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Role of the density in the crossover region ob-terphenyl and poly(vinyl acetate)
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The coupling between the reorientation of molecular probes and the density in one low-molar mass glass
former[o-terphenyl(OTP)] and one polymefpoly(vinyl acetatg¢ (PVAc)] is studied in the Goldstein’s cross-
over region where the structurat) and the secondar§g) relaxations bifurcate. The coupling is found to be
strong in OTP and virtually absent in PVAc. The probes sense both tied 8 relaxations, and locate their
splitting accurately. It is concluded that the density affects the relaxation occurring in the crossover region of
OTP but not of PVAc at subnanometer length scales. The findings are compared with recent assessments of the
role of the molecular packing close and above the glass transition tempefgture
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The role of molecular packing in glass formers dynamicsand near the glass transition with notable exceptions where
was early recognized by Williamd] and Macedo and Lito- the density is more importafi29]. For polymers T assumes
vitz [2]. Goldstein argued that, as the molecules in a glassa greater rol¢1,27,2§, although volume effects are not neg-
forming liquid pack more closely with decreasing tempera-ligible for flexible polymers[26,31. Only for strongly
ture, the motion does not occur by free diffusion but byhydrogen-bonded liquid§24] or polymers[25] doesT ap-
crossing substantial energy barriers of the energy landscagsear to become dominant. Most studies compared the roles
[3]. He estimated that the crossover between the two regimesf the density and of the available thermal enectpseto Ty
takes place when the structural relaxation time is about fewyhereas much less is known lEgher temperatures. Ngaat
nanoseconds. It is the purpose of the present paper to addregs[11] found that the thermal variations of the free volume
the role of the density in this crossover region. of various glass formers, includiragterphenyl(OTP), reflect

Evidence that a change in the dynamics occurs comegie crossover between two different Vogel-Fulcher regimes
from the bifurcation of the maim relaxation from the sec- of the a relaxation occurring alg=Tp. Brillouin studies of
ondary g8 relaxation at a temperatur€;, above the glass OTP found that the relative contributions of temperature and
transition temperaturel,, of most fragile glass formers density are similaf32]. Alba-Simonesceet al. [33] scaled
[4-7]. Goldstein remarked that th@ process may be related the « relaxation times of some simple liquids in terms of a
to the molecular packingg], and Stillinger showed how the density- and species-dependent Btindependent effective
topography of the energy landscape accounts forafBéi- interaction energy. Barbiegt al. [34] simulated a polymer
furcation [8]. Indications of a change of dynamics of the  melt and noted that at lower temperatures the fluctuations of
relaxation also comes from the observed crossover betweaRe free volume and the thermal energy play similar roles
two different Vogel-Fulcher equations at a temperatlige  whereas at high temperature the latter affects more the dy-
=Tz [9-11. The change of the relaxation mechanism abovenamics. Vasst al. [50] proposed a two-state model by de-
Ty is also inferred by a number of decoupling phenomendining suitable solidlike and liquidlike domains.
showing that the temperature dependence of the viscosity The accurate location of the crossover regionjar Tg
differs from the ones of other transport properties—e.g., thgs a delicate matter. The definition @f; is tricky due to the
diffusion [5,12,13, the conductivity[14], and the rotational usual extrapolation of the low-temperature data of fhee-
diffusion [15-17. laxation [35]. The so-called Stickel plot offers a clear-cut

The interplay between the molecular packing and the podefinition of Ty but accurate data are need@. T is also
tential energy landscape is anticipaf&dL8. However, even  drawn by the intercept of two different Vogel-Fulcher equa-
if the glass formers dynamics was widely investigated in theions fitting the « relaxation[11]. The electron spin reso-
last decade as a function of both the temperature and pregance(ESR) spectroscopy36] evidenced the change of the
sure[1,19-33, there is no broad consensus if the dynamicsdynamics in the crossover region by monitoring the rota-
near Ty is dominated by the density or by the available ther-tional dynamics of paramagnetic tracers with stiff and well-
mal energy to surmount the energy barriers or provide comdefined geometriespin probesbeing dissolved in tiny con-
parable contributions. Ferret al. [24] favor the temperature  centrations<1 mM) [17,37. ESR spectroscopy covers the
at atmospheric pressure. Dielectf80] and Brillouin [32]  range of correlation times 1 psr=0.3 us. In particular, in
relaxation studies evidenced that thermal energy and densitfie range 0.1 ns 7=10 ns the ESR linewidth yields the
affect on an equal footing the dynamics of supercooled lowcorrelation timer of nearly spherical tracers as the area be-
molecular-mass van der Waals liquids at ambient pressungw the rotational correlation function of the spherical har-

monic Y, without resorting to any rotational model
[16,38,39. Slower rates are drawn by proper reorientation
*Electronic address: dino.leporini@df.unipi.it models which are validated by accurate numerical simula-
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FIG. 1. Two- and three-dimensional structures of the TEMPO _
spin probe. z
o
tions of the overall line shap@7]. The rotational dynamics
of the spin probes takes place in the unoccupied volume, the
so-called “free volume” of the host phase. Positron annihila-
tion lifetime spectroscopyPALS) is a hanoprobe of the free
volume which is parametrized in terms of the ortho-
positronium(o-P9 lifetime 7,_pg[11,41-43. In condensed
phaseso-PS tends to be confined in the open space of the
structure where the positron is annihilated by electrons local-
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FIG. 2. Arrhenius plot of the rotational correlation time of

[40,41)). 7,_ps increases with the size of the holes and de-TEMPO 7 (small circleg [15-17 and theo-PS lifetime 7,_pg (dia-

pends on their geometry. Spherical, cubic, cubo@ttangu-

monds [11] in OTP. The vertical dashed line markg The vertical

lar parallelepipey] and elliptic holes have been considereddoned lines define the different dynamical regimes of the spin

[41,42. To compare different spectroscopies their time and’
length scales must be matched. Below, it will be shown tha
both PALS and ESR spectroscopies probe regions as wide

a few A during a few nanoseconds.

We investigate the low-molecular-weight glass former[

OTP (Tg=244 K, fragility index m=81) and the polymer
poly(vinyl acetatg (PVAc, T;=318 K, m=88) for which ex-
tensive PALY 11,42 and ESR[15-17,37 data are available
in the crossover region.

?S

robe. The solid line in region I, the dotted line in region Il, and the
Eiashed lines in region Il are the best fit with the DSE, the FDSE,
and the Arrhenius laws, respectively. The line joining the-gdata

S'a guide for the eyed. ;=290 K andTé:278 K refer to the split-
ting temperature following a quendB5,43 and a slower cooling
45] in the glassy state, respectively.

0.1 nss 7= 10 ns the timer, being defined as the area below
the rotational correlation function of the spherical harmonic
Y, 0 is not derived via any specific reorientation model

The ESR data refer to the rotational dynamics of two[16,38,39. The crossover between the regions Il and Il at

strategically chosen spin probes—namely, TEMPO an

- =280 K is remarkable. Following a quench in the

TEMPOL, the latter being a variant of TEMPO with an extra glassy state thes relaxation exhibits the activation energy

—-OH group inpara position to ensure 9_000'_ coupling to polar AEg=50 kJ/mol [4] and merges with ther relaxation at
groups via hydrogen bonds. TEMPO is stiff, rather compact;rﬁzzgo K [35,43. On the other hand, for slowly cooled

and the shape is almost spheri¢glg. 1). It has an average
van der Waals radiustgmpo=3.320.2 A and may be
sketched as an oblate ellipsoid with semiaxes2.7 A and
r,~3.7 A. Since TEMPO is quite similar in size to OTP
(rotp=3.7+0.1 A[12)), it is expected to accomodate itself in
the available free volume with negligible perturbation.

OTPT;,=278 K andAE;=36 kJ/mol are reportef#4]. The
sensitiveness of th@ relaxation to the thermal history is
known[4]. Since the ESR measurements involved slow cool-
ing with long annealing times, it is worth noting thﬁjg
=278 K is virtually coincident with T, ,, and
AEL/ AEtgmpo=1.9. The above remarks lead us to the con-

Figure 2 shows the temperature dependence of the rotjysion that TEMPO senses ., the crossover between

tional correlation time of TEMP(15-17 and the PALS
lifetime 7,.p5[11] in OTP. The rotational correlation time of
TEMPO 7 exhibits different dynamical regimes. In region |

(T>298 K) the data are well described by the Debye-

Stokes-EinsteiflDSE) law for a spherer= v /kgT, v and

two different dynamical regimes of OTP. This is also cor-
roborated by the observation that in region Ill the reorienta-
tion occurs via activated jumg45], differently from regions

I and Il where the good fits of DSE and FDSE laws point to
a diffusive behavior.

being the effective volume and the shear viscosity, respec- |t js also of some interest to compare the rotational corre-

tively. The apparent TEMPO radius i$zypo=2.6 A to be
compared with the average van der Waals raditspo
=3.3 A[17]. In region 11 (280 K< T <298 K), the reorien-

lation time of OTP,7o7p, in the crossover region as provided
by different techniques. AtTz=290 K one finds 7orp
=100 ns by depolarized light scatteririg6,47 rorp= 17,

tation and viscosity decouple. The data are fit quite accu= 75=40 ns by dielectric relaxatiofi4], and 7o7p=80 ns

rately by the fractional form of the DSE laWrDSE 7
«(n/T)¢ with £€=0.28+0.04. Similar fractional laws were
also reported for decoupling phenomed®] involving the
diffusion [12] and conductivity [14]. In region Il
(T<280 K) the reorientation of TEMPO is activated
(AErempo=19%1 kJ/mol forT>Ty) and occurs via jumps

by NMR [12]. This must be contrasted with the rotational
correlation time of different tracers dissolved in OTP. For
example for the large molecules rubrene and anthracene
one finds 7yprene=500 NS andrynipracens= 25 NS [48]. For

the much smaller TEMPO molecule we fingrgypo

=2.2 ns—i.e., about more than one order of magnitude

of about 80°[15]. We stress once again that in the rangefaster thanrgrp. This is ascribed to the rather symmetrical
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creased unoccupied volume. In view of the similar sizes of
TEMPO and OTP and their good coupling, which is mani-

3'6_: fested by the change from liquidlike to solidlike reorientation
3.4 of TEMPO atT,_ :Tl’g, the previous conclusion strongly
] suggests that OTP is primarily affected by the molecular
3'2': packing in the crossover region. This parallels R@fl].
< 30 Brillouin studies of OTP concluded that density contributions
et 3 are dominant foif >314 K—i.e., more than 20 K above the
284 crossover region—and comparable to activated contributions
26 at lower temperature82]. Figure 2 shows that=314 K is
] well inside the liquidlike region | where neither ESR nor
2.4 PALS evidences a change of dynamics. A comparison of
. ESR and PALS with the light scattering is difficult. Indeed,

ESR and PALS are observing the same length scale, a few A,
UL LR L L UL L UL L L which is rather shorter than the one of the collective dynam-
0.6 0.8 L0 12 14 ics investigated in Ref32].
T/Tg The above analysis interprets the decrease,@f in the
) crossover region of OTP and then the change of the dynam-
FIG. 3. Temperature dependence of the average size of the URss of TEMPO in terms of higher molecular packing. A re-

occupied volumer. The error bars cover the range of the values o - eyven if distinct, viewpoint is that the OTP molecules
provided by different hole geometries including spheres, cuboids ccupy solidlike and liquidlike states. This two-state model
and ellipsoids. The horizontal lines are the average van der Waag ;

radii of OTP and TEMPO. The vertical dotted lines define the dif_lnterpreted PALS ‘and depolarized Raman scattering mea-

ferent dynamical regimes of the spin probe as in Fig. 2. The IineSurements in one molecular glass forniBo]. In solidlike

joining the points is a guide for the eyes. The temperature regiongom.ams’ the”T‘a' mptlon is relatively SIOV\.’ dge .to.lts coop-
are the same as Fig. 2 erative nature involving many molecules; in liquidlike ones,

the molecules tend to be separated and to move more indi-
shape of TEMPO which facilitates the reorientation even ifvidually and thus move more rapidf$0]. In this framework
the sizes of TEMPO and OTP are rather similagzgypo  the decrease of, psat lower temperatures is the signature of
=3.3+0.2 A andro1p=3.7+0.1 A[12]. Quite interestingly, the smaller fraction of liquidlike molecules and the trapping
neither rubrene nor anthracene decouple from the viscositgf TEMPO in solidlike domains. The two-state model pro-
even close tdly [48], pointing to the conclusion that their vides insight into the PALS results. However, it cannot be
large size limits the sensitivity to the change of the dynamicseadily applied to the present study since some input param-

occurring at the crossover region. eters of the model are not reported for the PALS data on OTP
Figure 2 shows that in region Il, where the decoupling ofunder scrutiny[11].
the reorientation of TEMPO occurs,_ps drops signaling a We now turn to the PVAc case. Thgerelaxation of PVAc

decrease of the unoccupied volume in OTP. In this regions ascribed to the motion of the polar side group which leads
7= 17,.ps and 7,_pg COrresponds to unoccupied volume with to, or is accompanied by, local distortions of the main chain
size of about 3.2 A11]—i.e., rather comparable togypo  [49]. Effective hydrogen bonding with the side group was
=3.3+0.2 A. This proves that PALS and ESR are probing theensured by the tracer TEMPOL. The ESR results are pre-
same length and time scales. To investigate the degree sented in Fig. 4. The reorientation of TEMPOL sensesdthe
correlation between the unoccupied volume and the rotaB, andvy relaxations of PVAc and, depending on the tempera-
tional relaxation of TEMPO, we calculated the average sizéure range, the rotational correlation timrevas found to be

of the unoccupied volume from 7,_ps assuming that the proportional(7=C;7) to the corresponding dielectric relax-
holes are spheres, cuboids, or ellipsdid6,41. The aspect ation times:i=«a,T>403 K, i=8,403K>T>273 K, andi
ratio of cuboids—i.e., square parallellepipeds—and ellip-=v,T<273 K [37]. The merging temperature of PVAc is
soids was taken to be equal to the one of TEMPO. Dependt;=400+5 K[7,49]. T; compares quite well with the cross-
ing on the model, 2 coincides, with the diameter of the over of the TEMPOL reorientation from the to the 8 dy-
sphere, the average of either the sides of the cuboid, or theamics occurring at 403 K.

axis of the ellipsoid. Figure 3 compares the temperature de- By dielectric relaxation it is found that,=40 ns atT,
pendence of and the average van der Waals radii of OTP[7,51]. Gomezet al. modeled the merging of dielectricand
and TEMPO,rop and rrgvpo, respectively. Due to the al- B relaxations in PVAc by using the so-called Williams-Watts
most spherical shape of TEMPO, the spread whlues de- ansatz[7,52. It is shown that, on approaching; from be-
rived by the different models is small. In regionrefer to  low, the B relaxation departs from the low-temperature
Fig. 2) r=rygmpo In region Il and region llir<rqgypo,  Arrhenius behavior and merges smoothly into the main re-
signaling the trapping of TEMPQ. is an average quantity, laxation at higher temperatures. The analysis yieigs
so the constraints may be relaxed by favorable fluctuations o3 ns atT, to be compared withrrgypo =0.63 ns at the
the free volume. In fact, quiescent periods followed by sudsame temperature. The results by Goreeal. suggest that
den large-angle jumps have been evidenced in region Ilthe crossover of the reorientation of TEMPOL from being
[15]. Figure 3 proves that the change of dynamics ofcoupled to the secondarg relaxation forT<T, to being
TEMPO in crossing region Il must be ascribed to the de-coupled to the main relaxation far> T (Fig. 4) is driven
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'k Y X the OTP case, TEMPOL has a size and shape virtually iden-
PR S - 3.0 tical to TEMPO andr, pg/ 7~4.4 atTg one concludes that
L [ PALS and ESR sense the same length and time scales also in
28 the crossover region of PVAc. However, Fig. 4 shows that,
10tk y F o F different[y from jche OTP caser, ps exhibits no anomaly at
_ “\‘\ o 26 T and linearly increases with temperaty#2]. The corre-

a s o sponding smooth increase of the unoccupied volume points
o [ 56 24 @ to the conclusion that the well-defined dynamical crossover
10? = 3 Tg C .. F 2 of TEMPOL atTg is poorly determined by the available free

F ’f‘ l \'_u -22 ~  volume. Since TEMPOL is located closely to the the polar
Ly, 0 a0 w0 F 20 side group of PVAc, this conclusion may be extended to the
ol ¢ X} T(K) L~ « and B relaxations aff ; as well. The role of temperature in
10 g'!‘ T T e 1k PVAc may be understood. For polymers T assumes a more
Jﬁltgllll_ ’ important role[1,27,28,34. Polar interactions in PVAc in-

24 28 32 3.6 40 44 48 crease somewhat the role of temperaturd pf27,24. The
1 lower density at higher temperatures is also expected to en-
1000/T (K ") hance that role since H bonding is an orientation-specific
FIG. 4. Arrhenius plot of the rotational correlation time of interaction[28]. Our findings cannot be ascribed to the pres-
TEMPOL 7 (circles [32] and the o-PS lifetimer, ps (diamonds ~ €Nce of side groups in PVAc. In fact, PALS measurements
[42] in PVAC. The dashed lines are proportional to the dielectricl93] in the main-chain 1,4 polybutadien®B) (T;=210 K
relaxation times r, (T>403K), 74403K>T>273K), and [6]) evidenced only a very weak bend gfpsat 206 K.
7(T<273 K). The solid-lines across,ps data are best fits with In summary, we showed f”jSt th{:lt ESR is able to detect the
linear temperature dependences. The splitting temperdiyre SPlitting of thea and B relaxations in two model glass form-
=400+5 K is marked7,49. The inset magnifies the temperature €rs without resort to extrapolation or fitting procedures.
dependence of the PALS and ESR data in the crossover region.  Having located the crossover region by ESR, we analyzed
o L _ the PALS data in this region. Both ESR and PALS investi-
by the former. This is not surprising in view of the location yate the same length and time scales. We conclude that the
of TEMPOL being close to the polar side group of PVAC crgssover region is affected by the density in OTP but not in

whose motion leads to the relaxation[49]. ~ PVAc on the length scale of a few A and the time scale of a
In the crossover region of PVAc the rotational correlationseyy, ns

time of TEMPOL falls in the range 0.1 557<10 ns where
7 is not model dependent. Sinegps (and then the unoccu- S. Capaccioli, R. Casalini, G. Consolati, K.L. Ngai, and
pied volumé@ covers a dynamic range being quite similar to R. Richert are warmly thanked for useful discussions.
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