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Dielectric a-relaxation and ionic conductivity in propylene glycol
and its oligomers measured at elevated pressure

Riccardo Casalini®
Naval Research Laboratory, Chemistry Division, Code 6120, Washington, DC 20375-5342
and Chemistry Department, George Mason University, Fairfax, Virginia 22030

C. Michael Roland®
Naval Research Laboratory, Chemistry Division, Code 6120, Washington, DC 20375-5342

(Received 30 July 2003; accepted 15 September 2003

Structural dynamics and volume were measured as a function of both temperature and pressure for
a propylene glycol and its oligome(BPQ, and the results compared with previous data on higher
molecular weight polypropylene glycols. PPG is of special interest because the terminal groups
form hydrogen bonds; thus, by studying different molecular weights, the manner in which hydrogen
bonding influences the dynamics in the supercooled regime can be systematically investigated. The
fragility (Tg-normalized temperature dependenoéthe dimer and trimer of PPG increases with
pressure, similar to results for other H-bonded liquids, but different from van der Waals glass
formers. This behavior is believed to be due to the effect of pressure in decreasing the extent of
hydrogen bonding. From the combined temperature and volume dependences of the relaxation
times, the relative degree to which thermal energy and volume govern the dynamics was quantified.
With decreasing molecular weight, the relative contribution of thermal energy to the dynamics was
found to strongly increase, reflecting the role of hydrogen bonding. By comparing the ionic
conductivity and the dielectric relaxation times, a decoupling between rotational and translational
motions was observed. Interestingly, this decoupling was independent of both pressure and
molecular weight, indicating that hydrogen bonds have a negligible effect on the phenomenon.
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INTRODUCTION hydrogen bonding, arising from the terminal hydroxyl

groups. For H-bonding glass formers, the contribution of
Pr_opylene glyco[PG} and polypropylene glycole.PPG. thermal energy to the temperature dependence of the relax-
of various molecular weights have been studied using dielec

. ; 10 . ation is strongly enhanced, relative to the effect of volume
tric spectroscopy by various groups? including measure-

ments at elevated pressdre’® The use of pressure evokes changes*!This is due in part to the effect a reduction in
) . P " P . volume has on the ease of H-bond formatior?’ Fluores-
particular interest, because it allows the separation of th

ifren rlaxton modes i PP For PG, e shapeor <11 1M eSSt on PO demonae ey b

:Eg C_:_'r_er:i)r(fr‘]t;;;gnf;'r?]r;;a'tr;\:gngggézgé?(i;dgﬁ?tyv)wwf Since the number of hydrogen bonds in these materials also
9 . . ) depends on molecular weight, quantifying the molecular

creases with pressutl.Similar behavior was observed for weight dependence of the degree to which temperature and

glycerof®*® (a hydrogen bonded liquidwhereas the fragil- volume govern the temperature dependence isf of great

ity of the intramolecularly H-bonded salol is a decreasing

function of pressuré! interest.
Generaﬁy cooliﬁg towardd, causes a decoupling of I—!grein we descri.be.high pressure measuremgnts Of the
relaxation anél transport procesgses in glass-forming quuidgpeCIfIC 'vo!ume, lonic. conductmt.y and dielectric
) A o o a-relaxation in PG, and oligomers having two and three re-
and polymerg? The ionic conductivity,s, arising from the

diffusion of ionic contaminants. exhibits the same tempera-peat units. From these results, together with published litera-

. ture on a higher molecular weight PP&ye show how sys-

tTurg dependenhcedafs theprgcess at h'?h _temrl)eratl_Jres, but as’t_ematic changes in the degree of hydrogen bonding

g 'S approached from above, trans at|on_a mot|ons.are ®Mhfluences the dynamics in the supercooled regime.
hanced relative to reorientations. Decoupling of the viscosity
andris also expected ned,, although Suzukeét al.™ were
able to approximately predict the viscosity and its variation
with pressure from measurementsraind the bulk modulus, eypeRIMENT
suggesting only weak decoupling in PPG.

Another interesting feature of PPG is its capacity for Propylene glycol, dipropylene glycol, and tripropylene
glycol were obtained from Aldrich Chemical Company.
aElectronic mail: casalini@ccs.nrl.navy.mil These  materials have the chemical formula
PElectronic mail: roland@nrl.navy.mil H—(C3HgO)y—OH withN=1, 2, and 3, respectively. To re-
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and trimer (A) at 223.5, 235.4, and 245.3 K. Also shown ardor the

frequency [Hz] monomer(V¥) at 216.7 K. The solid lines are fits to E(.).

FIG. 1. Dielectric loss spectra for PG dimer at 238.3 K &mndm right to
left) P=0.1, 75.2, 140.9, 225.6, 319.7, 427.3, 512.2, 561.1, 593.5, and 634.4

MPa. The dc conductivity can be observed on the low frequency side of the . . o o . .
a-dispersion. laxation times and ionic conductivities, respectively. Since

the curves in Fig. 2 are nonlineakV is calculated for the
limit of zero pressure. There is the customary decrease in
move absorbed moisture, immediately prior to all measureactivation volume with increasing temperature. We make
ments, samples were maintained foh at 125 C in anitro-  comparisons among the three samples at respective tempera-
gen atmosphere. tures for which their relaxation times are equal, with the
Dielectric spectra were obtained using a parallel platgesults listed in Table I. The activation volume increases with
geometry with an IMASS time domain dielectric analyzerincreasing molecular size, similar to results found for other
(10 4-10* Hz) and a Novocontrol Alpha Analyzer glass formers in which structure was systematically varied
(10 2—10P Hz). For measurements at elevated pressure, thend comparisons were made for fixed values. 8! For the
sample was contained in a Manganin ogflarwood Engi- dimer and trimer, we also calculated the activation volume
neering, with pressure applied using an Enerpac hydraulicfor =10 s(i.e., in proximity to the glass transitipnand in
pump in combination with a pressure intensifietarwood  both casesAV is about equal to the molar volume, as seen
Engineering. Pressures were measured with a Sensotec terfier other material§?>3
sometric transducer (resolutieri50 kPa). Temperature To describe the full pressure dependence of the relax-
control was at least-0.1 K. ation times, various expressions have been proposed. Their
Pressure—volume—temperaturéPVT) measurements utility is mainly for data interpolation. The results in Fig. 2
were carried out using a Gnomix instrument, a detailed dewere fit to the empirical equatich
scription of which can be found elsewhérelsobaric vol- DP
ume changes were measured during cooling at 0.5 deg/min  7(P)= 7, ex;{ 5 —P) (1)
for pressures over the range from 10 to 200 MPa. 0
in which Py and 7y are pressure independent, whileis
independent of both pressure and temperature. An analogous
expression can be applied to the conductivity data.

RESULTS

Representative spectra &t=238.3 K and various pres-
sures are shown in Fig. 1. There is a prominent peak due to
the a-relaxation, with the direct currenidc) conductivity

] . . TABLE I. Results for PG and PPGP=0.1 MPa).
falling toward lower frequencies. In the spectra for the high-

est pressures, an extra contribution is evident in the highN AV2 (ml/mol) T dT,/dP K (GP3  —a,lap®
frequency flank of thex-peak, d_ue t_o the Joharl—GoI(_js.t_eln 1 94 184.8 37 4.42 83
secondary process$.The relaxation times and conductivities > 17.9 210.4 80 3.29 6.0
extracted from the spectra measured at elevated pressure are 19.5 205.9 109 2.82 4.9
shown in Fig. 2. The sensitivity to pressure systematically®69 209.6 192 2.73 2.0

increases with mqlec_ular size. This effect_ can be quantlfuaﬂ(g;At respective temperatures for which-10 © s.
using the activation volume, defined asAV,  bremperature at which=0.01s atP=0.1 MPa.
=RT(dIn 74P)|p and AV,=—RT(dIn a/dP)|p for the re- catT,.
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s FIG. 4. Pressure dependence of the temperature at which-thtaxation
FIG. 3. Conductivity vsa-relaxation time for propylene glycdlV) at T time equals 0.01 s for PPG having the indicated degree of polymerization.
=216.7 K and 65 P (MPa)<865, PPG dime(]) at T=216.8, 225.6, and  The inset shows the pressure dependence of the fragility calculated from Eq.
238.4 K and 0. P (MPa)<594, and PPG trimefA) at T=223.5, 235.4, (4 for the dimer(M) and trimer(A), along with the ambient pressure value
and 245.3 K and 0P (MPa)<632. The power-law fits to the datsolid  for PG (V).
lines) give k=0.84+0.02.

glass transition temperature of hydroxyl-terminated PPG of

Similar to the slowing down of the relaxation times with . ) . .
. . o very high molecular weight, for which H-bonding effects are
pressure, there is a decrease in the ionic conductifiy. negligible

2). However, it is known that supercooling enhances transla- Included in Fig. 4 are results for a higher molecular

tional mptlons relatlve_to reorlentatloﬁ_%f_l'hls gives 3rlse toa weight PPG, obtained by reanalyzing published d&Enere
decoupling, characterized by an empirical powerfaw . o : .y
is a systematic increase in the pressure coefficient of the
o7*=constant (2 glass transition temperature with molecular weigFable ).
This parallels the variation of the activation volume with

in which k<1. Results are plotted in Fig. 3 for the three
P g both effects reflecting a decreased degree of hydrogen

samples. Note that measurements obtained for different com/w d
binations of temperature and pressure are indistinguishabl@°"%'N9-

that is, the data superimpose. The decoupling constant, In the ins.et to Fig. 4 are the fragilitiem, calculatgd for
—0.84+0.02, is also equal, within the experimental error, for 7~ 10 S at different pressures for the dimer and trimer, and
the three PPG at atmospheric pressure for PG. The valueshmoht high

From the data in Fig. 2 we can define a characteristi®¢SSure were obtained from the relafton

temperatureT,, as the(pressure-dependgriemperature at AV
which the relaxation time equals an arbitrary value. For di- M= aTl 4
electric spectroscopy, relatively short times are used to avoid RIn(10) ap

extrapolation, and given the limited range of the measure-

ments for PG, herein we takgT,)=0.01s.T, is about 13°  whereRis the gas constant. Previous measurements at atmo-
larger thanTy, with the latter defined as(Ty)=100s. The spheric pressure showed that with increasing molecular

results, shown in Fig. 4, are fitted to the equatfofl weight of the PPGm decrease® However, the fragility in-
b \lb creases with pressure, ameliorating the effediafn m.
T,=all+ c P (3 The increase ofm with increasing pressure for glycerol

was ascribed to a decrease of hydrogen bontfragthough

For the dimera=210,b=2.88, andc=2630, while for the experimental data concerning the effect of pressure on hy-
trimer, a=206, b=5.22, andc=1890. Only two data were drogen bonding are somewhat contradictory?’*’For PPG,
obtained for the monomer, and thus E8). was not applied. there is no ambiguity about the decrease of H bonding with
T, is slightly higher forN=2 than forN= 3, consistent with increasingN. Moreover, when comparisons are made at
previous literaturé.We ascribe this anomaly to the compet- equal 7, higher pressure corresponds to higher temperature,
ing effects of chain length and hydrogen bonding, the dimervhich will also contribute to the loss of hydrogen bonds.
having more H bonds per unit volume. Note that for methyl- ~ PVT measurements were carried out on the three
terminated PPG oligomePswhich lack H bonding,T, is  samples, with the results displayed in Figs. 5-7. These data
much lower than for the materials herein, but equal to thavere fit to the Tait equaticfi
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FIG. 7. The specific volume measured at pressures equdtam top to

bottom 10, 30, 50, 80, 110, 150, and 200 MPa for PG. The inset shows théottom) 10, 30, 50, 90, 140, and 200 MPa for PPG trimer. The inset shows

variation of the density measured isochronally-at0.01 s(H) and isobari-
cally at P=0.1 MPa(solid ling), from which the ratios in Fig. 5 were cal-
culated.

V(T,P)=V(T,00{1-0.08941n1+P/B(T)]}, (5)
where the specific volume at zero pressure is

V(T)|poo=vot+ viT+v,T? (6)
and

B(T)=bgexp—b,T). (7

1.05 ’ B
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FIG. 6. The specific volume measured at pressures equidiaim top to

the variation of the density measured isochronallyrat0.01 s (H) and
isobarically atP=0.1 MPa(solid line), from which the ratios in Fig. 5 were
calculated.

The obtained parameters are listed in Table II.

Using the fitted equation of state, the data in Fig. 2 can
be expressed as a function of the volume. Representative
results for the PPG dimer are shown in Fig. 8. The isobar and
each isotherm yield different curves, since volume does not
uniquely define the relaxation time. The greater steepness of
the 7(V) curve for fixed pressure, as opposed to fixed tem-
perature, reflects the larger contribution of thermal energy to
the dynamics. We can quantify the effect that volume and
thermal energy have on the relaxation time from the ratio of
the thermal expansion coefficient at constant presswge,
=V~ (aV/dT)p, to that at constant relaxation time,
=V~1 (4VIdT)..*® The expansion coefficients are deter-
mined from the PVT results in combination with the data in
Fig. 2. These data are shown in the insets to Figs. 5-7. The
calculation is forP=0.1 MPa and, to avoid extrapolation in
the analysis of the data for PG, foer=0.01 s. (Note that
calculating— « ./ ap for 7=1 s gives values of the ratio that
are roughly 10% smallgrAs seen in Fig. 9, «,/ap varies
inversely with molecular weight of the PPG. This means that
thermal energy exerts a progressively weaker effect on the
temperature dependence of the relaxation times with increas-
ing N, due to a diminishing extent of H bonding. The largest
value, —a,./ap=28.3 for N=1, is intermediate to the ratios

TABLE II. Equation of state results.

N v (mlig) v (MIgO) v, (MIgCH) by (MPa b, (CY

bottom 10, 30, 50, 90, 140, and 200 MPa for PPG dimer. The inset shows 1 0.910 6.0x10* 1.455<10°° 221 593102

the variation of the density measured isochronallyr&t0.01 s (M) and
isobarically atP=0.1 MPa(solid line), from which the ratios in Fig. 5 were
calculated.

2 0.901 6.7%10*% 1.339x10°° 184 6.08<10°°
3 0.742 6.7x10 4 0 114 6.760x 1073
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1w F j T T ated liquids exhibit smalled T;/dP than are found for van
der Waals glass formef$.Likewise, the influence of tem-

10k n \_216-8K 5 perature, relative to volume, or(T) increases with the de-
F \ \ (\) ] gree of hydrogen bonding. This trend, which appears to be
10'F '\ '\ '\ L E quite general, reflects the opposite effect that changes in vol-
E E
b
|
o]
(o]

] ume and changes in temperature exert on the propensity of
E liquids for H-bond formatiorf*3*

: ] A further consequence of H-bonding sensitivity to pres-
_ \ LN '\ }) 3 sure is that as the degree of polymerization of the PPG in-
2 w0t L '\ u [ creases, the activation volume increases, since the higher
" 238.4K " \ molecular weight PPG molecules are less H bonded. Larger
100 L ] ] AV implies that molecular motions are more delocalized, so
\ 1 E that we might expect concomitantly less resistance to
10° 5

3 \ N changes in volumeer seg that is, a smaller bulk moduluk.
i .\Q ] Included in Table | are values & for T, andP=0.1 MPa
10° g N=2 ™ calculated from the PVT data. There is indeed a systematic
. i N’ decrease ik with increasing activation volume. The gener-
e L ality of such a relationship requires further exploration.
v |miig] The slowing down of the dynamics upon approac §o

in PPG is accompanied by a decoupling of theelaxation
FIG. 8. The variation of the dielectrie-relaxation times of the PPG dimer time and the ionic conductivity. For a givev,,, the results

with specific volume, for measurements as a function of temperature afor different temperatures and pressures superimpose. More-
ambient pressuréD) and as a function of pressure at the indicated tempera-gver, the magnitude of the exponent relatingand o, k
tures(M).

0.84 0.86 0.88 0.90 0.92

=0.84, is invariant to molecular weight. These two results

imply that the decoupling phenomenon is unaffected by hy-
reported for the polyalcohols glyce?dland sorbitof® two ~ drogen bonding.
other strongly hydrogen-bonded liquids.
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