This means that in the limits here
flz] whenp = 1 anda = 1, the relaxation is Debye-type, whén
Figure 3. The resolution of the’' and €' spectra of 1-phenyl-2- = 1and 0< a < 1, the relaxation is of the CoteCole type,
propanol at 209.49 K. The parameters used for the calculations areand wherB < 1 anda. = 1, it is the DavidsorCole type5. For
given in the text. all values of 0< 8 < 1 and 0< a < 1, the shape of the spectra
To elaborate how the relaxation spectra were resolved into is distorted from the shape of the above-given three types.
several relaxation regions, tke spectra of 1-phenyl-2-propanol In Figure 6, the quantity; remains constant at 0.98 0.01

at 209.5 K and of its 1:1 solution in 2-methylpentane at 199.3 for 1-phenyl-2-propanol, and at 0.995 for its solution. These
K are shown in Figures 3 and 4, respectively. The continuous values may be seen as close to 1, i.e., the distribution may be
line in Figure 3 is the curve calculated with the parameters, regarded as the DavidseiCole type> Nevertheless, it should
Ae; = 17.96,01 = 0.986,41 = 0.723,7un,1 = 12.63 msAez also be pointed out that at the limiting low frequencies, ¢he

= 0.708,a, = 0.57, 5, = 0.48, andryn2 = 0.73 ms for ande" values often contain contributions from the dc conductiv-
1-phenyl-2-propanol and that in Figure 4 with the parameters, ity, o4, and interfacial polarization, as has been discussed in
Ae; = 8.6, 04 = 0.993,51 = 0.65, tyn1 = 6.64 ms,Aep, = Appendix of ref 31. This tends to broaden the spectra at the
0.15, a2, = 0.51, 2 = 0.50, andrun2 = 0.0896 ms for its low-frequency side enough to be fitted by the Havriliak and
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mixture of 1-phenyl-2-propanol and 2-methylpentane are plotted against

T [K] the reciprocal temperature. The plots also show a comparison of the

) I s i o ) fits of the VogelFulcher-Tamman equation,f, = 1088
Figure 5. The equilibrium permittivityes for 1-phenyl-2-propanol, 1:1 exp[-1984.54/T — 146.55); power law equationf, =

mixture of 1-phenyl-2-propanol and 2-methylpentane, and 1-phenyl- 10'284(T — 180.11)/180.12}52 and the SouletieBertrand equation,

1-propandl* are plotted against the temperature. f = 1078Y(T — 173.97)T]213 for 1-phenyl-2-propanol. The corre-
sponding equations for the 1:1 mixture of 1-phenyl-2-propanol and
20 - 2-methylpentane arf, = 10'32%exp[—1458.95/T — 145.21)]; power
N MW law equationsy, = 102 (T — 172.96)/172.96} %, and the Souletie
g gf?ﬁ?ﬁﬁﬁ:;ﬁ?;lmpmox %‘AMA\ Bertrand equationfy, = 10'6-14(T — 168.53)T].
12 + 1 mol 2-Methylpentane) . . P
Asl ] normalizede' spectra, (i.e., after dividing the’ values by the
8 %\OO()OOQOOOOO_OQ €' peak height), superimpose satisfactorily well. That this is
104 also the case here is indicated by the nearly constant values of
o the a; and ; for 1-phenyl-2-propanol and for its solution in
o 1.00 a eqoosttitay 2-methylpentane_ as seen in Figure 6. A s_imi_lar occurrence had
| ooErTIRy been found earlier for some molecular liquids at 1 bar pres-
0.964 o LA sure??4t Application of hydrostatic pressure has been found to
broaden considerably the spectra for 1-phenyl-1-progaaatl
0.924 glycerol#2
0.78 N The quantity,f, (= Yo1tmay, has been deemed as suitable
072 Boand oS for delineating the temperature dependence of dynamical
[&1 066l o Mm processes, and we use it here as a measure of the average rate
y mﬁb PR Yy of dielectric relaxation. Its value for the main relaxation
0.601 4 RN processes in both 1-phenyl-2-propanol and its mixture with
0.54 4 A 2-methylpentane is plotted logarithmically against ity Figure
T — T 7. Thefy,1 data for 1-phenyl-2-propanol are described satisfac-
19 200 210 220 230 240 torily by the equation,fn: = 10488 exp[-1984.54/T —
T [K] 146.55)], and that for its 2-methylpentane mixture by the

Figure 6. Top part: Plots ofAe; of 1-phenyl-2-propanol and of 1:1  €duationfm = 1(.)1.3-'27exp[—1458.95/0' — 145.21)]. (Because
mixture of 1-phenyl-2-propanol and 2-methylpentane against the Of the high sensitivity offm to various terms the values here
temperature. Middle part: the corresponding plots of the parameter and elsewhere are quoted to two decimal places.)

oy. Bottom part: The corresponding plots of the paramefiers

Negami’$’ empirical combination of the CoteCole and the Discussion

Davidsor-Cole equations, which is an alternative to the original ~ Effect of Steric Hindrance on Equilibrium Permittivity.
data analysis for polymers described in ref 38, as used hereWe first consider how change in the steric hindrance to OH
and in refs 10 and 35. group affects the orientation polarization of a monohydroxy
The shape of the measuretland ¢’ spectra at the high-  alcohol, as determined from its equilibrium permittivity In
frequency side may become modified when the rates of the two Figure 5,es for 1-phenyl-2-propanol is 20.9 at 211.56 K, which
relaxation processes are close to each other and/or when thés ~1.5 times the value of 13.4 for 1-phenyl-1-propanol at
contributions from the two processes are comparable. From a210.96 K and 0.58 times thes value of 36.0 for 1-propanol
recent study of several supercooled liquids, Olsen.&t lahve interpolated at 211.5 K2 Since the steric hindrance is highest
shown that wherT is such that thex-relaxation and Johari for 1-phenyl-1-propanol, and lowest for 1-propanol, it follows
Goldstein relaxatiof?*! processes are widely separated, the thates of the alcohols decreases when the steric hindrance to
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the —OH group is increased by changing the molecular ~1 for 1-phenyl-1-propandf??2 which had indicated little
constitution andes (1-propanol)> s (1-phenyl-2-propanol} intermolecular H-bonding in its supercooled liquid. In contrast,
€s (1-phenyl-1-propanol). g ~ 3.8 for 2-propanol at 211 K from Table 4 in ref 6.

The ¢ value of 1-phenyl-2-propanol may be compared also  This indicates that there is a parallel correlation of dipole
directly with that of 2-propanol. As calculated from the vectors that contributes to the slowest relaxation process in
parameters provided by Hassion and Codepf 2-propanol is ~ 1-phenyl-2-propanol, as it is in 2-propanol, and that the
36.1 at 211.6 K, which is comparable with tagof ~36.0 for population of intermolecularly H-bonded chains is significant
1-propanokf Thus,es of 20.9 for 1-phenyl-2-propanol is again  in 1-phenyl-2-propanol. Both 1-propafié?“3and 2-propanél
0.58-times the value for 2-propanol. The magnitudéef for had shown a Debye-type relaxation process with a laxge
the former is 17.5 and for the latter is 33.5. This seems to be acontribution. Because this Debye-type process is absent in
direct effect of an increase in the steric hindrance to the OH 1-phenyl-2-propanol, we conclude that the increased steric
group on the equilibrium polarizability of an alcohol. It also  hindrance to H-bond association in 1-phenyl-2-propanol over
implies a considerable decrease in the dipolar orientational that in 2-propanol has significantly reduced those dielectric
correlation, owing to the formation of intermolecular H-bonds, ' relaxation effects of the linear-chain H-bond association, which
in 1-phenyl-2-propanol over that in 2-propanol (and 1-propanol) had produced a Debye type relaxation in 1-propanol and
and in 1-phenyl-1-propanol over that in 1-phenyl-2-propanol. 2-propanol. We recall that, in 1-phenyl-1-propanol, for which

The extent of H-bonds and other interactions that tend to align g ~ 1, this effect becomes undetectably smll.
the dipole vectors in a parallel or antiparallel manner may be Equation 1 may be further used to show how thevalue
determined from the magnitude of the contribution to permit- may be used to determine approximately whether extensive
tivity Ae from a relaxation process. This contribution is related H-bonding occurs in a monohydroxy alcohol. The vapor phase
to molecular dipole moment, density, and temperature by a ginole moment of a monohydroxy alcohols is 1.68 D. If
st§t|slt|ca4ls theory developed by Kirkwodd,Onsagef;* and intermolecular H-bond association were absent,d.eas equal
Frohlich.*% Accordingly, for liquids and solid$; to 1, thenTAe for a relaxation process according to eq 3 would

depend on the magnitude of the tepivl, and the value of...
s €+ 2)24nNp Sincep of liquid alcohols at a given low temperature differs by
2e,+ €, 3 3kBTMgMO no more than 18615%, and theire. varies between 2.6 and
3.0, i.e., within~15%, one expects that at a givénthe Ae
value of liquid alcohols will be within 1520% of each other’s.
Alternatively statedAe for a molecular relaxation process in a
mono-hydroxy alcohol at a givell should be inversely

Ae= (6~ €o) = [ 1)

where €., is the limiting high-frequency permittivity of the
orientation polarization associated with a certain relaxation
process,Na the Avogadro numberp is the density,M the ! ) ! 110
molecular weightks the Boltzmann constarf, the temperature, ~ Proportional to its molecular weight, within +@20%.
and uo is the vapor phase dipole moment. The quangtis The above arguments may be used to discuss a recent
known as the orientational correlation factor whose value is 1 conclusions regarding the mechanism of the first two (slow)
when there is no intermolecular association leading to correlation relaxations, process | and process Il, in 1-propahélor that
of dipole vectors. Its definition is in terms of the summation of alcohol, it was concluded that its process | did not contribute
the dipole vectors of neighboring molecules (it is not empiri- to viscosity and structural relaxation, only its process Il and
cal)2945Wheng is greater than unity, it indicates a predomi- possibly Il did, which in turn were attributed to the rotational
nantly parallel dipolar correlation. This occurs when the ROH translational diffusion of unbonded molecules, as in a molecular
molecules associate intermolecularly by H-bonds and form linear liquid with only the van der Waals type interactions, eagtho-
chain structures. This is a generally accepted molecular inter-terphenyl. These two processes, which contributed to the
pretation for the large values ef which have been observed transport property, had a totale of 3.12 & 2.45+ 0.67) at
for H,O,*” amide$* and alcoholz 30 and for whichg values 119.7 K1° Now, if the Ae value of 3.12 were due to the
have been found to be both greater than 1 and less than 1. Theotational diffusion of the H-bonds free state of 1-propanol
significance of analysis in terms of albeit done in the form molecules'? then it may be scaled with temperature according
of a chemical equilibrium between H-bonded and non-H-bonded to eq 1, or according to the Curie law, to obtain the value for
species, lies not only in the implication that (nonpermanent) 1-phenyl-2-propanol at 211.56 K. This scaled value may then
linear chains of intermolecularly H-bonded structure may occur be compared against the measured value for 1-phenyl-2-propanol
on the time average but also in that ring dimers form in the at 211.56 K. The value of\¢; thus obtained by scaling the
alcohol’s structure leading to its; value close to that of a  1-propanol data is~1.80 (3.12x 119.7/211.56) at 211.56 K,
nonpolar liquid at low temperatures. which should accordingly be expected for 1-phenyl-2-propanol.
A calculation from eq 1 based on the total value &f For comparison, the measuretk; for the first (slowest)
(= €s — €) in which €., had been taken as equal to fz4, relaxation process that contributes to the viscosity and structural
with np being the refractive index for the Na-D line, had led to relaxation of 1-phenyl-2-propanol s17.5 at 211.56 K, as seen
value ofg as~3 for 1-phenyl-2-propanol at 219 ®.This in in Figure 6. Hence, the measurad for 1-phenyl-2-propanol
turn had indicated a significant extent of intermolecular H-bond is ~10-times the value expected from an extension of the
association such that the dipole vectors were correlated in aconclusions on 1-propari8ito 1-phenyl-2-propanol. On the
parallel manner. Now since only the slowest relaxation process contrary, if the conclusion in ref 10 was ignored and 2-pro-
in 1-phenyl-2-propanol is being analyzed here, the limiting low- panol®>#3which also shows a Debye-type relaxation, was taken
frequency permittivity of the faster relaxation process,(and as reference, then the ratio is 0.521(7.5/33.5, i.e., the observed

not 1.1np?), needs to be taken as equaktg, the limiting high-
frequency permittivity of the slow relaxation process. When this
is done by using the data from Figure/Ag; ( = €5 — €w1) IS
~17.5 at 211.56 K. A recalculation with this value &é; from

eq 1 yields they value of~2.3. In contrastg was found to be

Ae of 17.5 at 211.56 K for 1-phenyl-2-propanol divided by the
observed totalAe of 33.5 at 211.56 K for 2-propanol). This
indicates lowering ofj in 1-phenyl-2-propanol. This ratio seems
consistent with the ratio of 0.60~3.8/2.3) of their respective
g values determined earlier here.
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Alternatively, the appropriateness of the proposed mecha- features observed in the dihydroxy and trihydroxy alcohols, such
nisms for the relaxation processes in 1-prop&hatay be as propylene glycol and its oligomeis?® petanediol$? and
discussed by considering the sumAaf of processes Il and IlI glycerol}45%53 |n these alcohols, extensive intermolecular
in 1-propanol, which have been attributed to its H-bond free H-bonding does occur, and thejrvalues are greater than 1 at
monomer reorientations, and scaling this sum with the molecular low temperatures. But these two features of the spectra are also
weight of 1-phenyl-2-propanol according to eq 3. This scaling found in rigid molecular non-H-bonded liquié;*!-54for which
yields Ae of ~0.83+ 0.1 for 1-phenyl-2-propanol at 211.56 K g is equal to 1 at all temperatures, and they are also found for
(i.e., 1.80 x 60/136, where 60 is the molecular weight of amorphous polymers. (Certain mono-hydroxy long chain
2-propanol and 136 is that for 1-phenyl-2-propanol, plus 0.3 is alcohols have shown a similar behavtérput the Arrhenius
added to include the approximate differences arising from their variation of theirf,, with T was determined over a limited
different values ofp and ofe.,). Since the observed value of temperature range and the data were less accurate because their
Ae of ~17.5 for 1-phenyl-2-propanol is 20-times this scaled ¢s value decreases to a value approaching that of a nonpolar
value, it means that either the 1-phenyl-2-propanol molecules liquid at low temperatures. A restudy of these alcohols by the

are H-bonded to form linear chains and thus increasdy a currently available techniques would help in determining the
factor of~20 or that the interpretation dfe in 1-propanol needs  role of intermolecular H-bond association.)
be revised. Since the already calculated valug of ~2.3 for The slowest relaxation that contributes to the majority of

1-phenyl-2-propanol here has shown indication of relatively orientation polarization in supercooled liqui8is1:5455 (and
small extent of intermolecular aSSOCiation, it seems that the p0|ymer§3) is known as thet-relaxation process. This norma"y
interpretation for the transport property contributing mechanism refers to the mechanism of translational and rotational diffusion
in 1-propanol may need further investigation. (A similar analysis of molecules, and their kinetic freezing on the time scale of an
done by following the attribution in ref 10 and therefore taking experiment causes a liquid’s vitrification. In this sense, the
Aep of 2-propandl as 1.7 & 3.8-2.1) at 211 K leads to a  slowest dielectric relaxation in 1-phenyl-2-propanol would
comparable discrepancy.) However, since process | could notcorrespond to theo-relaxation process observed in rigid
be observed by Brillouin light scattering and photon correlation molecular, non-H-bonded, supercooled liquitis54and this
spectroscopy (see ref 10, p 1090 for details), there is a diffusion would contribute to its viscosity and its structural
justification for the conclusion that process | in 1-propanol may relaxation. The relaxation spectra of this process is usually
not be related to structural relaxation. But now that process | is proad. For certain alcohols in which it is narrow, i.e., of the
also observed in 5-methyl-2-hexanol, 1-phenyl-1-propanol, and pebye-type, it seems anomalous and inconsistent with the usual
1-phenyl-2-propanol, the generality of that justification may be models and theories of relaxatiéht®-63 a subject discussed
tested by Brillouin light scattering and photon correlation earlier. But there is an alternative model by Anderson and
spectroscopy of these liquids. Ullman$ which describes the conditions in which a Debye-
The results of the analysis of th& and ¢ spectra of the type spectral shape or a Davidse@ole or Cole-Cole type
1-phenyl-2-propanol, 2-methylpentane mixture, which are shown spectral shape may occur. In their fluctuating environment
in Figures 4 and 6, also demonstrate that the main spectra is ofmodel, different conditions for the relative rates of structural
the Davidson-Cole type’ with the oy and; parameters closely  relaxation and dipolar reorientation may produce either a single
similar to those for pure 1-phenyl-2-propanol. For the mixture, Debye-type process with a single relaxation time or a distribution
€515 10.2 at 211.4 K andke; is 7.7. The density of the solution  of relaxation times. Briefly, if the dipole reorients slower than
is not known, but it should be less than that of 1-phenyl-2- the surrounding relaxes, then the potential barriers are averaged
propanok? and the scaled molecular weight is 12 {/, (86 and a single Debye type relaxation is observed. But, if the dipole
+ 136); 86 being the mol wt of 2-methylpentane and 136 that reorients faster than the (molecular) environment of the dipole
of 1-phenyl-2-propanol]. The value ef for the process would relaxes, i.e., the dielectric relaxation time is less than the
also decrease in the mixture over its value for 1-phenyl-2- structural relaxation time, the (dipolar) reorientation would

propanol. By ignoring the latter decrease, and scaling tredue physically occur in a potential energy landscape which itself
on the basis of the number density of the dipoles alone, which changes with the angular orientation of the dipole, without the
is about half of that in the pure state, we obtgias~1.1 in need for cooperativity. Therefore, one would observe a distribu-

the mixture. This indicates that intermolecular H-bond associa- tion of relaxation times partly because of the angle-dependent
tion does not occur in the solution to raise its correlation factor barriers to reorientation and partly because different molecules
by a significant amount. would have different environments. This seems equivalent to
Nature of Dielectric Relaxation Processeslhe above-given the cage or free volume model for molecular relaxation, which
arguments suggest that intermolecular H-bonded associationis implicit in the Buech® and the mode-coupling theory®s
does occur in 1_pheny|_2_pr0pan0| and not in its SOlUtiOﬂ, and consideration of the prOb'em, but Only in terms of the structural
yet the additional Debye-type relaxation is absent in 1-phenyl- relaxation rate. Its relevance here is that there is no unique shape
2-propanol and present in 1-propan®t43and in 2-propandt. for a liquid’'s dielectric spectra. Rather, it is determined by a
Since dielectric relaxation occurring by the mechanism of set of conditions of environmental fluctuations and the dipolar
rotation of the—OR group is found only when H-bonded chains ~reorientation.
are present,it would be present in 1-phenyl-2-propanol and Finally, the excess" at high frequencies in Figures 3 and 4
not in the mixture. It may be recalled that both processes occurappears as a deviation from a single power law above the peak
in the extensively H-bonded structures in the liquid states of frequency. This deviation may be resolved as a Nagle “wing”

1-propanof43 2-propanof isomeric octanol8,and 5-methyl- or a Johari-Goldstein relaxation procé467 a subject re-
2-hexanolt? Therefore, it seems that both features of 1-phenyl- viewed recently:2 Only further studies at high pressutésr
2-propanol, namely, (i) the DavidseiCole fornP of the measurements made after aging of the sarfipleay conclu-

relaxation spectra and (ii) the non-Arrhenius variation offthe  sively resolve this issue. In either case, the exe&sand the
of its slow relaxation process, admit to the same underlying associated decreasednon increasing frequency in this region
mechanisms that are responsible for the corresponding twoindicates persistence of localized molecular motions.
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Temperature Dependence of Relaxation RatedVe con- In the current literature, two more equations have been used
sider three aspects of the temperature dependence of theo fit the T dependence df,. The first is an empirical equation
relaxation dynamics. These aspects continue to be a subject ofrovided by Dissado and Hilf-"6namely f,, ~ (T — T)” , and
debaté!?2 and used to underscore support of one theory over the second by Nagel and co-workéfs, ~ [(T — To)/TJ".
the other. Since our discussion is analogous to that given There is finally the equation based on the mode-coupling
elsewheré? only a brief description and comparative analysis theory/87°
is needed here. First, the variation &f with T and its
interpretation in terms of the configurational entropy thé®ry fn = And(T — TIITY” (5)
is written in the form

where Ay, Te, andy are empirical parameters. These three
fn = AnceXP(-Z*Au/RT) (2) equations admit to the same form, namely, thawvaries as
(T — To)”. Souletie and Bertra@have provided a somewhat
wherez* is the number of molecules forming a cooperatively different equation,
re-arranging regiom, is “...largely the energy barrier resisting

the cooperative rearrangement per monomer segnfiéatid f=Ag[(T—THT) (6)
Ris the gas constant. The data in Figure 7 can be described by
the empirical VogetFulcher-Tamman equatioff"* whereAgg, T, andy are also empirical constants. Equations 5
and 6 were fitted to the data for the relaxation rates, and the
fn = Averexp[=B/(T — Tg)] 3) plots are shown in Figure 7. For 1-phenyl-2-propanol, the
parameters used for the fitting afg,. = 1024 T, = 180.11,
As noted earlier here, and Figure Ryrr = 101488 Hz, B = andy = 14.52 for eq 5, andsg = 10761 T, = 173.97 K, and

1984.54 K, andTo = 146.55 for 1-phenyl-2-propanol. The , =21.3 for eq 6. For its 1:1 mixture in 2-methylpentane, the
corresponding values are'#@7, 1458.95, and 145.21 Kforits  parameters used for fitting ar,. = 10121 T, = 172.96, and

1:1 mixture with 2-methylpenatne. As shown earliea, further = 12.9 for eq 5, and\sg = 10614 T, = 168.53 K, andy =
analysis of the data may be done on the premise that the CUfVeO%l/Y.QS for eq 6. Remarkably similar values of the parameters
shape of the configurational entropy agaifisplot aboveTg had been obtained for 1-phenyl-1-propafa@nd 5-methyl-2-
extrapolates to zero ab, wheref, also becomes formally zero,  hexanolt?

and that doing so does not imply that the configurational entropy At first sight, the excellence of the fit seen in Figure 7 would
of an equilibrium liquid in fact becomes zero . In this indicate that the theories on which eqs 5 and 6 are based are
analysis, the preexponential term in eq 2 was seen as identicalalid for 1-phenyl-2-propanol and its mixture, and for the two
to the preexponential term in eq 3. Without implying that the other alcohold234 However, according to these theories, the
temperaturdo has a thermodynamic significance, the identifica- critical exponenty must be between 2 and 4, and usually the

tion of these term& had led toAu = 8.318B and z* = high-temperature part of the curves is fitted to the mode-coupling
[T/(T — To)]. By using the above-given values BfandTo, we theory and deviations occur at low temperatures. The values of
obtainAu = 16.4 kJ/mol,z*(198.7 K)= 3.8, andz*(Tq for fm y observed here are evidently-3 times as high. It seems that

= 10* Hz) = 4.2 for 1-phenyl-2-propanol, andu = 12.1 in view of the requirement of the fits, no preference for one or

kd/mol, z*(198.7 K)= 3.7, andz*(Ty for f, = 10~ Hz) = 4.6 other type of the power law equations can be made on the basis
for its 1:1 mixture with 2-methylpentane. The corresponding of the fits in Figure 7.

values for pure 1-phenyl-1-propanol are 12.7 kJ/mol, 3.8 and |t is necessary to point out that the shape of thi,lagainst
5.05. These values may be compared against those for other1/T) plot expected from eq 3 fundamentally differs from the
alcohols as described in ref 14. It should, however, be stressedshape expected from ecf5The approach o, toward its high-

that a comparison between egs 2 and 3, which has been used tgemperature value in eq 3 is obtained by differentiating it with
estimatez* and Au, requires only the matching of the shapes respect to 7,

of the plots of Infy, againstT at T > Ty and this matching has

been done by using the available values of the param&ters [a(Inf)/0(LIT)] ~ —B ()

andTo. Therefore, the estimates of andAu depend sensitively

on the values oB and Ty, which themselves are in turn obtained which implies that asT — o, Inf, — . In contrast, by

by using a relatively long extrapolation. differentiating the power law equations or eq 5 with respect to
Dyre et al’® and Dyré“ have recently provided an alternative  1/T, one obtains

interpretation of the temperature dependence of relaxation rate

in terms of a “shoving model™ Accordingly, [a(In f)/a(LM)] ~ —yT 8

fin = PoyreEXP( G,V /Ke T) (4) which implies that a§ — o, In f, — In A. Finally, according
to the power law, a plot of Ify, against 1T would show a point
where G, is the temperature-dependent shear modulus of aof inflection at a temperaturdy = 2T;, where pX(In fu)/
liquid andkg the Boltzmann constant. Its relevance too has been 3(1/T)3 = 0. This point of inflection has not been obsen#éd.

discussed elsewhetéBriefly, it leads toG,V, = z*Au when The above-given characteristic shape of the plots suggests
the quantities are represented in mole units. For 1-phenyl-2-that the f,, data at high-temperatures should be able to
propanol at itsTy (or T for f, = 107 Hz), we calculateG,V, discriminate between the fits of the VogdtulcherTamman

= 68.9 (orz*(Ty) Au = 4.2 x 16.4) kd/mol. For its mixture equation and the power-law equation. This discrimination has
with 2-methylpentane, we calcula@&.V, = 55.7 kJ/mol. The not been possible, nor h&g been found to approach infinity
corresponding values calculated from the recent data is 55.7asT increases toward the boiling point of the liquid. Moreover,
kJ/mol for 1-phenyl-1-propandland 50.6 kJ/mol for 5-methyl-  according to the power law equations, the Oldekop Plaié
2-hexanol? These values may be compared against the valueslog(r) againstT/Ty; would have a shape in which the high
for other liquids given earlie¥ and further discussed, as before. temperature limit would be undefined, producing thereby a plot
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8 that the ratio of the product/ny, of 1-phenyl-2-propanol to
1 iTﬁ;lghﬁleytL;;rﬁf;f;l that of 1-phenyl-1-propanol be equal to 1. Further it should
7 {—2—1-Phenyl-2-Propanol remain so over the entire temperature range of the study. If this
1—<—1-Phenyl-1-Propanol argument is extended to 2-propanol and 1-propanol, it would
require that the corresponding ratio for these propanols be also
equal to~1. The relaxation rate of 2-propanol is 1.33 MHz at
200 K* and that of 1-propanol is 5 MHz at 202.9%KThese
value$“3 are plotted against also in Figure 8. The ratio of
their respectivény ; shows that the ratio of their respectiVgy
values is~4. In these latter two alcohols, intermolecular
H-bonding is extensive, thg value is~3, and the slowest
relaxation process has a single relaxation time. On comparison
with the corresponding values for the phenyl-propanols and their
relativefy 1, it seems that a decrease in the extent of H-bonding
tends to bring the relaxation close to that expected from the
hydrodynamic approaches. This would seem to be consistent
with relation provided by Hansen et &l.

Finally, we consider the increase in the relaxation rate on
dissolution of 1-phenyl-2-propanol in 2-methylpentane. At
205.47 K,fm1= 1.8 Hz for pure 1-phenyl-2-propanol, and 570
Hz for its 2-methylpentane mixture, i.e., there~s300-fold
increase in the relaxation rate. This difference is reduced to 43-

T [K] fold increase at 221.5 K, as calculated from the data in Figure
Figure 8. Thee" peak frequency for 1-phenyl-2-propanol, 1:1 mixture 8- This change is expected because at the limiting high
of 1-phenyl-2-propanol and 2-methylpentane, 1-phenyl-1-propnol, temperaturefy 1 for the two alcohols should approach ap-
1-propanot® and 2-propanélare plotted against the temperature. Also  proximately the same value in the THz frequency range. It also
plotted is the dc conductivity multiplied by 10 indicates thafTy of the mixture is lower than that of the pure
alcohol. In terms of the hydrodynamic theory it means that the
quite distinct from that generally observed for supercooled productV,y has increased in the 2-methylpentane mixture, and
liquids. This difference entails that the so-called energy that theV,y ratio of the pure alcohol to that of its mixture
landscape picture, which is currently being used for describing jncreases progressively more on cooling from its expected value
qualitatively the thermodynamics and molecular kinetics of of ~1 in the high-temperature limit. Concurrently, the distribu-
supercooled liquids, would need to be revised. It also seemstjon of relaxation times becomes broader, a feature that is not
unsatisfactory to divide the entire temperature range i@@n  considered in the hydrodynamic theories. From their exhaustive
hoc manner with the power laws obeying one range and the giglectric studies of various compositions of 1-propanol, 2-
Vogel-Fulcher-Tamman equation the other. It is important methylpentane mixtures, Denney and Ritttave described how
here to refer to Richert8 conclusion that eq 3 is more the distribution of relaxation time changes, and how this
appropriate for data fitting. In contrast, Cofirad found that gjstribution vanishes and becomes a single (relaxation time)
a form of eq 5 fits the data for a majority of liquids. Debye relaxation for 50 mol % composition. How the deviations
Effects of Steric Hindrance and Dilution on Relaxation  from the hydrodynamic theories can be related to the distribution

Time. We consider two more aspects of steric hindrance and of relaxation times is an aspect of supercooled liquid yet to be
dilution on the relaxation rate of the phenyl propanols. Figure cgonsidered.

8 shows the plots of the relaxation rate agaih$br 1-phenyl-

1-propanol, 1-phenyl-2-propanol, and of the latter's mixture with ~q 1 1usion

2-methylpentane. Here the dc conductivity. of 1-phenyl-2-

propanol and 1-phenyl-1-propanol multiplied by'4i@s also The steric hindrance created by replacing one H atom by a
plotted for comparison against the relaxation rate data. The phenyl group in 2-propanol molecule decreases the extent of
curves in Figure 8 show that the relaxation rates of 1-phenyl- intermolecular H-bonding, and hence the equilibrium permit-
2-propanol and 1-phenyl-1-propanol are similar in most of the tiivity, and the Debye-type relaxation in the original 2-propanol,
temperature range. This similarity is remarkable in view of the becomes DavidsenCole type relaxation. This is similar to that
fact that a certain extent of intermolecular H-bonding that leads observed for the effect of a similar substitution in 1-propanol.
to a parallel correlation of dipoles occurs in the former and not The dilution by a nonpolar solvent also decreases the inter-
in the latter. Reslef® has shown that the Deby&tokes- molecular association via H-bonds. The dynamics of the
Einstein relation is inadequate for describing of the dynamics dielectric relaxation in 1-phenyl-2-propanol is not clearly
of supercooled liquids. But discussion on the applicability of resolved into two processes. This may indicate the presence of

2-Propanol

1-Propanol

log(f, | [Hz]), log(10", [S/m])

19 filled points for g

24

L N B S B S B ——
120 140 160 180 200 220 240

hydrodynamics has been continued by Hansen € alho a “wing” as suggested by Dixon, et &lpr a merged Johari
suggest that the dielectric relaxation time is proportional to the Goldstein process. Its characteristics could not be accurately
viscosityn divided byT and not proportional just tg. SinceT determined owing to its small magnitude. The spectra corre-

differs by usually no more than 50% in the extreme temperaturessponding to thex-relaxation process contribute€94% of the

of measurements, the maximum difference arising from this total polarization, and the spectra at different temperatures is
revision would be by a factor of 1.5. The Debye theory of superimposable. The strength of the dielectric polarization is
dielectric relaxation and the StokeEinstein equation for much larger than that observed for the presumeutocess in
hydrodynamics also of course relate the molecular vol¥ne 1-propanol. For 1-phenyl-2-propanol, it is consistent with the
andy to its diffusivity or fy 1. Accordingly, the similarity of conclusion that thea-relaxation involves reorientation of
fm.1 Of 1-phenyl-2-propanol and 1-phenyl-1-propanol suggests H-bonded molecules. A discussion in terms of the configura-



Polarization in Alcohols J. Phys. Chem. A, Vol. 105, No. 21, 2008069

tional entropy without implying an underlying thermodynamic
::]arllsmcl)n |rfl trhtt?1 eqwhbrurjrg\:uqlwfl b(rarlor\?igirlledrto ia r?lz'?'Of :1le Faraday Trans1970 66, 203,

olecules tor tne cooperatively rearranging eg on atdis: . (28) Bennet, R. G.; Hall, G. H.; Calderwood, J. H.Phys. D: Appl.

16.4 kJ/mol for the constant value of the potential energy barrier. phys.1973 6, 781.

Dyre et al's modeP74for a temperature-dependent Arrhenius (29) Kirkwood, J. G.J. Chem. Phys1939 4, 592.

energy leads to a set of parameters whose values can be (30) Johari, G. P.; Dannhauser, Wigh Temp-—High Pressured972

Qstlmated from t.he above-given values. However, uncertainty (31) Johari, G. P.; McAnanama, J. G.; Wasylyshyn, DJAChem. Phys.

in the extrapolation of the parameters of the Vegelilcher 1996 105 10621.

Tamman equation leads to an inconsistency in the parameters (32) Parthun, M. G.; Johari, G. B. Chem. Phys1995 103 7611.

evaluated. The power (or scaling) law based equations fit the 83 \éVE;_SylySEyn, D{)AE Jci?_arg %Béﬁhembﬁhé/lséggﬁlﬂéklgggg.
it _ o alinovskaya, O. E.; Vij, J. KJ. Chem. Phy .

data well, but the critical exponent for 1-phenyl-2-propanoland o0 o 0" e o2\ Richert, B, Chem, Phys1998 104

its mixture with 2-methylpentane is—3} times the value 543

expected from these laws. This indicates that fitting of such (36) Schneider, U.; Lunkenheimer, P.; Brand, R.; LoidlJANon-Cryst.

power-law is ambiguous. Solids 1998 235-237, 173. '

The dielectric relaxation rates of 1-phenyl-2-propanol and c-(igyiavéﬂlﬁqkﬁlsg'égi%a?é’ Polymerl967 8, 161;J. Polym. Sci. Part
1-phenyl-1-propanol are remarkably similar over a broad (38) McCrum, N. G.; Read, B.; Williams, GAnelastic and Dielectric
temperature range, and those of 2-propanol and 1-propanol areeffects in Polymeric SoliddNiley: New York, 1967.
close to each other. As the two molecules in each pair haveoo(()%%)lgsin, N.gB-é(%gistensen, T.; Dyre, J. C. www:ar XIV:cond-mat/
i i ie indi ; i - , June 9, .

!dentlcal volumes, this |nd|cz_ate_s that _desplte dlffergnces m_the (40) Johari, G. P.: Goldstein, M. Chem. Phys1970 53, 2372,
intermolecular H-bond association their hydrodynamic behaviors

- . ; ; (41) Johari, G. PJ. Chem. Phys1973 58, 1766.
are similar. In mixture with 2-methylpentane, the relaxationrate  (42) Johari, G. P.; Whalley, EEaraday Symp. Chem. Sd972 6, 23.

(26) Bordewijk, P. Ph.D. Thesis, University of Leiden, 1968.
(27) Bordewijk, P.; Gransch, F.; Bwoher, C. J. F.J. Chem. Soc.

is much faster, as the H-bond association and viscosity decrease. (43) Denney, D. J.; Ring, J. W. Chem. Phys1963 39, 1268.
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