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Importance of interactions for free-volume and end-group effects in polymers:
An equilibrium lattice investigation
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We consider a lattice model of a polymer system in which we distinguish between théEeadd the
middle (M) groups. The free volume is represented as a “hole” or “voi@®), which constitutes a separate
species in addition to the two “specie andE. There are three different exchange interaction energies, and
correspondingly three Boltzmann weights; , i#j=0,E,M between different species. We define the free
volume associated with the species M or E, as the average number of voids nextjtdJsing a recently
developed equilibrium lattice theory, we calculate the free volumandv ), associated with an end group and
a middle group, respectively, and investigate the effects of interactions among them. Our calculations show
thatve andv )y are intricate functions ofv;; , the pressure and the molecular weight, and that their difference
can change sign under certain conditions. These conditions are elucidated. We demonstrate that when the end
group is chemically dissimilar from the middle group, the middle group may have more free volume than the
end group. We find that the conditions that favor a middle group having more free volume over an end group
arewgg<l, wy o<1, andwyg>1. The effect of pressure and molecular weight can be of either type and
appears to be dependent on the interactions.
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[. INTRODUCTION plex time dependence. The nature of the time dependence is
determined by the energy barriers encountered during redis-
The thermodynamic and the kinetic aspects of the liquidtribution, and must be properly accounted for. On the other
glass transition provide an interesting duality, which present®and, thermodynamics describes the glass transition as an
one of the most challenging problems in theoretical physic€quilibrium transition[1,3] in the metastable state. The in-
[1,2]. It is fair to say that there yet exists no completely vestigation of this dualityequilibrium vs kineticsis crucial
satisfying theory of the glass transitif] even though some for @ complete understanding. Here, our aim is somewhat
major progress has been made receftly7]. The most suc- modest in that we deal only with equilibrium properties. In

cessful theory that attempts to describe both aspects witRddition, we restrict our attention to temperatures well above

some respectable success is based on the “free-volumethe glass transition, as any discussion of a glass transition

model of Turnbull and Cohef8—10]. The concept of free inevitably requires treating polymers as semiflexible and also

volume has been an intriguing one that pervades throughoﬂ?qu'res considering metastable states. This adds a degree of

hysics but is not well understogdd], at least in our opin- complication that is not necessary at present if our aim is to
physics o ' . P understand the effect of energetics on the free volume. The
ion. While the concept is intuitively appealing and very use-

. ; 2 ) effect of semiflexibility can easily be incorporated in our
ful, it has not been put in anguantitativeandrational form

) o] X ) analysig 7], and will be investigated along with metastability

based on first p_r|n<_:|ples. The fr_ee volumgassociated with ;4 separate publication.
each molecule is, in general, different from the average vol- |, polymers, the problem of free volume is even more
umev per molecule; the latter volume is the volume of the acute, as one must make a distinction between the free vol-
Voronoi cell surrounding the molecule. It should also b6ume associated with the emﬂ) groups and with the middle
mentioned that the; is not the same as the difference (M) groups[13]. In particular, the viscosity and the glass
—vg, Whereuvy is the volume “occupied” by each mol- transition temperature are dependent on the molecular weight
ecule. For example, in the random close-packed state fdn3,14], the latter, in turn, is related to the number of end
hard spheres, it is well known that the average filling factorgroups. However, the energetics continues to remain unac-
vol/v is 0.637; yetoy;=0 as this is the close-packed state. counted for in classical theories. End-group effects also play
Thus, one cannot identify the free volume with the emptya major role in the overall crystallization and thickening and
space, unlessy andv are the same in the close-packed statethinning kinetics in polymer§l5]. The importance of ener-
see, for example, Ref12]. (As we will see below, the latter getics, especially due to end groups, is clearly evidenced in
is possible in a lattice theony. the behavior of surface tension. It is observed that the surface

From the point of view of the free-volume theory, the tension increases with molecular weight for the methyl-
macroscopic features are a manifestation of the redistributioterminated polymers, decreases for the amine-terminated
of free volume at the microscopic level. In this picture, thepolymers, but is almost independent for the hydroxyl-
glass transition occurs when the free volume becomes suffterminated polymergl6]. The conclusion is that the methyl
ciently small to impede the mobility of the molecules; thisend groups are preferentially attracted to the surface,
provides akinetic view of the transition along with its com- whereas the amine groups are depleted from the surface. A
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similar behavior is also observed when polybutadiene chainkluggins theory as a limiting theory, as discussed exten-
are end capped with two different forms of fluorosilicon sively elsewheré20].
groups[17]. The end-group effects are important even in the We can use the main results of Ryu and Gujrati to study
bulk where they control the phase separation behaviothe problem of free volume associated with end and middle
[18,19. groups by a mere change in the “vocabulary.” In particular,
To the best of our knowledge, the above distinction bethe numbeNs of solvent molecules will be replaced here by
tween the free volumes associated with the two groups haldo. Which now denotes the number of voids. Thus, the den-
not been formulated and investigated. We use a nearestity ¢s of the solvent will be replaced by the density of
neighbor lattice model of the polymer system in this work,V0ids. Similarly, the contact densitys and ¢es between
which is formally defined in the next section and allows for the middle groups and the solvent, and the end groups and
only nearest-neighbor interactions between different specied?® solvent will be replaced bgy and ¢go, respectively.
In this model, we define the free volume associated with thétherwise, our notation will remain unchanged. Our empha-
middle group(M) and the end grou(E) as the average num- SIS in th_e earlier publlcatlorj was to |nvest|gate_the effect of_
ber of voids that are nearest neighbors of a middle or an enBN€rgetics on the phase diagram. Here, we wish to investi-
group on the lattice. Although it is a simple definition, it has 9ate the effect of the energetics on free volume associated
the advantage that a void, which is surrounded by a wal of With end and middle groups, respectively, which was not
andM, contributes to the free volumes associated with eacffvestigated by Ryu and Gujrati. We refer the reader to Ref.

of them. [19] for a complete description of thermodynamics of the
One of the basic assumptions in the free-volume theorynedel and other details that are omitted here. _
[8—10 is that the redistributiotinot in time but in spageof The layout of the paper is as follows. We describe the

free volume or voids occurandomlyand without any cost  ©riginal model used by Ryu and Gujrati in the next section.
in energy[12]. While this is certainly an appealing and sim- We change the notation, as discussed above, to suit our pur-
plifying assumption in the model, it overlooks an importantP0se here. We introduce the concept of the free volume as-
aspect of redistribution. Since a wall of molecules alwayssociated with the two groups in Sec. Ill. The effect of ener-
surrounds each microscopic region of free volume, the intergetics is mvestlgated ana_lyucally and numerlca_lly in Sec. IV.
action between molecules will certainly affect the redistribu-n the last section, we discuss relevant experimental results
tion of free volume(see below, especially when the redis- and observations that highlight new results obtained in the
tribution involves free volume next to molecules. Thus, theMeasurement of free volume and related phenomena. We
energetics should not be ignored. Consideration of energetgompare these results with the conclusions drawn from our
effects is the central aspect of this work. Since we are no@halysis. This section also contains a brief summary of our
dealing with the kinetics at present, we do not concern ourt€sults.

selves with energy barriers encountered in the actual rear-

rangement of voidgin time). However, the equilibrium in- Il. MODEL

vestigation does allow us to draw some useful conclusions Consider a lattice o sites and of coordination number

about the possible kinetics. For example, it is intuitively ob- : . :
vious thatpthe viscosity, a measure F())f the kinetics gf the We consider a pure system consisting of I|r_1ear polymer_s
’ Svhose end groups are treated as a species different from its

system, is a decreasing function of the free volume—a Me& dle arouns. Each polvmer chain has exabtbonds and
sure of the equilibrium property of the system: higher thelvI =b+?L mgnbmers Zm){)ng which two monolry;?ers are end

free volume, easier the mobility and, hence, lower the vis—groups and others are middle grouhe use oM for the
gﬁjsg}gﬁ-srh:tfé::etrfsnki?]Z?iéze ?ﬁiill'izr':v?aftvvdey itno,[:r:gvzoczrgnumber of monomers in each chain should not be confused

here with the subscript use oM, where it refers to a middle

There are two aspects of end groups that are relevant fof ouP. as Inoyo.) Each monomer of the polymer occupies a

the observed behavior. The first one is associated with thSite.Of the Ia_ttice. The rema_ining site_s of the Iattice_ are oc-
difference in the free volume of the end group and of thegupled by voids, each of which occupies only one site of the
middle group. The other one, and which is the primary focuslattice. The excluded-volume effects are represented by the

of our current investigation, is the influence of the energeticsrequlrement that only one monomer can occupy a site of the

The effect of energetics was recently investigated by Ryulattlce. The only allowed interactions are between nearest-

and Gujrati[19] using a lattice theory. The model investi- heighbor unlike species. Lédy, Ne, andNy denote the
A . number of voids, end groups, and middle groups, respec-
gated was that of a polymer solution in which end group

and middle groups were treated differently. By treating th:hvely. Then, we have

solvent species as voids, we can use this investigation to N+ Ng+ Ny =N. 2.1)
describe free volume. The investigation requires approximat-

ing the lattice by a Bethe lattice of the same coordinationn the thermodynamic limitN—o, Ny, Ng, and Ny, all
numberg. It is the only approximation made. The model is diverge but the corresponding densitigg,=Ng/N, ¢
solved exactly on a Bethe lattice. Because of the exact nature N /N, ¢,,=N,,/N remain fixed. Thus, Eq2.1) can be
of the solution, thermodynamics is always obeyed. The rewritten in terms of densities as follows:

sulting theory is a nonrandom theory and incorporates the

random-mixing approximation theory(like the Flory- bot+ Pt Ppu=1. (2.2
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Let B andN,,=Ng+ Ny, denote the total number of bonds Z=30(B,Ny0,Ngo,Nye) KBwliMoyNeopNue 2 )
and monomers in all polymer molecules, respectively. Then, MO TTE0 TTME
the bond density¢ and the monomer density,,=®e  where the summation is over all possible but distinct values
+ ¢\ are defined by the limiting values &/N andN,/N,  of quantities in the seX consistent wittN. In the thermody-

N—oo, respectively. Since each polymer molecule has twaamic limitN— o, the entropy per sit§is given by a func-
end groups andl —2 middle groups, it is easily seen that tion of g, ¢, dgg, dmo, aNd Py,

Pe=(2IM) pr=(2/0) $, S=S(q, ¢, dmo, Peo. Pume) = lim (INQ/IN), (2.8
(2.3 N—o
du=(1—2M) b= (1—1/b) .
such that

Therefore, oncep (or ¢,,,) is given, ¢q, ¢, andeoy, can be
easily determined from Eq$2.2) and (2.3). If Ngg, Ngg, ﬂS_ _ _
and Ny, denote the number of void/void, end-group/void, e —InK=—-pBpu, Jbeo ~Inweo,
middle-group/void pairs, respectively, adkg, Nyeg, and 2.9
Nuwm the number of unbonded end-group/end-group, middle- S S
group/end-group, and middle-group/middle-group pairs, re- 3¢Mo:_ NWpyo, m:_'” WpmE

spectively, then it is easy to see the following topological

identities: in equilibrium. Hereuw is the chemical potential for adding a

> polymer bond. In the partial derivatives above, we must keep
aqNo=2Ngo+Ngo+Npo, gqNg==B+2Nge+Nye+ Ngo, fixed all other densities in the argumemts ¢go, dpo, and
b ¢ue Of Sthat are not involved in differentiation. The free
energy per sitew=InZ/N,N—», is obtained from the en-
Ny =2(1-1/0)B+2Nyy+Nymo+Nue. (24 tropy Sby the following Legendre transforiii9]:

We now introduce densitiegy;=N;; /N, (i,j=0E,M) in (K, Wgg,Wy0,Wyg) =S+ ¢ INK+ ¢gp Inweg
the thermodynamic limit. In terms of densities, the above
identities are given by + dmoINWyo+ e INWye,
(2.10
Ado=2¢oot Peot dmos
such that
qde=(2/0)B+2¢eet dmet deos (2.9
K Jw é Jw é
—_— s W (R ,
qém=2(1-10)B+2¢dym+ dpot duEe- K Foowgo 0
(2.11
Thus, among the densitiesy, ¢g, dnm, ¢ (O dm), doos dw dw
beo, Pmos bees dume. and gy only four densities are W“"Om:(ﬁ'\"o’ WMEWME:%AE-
independent due to the six constraints enforced by €48),
(2.9, and(2.5). In the partial derivatives above, we must keep fixed all other

We choosep, ¢eq, dvo, andeoye to be the independent  argumentsK, wgq, Wy, andwy g of w that are not involved
densities. LetK be the activity corresponding t¢ and let in differentiation.
Wgo=eXp(—Bego),  Wmo=€XP(—Bemg).  and  wyg
=exp(—Beyve) be the Boltzmann weights corresponding to IIl. FREE VOLUME ASSOCIATED WITH GROUPS
the three kinds of pair densities specified by the subscripts.
Here B is the inverse temperature in the unit of the Boltz- We are now set to introduce the concept of free volume
mann constant. The “exchange interaction energieg;,  associated with the two kinds of groupd, and E. We first
emo, and ey are related to the “direct interaction ener- remark that in our model, the void and each of the two

gies” ;,i,j=M,E,0 in the conventional manner, groups occupy the same volume, the volumeassociated
with each lattice site. In this picture, denotes the volume
eij=e;—(ei+e;)2, i,j=M,E,0. (2.6 of a cell of the lattice. Such identification endows each

monomer a cubical shape, which is not very realistic. Nev-

These simple relations betweer ande;; are due to the ertheless, we will adopt this picture here. The volumper
geometrical constrair®.4) imposed by the homogenous lat- monomer is identical to the volume, in the absence of
tice structure as is easily checked. voids. In this case, the free volunag is identically zero and

Let X={B,Numo.Ngo.Nue} denote the set of independent the empty space also vanishes as the filling factor is unity.
quantities. Let()(X) denote the number of distinct configu- Thus, in our model, the free volume and the empty space are
rations of the polymer system of our interest on the lattice forequivalent. Of course, one can, with a slight modification,
a prescribed seX. The partition functiorZ for our model is  treat the volumey,,, of each monomer to be different from
given by Uo-
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The amount oftotal free volume in our model isv; Emo=—€eum/2, Ego=—€e2. (3.9
=Npv and the total volumé&/'=Nuv,. It is possible to par-
tition equally either the total volume or the total free volume In most cases of interest, where a pure monomeric fluid com-
per middle group or per end group in a trivial fashion. Then,posed ofM or E forms a liquid state, the van der Waals
the volume per middle group or per end group would beenergiesey,,, andegg are negative(A negative value of the
identical. Such a partition of free volume is not consistentdirect interaction energy corresponds to attractive interac-
with the customary notion of free volume according to whichtions) This implies thate,;qo and ego are mostly positive;
end groups tend to have more free volume than middleonsequentlyw,,o and wg, are less than 1. On the other
groups[13,14]. A variety of definitions for free volume as- hand,wy,z can be both less than or greater than 1. However,
sociated with a molecule or group can be found in the literafor completeness, we will also considef,o andwg, larger
ture. Cohen and TurnbuB] define the average free volume than 1 to allow for directional interactions.
per molecule as the difference betwagnthe average vol- According to Ryu and Guijrafil9], thew's are related to
ume per molecule andy, its van der Waals volume. Liu, the contact densities via
Deng, and Jeaf21] note that the occupied volung, has

also been defined by other workers(asthe crystalline vol- Wno= Pmo/2V dmmPoo Weo= Peo/2V deEP00 .
ume at 0 K, and?2) the volume swept by the center of grav- 3.
2 daked 9 Wne= @me/2\ dum Pee.

ity of molecules due to fluctuations. Yet in another defini-
tion, the free volume associated with a hard sphere in a harget us introduceg?,, the athermal value ofg,, when all
sphere liquid is the volume over which the center of thes are equal to 1. It is found th&t9]
given sphere can translate while the other spheres are fixed,;
see, for example, Ref$12], [22]. According to this view, b00= ol bu. (3.6
this free volume should not be confused with ttavity vol-
ume which is the volume of a continuous region of spaceWhered,=a/2— ¢ and¢o,=q¢o/2. The adimensional pres-
available for inserting another sphere. In general, the abovéure, as shown recent[23], is given by the adimensional
definitions relate free volume with the overall possible mo-pressurez, given in Ref.[19],
tion of the entity in question.

We define the free volume associated with a group in a +In—] (3.7
slightly different manner. We note that, if the free volume boo) '
has to play any role in the instantaneadigamicsof the
system, it is important to consider only that part of free vol-Here,vq is the volume per site, which we will absorb in the
ume, which isnextto monomers. This is important since the definition of z,.
movement of a monomer at any instant can only be possible
if a void is next to it; voids far away from the monomers play IV. NUMERICAL RESULTS
no appreciable role at that instant of motion. Furthermore,

due to the restriction that a void occupies the same volume as Molecular we!ght has been recognized as an important
a monomer, the proximity of a single void is sufficient for parameter that dictates the thermal and mechanical properties

instantaneous or local motion. We take this viewpoint in theOf amorphous polymers and in particular, the glass transition

following, even though we are not concerned with the dy_temperatq:ﬁT%. The gommo? b6‘||lef thatr:th% mus':c de- h
namics at present. We do so because our eventual aim is fgease with decreasing molecular weight stems from the
investigate the kinetic aspect prevalent notion of the end groups havimpre free volume

It is evident from the above discussion that a useful wa)}halm the .rtnh'%dle groups. Tlh's ?lves .”Sh(?[ toh!nﬁreaoflng frﬂe1e
to introduce the concept of free volume associated with an 0 ur\r;veh};w th_ecreasmg ;np ec“taf vlvelg ’ Wt |chre tuhces de
group on a lattice is to take into account the immediate pres-9° ne this argument Is certainly correct when the en

ence of voids next to the group. We, therefore, identify thed'oups are ghemically and st(ucturally similar to the middlle
free volume by the close contadts,o andNo. The follow- groups[24], it does not take into account those polymeric
ing quantities 0 0 systems in which the end groups may be different from the

middle groups due to the method used in their synthesis or

26y o

In

ZQEBPUO= _In (j)o'i‘%

vmM=Npmo/Ny=dmo! dm » (3.1 otherwise. We demonstrate that the energetics, which origi-
nates due to the dissimilarity between the end groups and
ve=Ngo/Ne= deo/ Pk, (32 middle groups, has a dramatic effect on the distribution of

free volume. In particular, we identify the different factors

determine theveragefree volume associated with a middle LEe e )
group and an end group, respectively. It is evident that thes@at control this distribution and can cause the middle groups

guantities depend og, M, and the three interaction energies ;ﬁ have mofre freel volume th«_ant tge %r]]d grm:jps. We denc::]e
Emo0s ££0, andey . Since voids form an “inert” species, it %slxcess reg volume associated with an end group over the
is important to take into account the fact that the “direct Middle group by

interaction energies” _
9 Uex—"VE~ Um -

007 =M0™=E0 33 Thus, whenv,, is positive, the end group has more free

Hence, we observe that volume than a middle group and vice versa.
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) ) ) FIG. 2. Effect of coordination number an,. As g is increased
FIG. 1. ve as a function ofw for a system in which the end  fom 4 to 11,6, decreases from 0.16 to 0.01.

groups and middle groups are treated similar. vAss increased

from 0.6 to 1.3,¢, increases from 0.004 to 0.7. . . -,
o decreasing the molecular weight on the glass transition for

flexible chains would not be as strong as that for rigid chains.
Next, we consider the effect of pressure ang,. In Fig.
3 we plotv, as a function ofzy, the reduced pressure, for
ﬁifferent combinations of interactions. It is evident that at
Ixed temperature, with increasing pressugg may increase
(@) or decreasdO, V¥, V). Thus, the effect of decreasing
essurelwhich controls the void densityis merely to en-
ance the magnitude of,, while its sign is governed largely
by the interactions.
The role ofwy,q is twofold. Figure 4a) and 4b) pertain

For many systems3e;; are in the rangé—0.50,—0.70),
as discussed at length elsewhégb|. Therefore, we can
safely take the values of\,; andwgy around 0.79see Eq.
(3.4)]. The exchange energy between the middle and en
groups, however, will be small due to cancellatieee Eq.
(2.6)] and thereforew,,z will be close to 1. From now on,
whenever we speak of interactions, we refer to the exchan
interactionsej; and not to the direct interactiorgs; , unless
noted otherwise.

We begin by noting that for any coordination number of . 2 . .
the lattice that we choose, the end groups always have ont% the effect of middle-group/void interaction. In Figafwe
extra unbonded contact as compared to the middle groufp!0t Uex against wyo for different choices of wye
When the end and middle groups are chemically similar, it is~ 0-9(®),1(©),1.1(¥)). Figure 4b) displays the changes
clear that the origin of the difference in the free volume of N the void density—o( <), vi(®), and vg(V)—with
the end and middle group is due to finite coordination numWwmo for @ specific casewyg=1.1 of Fig. 4a). Figure 4b)
ber, and it is obvious that the end groups will always haved!so contains other plots; howe\{er, those will be d|§cus_sed
more free volume. We can make the two groups chemicallyter- Foréo, vy, andvg, the axis on the left-hand side is
similar or identical by settingvye=1 andwyo=Wgo=W. to be considered. Because the middle groups constitute a

Also, a special case is the athermal limit where all thred@rge fraction of the polymer, the value i, also controls
w;;=1. In Fig. 1, we sez,=0.2, =8, M =100, andwye th_e void density. A&yM0—>Q, .th.e stat|§t|cal we|ghF of statgs
=1. We note that withvo=(10A)® and at room tempera- with larger Nyq rap|dly diminishes, e, the_ void density
ture, the choice of,=0.2 corresponds te=1 atm pressure. 90€S to zerdsee Fig. 4b)]. As the void density decreases,
We display the results fas,, over a range of values faw. ~ Uex IS @lS0 expected to decrease becawgeand vy them-
We find that the end group has more free volume than th&€lves decrease and get closer to zero. From Faywe find
middle group, a foreseen result.

We consider the effect of the coordination number, the 0.08

pressure, the molecular weight, and the three interaction 0.06 °555566555uu T
strengths onv,. We first demonstrate the effects of consid- T ’“wuuguuuo
ering different coordination numbers. In Fig. 2 we show the 0.04 - _ - :"'
. . T o W, =1.2,v Wye=0.9 (Wy=0.75, wg=0.7)

behavior ofv, as a function of the coordination number ME
from g=4 to 12. It is obvious that as the coordination num- 5 00247 TTVVIIIYYY999959999999vvvrrrory
ber increases, the extra unbonded contact available to the end
group will be progressively inconsequential. Thus we would 0.00 4 o Wye=11, o Wanem0.9 (Wy=0.7, wg;=0.75)
expect the difference in the free volume of an end group and 20.02 . vesesrseces
middle group to diminish, even in the case where the two are ccssssssosesoecseosecss
chemically similar, as the coordination number is increased. -0.04 . ' '

If one takes the following viewpoint, which does not seem 0.0 0.1 0.2 0.3

far fetched, that more flexible the polymers are, higher the %

“coordination number” for the corresponding lattice model,  FIG. 3. Effect of pressure on, for four different systems. As
then we conclude that the differencg, decreases as the z, is increased from 0.01 to 0.34j, decreases from-0.047 to
flexibility increases. This, then, suggests that the effect 0f~0.015 in all cases.
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FIG. 5. Effect ofwyg on v, for the choices ofvyg>wgq and

Wyho<Wgg. AS Wy is increased from 0.85 to 1.14;, decreases
from ~0.03 t0~0.02 in both cases.

Due to these two reasons, we find thaf increases with
increasingw,,o. However, whenwy,q>wgq, the effect is
reversed and therefore the maximum is obtainedvgt
=0.85 after whichv, begins to decrease. Of course, the
maximum is not expected to be exactly \&f;o=wgqy be-
causev,, is a function of other parameters too.

We have explained that for some large valuevgj,
(mainly determined by the choice wofzy andwy,g) v, must
begin to decrease with increasimg,y. Our calculations
show that asvy,, is incremented further, finally a minimum
is obtained beyond which., begins to rise and eventually
approaches the value of 1.0 asymptotically in the limj,
—o0, The maximum and minimum is readily visible in Fig.
4(a) (@). In the other two plots, the maxima have been sup-
pressed due to the choice of interactions. The eventual rise in
Uex Can be understood by noting that the end group has one
that atwy=0.6,v,=0 irrespective of the choice of,e.  extra unbonded contact available. Wheg, becomes very
Thus, ve, Will reach the value of zero asymptotically as large as compared twg, andwye, the voids are strongly
wyo— 0. Second, we have three interactions and, thereforegttracted to the middle groups. Because the end groups are
the behavior ofv,, is expected to depend on the relative attached to the middle groups, they too get their share of
magnitude ofwyg, Wgg, andwye. The changes in their voids and at this stage the actual valuevef, and wye
relative magnitudes gives rise to the features of maximunbecomes immaterial. Hence, batly andvg increase with
and minimum inv ., [refer to Fig. 4a)] due to the difference increasingwyq, €.9., if we choose =8, then aswy— =,
in the rate of change of free volume of the end group and)g—7 andv,,—6; thereforev .,— 1.0. We also note thab,
middle group withwy,. If the free volume of an end group decreases as the attractive direct interaction strergih
rises faster than that of a middle group, rises and a maxi- increases, i.e., a8y, decreases. According to the Doolittle
mum is seen. However, if the free volume of a middle groupsemiempirical equation, this corresponds to an increasing
rises faster than that of an end group, decreases and a viscosity. As a consequencd,; must increase with the
minimum is observed. For example, in Figh#the differ-  strength ofeyy .
ence betweew,,(®) andvg(V) first increases withwy,g By comparing the three results obtained for different
and then decreasdthe changes in the difference are not choices ofwye in Fig. 4a), we find that the nature of the
easily discerniblg which results in the minimum ing (V) middle-group/end-group interaction perhaps has the stron-
in Fig. 4(a). However, the maximum and minimum may be- gest effect orve,. In Fig. 5, we show ¢, as a function of
come more or less pronounced or even disappear by changs,g for two caseswy,o>Wgo(®) andwy,q<wgq(O). We
ing the parameters. Consider a specific case, e.g., Fy. 4 find that irrespective of the interactiong,, and wgy, as
(@) with wye=0.9. Asw,,q is incremented from 0.6 to 0.7, wy is increasedy ., decreases, i.e., the middle groups tend
in every instancevy ,<wgq (except atvyo=0.7) and hence to have more free volume. This behavior can be explained
the contacts between the end groups and voids are favoredth the argument that as the middle-group/end-group inter-
over the contacts between the middle groups and voids. Als@ction becomes attractivev(,z>1), the end groups are sur-
the void density increases rapidly &g, is incremented. rounded by the middle groups of its own chain or other

FIG. 4. (a) Effect of midvoid interaction orv,, for different
choices ofwye. (b) vy ,ve, and the different characteristic free
volumes for a specific casgyg=1.1. ASwyg is increased from
0.6 to 1.3,¢, increases from-0.005 to~0.7 in all cases.
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FIG. 7. Effect of molecular weight om, for four different
systems. A is increased from 2 to 982, decreases from+0.08
to ~0.02 for wyo<wgg, and from ~0.04 to ~0.036 for wy,
>Wgg.

FIG. 6. Effect of end-void interaction am,, for two choices of
Wype- AS Wgg is increased from 0.6 to 1.2p, increases from
~0.03 to~0.04 in both cases.

chains and are therefore effectively “shielded” from the V- DISCUSSION AND CONCLUSIONS

voids. Due to the fact that the middle groups greatly outnum- Experimental methods that are widely used to estimate
ber the end groups, the effect of this shielding is more severand characterize free volume are positron annihilation spec-
on ve than vy, (since these denote the average values troscopy (PAS), fluorescence spectroscopy, and photo-
Therefore, as the middle-group/end-group interaction bechromic labeling technique. Small angle x-ray and neutron
comes more attractiveyz decreases faster tham, and diffractions have also been used to determine density fluc-
thereforevex decreases. When the midd|e_group/end_grouﬁuations and then to deduce free volume size distributions.
interaction becomes repulsive, contacts with the voids ar®f these methods, fluorescence spectroscopy and photo-
favored and them ., increases. The relative values of,q chromic labeling technique have the capacity to estimate lo-
and wg, determine the rate of change of, with Wy. cal free volume. Sl_mg, Yu, and Roberts@d] have em-
When Wen<w the middle groups prefer to be with the ployed photoisomerisable probes to evaluate the free volume
voids anE(;) hen'\?:(gex decreases more rapidly itz . We at different sites along the polymer molecule. The probes—

have considered the effect of pressure and molecular Weigﬁtzobenzene chromophores—undergo a tratis photoi-

Iso but find that th litati lation betw q somerization, the extent and kinetics of which are sensitive
also butwe find that the qualitative refation betweghan to the local free volume immediately surrounding the probe.
Wy e remains unchanged.

] . o . From the photoisomerization behavior at different sites, the
Figure 6 displays the effect of end-group/void interaction|qc| free volume at each site can be estimated. Therefore,
Onwvey. Itis clear from the figure that for a fixed choice of e |ocal free volume they investigate is similar to our defi-
Wye andwyo, as the end-group/void interaction is made nition of free volume associated with a group. They investi-
attractive,vey increases, i.e., the end groups tend to havejated the regions around the chain ends, the chain sides, and
more free volume. It is also evident that having the middle-the chain centers along the backbone of polystyrene.
group/end-group interaction attractive decreasgsand re-  Through an indirect analysis, they were able to conclude that
duces the rate of increase of, with wgq. Although we the styryl end groups have more free volume than the middle
have not shown it here, we have also investigated the effegfroups. It should be noted that for this system, the end
of all other parameterébesides middle-group/end-group in- groups are very similar to the middle groups and therefore
teraction on the qualitative relation betweemzy andv,. the above result is expected, as seen in our theory.
We find thatv ¢, increases withwvg irrespective of the choice Danussoet al. [26,27] were particularly interested in
of the interactions, pressure, molecular weight, etc. studying the effect of end-group dissimilarity on the varia-
The effect of molecular weight is considered in Fig. 7 bytion of T, with molecular weight. They measured thg for
considering four different combinations of middle-group/ 17 series of linear perfluoro-pdlyxymethylene-co-
void, end-group/void, and middle-group/end-group interac-oxyethyleng oligomers of several molecular weights having
tions. Different combinations have been chosen to cover alh common perfluoronated body and equal end groups of dif-
the features, based on our understanding of the interplay dérent types. A clear end-group effect is demonstrated in
these interactions. From Fig. 7 we immediately note that their results in which thd increased with decreasing mo-
has a weak molecular weight dependence, especially in thecular weight for several oligomers. The unexpected results
high molecular weight limit. It is also apparent that at fixed were obtained mainly for systems in which the end groups
pressure and temperatute,, may increas€V¥) or decrease were polar in naturgéopposite in nature to the hydrocarbon
(@, O, V) as molecular weight is incremented. Thus, thebackbone molecul¢scausing a stronger direct end-end at-
effect of molecular weight is dependent on the choice oftractive interaction. The stronger attraction corresponds to a
parameters, similar to the effect of pressure. smallerwgg. Interpretation of these new results in terms of
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the free volume model implies that the fractional free volume ¢, =(M—2)vy+2ve, vmo= b0/ dm, vp= o/ b,

for these systems must decrease with decreasing molecular _ )
weight, an effect that is possible when the end groups havand, of course, the fractional free volurgg. Here,viy is
less free volumésmallwg,) than the middle groups. How- Fhe free volume that isnmediatelyneighboring or surround-
ever, Danusset al. ascribe their unusual results to changesi"d the polymer molecule; o denotes the average free vol-
in the cohesive state of the system with molecular weighf"”rl‘e available Ito every rr\on?m(_errﬁ angl |st}he davef?‘ge ffreel
due to the different interaction strengths between the middI&°'UMe Iper Ipo ymei mo/e,\j“ \e/\'/ he nurrt1 g_r diﬂs'ty ?j.fFO y-
groups, the end groups, and each other. Similar argumen[Eer molecu es.|$bn'— ¢m/M. We have studied these Ier-
have been propounded by Engbestal. [28], who have ©™ ?ﬁf'mt.'ot?tshm l(:jlg. %3)' Forl;.im(A) ﬁ.rlldva(A)&;h)e ax's
studied the effect of end groups on the structural relaxatiod ', «'c 9nhthand side apphes, Whii€ Tafwo and
behavior of poIX(propern(g glyréc)l (PPQG, using Brilluoin ¢o(§)|, the Ieft-hland S|;:_Iedaxr|1$ is to be conadergd. F0”r this
scattering and dielectric relaxation. They find that the relax particular example we find thatm, vmo, vp, and ¢ a

on d . f hvd OH ; d increase with increasingvy. Thus different measures of
ation dynamics of hydroxylOH)-terminated systems are o characteristic free volume give similar results. However,

rather insensitive to molecular weight Whergas with methylthis is not true in general. We fin@esults not shownthat
(CHg)-terminated systems a large change in the relaxatioghe apove four definitions can give conflicting results for the
dynamics with molecular weight is observed. The differencechanges in the characteristic free volume when considered as
in behavior has been related to hydrogen bonding, due tg function of the interactions, molecular weight, pressure,
which the effective chain length purportedly increases, anétc. Also, from Fig. 4b) we find that the functional form and
then one probes the segmental relaxation time, which is amagnitudes ofvy,, vmo, vp, and ¢, are quite different.
most independent of the degree of polymerization. OtheThus the definition of characteristic free volume, which is
groups[29-31 have investigated the effect of having an relevant for mobility, must be chosen carefully. Voids that
ionic end group on the viscosity and glass transition temperaare sharedi.e., are commonbetween two or more mono-
ture. In these systems too, unusual results of increasing visners contribute towards instantaneous motion of an indi-
cosity andT, with increasing end-group concentration havevidual group or segment, but may not significantly contribute
been reported. In general, these results have been attributezlvards long-range relaxation, because the segments have to
to the aggregation of the ionic groups thereby forming crossreturn to their original position. However, with neighboring
linked networks which, in effect, leads to a reduction in seg-cluster of voids that are large enough, the chains can move
mental mobility. Thus, substantial evident24,26—34 of more easily and quickly. To complete the free-volume ap-
the strong effect of the nature of end groups on physicaproach, in addition to the total free volume, the idea of the
properties is present in the literature. From the above discusize distribution of free volume has been invoked. Theoreti-
sion it is apparent that the free-volume model, although usecal [8—10] and experimentdl22,34—37 results for the size

ful, cannot account for molecular dynamics in entirety. Thedistribution of void clusters have been obtained for several
free volume is only a secondary effect; at the most fundasystems. However, we believe that consideration of free vol-
mental level it is the interactions that control the dynamicsume alone is insufficient to describe molecular dynamics and
Furthermore, the ambiguity in the definition of free volume one must account for the interactions. We have carried out
or the often used term “dynamic free volumdthe part of  calculations for the size distribution of void clusters in our
free volume that is relevant for dynamijdsas lead to con- scheme. The results will be presented elsewh&gg

siderable confusion and difficulty in implementing the In summary, we have demonstrated that for systems in
theory. We have defined the free volume associated with avhich the end group is chemically dissimilar from the
group as the average number of voids in its immediate proxmiddle group, the middle group may have more free volume
imity. Clearly, this free volume is the most relevant while than the end group, in contrast to popular belief. When the
considering instantaneous molecular mobility. Howevertwo groups are similar, the end group will generally have
long-range cooperative relaxation will be governed by bothmore free volume than the middle group. The factors that are
the free volume associated with individual groups as well asn favor of the middle group having more free volume over
the total free volume in the system. This is because cooperan end group are: attractive end-end and middle-middle-
tive relaxation is also facilitated by the presence of a clustedirect interaction and attractive middle-end exchange inter-
of voids, an information that is not present in our definitionaction and vice versa. In the experimental results that we
of free volume associated with a group. In an attempt tchave quoted, the systems that showed unusual behavior in
characterize the overall free volume in the system, we havgeneral have an attractive end-end direct interaction. The ef-
introduced the following definitions as different measures offect of pressure and molecular weight can be of either type

the characteristic free volume in the system. and appears to be dependent on the interactions.
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