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a-relaxation and the excess wing in polychlorinated biphenyls
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Dielectric spectra were obtained on three polychlorinated biphenyls, having glass températlifésring
by up to 48 deg. The shapes of theelaxation peaks were the same for all samples, as werk,thermalized
temperature dependences of the relaxation times. The characteristic temperatures at which the relaxation times
deviate from a Vogel-Fulcher dependence were also equivalgnt £.14T,). However, the prominence of
the high-frequency “excess” wing, while present in the spectra for all materials, was markedly different. This
lack of correlation between the relaxation and the excess wing suggests the two phenomena are distinct.
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I. INTRODUCTION the properties of different glass formers exhibiting an excess
wing in their dielectric loss.
The frequency-dependent dielectric los§ v) of glass

forming materials is dominated by the structufaf ) re- Il. EXPERIMENTAL
laxation, which slows down dramatically upon cooling to- _ . _ .
ward the glass temperature. In additiefi(») spectra often Herein, we describe results on polychlorinated biphenyls

reveal a second relaxatiofithe Johari-Goldstein(JG  (PCB), in which modification of the chemical structure,
proces$], sometimes resolvable as a higher-frequency peakvhile not affecting the nature of the relaxation, strongly
However, if the relaxation times for the structural and secdnfluences the high frequency wing. These amorphous lig-
ondary processes are nearly equal, it can be difficult to obvids, referred to herein as PCB42, PCB54, and PCB62, have
serve a distinct second peak, especially if its intensity is#2%, 54%, and 62% by weight chlorine, respectively. All
weak. Recently, much effort has been devoted to the study dfCB are mixtures of biphenyls containing one to nine chlo-
so-called “type-A” glass formers, such as glycerol and pro-fines per molecule; the presence of various homologs sup-
pylene carbonat&.®> These lack a secondary peak in their presses crystallization. The primary species in PCB42 is
dielectric loss spectra, but exhibit an excess intensity at higkiichlorobiphenyl, in PCB54 is pentachlorobiphenyl, and in
frequency. This excess wing can be described by a power [af#CB62 is heptachlorobiphenyl.

e"(v)~v P, distinct from the power law for the high- Dielectric measurements were carried out over 13 decades
frequency flank of thex relaxation,e”(v)~v—# (b<g). It  of frequency (10*-10° Hz), using an IMass time domain

is an open, if much debated, question whether this excegdelectric analyzer, a HP4284A LCR meter, and a HP4291A
wing is an intrinsic part of ther relaxation, or merely an impedance analyzer.

unresolved JG secondary process. By JG process, we refer to From the dielectric data, we determine glass temperatures
relaxations that can arise solely from intermolecular[defined as7,,(Ty)=100s], Tg=221K for PCB42, T,
processe$ and thus can exist even in rigid molecufeBhis =248 K for PCB54, and 269 K for PCB62.

definition does not distinguish between processes involving

the entire molepule or only part of it, as long as the motion is IIl. RESULTS AND DISCUSSION

“governed” by intermolecular interactions.

By an appropriate scaling, the peak and wing measured at In Fig. 1 are displayed the frequencies of the maximum in
various temperatures can often be superposed onto a sindlee dielectric lossy,y, as a function of inverse temperature,
master curvé.Such scaling suggests that the two features ofhe latter normalized b¥f, of the respective PCB. Notwith-
the spectra are components of the same structural relaxatistanding a difference of as much as 48 K in glass tempera-
mechanism. Theoretical mod&fsoffer support for this in-  ture, the materials have equivalent temperature dependences
terpretation. On the other hand, the notion that the excesgver the entire measurement range.
wing is actually an unresolved secondary relaxation under- It is customary to fit the temperature dependence Qf
lies interpretation of various experimental studi&s? to the Vogel-Fulcher(VF) equatiom:*® 10g;o( Vma)=A
Moreover, physical aging has been shown to cause emerDTy/(T—Ty), whereT is the Vogel temperature adand
gence of a nascent peak at frequencies associated with tRkare constants. Deviation from the VF equation can be as-
excess wing:* The implication is that a weak, close-lying sessed from plots of the derivative functigihe so-called
secondary process is masked by a dominant structural relagtickel plot®. In the inset of Fig. 1, we plot the quantity
ation. Indeed, it has been argued that the absence of an op=[—d Ioglo(vma))/d(Tg/T)]*l’2 versusT,/T. The deriva-
servable secondary relaxation is caused by a narrow strutive with respect to normalized temperattrg/T is used to
tural relaxation peak, with consequently similar temperaturallow comparison of the three materials. A linear plot is ob-
dependencé tained for a VF dependend¢Arrhenius behavior would yield

Clearly, more information is necessary to resolve this is-a constant It is evident from Fig. 1 that the low-temperature
sue. One approach toward better understanding is to compadata conform to one VF relation, up to a temperatlige
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FIG. 1. Peak frequency of the dispersion in the dielectric loss F H
versus reciprocal temperature normalized Ty for PCB42 (@), requency [Hz]
PCBS.4 (), and PCB62(.O)..The fit to the \./F equation foil FIG. 2. Dielectric loss spectra, normalized to their maximum,
<Tg is shown as the solid line for PCB62; fits for the other two for PCB42 afT = 220.2 K (®) and PCB62 af = 268.1 K (O). The
materials are practically indistinguishable and not reported for Clar?requencies are as measured. The solid line is an extrapolation of

ity. For PCBA2, the peak frequency of the secondary relaxatioqhe primary peak, demarcating the deviation at high frequency. For

de(jr]ucgd fr(;)m fitgng t; E?](lé IIS alsoh shown(Ar)], alonﬁ V\;ith an PCB54(omitted for clarity, this excess intensity falls between that
Arthenius dependencelashed ling The inset shows the function for these two samples. In the inset are the dielectric loss spectra

¢=[—d Ioglo_( Vmax)’d(Tg’m v versusT, /T for all the materials (same symbo)s normalized to their respective maxima without any
(The dotted lines are guides for the gye frequency shift. For PCB42 the temperatures(fn@m left to right:

220.2, 222.2, 231.7 and 249.1 K. For PCB62 the temperatures are
~1.14T, beyond which the data begin to deviate. The threefrom left to righd: 268.1, 270.1, 281.6, and 304.2 K.

PCB behave identically in this regard. wing for PCB62 being much weaker. In measurements at

, F.|ts Of Vmay t0 the V,F gquatllon folf <Tp are included lower temperaturgnot shown the excess wing becomes
in Fig. 1 for PCB62(solid line); fits for the other two mate-  nre apparent in the spectrum of PCB62. The spectrum for
rials are hardly dlstlngylshable. Departurg from A'r.rhenlusPC854 atT=247.2 K (having approximately the same peak
behavior can be quantified by a steepness indefagility),  frequency of those in Fig.)2shows intermediate behavior,
defined asn= —dl0g(vmad/d(Tg/T)|r—7_. For all three mate-  with an excess wing intensity that falls intermediate to the
rials, we findm=63. This falls within the range of glycerol other samples. A distinct secondary peak is never observed
(m=53) and propylene carbonaten&90),Y two glass for any of these materials.
formers having an excess wing but no distinct secondary This comparison of the dielectric spectra demonstrates
relaxation. the absence of any direct correlation between d¢heelax-
Fragility is known to correlate with the breadth of the ~ation and the excess wing. In Fig. 3, we attempt to rescale
relaxation'®!® In the inset of Fig. 2 are shown spectra for the spectra onto a single 7master curve, using the approach
PCB42 and PCB62 obtained at four temperatures, each noproposed Dby Dixonetal.” In this plot the abscissa
malized to the maximum ir”(»). No shift along the fre- 'S (lNV)(l,,/WJ’ logi(¥/vmz) ~ and  the  ordinate
guency axis was necessary, since each sample was measu\% t%l(;?ﬁzgi nvwnz;(ﬁ/r; ﬁ‘z ’ﬁr;fsrei;vtﬁeﬂ:jeie(ll?ei?r?f-sr:;)errrgﬂ:zﬁ'ae
at respective temperatures yielding the samg,. It can be failure of the scaling procedure is evident for the three ma-

seen that the spectra superimpose well, consistent with thejf . o . .
terials. This is expected, since the scaling parameters are
equal fragilities.

i . . i ly f h I ion, which i ially th
Figure 2 shows the dielectric loss for PCB42 &t derived only from thex relaxation, which is essentially the

: ) . I same for the three PCB, while their respective excess wings
=220.2 K. Evident at high frequency is a transition from the 5 e different properties.

high-frequency power law of the relaxation to a second An alternative approach is to consider the spectrum as the
power law associated with the excess wing. Superimposegperposition of two relaxations. This presumes not only dis-
on this is the dielectric loss of PCB62 measuredTat tinct processes, but also an absence of mutual interafon.
=268.1K. The two spectra differ at high frequencies, theas shown in Fig. 4, the dielectric loss spectra for PCB42
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(1w)(1iw+1)log, (viv) teristic temperatureTg (~1.14T;) associated with the

change of dynamics. A similar correlation is known for glass
FIG. 3. Scaling of the dielectric loss spectra, as proposed byormers exhibiting distinct secondary relaxatiéh$® thus
Dixon et al,” for PCB42 atT=220.2 K, PCB62 aff=268.1K,  supporting identification of the excess wing in PCB as a
and for PCB54 af =246 K. The solid line is a stretched exponen- submerged secondary relaxation. Consistent with this inter-
tial fit with 8=0.65. The inset shows a partial enlargement revealpretation is the fact that extrapolation to high temperature
ing the different behavior of the three PCB's. The spectra foryields an unphysically high value of;~ 1020 s (faster than
PCB54 was only measured over a more limited frequency range. phonon frequencigs This indicates that the process cannot
reflect intramolecular motions, since these would continue to
were fit to a SuperpOSition of the HaVI’IlIak-Negé?n(HN) be activated up to h|gh temperature’&){TB)_ The Second_

and Cole-Col& (CC) functions ary process in PCB is intermolecular, and thus merges with
the « relaxation at higher temperatures.
" (v)=Im| Ae . 1 _ An understanding of the origin of the secondary relax-
N1+ (i27pryy)t @HN] PN ation in glass formers remains a subject of debate, and de-

1 finitive identification of the observed phenomena is not yet
possible. Vogekt al?® have proposed that the secondary re-
tAsccy o T-acc|" D I . ,
1+(i2myree)™ “cc laxation involves molecular axis rotations that subtend only a
small angular range. Following this idea, it is tempting to
laxali : ths. and d h conclude that an increased number of chlorine atoms alters
relaxation strengths, anehy, Byn, andacc shape param- o jnramolecular interaction hindering such motion, with

eters. The individual contributions of the two processes are ; :

o S . onsequent decrease of the intensity of the secondary pro-
|_nd|cated in Fig. 3 by the dashed and dotted I|ne_s, reSPeCass. This interpretation would account for the results de-
tively. The frequency of the secondary peak obtained fron%cribed herein

the fitting (vnax=1/277¢¢) is displayed in Fig. Xopen tri-

angles. Given the large width and weak intensity of the

se_condary rglaxat|on, the fitting procedure becomes problem- IV. CONCLUSIONS

atic at the higher temperatures. To corroborate these results,

we also analyzed the data by simply subtracting the high- In conclusion, we have presented dielectric data on three

frequency contribution from the relaxation, to obtain the PCB, having substantially different glass temperatures. The

maximum of the resulting intensity. These results were inT-normalized temperature dependences of their structural

substantial agreement with the relaxation times deducetklaxation times are the same. Moreover, similar to the be-

from the fitting procedure. havior of other glass formers such as glycerol and PC, the
The temperature dependence of the secondary relaxatiahelectric loss spectra exhibit an excess wing at low tempera-

is Arrhenius, at least over the limited temperature range. Byure. While the dynamics of the relaxation(peak shape and

extrapolating to higher temperature, we determine a mergingalue of Tg/T) were essentially identical for the three PCB,

temperature(at which the two relaxation times become the nature of their respective excess wings was quite differ-

equa) Tz=1.12T,. This value is very close to the charac- ent. This lack of correlation between the two phenomena

in which 7y and 7¢¢ are relaxation timesd ey andAecc
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is hard to reconcile with an interpretation as components o&nd theoretical work, directed toward a fuller understanding
the same structural relaxation process. Nevertheless, whilgf this phenomenon.

our results are consistent with identification of the excess

wing as a submerged secondary relaxation, this does not ACKNOWLEDGMENT

imply that the wing is completely “decoupled” from the

structural relaxation. The present results, clarifying the This work was supported by the Office of Naval
nature of the excess wing, can guide further experimentaResearch.
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