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The energy landscape model of the glass transition has received increasing attention, due to its
potential for providing a thermodynamic interpretation of the dynamics of glass-forming liquids.
Herein, the idea that the temperature-dependence of the dynamics near the glass temperature
(“fragility” ) can be related to thermodynamic properties is tested for polymers. Previously, for
several homologous series, we found deviations from a proposed correlation between fragility and
the heat capacity increment at the glass temperature. A survey of 17 polymers likewise indicates no
correlation between these two quantities. More recently, the landscape approach to the dynamics of
glass-formers was extended to a proposal that fragility can be deternginpdori from
thermodynamic information. However, for the 11 polymers for which sufficient thermodynamic and
relaxation data were available, we find that thermodynamic properties bear no relationship to
fragility. Thus, it appears that the status of the glass transition as an important unsolved problem in
condensed matter physics remains intg80021-960609)51136-1

I. INTRODUCTION where ¢(t) is the relaxation function and, the relaxation

time. The correlation of3 with fragility has been expressed

Interpreting the macroscopic properties of polymers andy aniitatively for a large number of glass-forming liquidé as
other complex materials requires an understanding of the un-

derlying microscopic-scale phenomena. Efforts to accom- M=250%30)—3208, 2
plish this generally focus either on the thermodynamic propynere the fragility parametem, is equal to the slope of the
erties or on dynamics and relaxation; however, establishing ¢ _normalized Arrhenius plot of,
connection between these fundamental aspects of the behav?

ior of glass-forming liquids is an ambitious task. Toward this _ dlog(7,) |

end, Angell and co-workers have developed an energy land- d(Ty/T) =Ty

scalpe rlnodlel ar;d US?]SZ q[_hto anatlyzle_ddata fo?h varlogsls_mafl_lor dynamics, the glass temperature is commonly taken to be
molecule glass-formers. The central idea of the model 1Sy, q temperature at which the relaxation time assumes an ar-

that the manner in which the structure and transport pmperﬁitrary value, €.g.7,(T,)=1005s
, €.0.7,(Ty .

ties qf a glass gvolvg with temperature is governed by_ tr’1e The rationale for a correlation between thermodynamic
density of configurational states comprising the material's

tential h ¢ The topol £ thi characteristics such asC,(Ty) and relaxation properties is
potential energy hypersurface. 1he topology ot thiS ENerGyy,q ;ye4 that the latter reflect the temperature evolution of the

landscapdi.e., the n_umber of minima and the barrier he'ghtsthermodynamic states of the system. If dynamic properties
bet\{vee_n them_prowdes a measure Of. the steepness of th%uch asm are indeed ‘“rate-of-structural-change metrics,”

excitation profile for glass-forming I_|qU|_ds._ Accord!ng to the they will be governed by the response of the energy land-
rr_u_)del, when heated thrpugfg,,_ fragile Iqu|d§ r_ead|_ly tran- scape to temperature; accordingly, other fundamental con-
sition among many configurational states, giving rise to SUb'nections between thermodynamics and relaxation should be

stantial changes_ In relaxat|on. times a_nd_ wscos@es. Th'%vident. These ideas led to the suggestion that the rapidity of
leads to the prediction that fragile behavior is associated Wltl?he departure of a liquid's configurational entropy from its

a la(/%i rlﬁat capactlt)t/hl_nclr en&ent dur!ntg the (E:]I?ss t.r ans't'on'tvalue at the melting temperature should parallel dynamic
ether or not this fandscape Interpretation IS Cormecly, o 5q . res of fragility such a8 A thermodynamic fragil-

‘t‘?e (:_Ilaﬁs;l‘lcatg)n of liquids and polymers tas ‘l‘stro_ng” almd ity can be defined from the steepness of Kauzmann Plofs
ragile” has become a common means to classify relax- S, the configurational entropy difference between the lig-

ation in gla_ss-formers. Or_1e of the more intriguing aspects Ofiy ang perfect crystal, versus temperature normalized by
such work is the correlation demonstrated between frag|I|ty|.m, the equilibrium melting point. To allow comparison of

and the shape of the relaxation function. Specifically, frag“edifferent glassesAS in a Kauzmann plot is normalized by
glass-formers have broader relaxation functions than d e value at the melting temperatureS(T )
strong, or less fragile, liquids.” The breadth, or degree of Our purpose herein is to examine thg utility of the land-

nonexponentiality, of the dispersion is reflected in the Kohl-Scape model for polymers. Polymers provide a formidable
rausch exponeng test of this approach, since they encompass a range of relax-
.y ation properties including the most fragile behavior, as well
_) ' (1) as having diverse chemical structures. First, our recent re-
T sults, comparingAC,(Ty) andm for polymers having sys-
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a
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w7 b A withstanding the molecular weight dependence of its
ol 22 a N ] AC,(Tg). Results for both polymers are at odds with the
! £0 PS ugel ] landscape model.
180 a M ::2 VP ] Another variable influencing behavior at the glass tran-
140 . PuE 7 sition is crosslinkind."*® Networks, when examined using
130 - . o PDMS . conventional spectroscopies or other bulk measurement tech-
120 | ¢ ] niques, exhibit a distribution of segmental relaxation
g 110k ] behaviorst® Chain segments in proximity to a network junc-
ool v Y . 1 tion experience stronger constraints on their local motion
I v ¥ oo o ] than do more remote segments. This yields a distribution of
0 M g %Mo, e o ] relaxation behaviors, and a relaxation function that can no
80 To . longer be described using Ed.). Nevertheless, fragility can
70 | . ] still be quantified by measuring the change in the mean re-
050 0oE 080 08 040 o4 0S50 laxation time with temperature. _
. Dielectric relaxation spectra of polyvinylethyle(®VE)
aC, (JK perg) network$®?! and mechanical spectra of polystyrene

. _ microgel$? have been reported in the literature. In both
FIG. 1. Fragility versus heat capacity changd gtfor several homologous cases. fraqility increases with the concentration of iunctions
series of polymers. Following the original work$, is taken to be the ! giity . . I J ’
temperature at whichk=100 s for PSRef. 14 and PS microgel(Ref. 23,  However, there is a concomitant reduction in the heat capac-
while for PDMS (Ref. 16 and PS-VRRef. 23, 7(Ty)=1s, and for PVE ity change afl ;, due to reduced configurational freedom for
(Refs. 20,21 7(T4)=0.16's. The observed trends are at odds with the landthe shorter network chains. Thus, as shown in Fig. 1, results

scape model’s prediction thatC(T;) and fragility are directly correlated; . S
to wit: increasing molecular weight reduc@sC(Ty) for both PS and for these two networks are opposite to the prediction of the

PDMS, although fragility increases for the former and does not change fofandscape model.
the latter. Crosslinking reduceSC,(T,), yet the fragility of both PVE Segmental relaxation behavior can also be altered by in-

networks and of PS microgels increase with crosslink density. The intmd“ctroducing different chemical groups into the chain backbone.

tion of polar vinyl-phenol moieties into the backbone of PS increases.. - . .

AC,(T,). but has no effect on the copolymer's fragilty. _Flgure 1 mcluc_jes data obtained for polystyrene havm.g vary
ing levels of vinyl-phenol comonomé&t.While ACy(y) in-
creases with vinyl-phenol content, there is almost no change

tematic variations in structure, are reviewed. We then availl M with copolymer composition. This represents another
ourselves of literature compilations of the thermal propertie$*ample of discrepancy between experimental data and the
of polymers to fully explore whether a relationship betweenmodel.

these two quantities exists. Finally, this survey of literature ~ Actually, experiments on copolymers are not a com-
data is extended to a comparison rafwith the proposed Pletely fair test. Changing the chemical structure of the ma-
thermodynamic measure of fragility. terial can alter the energy barrier between configurational
states. As Angell pointed out in regard to the exceptional
behavior of alcohof¢ and substituted benzen®sa glass-
former’s access to the available configurations is constrained
if high barriers exist between the various energy minima.

An assessment of the landscape model is obtained byhe implication is that restrictions on molecular rearrange-
comparing the heat capacity changé gtfor polymers iden- ~ments from hydrogen bonding or other intermolecular asso-
tical in chemical structure, but exhibiting different fragilities. ciations, might yield fragilities less than expected from the
This can be accomplished by systematic variation of molecumagnitude ofAC,(T,).>*?° Thus, the ratio oAC,(T) to
lar weight for a given species. The effect of chain length orthe barrier heights separating minima on the energy surface
m appears to parallel its effect oFy . For polystyrengPS,  would be a better predictor of fragilif:*> However, we do
a higher concentration of chain enéis., lower molecular not expect energy barriers to vary substantially among the
weight causes a marked decrease in the glass temperaturemajority of hydrocarbon polymers.
there is a concomitant reduction in'*® For more flexible Thus, the trend for every material in Fig. 1 is contrary to
polymers such as polydimethylsiloxaf@DMS), molecular the landscape model’'s prediction that fragility is an increas-
weight has a relatively small effect on both the glass teming function of AC,(T,). Beyond these direct assessments
perature and fragility® Presumably flexible chains realize of the model, general observations can be made concerning
less benefit from the excess mobility conferred by free endsts application to polymers. Wunderlich and co-work&rs!

We can compard C(T,) for polymers differing only in  surveyed data for polymers both beldly and in the melt
molecular weight. Below some high polymer limit, the heatstate, and determined that the heat capacity of the solid can
capacity change &t varies inversely with chain length. The be expressed as the sum of an “external contribution,” re-
expectation from the landscape model is that over this rangdated to thermal and volume expansion coefficients, and a
m should likewise decrease with increasing molecularwibrational term, which includes the skeletal vibrational
weight. As seen in Fig. 1, however, the fragility of PS in- spectrum, as well as contributions for chemical groups com-
creases with increasing molecular weight. On the other handghrising the chain. From an evaluation of data for dozens of
for PDMS, m is independent of chain lengitrig. 1), not-  polymers, Wunderlicket al. concluded that the magnitude of

Il. HEAT CAPACITY CHANGE DURING THE GLASS
TRANSITION
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200 ———————— 11— TABLE |. Polymers data, where n is the number of beads per monomer
F P\C}’C 1 unit. Fragilities were calculated from E¢B) with 7(Tg)=100s.
AC,(Ty)
160 | . ot b
PET O] Polymer Symbol m (J degmol™t)  n®
PSp® PMMA
PPO o Polyvinylchloride PVC 191 19.4 2
120 i PVE ] Polyethylene terephthalate PET 156 77.8 7
I B PMA ] Poly(methylmethacrylate PMMA 145 30.0 3
g ° o} ] Polystyrene PS 143 28.3 3
L PDMS PoAc ; Polypropylene PP 137 20.3 2
80 | P . Polyvinylethylene PVE 138 25.4 2
i PPO T 1,4-polybutadiene PB 107 27.2 3
[ PE - I Poly(methy! acrylate PMA 10Z 42.33
40 | © P?B | Polydimethyl siloxane PDMS 100 25.8" 2
N OPTMO l Polyvinylacetate PVAc 95 40.7 4
Pkl SR P PRI SRS S R Polyisoprene PI ris 30.9 3
10 20 30 40 50 60 70 80 Polypropylene oxide PPO 74 32.1° 3
1 . Poly(butylmethacrylate ~ PBMA 56 28.4 -
AC, J K per monomer unit) Polyisobutylene PIB 5 21.3 2
. ) Polyethylene PE 46 10.9° 1
FIG. 2. Fragility versus the heat capacity chang& gper mole of monomer Polytetramethylene oxide ~PTMO %5 57.0 5
units for 17 polymergdata from Table)l, demonstrating the absence of any Poly(hexylmethacrylate PHMA 34 14.1

correlation between these quantities.

®References 31,33. KReference 45.

PReference 34.

. . . C|
the vibrational component of the heat capacity can be aceference 7.
Reference 40.

counted for simply from the additive contributions of the eqqerence 41.
various chemical groups. This group additivity approach camgeference 42.

'Reference 21.

"Reference 16.

"Reference 4.
°Reference 46.
PReference 47.

9Reference 48.
'Reference 6.
SReference 49.

guantitatively describe heat capacities of polymers in théReference 14.
solid state?®3! "Reference 43.

Above T, however, there is an additional term due to;Egggzﬁg 421?1'
the conformational freedom available to a polymer in the '
liquid state. The heat capacity thus depends on bond rota-
tional energies, and the degeneracy of the various conforma-
tional states. The important point is that modification of anormalized to the “bead size” of the polymer chain, the heat
polymer chain by the introduction of substituent groups doe§apacity change aT4 is a near universal constat®>>*
not simply add a term to the liquid heat capacity. Obvious|y’0riginally defined as the smallest molecular unit whose
if additional groups on the polymer chain increase the heaflovement alters the “hole equilibrium” of the liquitf,the
capacity in the glassy state, as indicated by a group additivitpead for polymers is the portion of the chain that can be
rule, then the lack of a corresponding effect on the ligjd ~ considered rigid. Listed in Table | is, the number of
means that their differenceyC,(T,), generally decreases ~Peads” per repeat unit, for most of the polymers in Fig. 2.
upon addition of substituent groups. We have previously In Fig. 3 we displayAC,(Tg), the heat capacity incre-
shown that the addition of bulky or inflexible groups to a ment per bead<€AC(T,)/n), for the polymers in Fig. 2.
polymer backbone increases fragility, ascribing the effect tolrhe acrylate polymers are omitted, because of uncertainty
enhanced intermolecular cooperativity from steric constraintsegarding the definition of a bead for these structdféhe
among neighboring segmerit&3? In light of the group ad- values in Fig. 3 fall within a narrow range, with an average
ditivity rule®*=*!implying smallerAC,(T,), this increase in AC,(Tg)=11.5+1.7 J/deg per mole of beads, as reported by
fragility upon addition of pendant groups implies a correla-wunderlich®:3***No support for a correlation with fragility
tir?nIOfranith ACp((jT?) that is opposite to that predicted by s apparent in Fig. 3, and certainly there is no trend of in-
the landscape model. LA . ;
In Fig. 2 we plot fragilities versud C,(T) for 17 poly- creasinga C,(Tg) with increasingm.
mers of high molecular weight. These represent all cases for
v_vhich reliable data for both quantitie§ were avgilabl_e in them_ THERMODYNAMIC DETERMINATION
literature (see Table)l Clearly, there is no relationship be- §r FraGILITY
tweenm and AC,(Tg) over this broad range of materials.
The abscissa in Fig. 2 is the heat capacity increment per Building on the notion that relaxation properties are re-
mole of repeat units. For polymers which differ only in mo- lated to thermodynamics quantities, Angell and co-workers
lecular weight or crosslink densitgFig. 1), the choice of put forth the proposition that fragilities could be determined
units for AC,(T,) is irrelevant. However, for chemically from thermodynamic dath Experimental results on small-
distinct species, the appropriate denominator for the heat canolecule glass-formefsas well as simulation results for a
pacity increment is not obvious. model liquid®® have provided some support for this idea.
From analysis of published data for amorphous poly-With the availability of data on the temperature dependence
mers, Wunderlich et al. concluded that, whaiC,(Ty) is  of the configurational entropy for various polymers in both
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200 T T T T T T TABLE Il. Thermodynamic data for polymefs.
L g
pve Ty Tm AS, AS, F
160 I PET Polymer (K) (K) (@K !'mole)) QKK imole? [Eq.(4)]
i *
I . l? PVE PVC 354 546 20.1 2.36 0.554
PS ®PMMA * PET 342 553 48.6 22.4 0.164
120 _ i PB 171 285 32.3 20.4 0.211
| PB PS 373 516 19.4 11.7 0.230
g PVAc PS A PP 270 461 18.9 115 0.107
| . PDMS PMMA 378 450 21.3 155 0.226
80 B PDMS 146 219 11.8 2.72 0.362
I PI®  oppo
Pl 200 301 14.4 3.98 0.381
PIB 200 317 37.9 29.6 0.091
40 _ PE ¢¢PIB ] PE 237 415 9.91 5.57 0.139
| ¢ PTMO PTMO 189 330 43.6 16.6 0.213
1 " 1 " 1 " 1 2 1
10 11 12 13 14 *Reference 34.

aC, (J K" per bead)

free rotation afforded by the backbone ether linkatyiigv-

FIG. 3. Fragility versus the heat capacity increment gtper bead. This

corresponds to Fig. 2 with the abscissa dividechbyhese normalized heat
capacity values fall within a narrow rangRefs. 31,33,34 while the fragility
is widely scattered.

ertheless, the thermodynamic fragility of PTMO is interme-
diate among the eleven polymers in Fig. 4.

Among the polyalkenes in Table I, the dynamics of PP
are by far the most fragile; however, its thermodynamic fra-
gility is intermediate between that of PE and PIB. With the
their amorphous and completely crystalline stdfde con-  exception of PVC, Pl and PDMS have the largest thermody-
cept of thermodynamic fragility, and its correlation with dy- namic fragilities in Fig. 4, while their dynamic fragility falls
namic fragility, can be tested for polymers. in the lower half of the polymers in Table I.

Figure 4 shows Kauzmann plots for 11 polymers, repre-  This comparison can be made more explicit by quanti-
senting all those for which both fragilities and the necessaryying thermodynamic fragility. A convenient measure is the
configurational entropy data was obtained from the literaturefractional decrease of the fusion entropyTdf ,,= 0.8 (Ref.
The equilibrium melting points used for normalization are 8)
calculated by extrapolation from experimental o
These and the other parameters used in constructing Fig. 4 F=1— %
are listed in Table I. The steepness of the Kauzmann plots is AS(Tw) -
a measure of thermodynamic fragiltyHHowever, the rank which can be determined without extrapolation for all the
Ordering of the curves in Flg 4 is different from that of the po|ymers in F|g 4.1n F|g 5 we d|sp|ay this thermodynamic
respectivem's for these polymers¢Table ). fragility versus dynamic fragility; no correlation between the

For example, the dynamic behavior of PTM@Iso  quantities is apparent.
known as polytetrahydrofurans among the least fragile Finally, Ito et al. have pointed out that Kauzmann plots
(smallestm) of all polymers. This has been ascribed to weakcan be converted to a form analogous to the usual dynamic
intermolecular constraints on the chain segments, due to theagility curves by usingT, for the reference temperature, in

4

10 T T T T T T T 1 06 T T T T T T
= PVCe
e
8 P v "*‘
0.8 | . T
o % &
_ AR 0.4 ]
- 0.8 § ¥ 5. FOTW PN —0—PB - **l epDMS
= ..® - PP
2 —0—PE
=~ 0 4 --w--PB a7
£ 04ty o.8 —A—PET T PSee prvinvia
@ .. - PTMO o2bL e PTMO PB® P ]
9 ..A- PS ' °
L et S % —v—PMMA ®PE PET
0.2F --m-- PDMS ] ®
—o—Pl * PP
—0—PVC PIB
0.0 et : : 0.0 . . .
0.5 0.6 0.7 0.8 0.9 1.0 ' 50 100 150 200
T/T, m

FIG. 4. Kauzmann plots for 11 polymefksee Table ll. The steepness

reflects the thermodynamic fragilifRef. 8.

FIG. 5. Thermodynamic fragility, calculated from the data in Fig. 4 using

Eq. (4), versus dynamic fragility.
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1.0 of the complex dynamics in condensed matter which does
not explicitly consider the intermolecular cooperativity in-
herent therein.
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