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Dynamics of Sorbitol at Elevated Pressure
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Dielectric relaxation measurements were carried out on sorbitol as a function of pressure at various temperatures.
The almost linear dependence of the structural relaxation times on pressure yields values for the activation
volume. In light of results for xylitol and glycerol, the activation volume is found to be an increasing function

of molecular size. Because the pressure coefficients of the glass temperature for these polyalcohols are all
equal, their fragilities should parallel their respective activation volumes. This expectation is borne out by
experimental measurements at ambient pressure. Analysis of the volume dependence of the relaxation times
reveals that temperature, rather than density, dominates the structural relaxation of sorbitol. At frequencies
higher than the structural relaxation, a secondary process is observed. The weaker pressure sensitivity of the
latter effects better resolution of the two peaks at high pressures. The relaxation time for the secondary process
is consistent with a calculation from the coupling model based on identification of the secondary process as
the precursor to the highly cooperative structural relaxation.

Introduction In this paper, we report dielectric spectroscopy data for

Structural relaxation of supercooled liquids continues to evoke sorbitol under elevated pressure. Naoki and Katahjpeevi-

great interest due to the diverse behaviors observed, as well aQUSIy studied the p””?ary structural relaxation, using dielectric
the fundamental significance of the phenomenon. Some recen easurements covering 3 de_cades of frequency at 8.5 MPa.
progress has been achieved by extending experimental studie hey interpreted their results in terms of the competing effects
to the effect of hydrostatic pressure on the relaxation dynamics. g:(t'gwnetrrg?l ﬁ n derrogyénfrebeoX;lﬁmewinde;?:ngretﬁissu r\?v-grip?/vni(tjr? nt
Examples of the utility of pressure as a variable include meas remer>1/ts c? or 9 deca%es of frequency at a series of
discovery of unanticipated structurproperty relationship? ressﬂres u '[hI’O\{J h 400 MPa at eachqgf thr)ée tem eralltures
resolution of overlapping spectral dispersidrigssessment of P P 9 emp )
the relative contributions of free volume and thermal energy to The response to pressure of the st_ructurgl reng_aﬂon, as well as
the dynamics;® and providing new insight into the develop- the secondary relaxation process in sorbitol, is investigated. In

ment of intermolecular cooperativity near the glass tempera- addition to providing new |nS|gh§s into the behavior of sorbitol,
ture10 the results are compared to literature data for homologous

Among the myriad glasses, the added complexity of associ- polyalcohols, yielding interesting structufproperty informa-

ated liquids makes them especially interesting. Sorbitol is a six 1on.
carbon polyalcohol characterized by extensive hydrogen bond'Experimental Section
ing. Its large dielectric strength has caused it to be the subject

of numerous investigations using dielectric spectroscépy. The sorbitol (synonymsy-sorbitol or glucitol) was obtained
Sorbitol also has an experimentally convenient glass tempera-from Aldrich and used as received. The complex dielectric
ture, Ty &~ 2641 to 273 K2 and is very “fragile”,m = d log- permittivity, e* = €' — i€"", was measured in the frequency range

(ra)/d(Tg/T)|r=r, = 12816 Consistent with this largen, the from 1072 up to 10 Hz using an Novocontrol Alpha analyzer.
structural relaxation peak in the dielectric loss is quite broad, The capacitor consists of two parallel stainless steel plates
fwhm > 3 decaded! At ambient pressure, the structural Separated by a quartz spacer and has a nominal geometric

relaxation times follow the Vogel equation capacitance of about 10 pF. The electrodes are mounted inside
a cylindrical capsule. After filling with the test liquid, the cell,
t(M=1 exp( B ) 1) sealed and mounted inside a Teflon ring, is placed in a high-
« * T—-T, pressure chamber. Pressure is exerted via silicone fluid using a

piston in contact with a hydraulic press. Deformation of the
for 300 K> T > T, with deviation to a different Vogel behavior ~ Teflon membrane covering the top of the cylindrical capsule
observed at higher temperatufésSorbitol has a prominent  pressurizes the sample. The pressure was measured by a Nova
secondary peak in the dielectric loss spectrum. From the glassySwiss tensometric pressure meter with a resolution of 0.1 MPa.
state up to temperatures as high as 293 K, fhiglaxation ~ The temperature was controlled to within 0.1 K by means of
exhibits an Arrhenius temperature dependence with an activationliquid flow from a thermostatic bath.
equal to 68+ 7 kJ/mol1216

Results
* To whom correspondence should be addressed. . . . . . . .
* Silesian University. Figure 1 shows a representative dispersion in the dielectric
* Naval Research Laboratory. loss,€"" (w), for sorbitol measured at elevated pressure. The dc
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Figure 1. The dielectric loss of sorbitol) at elevated pressure (340 B T A S T T T T B
MPa) at 286.4 K and at atmospheric pressurextd72 and &) 274 0 50 100 150 200 250 300 350 400
Kx. The inset shows the superposition obtained by shifting the 272 K
spectrum by 0.8 decades. The conductivity contribution, assumed P [MPa]
proportional to 1b, has been subtracted from the spectra. Figure 2. The structural (open symbols) and secondary (filled symbols)

. . relaxation times for sorbitol as a function of pressure: temperature
conductivity at low frequencies has been subtracted from the 0) 282.0; O) 286.4, and &) 303.0 K. The solid curves represent

spectrum by assuming an inverse proportionality to log fre- straight-line fits to the data, except fog at 303 K, which were fit to
quency. The respective temperatures of the three spectra wereq 3. Note these data were obtained at frequencies slower than the
chosen such that the, (defined as the inverse of the circular crossover frequency(1(° Hz), associated with a change in dynamics
frequency,w, of the maximum in the dielectric loss) were and merging of the primary and secondary procesSses.

essentially thg same; thus, the higher pressure Spectrum Correy g £ 1: Results for Sorbitol

sponds to a higher temperature. The secondary relaxation is in

evidence toward higher frequencies, with an increased relative__T (K) process log- () AV (mi/mol)
prominence in comparison to the spectra at ambient pressure. 282 structural —2.72+0.1 59.4+ 3.4
This is illustrated in the inset, showing the superposition of the secondary —5.80+0.02 4.6+£05

. . . 286.4 structural —3.52+ 0.05 58.2+£1.2
structural relaxation peaks measurgd at ambient and high secondary —6.01+ 005 6.5+ 1.2
pressure. The latter corresponds to higher temperature to match 303 structural —5.95+ 0.02 33.1+ 0.7
the 7,. Consequently, the prominence of tlfeprocess is aAt P < 100 MPa

enhanced because aboVgthe dielectric strengthie, of the

primary relaxation for sorbitol decreases with temperature while in which D andP, are material constants. We obtdén— 30.9
that of the secondary relaxation increakes addition, Ae of andPy = 2490 MPa with the values af, andAV = (RT3 In

the primary relaxation decreases with presstire. 7,/0 P|7) at lower pressures given in Table 1. Note that eq 3

The greater resolution of the two peaks is also a consequencecould be used equally well to describe the structural relaxation
of their differing response to pressure. As shown in Figure 2, times measured at the two lower temperatures. Indeed, the fact
the structural relaxation times vary more strongly with pressure. thatP, for 303 K is significantly larger than the applied pressures
For the lower two temperatures in Figure 2, the data vary in Figure 1 indicates that the deviation from proportionality
roughly in a linear fashion with pressure over the measured between logr, andP is small. Certainly, the use of different
range; thus, a simple, volume-activated model suffiées, equations is not meant to imply that any change in behavior
occurs over the temperature range from 282 to 303 K.

We can define a dynamic glass transition as the temperature
at which the relaxation time equals 1 s. This avoids the
extrapolation necessary to use the more custofgty=100s).
whereR is the gas constant antiV is an activation volume. At ambient pressurdly = 272.4 K, which is close to the value
The best-fit values of. and AV are listed in Table 1. These obtained by thermal ana|y§g_AS seen in Figure 2]—9 at
activation volumes are about 75% of the molar volume of elevated pressures can be obtained directly from measurements

PA
Ty = To EX ﬁ (2)

sorbitol. at the two lower temperatures. The variation with pressure is
For the data at the highest temperature in Figure 2, nonlin- |inear, yielding @/dP = 0.040+ 0.003 K/MPa. Extrapolation
earity is evident in thero(P) behavior; accordingly, foll = of the fit to eq 3 for the data obtained&t= 303 K is consistent
303 K, we use the expressii® with this value of the pressure coefficient, indicating that
linearity may extend up through 730 MPa.
T, =T, exp( bP ) (3) The relaxation times for the secondary relaxatignare also
Po— P displayed in Figure 2. The data suggest a weak pressure
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dependence. We fit all of the secondary relaxation times for
sorbitol to eq 2, obtaining an activation volume451 mL/

mol, that is an order of magnitude smaller thi&¥i for structural
relaxation (Table 1). Thus, the weaker sensitivity to pressure
of the secondary relaxation results in an increasing separation
of the a- and-processes with increasing pressure.

Discussion

The greater resolution of sorbitol’'s primary and secondary
relaxations is due in part to the enhanced prominence of the
latter at higher pressures. This enhancement would seem to argue
against an interpretation of tifeprocess as being due to islands
of mobility within a highly constrained supercooled liquid
matrix2425Otherwise, one would expect the increasing density
associated with higher pressure to reduce this mobility and thus
suppress thg-process. Also contributing to the greater separa-
tion of the two processes at any fixed temperature is the much
greater sensitivity of then-relaxation times to pressure, in
comparison to th® dependence afs. In terms of the activation
volumes, there is an order of magnitude difference.

However, although the activation volume for the secondary
process is small relative taV for structural relaxation, the
former is not zero (Table 1). This finite pressure sensitivity is
consistent with thg-process having an intermolecular origin;
that is, it is a Johari Goldstein proces¥. This is unsurprising,
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Figure 3. The dielectric loss for sorbitol at 286.4 K and 250 ME3 (
as measured anck ] after subtraction of the dc-conductivity the latter

in light of the structure of sorbitol (namely, the absence of indicated by a dotted line. The dashed line is the fit of eq 5 to the
pendant chemical groups). This can be compared to thelow-frequency side of the spectrum. The double arrow denotes the range

secondary peak in the dielectric spectrum of-bj$(p-meth-

of 1/s calculated from eq 4 fofk = 0.48+ 0.03.

oxyphenyl) cyclohexane, which is known from NMR measure- yields Bk = 0.48+ 0.03. From eq 4, we then calculate that

ments to arise from flipping motion of the methoxyphenyl
rings?” It was also recently found that the secondary relaxation
times measured dielectrically are invariant to presstifehe
implication is that this local motion, not involving the entire
molecule, may not be a JohaiGoldstein process. On the other
hand, a JohatiGoldstein secondary peak in chlorobenzene/
decalin mixtures did exhibit a frequency shift with change in
pressures?

For Johari-Goldstein secondary relaxations, a quantitative
relationship betweem, andzs has been propos&f!

5= tcl—ﬁK.L.aﬁK (4)

wheret; (~2 ps) is a temperature-independent constantind
is the Kohlrausch fractional exponent characterizing the devia-
tion of the dielectric loss peak from exponential de@&y

€'(0) = Ae [ dt [_?f' exp—(t/r )| sinwt)  (5)

(The Kohlrausch relaxation timey, in eq 5 is somewhat less
than the reciprocal of the peak frequency.) Equation 4 relating
the two time constants is derived from a treatment of the Jehari
Goldstein process as transpiring at times sufficient for many

units to be attempting to relax, whereby some degree of

cooperativity has become necessary. This secondary process th
serves as the precursor to the fully cooperativeelaxation,

occurring at longer times when all molecules attempt relaxation
but are preempted by cooperativity. The separation of the two

processes is then related, per eq 4, by the magnitugi .&f

In Figure 3, we display the measured dielectric loss for
sorbitol at 250 MPa and 286.4 K after subtraction of the dc
conductivity. Because the secondary peak contributes to th
dielectric loss on the high-frequency side of the structural

relaxation peak, in fitting eq 5, we emphasize the low-frequency

side of the primary peak. The obtained fit, shown in Figure 3,

= (4 £+ 4) x 1077 s. This predicted position of thé-peak is
consistent with the experimental spectrum, as shown in Figure
3.

We can compare the activation volume for the primary
structural relaxation to thAV for two homologous polyalcohals,
glycerof?2and xylitol 34 Because the activation volume depends
on temperature {&,/dT ~ 0.055 mL moi?* K~ for sorbitol)
and often on pressure as well, we make the comparison at
ambient pressure and temperatures at which the respegtive
~ 1 s. Isotherms for the three liquids are shown in Figure 4.
There is an increasing sensitivity to pressure with increasing
molecular weight of the alcohol. The corresponding activation
volumes are listed in Table 2, in which it can be seen it
increases with increasing molecular size, although no simple
relationship is evident.

Also shown in Table 2 is the dependence of the glass
temperature on pressure. There is no significant trendl d
dP for the three materials. Given this constancy, we can make
a prediction about the relative fragility of the polyalcohols. This
fragility can be expressed as

_ AV
M= in 10RdT/dP ©)
Jequation 6 indicates that the fragilities of the three polyalcohols
will parallel the magnitude of their activation volumes. As seen
in Table 2, this ordering is in agreement with the valuesnof
determined at ambient presst.In fact, the ratio ofAV over

m is nearly constant, 0.2& 0.03.
The dependence of the relaxation times on volume can be
formally related to the ratio of the activation volume and

eisothermal compressibilitycr,3°

AV
Kt

a7, _ B
I, =RD Y]
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Figure 4. The structural relaxation times as a function of pressure for
the three polyalcohols at respective temperatures for wihich 1 s at
ambient pressure.

Becauser invariably decreases with pressure (see eq 8 below),
the volume dependence of cannot be independent of pressure;
that is, the relaxation times are not uniquely defined by the
volume. The relative importance of temperature and density in
governing the magnitude of the structural relaxation times can
be quantified by calculating the ratio of the coefficients of
isobaric,ap (—p }(dp/dT)p), and isochronalky, (—p~1(dp/aT),),
expansior?. Previously, we have found that for nonassociated
liquids, the absolute value of this ratio is on the order of ufiiy,

Hensel-Bielowka et al.

TABLE 2: Comparison of Polyalcohols

T2  dTy/dP AP
formula My (K) (KIGPa) (ml/mol) m?
sorbitol GH10¢ 182.17 272 43  33.3+£0.3 128
xylitol  CsHi20s 152.1 253 34.3:0.1 27.1+06 94
glycerol  GHsg0s 92.09 196 35t 1 13.3+11 54

ar, = 1 s at ambient pressureAt ambient pressure and the
temperature at which = 1 s.

relaxation times of sorbitol. The value for sorbitol is smaller
than that for glycerol, consistent with a reduced degree of
H-bonding per molecule for sorbitol.

Note that the measurements herein areHor 247 MPa,
whereas thé®VT measurements of Naoki et Hlwere limited
to P < 79 MPa. Thus, the calculation of the isochronal
expansion coefficient requires significant extrapolation, resulting
in a considerable uncertainty in the obtained//ap. We can
corroborate this result using a relation proposed by Naoki et
al 38 for the ratio of the activation energy at constant volume,
Ev, to that at constant pressuie;

E/Ep=1— y(3T/oP), (20)

wherey is the thermal pressure coefficient and the temperature
pressure coefficient at constant valuemgf= 1 s is just the
pressure coefficient of the glass temperatuiig/dP = 0.040
K/MPa. The magnitude d&\/Ep reflects directly the contribu-
tion of thermal energy to the temperature dependenag,.&f
Using the Tait parameters (eq 8) above, we obtair 3.31
MPa/K for sorbitol; whencee/Ep = 0.87.

This result, as well as the large value |of;|/op, indicates
that temperature, rather than density, governs the magnitude of
the structural relaxation times. Although temperature variations
cause changes in both the thermal energy and the density, for
sorbitol, the latter has a much less consequential effeat,on
This agrees with the results of Ferrer ef dbr glycerol, in
which temperature was also found to be the dominant control
variable. In contrast, for nonassociated liquids, both thermal
energy and density are equally important for structural

indicating that pressure and temperature exert similar effects relaxation®—2

on the structural relaxation times. However, for glycerol, a
hydrogen-bonded glass former, Ferrer et abtained—a./op
~ 17, implying a dominant effect of thermal energy qn

We calculate an isochronal expansion coefficient for sorbitol
from the temperatures and pressures at whicky 1 s, in
combination with publisheBVTdata. The specific volume can
be expressed using the Tait equatfon

_ B P
u(T,P) = Uo[l 0.0894 Ir(l + BT blT)] (8)
Fitting the data of Naoki et &F for sorbitol, we obtain (in units

of g/mL) bp = 1134 MPa and), = —1.572 MPa/K. The volume
at ambient pressurey, can be expressed as a polynomiallin

vo = 0.6142+ 2.700x 10 *T — 2.0265x 10 'T*+
5.483x 10 T (9)

Using the PVT results, we obtain from eqx@ = 4.18 x 104
K~1 for the isobaric expansivity & = 0.1 MPa. Using egs 7
and 8, along with th&y(P) determinations herein, we calculate
o; = —2.43x 103 K1 for 7, = 1 s. We thus obtain for the
ratio, |o;|//op = 5.8. This ratio is larger than unity, suggesting

Summary

Temperature is the governing variable in the structural
relaxation of sorbitol. In this respect, sorbitol is similar to
glycerol but distinct from nonassociated liquids, the relaxation
times of which depend strongly on both density and thermal
energy. It is ironic that the role of the temperature should be
paramount in H-bonded liquids, because it is these liquids that
exhibit fragilities' and 75 that change with pressure. This
apparent contradiction may provoke efforts to better understand
the relationship between the chemical structure of glass-formers
and their temperature and pressure dependences.

The fact that density, or volume, is not the dominant control
variable for sorbitol calls into question the concept of an
activation volume for this material. Because structural relaxation
in sorbitol and glycerol is an activated process, the activation
volume should be regarded as the difference in molar volume
between the activated and initial specieshanges in interstitial
volume effected by pressure altering the potential barriers. The
relatively weak effect of pressure is due to two competing
effects. Compression promotes intermolecular constraints and
thus inhibits relaxation, but pressure also reduces the extent of

that temperature is the dominant variable governing the structuralhydrogen bonding!-3%4°which enhances local mobility.
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The pressure coefficient of the glass temperature for sorbitol

is equal to dy/dP for glycerol and to that for xylitol as well.

However, the activation volumes of these polyalcohols are all
different, AV increasing with molecular size. From the relation-

ship of AV and diy/dP to fragility (eq 6), this leads to the
prediction that the latter increases as sorbitolxylitol >

glycerol. The same ordering is obtained from direct measure-

ments ofm at ambient pressure for the three glass-formers.
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