Aggregate model of liquids
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Atomic-force pictures reveal a heterogeneous microstructure at the surface of glassy layers which
should be similar to one of the many equivalent microstructures a liquid is running through. These
microstructures are described with the aid of a kinetic model of reversible aggregation which goes
back to formulations as used in the description of living polymerization or aggregation of polymers

in solution. Aggregates are considered as dynamic subsystems wherein collective modes of motions
are excited. Fluctuations of the aggregates, densely packed in a disordered pattern, leads to a broad
size distribution which happens to be controlled by Boltzmann’s factor. The disordered structure
within the aggregates themselves is optimized, reduced aggregate energy and entropy should be
equal. Symmetries are deduced which elucidate many universal properties of the dynamic
microstructure of liquids. Thermodynamic properties like the specific heats of aggregation in liquids
or the dependence of the glass transition of homologues of linear atactic polystyrene are consistently
described. ©1997 American Institute of Physids$0021-960607)51043-9

INTRODUCTION nm!) is depicted in Fig. 3. The mean diameter of the com-
partments is 21 nm.

So far, there has been no method of direct detection of  For glassy layers of polymethylmethacrylate, the hetero-
the structure of a liquid. Of course, this structure is of ageneous microstructure can be seen better if the surface is
dynamic and disordered nature, varying in tifi@There are  wet with ethanole(Fig. 4). Entanglements seem to be con-
results which seem to indicate that this structure is “heterocentrated in the interlayers of the microstructure. Swelling of
geneous” in space, often studied and debated in the glassygregates occur mainly in the direction perpendicular to the
transition regimé=?’ In this situation, atomic-force surface, by forming humps. The size distribution of the areas
experiment®~3° are of importance since they allow us to is similar to the ones in Figs. 1-3. The mean diameter,
study the frozen structure at the surface of glassy layers. Thislightly increased, is equal to 25 nm.
structure should be similar to one of the many configurations  Above pictures, and others not shown héamorganic
liquids are running through. Let us recall representative reglasses included® reveal, altogether, the same type of mi-
sults obtained with these new methods. crostructure. The mean diameter of the compartments cover

Schmidt  synthesized so-called “bottle  brush a range of 15-30 nnisee below. The size distribution is
molecules”®® a cartoon of which is depicted in Fig. 1. The broad with an asymmetric shape as it is shown in Fi(se®
polystyrene stems grafted on a polymethacrylate chain arkelow).

atactic and have a mean molecular weight of abbut There are some problems which should not be neglected
~40000 gmol!. These bottle-brush molecules cannothere. With the aid of the above methods compartments
crystallize. smaller than 40—60 nfrcannot be identified. This is not a

A Fourier-filtered picture of a monolayer of bottle-brush severe restriction since the weight fraction of these entities is
molecules observed by Shei¥ds depicted in Fig. 1. Local small (Fig. 5). A further problem is whether the microstruc-
orientation of the chains makes the boundaries sharp so thatre at the surface is topologically the same as in bulk. The
compartments can clearly be identified. The mean diametesituation is unique for the monolayers. It is therefore impor-
of the compartments amounts to about 17 nm. SHéikimid-  tant that the type of microstructures as seen in monolayers, at
ied also the surface on the top of stacks of layers. As showthe surface of stack layers or of glassy sheets with a thick-
in Fig. 2, the internal orientation is reduced so that theness of someum is identical. This supports the idea that the
boundaries of compartments are not as clearly visible as imicrostructure at the surface of a bulky glassy sample should
monolayers. The microstructure of all these layers turns oube similar to the one of monolayers.
to be identical, showing a mean diameter of about 15 nm. If above observations are correct, we have to understand

Marti et al?®~3'developed a pulsed force scanning modethem as typical features of liquids and to relate them to the
microscope that allows the scanning of the topography andynamics. In this paper we present a description of the pri-
local adhesion across the surface of glassy layers. A Fouriemary elements of the microstructure. Reversible
filtered picture of a glassy layer of linear polymethyl- aggregatioff > explains the generation of aggregates with a
methacrylate moleculeghe surface roughness is below 1 broad size distribution.
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FIG. 2. Fourier-filtered picture of a stack layer of bottle-brush molecules
measured in the tapping mode of an atomic force microscope according to
Sheiko(Ref. 32.

scribed. We have presented the conformon m8téf Yet,
the size of the conformons is here not defiagariori. More-
over, there are objections against the use of the Planck dis-
tribution, occurring in this model.

To overcome these and other problems not mentioned
here, we introduce the aggregate model of liquids.

FIG. 1. Fourier-filtered picture of a monolayer of bottle-brush molecules
measured in the tapping mode of an atomic force microscope according t
Sheiko (Ref. 32. On the top, a cartoon of a bottle-brush molecule with a
mean cross-section diameter of about 6 nm. The molecules can directly k
seen.

THE KEY PROBLEM

We have to understand why in liquids compact aggre-
gates of different size are generated. Moreover, the intra
aggregate configuration and the whole aggregate ensemt |
fluctuate.

So far, a theory which explains these phenomena doe
not seem to exist. Mode-coupling theofe® do not really
deal with a dynamics which is related to the microstructure
Jackle discussed a heterogeneous dynamics in the regime .
the glass transitiof®>* From his model he estimates a dy- () 180 nm
namical correlation length of about 10 times the mean dis-
tance, i.e., about 5 nm. pechh{ﬁdm introduced the FIG. 3. Fourier-filtered picture of the local adhesion on glassy surface of

meander-model of p0|ymer melts based on the C|uster[_)olymethylmethacrylattéroughness below 1 nmmeasured in the pulsed-
force mode of an atomic force microscope according to Ztlal. (Ref.

entrOpY_ r_‘yptheSiS- Yet, _meander S_ize distributions like theg) The adhesional strength is indicated by different contréstightest
ones visible in the atomic force pictures, are not yet de-areas: Lowest adhesipn
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FIG. 4. (A) Topography of on the surface of glassy polymethylmethacrytate ® 4+
layer wetted with ethanolB) adhesion pattern of the same sample. %
= D 300 600 900 1200
REVERSIBLE AGGREGATION -
Let us use the well-known “void model #21:22:46-48 0.8}
Liquids are described here as binary mixtures comprised of C
molecules(or molecular segmentsand voids. The volume 0.4}
fraction of voids amounts to about 10%,&0.1). Mol-
ecules or molecular segments should now “contact” next | . : N =
neighbors and generate differently large aggregates with lig- 0 300 600 900 1200 1500
uidlike internal structures. Aggregation itself should run re- 2
versibly. Hence, aggregates have a finite lifetime. Densely area / nm

packed, the aggregates should constitute typical microstruc-

. . . _ . FIG. 5. Histogram of the number distribution of aggregates against the size
tures like the ones shown in Figs. 1-3. They fluctuate II’{(:area in nmM): (A) A bottle-brush monolayetbarg and (B) stack layers of

time, whereby the various configurations should be equivapottie-brush molecules according to SheilRefs. 32. (C) PMMA glassy

lent in the sense of statistical thermodynamics. surface according to Zint al. (Ref. 30. Solid lines are computed with the
First, we should make suggestions Why aggregates exwo-dimensional number_ distributiom,(area)=h,(y)/y [see Eq.(7)]. Pa-

hibit compact configurations. One reason seems to be th&dmeters aren collected in Table I.

the number of contacts of each unit to neighbors is maxi-

mized. Since the excess free volume in liquids amounts to

apout 10%, the mean c_oordination_ number within a com_pact My 1+ Mi=M, (M, J=K[M, ;][M]

disordered aggregate lies only slightly below the one in a 0 0 0 0

crystal. Compact aggregates are energetically favorable in =(K[M])Yo [ M,]. )

comparison with linear configurations. It is now difficult to

explain why and how the boundaries of the aggregates withiiv ; is the molecular weight of a single particfgV,] is the

the densely packed ensemble are constituted. Defects seanvlar concentrationM y, Is the molecular weight of aggre-

to be squeezed into boundaries, possibly optimizing thgates consisting of,, units; the concentration of these aggre-

intra-aggerate properties. The blobs in Fig. 4 prove an ingates is written a§M, ]. K is the reaction constant which

crease(_j conce_ntratlon of entanglements wlthln bounda”e§hould not depend on the composition, but may change with

According to Fig. 1 and 2 fold loops or chain ends seem tOtemperature. Being identical for all the reactioks,is the

be cor_1c_entrated here. Yet, it _remams a future task to |dentn‘¥)nly adjustable parameter of the kinetic model. Accounting
the origins of these segregation phenomena. for the conservation of mass

The mean contact energy of units within the compact

aggregates is likely to be the same, making the probability of o
adding another unit to any aggregate identical. The equations  Ny[M,] >, (K[M,])Yo 1=1, 2)
developed for describing living polymerization or reversible Yo=1

aggregatiof *349should thus be appropriate for understand- o _
ing reversible aggregation in liquids. Problems arise forVith No as normalization constant we are led to the typical
small aggregates. At the moment, we neglect these effec@chulz—Flory distributiof
since the number of these aggregates is (BWg. 5).

According to above assumptions the kinetic equations _ —X Yo—loy—
can be defined by4%°° N(Myy)=No [M;] X mx=K[My], ®)

L . _ 2
M1+ Mi=Mo [Mo]=KIM, 7, n(My ) is the number of aggregates of a given syge de-

M,+M;=M3: [M3]=K[M,][M;]=K*M,]3, fined as number of units within the aggregate.
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TABLE |. Two-dimensional aggregation.

X )y
System mol™*  unit®  units’?  Aug,/kgT
Bottle-brush monolayer  0.9965 333 18.2 0.006
Stack-layer 0.994 250 188 0.008
Polymethylmethacrylate 0.995 286 16.9 0.007

4nfluence of contacts to the substrate.
bwithin the limits of experimental accuracy identical.

ENERGY-EQUIVALENT AGGREGATES

The shape of aggregates varies as it is recognized from
Figs. 1-4. The number of differently shaped isonergetic ag-
gregates should increase with their size. For combination

reasons, this should now be described by the fag{gm)

=y™. The value ofm disposes indirectly the way the equi-
librium constantK depends ory. The size distribution of

aggregatesh,,1(y) as a function of the parametey
=My /My, is then written as

Nt 1Y) = Ny 1€V V(L= X)X =N 1y™ (1~ X)Xz/&)

Kilian, Metzler, and Zink: Aggregate model of liquids

determine the parameter. In addition, the absolute value of
the parametey, Y., YSm, should be known. Since suffi-
ciently exact molecular details are not availalslg is set
equal to 1 nm

Liquids are condensed matter systems witsrédactoall
the molecular units are linked in aggregates. The reduced
two-dimensional aggregate size distributions of the two dif-
ferent systems studied here, and others not reported, turn out
to be similar and nearly identica.

THE STATISTICAL TREATMENT

To develop the statistics of reversible aggregation let us

Jjow use, as an approximation, the equilibrium constant for

chemical reactions in gases. The equilibrium conskardf
the dimerization process is here definedfas
K=e AolkeT— 52'\"_2
My

fw,= S e U(MylkeT,
-

®

2)/kBT

=2 e

with Np,, as normalization constant. If bulk isochoric with Af, as standard free energy change of dimerization.

shapes are equally probable, this entropy-maximum model |§

characterized byn=2. The size distributiorh;(y) is thus
equal to

ha(y) =Nay3(1—x)x". (5)

If aggregation at the surface occurs within a few layers, the

multipicity should be given by(y)=y(m=1). The two-
dimensional size distributioh,(y) is written accordingly

ha(y)=Noy?(1—x)x". (6)

COMPARISON WITH EXPERIMENTS

are the quantum-mechanical partition functions of the
molecules involvedu,(M;) are the energies of the excited
states of the molecul®l; . At equilibrium of dimerization,
the condition

(iM
Afo=—kgT In ©)

&)
must be fulfilled(minimum of the free energy The expres-
sion on the right hand side gives the partial molar entropies
of dimerization of the molecules involvéd For applying the
above model for describing aggregation in liquids one should

The size distribution of the areas of compartments at thé&now the stationary number of modes of motion within the
surface(Figs. 1-3 is directly deduced from the atomic-force aggregates. Yet, the collective intra-aggregate motions, many
pictures shown above. The data shown in Fig. 5 can be fittedf them embracing more than 1000 units, are not known.

with Eq. (6), by adjusting the only relevant parametetbe-
sides of the normalization constaNt). The number distri-

Analogues to thegM , therefore, cannot be formulated. By
using thegM symbollcally we come, nevertheless, to reli-

bution is given byn(area)=h,(y)/y. The smallest unitis set gpje results.

to be equal to 36 nf The parameters are collected in Table

l.

Large values ofx are observed covering a range f
=0.994 tox=0.9965 (see Table )l K of a liquid with a
volume fraction of voidsx,=0.1 andx=0.992 is equal to

[Eg. (3)]

_ x _0%%2 .
[M,] 09 % @
Xy, = 0.0082.
1

The small value ole tells us that most of the units should

To deduce now the size distribution of aggregates the
probability functionx in Eq. (3) is reformulated

X:K[Ml]:ef(AfokaT |n[M1])/kBT. (10)
The nominator may be written as
Afo_kBT |n[M1]:AUO_TASO_kBT |n[|\/|1] (11)

Asy is the standard aggregation entropy. We assume now
that the partial molar mixing entropy of the units in the non-
aggregated liquidg In[M;] andAs, are equal, thus

Asy=—kg InN[M]>0. (12

be aggregated. About one percent should be free only. Faks, is then positive. Accordingly, the excess free volume
different values ofm the shape of the size distribution is should be scattered across the aggregates in a defined man-
slightly modified. The experimental data can also be reproner, determining their intra-aggregate equilibrium degree of
duced for other values ah so that we cannot unequivocally disorder.

J. Chem. Phys., Vol. 107, No. 20, 22 November 1997



Kilian, Metzler, and Zink: Aggregate model of liquids 8701

With Egs.(3), (11), and(13) the number distribution of

aggregates;(y) is deduced to be given by 0,9} aggor;ggz;tion
X=U.
ng(y)= CyzeiyAu%/kBT (CymeiyAuo'mH/kBT)y (13 o Boltzmann
C=cons{1—e Atos'keT) Au/k T=0.008

<y>,=15.8 nm
whereAugs holds for the entropy-maximum model in bulk.

For reversible aggregation the Boltzmann factor determines
at each temperature their relative fraction. The size distribu-

n, (y)/ arb. units
S
S

tion of aggregatefs(y) is then formulated as 4 . . :
_ _ 0 300 600 900 1200
hg(y) — CySe yAugs/kgT (Cym+ 1e yAuO’m+1/kBT)_ y / units
14
The energy distributiorn 3(y) is obtained by multiplying FIG. 6. Number distribution of aggregates plotted against their area: Solid
h ( ) with Au lines: Modified Schulz—Flory distribution of a bottle-brush monolajeg.
3y 03 (5)]; open circles: Boltzmann distributiofiEq. (14)]. We used here
hys(y)= Cy3Au Se*yAuoslkBT n(area)=h,(y)/y [Eq. (8)]. The parameters are indicated with the plot and
us 0 collected in Table II.
(Cym+ 1AU0,m+ 1e_yAU0,m+1/kBT)_ (15)
The general formulation is shown in brackets.
Au
YAUom+a _ In Q, (18)
THE AGGREGATION ENERGY kgT

The crucial parameter is the energy of aggregation'Vnereby
Aug m+1. The volume of liquids increases with temperature. Q,=0%. (19
The aggregation energfug 41 should then be positive ,
(see below. Yet, the aggregation contact energy is negative 0" AUos/Kg=4.2 K atT=300 K, the dimer shows the smal
We should be aware that energy is stored by collective intra?¥@/ue of o=1.014, corresponding to few distinguishable
aggregate motions of the “oscillator type” which do not configurations. For aggreggtes with 500 units thls_ value
occur in the nonaggregated ensemble. If the contact energy 8OWS UP 10{s=1044 while for aggregates of a size
low in comparison withkgT, Aug .1 becomes positive if 1000 one obtaingligee=1091 327.
the energy of collective motions is large enough. Our de- According to Eq.(18) the aggregation energyA o1
scription corresponds to this situation. With the numberd€lated tokgT, should be equal to the reduced entropy

given above we are led to sy/kg=In Q. Aggregates are “defect saturated” since the
) concentration of the excess free volume is locally adjusted
K=1.104: ¢y, =1.104y accordingly.
Ew, >l Ew,>En
A A COMPARISON WITH EXPERIMENTS
Uo So

kB_T: k—B—In K=0.0064>0. (16)

According to Fig. 6 the size distribution of aggregates at
) o o ) ~ the glassy surface can be described, equally well as with eq.
Even dimers should exhibit an intrinsic dynamics. ThIS(6)' by using the two-dimensional formulation of ed.4)
should afgrteriori hold for Iqrge_aggregates since the de”Sitynz(y)=h3(y)/y2. One should consider this as proof of the
of collective modes of motion is increased. statistical description. The only fitting parameter is the stan-
dard aggregation energ¥ug,. At T=373 K polymethyl-
THE AGGREGATE ENTROPY methacrylate shows the ratioug,/kgT=0.007.Aug, is sub-

_ . . . stantially smaller than the thermal energy. By the way, the
Aggregates as dynamic subunits with a fixed mean eNissociation energy of N& at 1000 K is equal to

ergy should also exhibit a defined aggregate-entropy. WitrPAuolkBT| —0.001 72. These numbers explain why a station-

the Eqs(10)-(12), K=1.104 and M,]=0.9 we obtain ary aggregate size distribution should be generated in liquids.
AUOSZ Afo_ kBT In[M l]

ém . .
_ 2 TABLE Il. Mean dimensions of PMMA-aggregates for the two- and the
- kBT( In( gﬁl +In[My] three-dimensional model.
1
_ _ Dimension {y) (Diamete}
0.00064&gT=kgT In Qy>0. a7 m Ay ey fkaT Units Units
The aggregate entropy of a dimer is here characterized by the 5 0.0061 331 205
number of distinguishable configuratiof®,. Aggregates 3 0.0122 246 78

comprised ofy equivalent units are then typified by

J. Chem. Phys., Vol. 107, No. 20, 22 November 1997
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FIG. 7. Aggregate size distribution of the two- and the three-dimensionaf!G. 8. Number distributioms(y) against the aggregate sigecomputed
model;—three-dimensional: m=2,  Aug,/kgT=0.0122;---- two-  With ng(y)=hy3/yAugs [Eq. (16)] at the temperatures as indicated.
dimensionalm=1, Auy3/kgT=0.0061.

UNIVERSAL FEATURES

THE MICROSTRUCTURE AT THE SURFACE AND IN From Eq.(16) we arrive at the reduced energy density
BULK distribution
' In bglk the mean number of aggregation coqtagts to hur:hus( 7y) — ey (g le ), 29
neighboring molecules;, should be larger than units in a hg y y
free surfacez,. With the approximatiorz;=2z,, the aggre-
gation energy\ug 4, is equal to whereby
yAUgs (kgT)® (kgT)™*1
Au =(m—1)z,Augy, = 7 hgz=C C———1|. (4
om+1=( 2A8Ug2 s LS A, e (24)

three-dimensional: m=2:  23=22,. @9 Eor a fixed value ofn the reduced energy distribution of the

In the bulk the mean size of aggregates should be decreasedgregate ensemble of liquids is a universal function. Indi-
(Fig. 7) (see below. The mean radius is obtained to amountvidual properties of molecules in the liquid should not mat-
to r=(3/4m-214)"® nm~3.7 nm, i.e., 37 A, fairly compa- ter. The reduced distribution is predicted to be identical at
rable with the maximum correlation length deduced fromevery temperature. A different formulation ofi modifies
x-ray experimentgabout 25 A 3435 above relations, yet, the symmetries remain valid. With Egs.
According to this simple model the free surface of lig- (18) and(23), at the moment not labeling the dimension, we
uids should exhibit a quasiautonomous dynamics. The rearrive at fn=2)
duced coordination number of contacts leads to increased In® Q
aggregate dimensions. Surface aggregates should have an hur(ﬂy)=9—y=hsr(9y)- (25)
anisometric shape because of occupying a few layers only.
The reduced energp,(7,) and entropyhg(€},) of the
fraction of aggregates of the tygeshould be identical. Con-

TEMPERATURE DEPENDENCE OF THE AGGREGATE sequently, the reduced entropy and the reduced energy aver-

SIZE DISTRIBUTION aged over the whole aggregate ensemble should also be
equal

If Augm+1 is constant, what seems to be a reasonable S

approximation, the aggregate size distribution is broadened 2 hur(ﬂy)ZE he, _V) =, (26)

with temperature. This is illustrated in Fig. 8. The mean size kg

of the aggregates wherebyV is a universal constant. This symmetry does not

KeT m+1q- 74 KaT dgpend on the value, the paral.memtls'a55|gr?ed to. The
(y)= oT I — ﬂ:(m+ 1) 5, (220  disordered structure of liquids is optimizéthinimum free
AuO,erl f’? € ”d7] AuO,er]. energy_

should increase proportional to the absolute temperature.

Smcg the volume of liquids increases Wlt.h temper,ature’.th%HERMODYNAMICS

density of aggregates should decrease with their dimensions.

This agrees with the finding that the mean adhesion within  According to the general relations in E(4), the re-
aggregates seems to decrease with their size. duced energh,,(#) may be written as

J. Chem. Phys., Vol. 107, No. 20, 22 November 1997
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fluctuation term
¢, /(cal/g) uctuati c /¢
1,4t ¢ 7

0,0335 |

0,002
0,0330 | 1,2}

glass-transition

0,001

0,0325 | 1,0
. . . T/T,
200 400 600 800 200 400 600 800 0,0 0,5 1,0 1,5 2,0 2,5
T/ K T/K

FIG. 10. c,/c, of moltenn-paraffins mel(O 11, ¢ C14, A 17,V C 20)
FIG. 9. Specific heats of a mercury mé®) against the absolute tempera- againstT/T, (Refs. 41 and 4R Solid lines computed with the aid of an
ture (Refs. 41 and 4R The solid lines are calculated by using E2Q) with analogue of Eq(29) (for details see Refs. 41 and 42
Cpo=2(200-T) +0.0338;a=7.5 10°® calig/K; b=b=7 10 *2 cal/g/K%; m
=2. The plot on the right-hand side represents the aggregation¢éstmopy
maximum versiojj The dotted line belongs the two-dimensional aggrega- The mean energy is therefore equa| to

tion model m=1).
(YAug)=(y)Auo=(m+1)kgT. (3D

It is reasonable that fan=2 the mean energy per aggregate
equals a three-dimensional oscillator. Witi= 1 we find the
energy of a two-dimensional oscillator.

It is now an interesting consequence of our model that

hs(7)
h ( ): :T3 3e_ 77' m= 2'
ur 77 3k§B/Auoz 7]

h
hur(ﬂ)m#—l:#%n mean intra-aggregate entropy should also be constant
m+ B
(s)=(m+1)kg. (32
=TMt1yM+le=7  general, (27)

For fixed valuesn=2 orm=1 the degree of disorder, char-
whered; and®d,, ; are constants. Here, we have also givenacterized by the mean reduced aggregate entropy, should be
the general formulations. But, some of the following formu-jnvariant, independent of temperature or of the molecules the
lations are only formulated in terms of the maximum entropyliquid is comprised of.

model (m=2).

Since the_frpnt factor is likely to_ Cha_mge weakly With_ ASYMPTOTICS AT THE GLASS-TRANSITION
temperature, it is not a bad approximation to neglect this

effect. By integration the total enerdy, is then obtained to A proof of the above predictions is possible by studying
be equal to the properties of liquids at their glass transition. ldealizing
the situation, the transition is taken as a cooperative process
U= 0T4f°°773e7 "0 p=60T, with a “frgezing point” and the above symmetries should
0 28) also hold just abova,. With Eq. (18) we arrive at
kg (Auy)  (y)gAuog
o= 3 A_ug T, = T, =3kg=(S)g- (33

The total energy of the aggregate ensemble should increaddean energy and entropy of glass formers at the glass-
with temperature, analogously to Boltzmann’s BfFor a  transition temperature related to this temperature should be

constant front factor and at sufficiently high temperatures€dual, independent of the molecules the system is comprised

cal T*-dependence superimposed @p(T) neglect effects due to small differences of the paransgter
. The correctness of this postulate is proven by the atomic-
Cp(T)=Cpo(T)+bT";  b=const. (29 force measurements which exhibit a nearly identical two-
In the Figs. 9 and 10 examples are shown where this depeflimensional aggregate structure in systems comprised of so
dence is clearly observed. different entities like the bottle-brush-, polymethyl-

methacrylate-, or polystyrene moleculésot shown herg
Moreover, the mean size of the aggregafgy, of homo-
logues with the same entropy-invariant unit should be iden-
The mean reduced energy per aggregate as well as thigal. This important prediction is checked by describing the
mean reduced entropy per aggregate should be invariant amghss-transition temperatures of homologues of linear atactic

CONSEQUENCES

given by polystyrenes. Since a void is attached to each end of linear
[ pmrle chains(see Figs. 1 and)2he standard energy of aggregation
(n)= ():’m—ﬂ,7]=<8/ks>=m+ 1. (300  Aupz should be reduced in a stoichiometric manner. With
Jon™e dy the degree of polymerizatioR this may be expressed by

J. Chem. Phys., Vol. 107, No. 20, 22 November 1997



8704 Kilian, Metzler, and Zink: Aggregate model of liquids

symmetries of liquids can be recognized, altogether elucidat-

3 ing that energy and entropy of aggregation are always bal-
anced(saturation condition
360r It should be mentioned here that the aggregation model
polystyrene allows also to describe the size distribution of clusters
\ 30t 0  experiment formed by carbon blackemean. size of the primary pqrticle;
~, —— calculation about 60 nm) or the aggregation of polystyrene veS|cI5ezs in
- 0L Ay /k =225K '_tpk:a liquid sFate(S|ze of th.e veS|c.Ies in the range pfn!): _
_ . is underlines the colloid-physical importance of optimiza-
<y(Tg)>—%Ounts tion by reversible aggregation.
300} At the end, let us stress the point that one should under-
L ! ! L stand how the densely packed aggregate ensembles are gen-
0 100 200 300 400 S0 erated, how their fluctuation is running off. The stationary
P/ umits dynamics in surface layers of liquids should be better defined

S ) . then it was here. Yet, to accomplish this one needs a well
FIG. 11. Quasi-static glass temperatures of linear homologes of atactic poly-,

styrene against the absolute temperature according to K&afs. 46 and develoPed phySICS of gIObal phenomena n de!’\sely .paCk?d
47). The solid line is computed with the aid of E@5) and the parameters ~ fluctuating ensembles of aggregates with a defined size dis-

as indicated. tribution.
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