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Broadband dielectric spectroscopy was used to study the relaxation dynamics in
bis-5-hydroxypentylphthalat@HPP under both isobaric and isothermal conditions. The relaxation
dynamics exhibit complex behavior, arising from hydrogen bonding in the BHPP. At ambient
pressure above the glass transition temperalyréhe dielectric spectrum shows a broad structural
relaxation peak with a prominent excess wing toward higher frequencies. As temperature is
decreased below,, the excess wing transforms into two distinct peaks, both having Arrhenius
behavior with activation energies equal to 58.8 and 32.6 kJ/mol for sl¢@ernd faster(y)
processes, respectively. Furthermore, the relaxation times fg# jpinecess increase with increasing
pressure, whereas the fasterelaxation is practically insensitive to pressure changes. Analysis of
the properties of these secondary relaxations suggests tha@ flemk can be identified as an
intermolecular Johari-GoldsteifdG) process. However, its separation in frequency from dhe
relaxation, and both its activation energy and activation volume, differ substantially from values
calculated from the breadth of the structural relaxation peak. Thus, the dynamics of BHPP appear to
be an exception to the usual correlation between the respective properties of the structural and the
JG secondary relaxations. @05 American Institute of PhysidDOI: 10.1063/1.1851980

I. INTRODUCTION relaxation are correlated with those of theelaxation, and

. . that the JG relaxation, occurring sooner in time, serves as the
A considerable number of research efforts continue to

L é)recursor of the primary relaxation’ This means that fun-
focus on the glass transition phenomenon, as many funda; oo " .
damental insight into the glass transition dynamics necessar-

mental issues remain to be fully resolved. Dielectric spec-”y requires accounting for the behavior of the JG relaxation.

tr is an iall ful pr llowing th nami e . L .
OSCOPY'IS an especially Usetu pobe, allowing the dynamics One difficulty, leading to some confusion in the litera-
of supercooled liquids to be monitored over many decades of : e .
e, concerns identification of secondag relaxations

. r
frequency. Recent progress has been made by carryin outﬁf : .
q Y prog y ying ich may not be JG processes. lllustrative examples in-

measurements at elevated hydrostatic pressure. A salient a ude theg relaxation in 1,1-bis (p-methox henyl cyclo-
vantage of such experiments is that advantage can be takﬁn p ' P yp y

of the differing response to pressure of the primaryor exane(BMPC) and in tripropylene glyco(TPG). The di-

: . ; electric spectrum of the former has a secondary relaxation
structural relaxation and any other dielectric processes. P y

Overlapping dielectric absorption peaks often become sepa‘b?t’ .by |ts_ bghawor, ostensibly appears to be the JG rglax-
rated at high pressure, enabling the properties of the seconftOM: 10 Wit, itis the slowest observed secondary relaxation,
ary B relaxations to be examined. Among the latter, the mos?nd extrgpolgtlon of its relgxanon times |ntersect53 the
important is the Johari-Goldste{dG) secondary relaxation. a-relaxation times at a merging temperaFuTg:Tg+30.

This process involves all atoms of the molecules, and thus iE'O‘Ne"e“ NMR measuremefitseveal that thiss secondary,

observed even in rigid molecules, lacking pendant moiéties.'nVOIVing flipping of the methoxyphenol rings, is an internal

The JG relaxation is believed to be universal to glass form—mOde and thus not a JG process. Further evidence the the

ers, although the peak is broad and often much weaker thahfak in BMPC is not a JG relaxation comes from the finding
the primary « dispersion, so that a JG peak may not bethat theB-relaxation times are nearly invariant to press‘hre.

evident in the dielectric spectrum of all materials. _ TPG also has a distinct secondgbyrelaxation in its
Recent work has shown that various properties of the Jéhelectnc spectrum that has conventionally been regarded as
aJG proces%.7 However, under elevated pressure a hew sec-

_ ondary peak emerges intermediate in frequency to phis
dAuthor to whom correspondence should be addressed; Electronic malbeak and the maia peak8 The frequency of this new peak
mpaluch@usctouxl.cto.us.edu.pl ’

bAuthor to whom correspondence should be addressed; Electronic mailS more sensitive to pressure Fhan Bpeak, implying Stron_' _
mike.roland@nrl.navy.mil ger intermolecular cooperativity. That, and the fact that it is
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FIG. 1. Dielectric loss spectra at ambient pressure and the indicated ten=IG. 2. The dc conductivity plotted as a function of the relaxation times for
peratures. The solid lines are the best fits of j.to the « peak, yielding  the a peak. The power-law exponent is 0.82.
Bk=0.55. Also shown is the chemical structure of the

di-5-hydroxypentylphthalate. . . . .
exerted via a piston and hydraulic press. During measure-

ments, the sample was in contact only with the steel plates
and Teflon insulation. The temperature was controlled within
.1 K by means of liquid flow from a thermostatic bath.

the slower of the two, indicates that the new peak, unob
served in low pressure measurements, is the JG préces
Misidentification of secondary peaks hinders development o
the understanding of JG secondary relaxations, and their re-
lationship to the glass transition dynamics. Il RESULTS

In this work we have carried out dielectric measurementa, Temperature dependence
on a newly synthesized glass former, (Biydroxy-
penty)phthalate (BHPP. The presence of two hydroxyl
groups, along with the ester functionality, imparts a stron
dipole moment. This facilitates measurement of the dielectri
response at elevated pressures. However, in addition to i

capacity for hydrogen-bond formation, BHPP has a Comple;trongcgrilax;non r[])eak. Relaxz?tn;nr?mes f(_)r thep_rocESSI
molecular structure. The result is a complicated dielectric’® are defined as the reciprocal of the maximum in the loss

spectrum, with an excess wing at low pressures, and at SuP_eak. For thea relaxation at lower temperatures, this re-

ficiently high pressures, two secondary peaks. An aim of thiguires subtraction of the ionic conductivity, the latter fitted
' y usin

paper is to sort out the nature of these relaxations.

Representative dielectric loss spectra of the maire-
axation at ambient pressure are shown in Fig. 1. At higher
emperatures, a dc-conductivity contribution is evident at
gwer frequencies, while beyond the conductivity, there is the

Sgc(w) = O'dcw_l- (1)
Il. EXPERIMENT In Fig. 2, thesary. are plotted vsr,, the data conforming to
a power la

The big5-hydroxypentylphthalate was prepared from
phthalic anhydride and pentamethyl glycol. The synthesis ¢7°=const (2)

was carried out in xylene at elevated temperature for 9 h, . . )
Y P with s=0.82. This exponent reflects the degree of decoupling

until the acid number of the product was less than ” )
5 mg KOH/g. The product was purified and dried underOf the two quantities, so that for the BHPP we findand o

vacuum, with the purity confirmed by elemental analysis andmve somewhat different temperature dependences.

NMR. The chemical structure of the compound is illustrated. For thg higher temperatures, a pr_omlnent EXcess wing
in Fig. 1. is present in the loss spectra, appearing as a deviation of the

The temperature-dependent dielectric measurement’ peak in Fig. 1 at higher frequencies from the Kohlrausch—

were carried out with Novo-Control GmbH equipment. We Williams—Watts(KWW) form™® of the relaxation function,
measured the complex permittivity over ten decades of fre- “ | -d )

quency using an Alfa analyzéi02—1¢ Hz), in combina- &'(w) =A8J dt{a exp(- (t/TK)BK)}S'”(“’t)- 3)
tion with an Agilent network analyzet10’—1C° Hz). The 0

temperature was controlled by the Quatro system, employinth Eq. (3), Ae is the dielectric strengthsx a characteristic

a nitrogen-gas cryostat; temperature stability at the sampleelaxation time,w the circular frequency, angy is the
was better than 0.1 K. For high-pressure measurements, vatretch exponent. Fits to the peak usingB«=0.55 are
used a Unipress system, with the sample contained betweeown in Fig. 1(Note for this value of the stretch exponent,
two steel plates mounted in a Teflon bellows. Pressure wag=0.76r,.). The intensity at high frequencies in excess of
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FIG. 3. Arrhenius plot of the relaxation times for the(O), B (A), andy 1 [s]
processegY). The solid lines are the fit of Eq4) to 7, and linear fits
(_Arrhemus behavior to_ the secondary relaxations, yieldind=, FIG. 4. Dielectric strength of the process as a function of therelaxation
=58.8+1.3 kJ/mol and,=32.6+0.4 kJ/mol. Extrapolations of the latter ime The solid lines, which are linear fits to the two regimes #gr5
yield the intersections withr, at apparent merging temperaturék,;  x 108 s intersect at,=4+2x 107 s. The inset shows the same data plot-

=233.2 andT,,=281.6 K. The open triangles argg calculated from EQ.  tg4 vs inverse temperature.
(10) assumingBx=0.55. Inset shows the derivati&ticke) plot of the
a-relaxation times. The vertical dashed lines denote the merging

temperatures. Equation(4) fits 7, over the entire range, encompassing
almost ten decades of time. It is unusual to be able to accu-

the calculated KWW function constitutes the excess wing. rately describe relaxation times for theprocess over such a
As temperature is reduced below ca. 207 K, the primanproad range using a single VF equation. A Stickel Plof
peak moves out of the experimental window, and a secondhe data, i.e.(dlog 7,/dT™)™/2vs T™%, is shown in the inset
ary process8 peal becomes apparent toward higher fre-to Fig. 3. This yields a straight line, indicating absence of
quencies. This reveals that the excess wing seen at low@ny marked change in dynamics, as commonly seen at a
temperatures is, in fact, just a submerged secondary relafemperaturélg~1.2Tg*7°
ation. At still lower temperatureg<198 K), another second- Although there is no evidence of a crossover in the re-
ary process becomes evident, which we refer to assthe laxation time data, it has been found that the temperature
peak. Thus, at the higher temperatures in Fig. 1, the excedgriation of the dielectric strength of glass formers can ex-
wing reflects contributions from two unresolved secondanhibit two regimes, demarcating a change in dynamics in the
processes. liquid state'®!’In Fig. 4, A is plotted as a function of the
Except at the highest measurement temperatures, therrelaxation time, where it can be seen that there is a clear
secondary peaks, although weak, are sufficiently isolated th&reak in the curve for,=0.4£0.2 ms; thusTg=262+4 K.
no deconvolution from ther peak is necessary. The relax- In the inset, the dielectric strength is plotted vs the reciprocal
ation times for all three processes, defined from the peakemperature. Classical theory predicts an inverse dependence
maxima, are displayed in Fig. 3. Both secondary processe®f Ae on T, arising from orientation of the dipoléd This is
exhibit Arrhenius behavior, with activation energies equal torarely observed, due to correlation of the dipoles. Instead, as
58.8+1.3 and 32.60.4 ki/mol far, and r,, respectively. ~ Seen in the inset to Fig. 4, there are the two regifieSit is

The « relaxation has a Vogel-FulchévF) temperature also interesting to note the curvature ie the towards
dependence, higher temperatures. This may be caused by the presence of

more than one dipole in the BHPP.

log 7,(T) =log 7o+ (4)

T-To
. B. P d d
with log 7, (§=-12.97£0.01, B=649+3 K, and T, ressure dependence
=161.3+0.1 K. Extrapolation te,=100 s gives 204.7 K for In Fig. 5 are shown spectra measured at 253 K for vari-
the glass transition temperatufg. From the VF parameters, 0Ous pressures. Tha peak exhibits a strong sensitivity to
we calculate the fragilityT-normalized temperature depen- pressure, and beyond about 0.5 GPajis too large to be

dence, observed within the available frequency range. At lower
pressures, its shape is essentially unchanged from that at am-
= dlog(7) __ Blog(e) 5) bient pressurec=0.55+0.03. The secondary relaxations,

which were masked by the peak at this temperature at
ambient pressur@-ig. 1), appear as distinct peaks at elevated
The resultm=71, indicates that BHPP is a moderately frag- pressure. Thus, both temperature and pressure serve to trans-
ile glass former. form the excess wing into a separated dispersion in the loss.

ATy |ror, Tl -ToTp?’
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‘l;""“"ﬂ_"“"'l_"'“""_"'“"!_""'"'!_"'““'l_"'"'ﬂ‘o x ki B TABLE I. Activation parameters.
] T=253K

v o o ]
V_ 0000800, 1725 2 P(MPa) 2 125 E, (kj/mol) AV# (mi/mol)
a process 280 47+3
B process 58.8+1.3 7.6+0.2
7y process 32.6+x0.4 0.03+0.03

-
sl

®From Arrhenius slope ary=204.7 K.

log(t /s)

=41+12, andPy=4180+£1100 MPa. In the limit of low pres-
sure,AV#=2.30RT(C/Py)=47+3 cn¥/mol. The activation
volumes for all three processes are listed in Table I.

IV. DISCUSSION

The « relaxation of BHPP shows some interesting fea-

102 10" 10° 10 10° 10° 10° 10° 1¢0° tures. The liquid exhibits a moderate fragility, and in combi-
Frequency [Hz)) nation with the activation volumeéTable ), the pressure co-

efficient of the glass temperature can be calculatéll as

FIG. 5. Dielectric loss spectra measured at 253 K and pressimésPa)

equal to 12507), 331(A), 450(0), 693(V), 843(5>), 987 (), 1275(<]), Ty, AVY
and 1725(0)). The solid line is Eq(3) with Bc=0.55. 4P - 230Rm (7

We obtaindTy/dP=35+2 GPal. This is substantially lower

than for dibutyl phthalate%z, and falls in the range afT,/dP

nreases i ncreasing pressure, Honeuer, e SHe! plues repore fo Hebonding uds ™ The eier Sirc
P ; 9 q y . _tures have less influence on the pressure variation of the
increase inP. The pressure dependence of the relaxation

. . - . S glass temperature than do the hydroxyl groups, because of
Er:]zsczf Sfﬁg{fg d'r;;\}%_g' BfBOHrSTVI\:mCh ?3 Izctlve}téolg VOI'the dominant influence of hydrogen bonding.

L : a e P—0 9 7o/ A7), Over a range covering more than nine decades of fre-
with similar expressions for; and 7,. While the variation of

L - . n h mperatur nden n ri
the relaxation time for the secondary processes is linear Wlt@ue ¢y, the temperature dependencerptan be described

pressure, there is some curvature in the plot,ofs P in Fig. y asingle Vi equation; that is, there is_ no evidgnce of a
6. A useful parametrization 10,20 change of dynamics at;>T,. The change in dynamics sug-

gested by the dielectric strength data is also not seen in de-
CP rivative plots of 7,(T). The latter behavior is usually found
m, (6) for glass formers having narrow relaxation functions. For
example, glycerol and propylene glycol have large values of
where 7p, C, and P, are constants. Fitting the-relaxation Bk (>0.7) and only very weak changes in tfiedependence
times in Fig. 6, we obtain loge (s)=-5.85t-/05, C  of 7, aboveTg.26’27However, fitting thex-relaxation peak of
BHPP yields Bx=0.55, which is not an especially narrow
relaxation function.
- A confirmation of the obtaine@y can be obtained using
the well-known correlation between the stretch exponent and
4  the fragility, expressed &%

m=250+30) - 320 (30< m< 200). (8)

Similar to thea peak, the relaxation time fg8 process

log 7,(P) =log 7p +

For m=71, this givesBx=0.56, consistent with the value
determined by fitting the loss spectra of BHPP to E3).
(Fig. 1). There are notable exceptions to this general
correlation? and in particular, monohydric alcohols tend to
have larger stretch exponents than E). would suggest®

] Thus, in Fig. 7 we plofas open inverted trianglethe avail-

J able literature data for alcohols, both monohydric and
polyhydric/?8*°The single solid symbol represents the val-

log, [+ As)]

0 800 600 200 1200 1500 1800 uesm and Bx obtained herein for BHPP. This datum lies
P [MPa] within the range for the other alcohols, although the scatter is
large.

FIG. 6. Relaxation times as a function of pressure at 253 K. The lines are Genera”y, glass formers may exhibit two types of sec-
linear fits to the data, except far-relaxation times, for which Eq6) was  qnqary relaxations in their dielectric spectrum—processes
used. The corresponding activation volumes are listed in Table I. The open : . .
triangles are ther, calculated using Eq(10) with the assumption that INVvoIving all atoms in the molecule, which are referred to as

Bx=0.55. JG relaxations, andtrivial) processes involving only in-
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oo ] cess wing are those having large values of the stretch expo-
nent, B = 0.7

V¥ alcohols (iii ) A correlation has been proposed between the activa-
® BHPP . tion energy for the JG process and the glass transition tem-
peszature,EJG:24RTg.33 This relation has been generalized
to

100 |-

80 |-

ol Eje=RT,(31.68¢ - 26.9 — 2.303 logr), (10)

fragility

where the quantity in brackets equals about 24 for many
glass formers, and =20.3 for BHPP. From Efj0) we cal-
culate E;g=35 kJ/mol, which is about half the measured
value ofE;=58.8+1.3 kJ/mol. The latter suggests a value of
Bk that is 1.2 times larger than measured.
) ) ) ) ) ) There are two possible explanations for the behavior of
0.4 05 06 0.7 0.8 0.9 1.0 the secondang relaxation. First, it may not be a JG relax-

stretch exponent ation, and thus condition&)—(iii) above would not apply.
- e t wre devend . _ cohol However, this begs the question—where is the JG relaxation
e e v ancls I BHPP? While i i often submerged under a dominant
to the datadashed ling Also included are the results herein for BHPP using P€aK, and thus appears only as an excess wing, the excess
the stretch exponent determined from fitting the loss i@kand using the ~ wing seen herein transforms into a distinct peak at lower
\(alue of Bk deduced from the properties of ttzibrelag_ation(@). The solid and higherP. In previous cases in which pressure or physical
line represents the correlation of these two quantities for all glass former%_ging was used to deconvolute the primarpeak, the sec-
(not just alcoholsas reported by Bohmaeat al. (Ref. 28. . .

ondary peak arising from the excess wing was reported to be
a JG relaxatioff:?#%5-38

tramolecular degrees of freeddrfi® When more than one The second possibility is that the-relaxation peak is
secondary relaxation is present, the fagsenallerr) cannot  inhomogeneously broadened, due to a complex structure
be the JG process, since motion involving only some atomfaying more than one dipole; consequently, the measured
in the molecule is necessarily faster than intermolecular mopreadth would not be a true reflection of the intringie for
tion involving the entire molecule. This means that the the « process. Such an effect has been observed previously
relaxation in BHPP is not a JG process. It is not uncommonn po|ymersy such as ethy|ene_propy|ene Copo|fﬁmnd ep-
for associated liquids to exhibit a higher frequency, secondpxidized polyisoprené&’ in which local segmental motion
ary peak, in addition to their JG relaxatigwhich may ap-  originates with torsional motion of different repeat units, giv-
pear only as an excess wing at ambient pregsiirahe ing rise to an anomalously broadened relaxation function.
question remains concerning the identity of fi@rocess in  The inference herein is that for a large molecule such as
BHPP—is it a JG relaxation or only intramolecular motion gHpp, having dipoles at both the ester moieties and the ter-
bearing no relationship to the glass transition? Various difminal hydroxyl groups, thea relaxation is broadened,
ferences expected for these two types of secondary rela)gvhereby Eqgs(8)—(10) do not apply, at least using the di-
ations, with properties specific to the JG process described ifectly measured peak breadth. This would account for the
the literature, are given below. fact that there is no obvious change in the temperature de-

(i) The change in dynamics of theprocess transpires at pendence of ther relaxation in the vicinity of the extrapo-

a temperaturdg, which is usually approximately equal the |ated merging ofr; and,, since the usual change of dynam-
value of the temperaturd;, at which the extrapolated JG jcs is very weak in glass formers whoserelaxation has a
relaxation times interseet,. From Fig. 3, the secondary re- |arge value of3,. Conformance of the relaxation properties
laxation times for BHPP extrapolate to an intersection withto Egs.(9) and (10) implies B<~0.7. As seen in Fig. 7, the
the o process at log/s)=-4.3 and logr,/s)==7.9. An  gcatter in the correlation between fragility apd is suffi-
extrapolation of the pressure dependeffdg. 6) yields simi-  cjent to admit this larger value of the stretch exponent for
lar results. The change in the dynamics inferred from Fig. 48HPP, However, the activation volume measured for ghe
occurs at logr,/s)=-6.4, which is inconsistent with the peak is too small, and this discrepancy would becovese
identification of theB peak as a JG process. for a larger value of3.

(if) The separation between the mairpeak and the JG Finally, we note that for dibutylphthalatéDBP), B«
peak is also related to the magnitude of the stretch exponent,p.65%? Given the well-established inverse correlation be-
according t6** tween the magnitude of the stretch exponent and the capacity

- (9) forintermolecular poupliné} it is not obvious how the local

motion of the bulkier, more polar BHPP could be less inter-
wheret.~2 ps. The calculated values of the JG-relaxationmolecularly cooperative than DBP. That is, we exp@égtfor
time are displayed in Figs. 3 and 6 where it can be seen th&HPP to be smaller thafk for DBP; this argues in favor of
they are at least three orders of magnitude smaller than the directly measured value of the stretch exponent, rather
The separation ofr, and 7 is consistent with a 1.3-fold than the much larger one required for compliance with Egs.
larger value ofBk. Indeed, glass formers exhibiting an ex- (8)—(10).

20 |-
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