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ABSTRACT: A starting point to understand chain entanglement is to thoroughly examine chain statistical behavior.
Focusing on the most familiar linear flexible polymers, we show based on the literature data that (a) at the same
numbern of backbone bonds most flexible linear polymers have comparable coil sizes and are similarly flexible
in spite of widely varying chain thickness and (b) there are fewer chains to fill up a given volume if they are of
larger chain thickness. Many models have been proposed to relate the onset entanglement moleculisl, weight
or M. to chain conformational characteristics. The specific predictions of these models frequently find agreement
with various subsets of experimental data, but they have often been regarded to be incompatible with each other
because they are derived from different physical considerations. In the present work, we compare the theoretical
predictions against the extensively available experimental data on &lther M.. The following conclusions
emerge from the literature data: (a) chain thickness, not stiffness, correlatedMwith agreement with the
packing model for over one hundred flexible linear polymers; (b) several other models appear to provide correlations
of lesser quality foM,, to which the packing model does not apply well. However, the uniqueness of the physics
controllingM. cannot be demonstrated since the percolation model, the binary contact model and the orientational
correlation model all anticipate some trends in crude agreement with the limited literature ddta on

I. Introduction traditionally identifies a critical molecular weigM. as where
Chain entanglement is a unique and salient feature of the scaling law changes, i.e., where a kink emerges in a double-

polymers, affecting both flow behavior of molten polymers and logarithmic plot ofro or Ds vs M.

mechanical properties of the same polymers in their solid state.  The early attempfs®at how to determine the onset of chain
From the beginning, theoretical studies have been carried outentanglement stemmed from the assumption that it would
to either evaluate the effect of chain entanglement or define involve binary interactions. All analyss—12 of this kind
and characterize chain entanglement. amount to estimating how the number of binary contacts

In 1946 Green and Tobolskyntroduced the first phenom- increases with the chain length. These theoretical considerations

enological network model to describe various linear viscoelastic did not explicitly depict the interchain topological interference
properties of entang|ed po|ymer_ More attempts at describing responsible for chain entanglement. A recent reM@NVariOUS
chain entanglement were ma&ddefore de Gennes introduced ~Models and available data has indicated limited success of these
in 1971 the first molecular model to depict how chain entangle- binary contact models.
ment slows down self-diffusion and terminal relaxation. A more empirical and phenomenological approach was
Doi and Edwards subsequently developed a detailed descfiption adopted® shortly after the advent of the DeEdwards tube
of linear and nonlinear viscoelastic behavior of entangled theory and a scaling argumetf. These models consider a
polymers in 1978. Many theoretical and experimental challenges correlation betweeiVl, and the conformational characteristics
exist in the area of nonlinear flow behavior of entangled of various polymers. Subsequently, as more experimental data
polymers2© It is reasonable to assume that these difficulties accumulated in the literature, a family of packing models
will be with us until chain entanglement is better understood in emerged to determine the entang|ement molecular We|ght ina
quiescence. monodisperse sampté;2° recognizing the importance of
Both the classical rubbery network thebrgnd the Doi- estimating the numbe, of chains filling up the space pervaded
Edwards type tube thedtyrelate such linear viscoelasticity by a chain having molecular weightle. Then, interesting
properties as the elastic plateau modutaigo the molecular observations and good correlation were nfadé for an
weightMe of a strand between neighboring entanglement points extensive set of experimental datadg It was discovered that
according toG ~ (oN/MekgT, with the quantity inside the  the aspect ratio, given by the chain size relative to its segmental
parentheses being the strand number density, whasethe cross-sectional dimension reaches a critical universal number
polymer mass densit\, the Avogadro constant arléT the at M.. The packing conjecture also received experimental
unit of thermal energy. Actually, the tube model requivésas  verification24-26 upon compiling a large number of data on the
an input parameter. Indeed, most conveniently, the valdé:0f  mass density, coil sizeR, andMg of various linear polymers.
for the various polymerg can be est.ir'nated by measurement ofthe polymer mode coupling theory developed a crossover
G, and howM. varies with the specific chemical structure of ¢ondition based on consideration of forces that agrees with the
polymers has bee_n compiled in the literature. On the other ha”d:packing conjecture for entanglemefnffering deeper insight
the onset of chain entanglement can be determined from thejntg the origin of chain entanglement. During the same period,
zero-shear viscosityo or self-diffusionDs measurements. One 5 gifferent onset condition was put forward in a percolation
model that considered the origin of chain entanglement as due
T Corresponding author. E-mail: swang@uakron.edu. to chain networking and predicted the critical molecular weight
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M based on how frequently a chain loop back onto a flat plane 100 —————

cutting through the center of the chah. [ © Ref. 15 la |
Since then, the merits of the various models for chain [ O Ref 24 ]

entanglement have been assessed. Often one simply rélates L O Ref. 26

to the characteristic rati€., = R?/nl?, whereR is the end-to-
end distance of a chain with backbone bonds andis the
bond length. For example, frequently, following the tradition
introduced by Aharont® the results of these models have been
characterized in the literature k& ~ C..2 from Wu’'s modelt! C.t
M, ~ C. according to Wool's mode® andM, ~ C,, ~ 3 from [
the packing model-2° In reality, M. does not correlate with

C. very well. Other notions of chain stiffness were adopted to
scrutinize these models against available experimentalltiata.
Superficially, it appears that the packing model predicts a
decrease o with increasing chain stiffness because a stiffer
chain pervades a larger volume that can accommodate the same

number of chains at a shorter chain length. On the other hand, 1 - =

. - . 10 100 1000
the percolation model appears to anticipate an increadé.of
with chain stiffness because stiffer chains make fewer returns m,

to the loading bearing surface per unit chain length. Heymans

concluded that these opposing trends could be recontiled. o 6
Moreover, different computer simulatidfisgclaimed to observe 10 3 T — ] 10
opposing variations of chain entanglement with chain stiffness. : 1b
The controversy and confusion in this area motivate the present
attempt at objectively making some clarification. It is our s |
opinion that at least part of the ambiguity in the literature is
related to the tendency in practice to universally thketo be
close to M. In reality, this identification may produce [
misleading results. We should also add a caveat that many

factors potentially contribute to the determinatiorMyfinclud- Mc 3
ing constraint release, contour length fluctuations in the tube i
model language, and other unknown effects.

Upon reanalysis of the existing data and available models, it
appears that the conclusion is rather different. The following
trends can be observed for the most commonly linear flexible
polymers. (A) Most linear flexible polymers under study that
are Gaussian at a given total numbesf backbone bonds have 100 L e cndeo
a similar coil size and return equally frequently to a flat plane | 10 100
that cuts through the center of the chain. (B) Chain entanglement C
at M. apparently corresponds to when a given chain is =
surrounded by a sufficient number of other ch&h(C) It is Figure 1. (a) Characteristic rati€., of the various polymers, plotted

- . in terms of the backbone bond masg based on data from ref 15, 24,
the bulkiness of the chain segment that determMgsAt the and 26, where the data (ref 15) are based in Table 3 of ref 14. Note

samen, for a bulkier cha_in, the pervaded volume per chain that here and subsequently “ref 24” refers to Table 1 of ref 14 that
accommodates fewer chains. Consequently, entanglement occurgecompiled the data from ref 24, excluding the engineering polymers

at a highemn, for bulkier chains, corresponding to a higher value €xcept nylon-6 and poly(oxymethylene). (b) Entanglement molecular
of Me. (D) The number of times a chain crosses a flat plane at weight M, (circles and squares) and critical molecular weilyhtvs
. . the characteristic ratiC..

the center of the chain does appear to correlate Mitbrudely. o o o

This paper is organized as follows. Section Il discusses Where the characteristic rati@, would be unity if the chain is
universal chain-statistical features of various flexible linear SO flexible thatits persistence length is as shorzt as the average
polymers, followed by a brief review of the various models for Pond lengthl and its size is minimal, equal tol*>. For most
entanglement in section Il that ends with a further discussion flexible linear polymersC.; is known to vary in a rather narrow
on chain flexibility. Section IV tests the different models against "ange. Figure 1a clearly indicates thak has a rather poor
the extensively available experimental data. The summary in correlation with such molecular parameters as the average molar

1000 < 1000

24 —»]

26 » |

section V concludes the paper. mass per backbone bomd, although there is some tendency
for C., to be larger at a greatem. Figure 1b further reveals the

Il. On Universal Aspects of Chain Statistics in Flexible irrelevance ofC.. as an independent parameter to correlate with

Polymer Melts the entanglement molecular weight, based on data from three

sources®2426 in the sense that botM. and M. spread

Each linear threadlike molecule in a polymer melt can be considerably withCo.

regarded as a Gaussian chain when its length is sufficiently long A. Effective Bond Length. Figure 1b shows thaile andM
. . e C

in comparison to the persistence lendggror Kuhn lengthl,. each vary widely among these polymers whGsenly changes
For sufficiently long chains, their average end-to-end distance . y y g poly y 9

Ris related to the numbar of backbone bonds as in a small range. What feature of chain statistical properties
depictsMe or M¢? In search for the relevant parameters, we

5 begin with an analysis of chain statistical behavior of flexible
R = C.nl (1) linear polymers based on the data from refs 24 and 26. We see



8686 Wang Macromolecules, Vol. 40, No. 24, 2007

3 i . - 100 Figure 2b. Although Figure 1a shows a larger spreaddgr
] the near constancy fdy in Figure 2a,b arises from its definition

2a— Ref. 24 ] in eq 2 showing a square-root dependenceCan

. 1 B. Traditional Definition of Kuhn Length . Since most
L "c_’. RIM (,L'\j mol/g) 1 flexible linear polymers have a similar molecular dimension at

i ° ; 1 a given numben of backbone bonds, they are expected to be
L] .J‘
(]

t ° ] comparably flexible. It is shown that the persistence lerigth

H .'8 % e ® of a flexible linear chain can be uniquely expres8ééasl, =
o - (Ce. + 1)I/2. The Kuhn lengtHy, viewed as a step length in a

10 L% 710 random walk of N steps to mimic the chain statistics of a real
] linear polymer, is classically defined as twice the persistence
length such thaR? of eq 1 is proportional to the contour length
o L = nl according to
! R’ =[C./(C,, + 1)]LI, = NI, (3)

where we have

10 m 100 e =21,=(C,+ 1) (4a)
and
3 ——— — 100 N = [C./(C, + D)L/, (4b)
2b — Ref. 26 We find thatly of eq 4a varies over a narrow range as shown

in Figure 3, parts a and b, for the same series of polymers as
oy 09 ) examined in Figure 2, parts a and b. Surprisinglys ca. 12 A
R°/M (A" mol/g) 1 for most of these polymers except for several at the higmgst
in Figure 3b.

Because both andly of eq 4a respectively vary only slightly
for these polymers according to Figures 2a,b and 3a,b, we expect
-4 10 a Kuhn segment to involve a comparable numiggr of
] backbone bonds given by

¢ =N = (I/lep)* = (C, + 1)IC,, )
0.1

i 2 12 0 where the second equality follows from definitions in egs 2 and
/ o (R"mlx’M) T~4A | 4a. Indeed, parts a and b of Figure 3 show that a traditional
N Kuhn segment involvegx ~ 9 backbone bonds or about 4.5

I monomers for a majority of these polymers, where the polydiene
0.03 * e * 1 family was represented from ref 26 instead of ref 24. For every
10 100 300 polymer listed in ref 26l was explicitly calculated according

ml to Iy = Cul/cos/2) with the same bond angteof 68° instead

. . - . _ 5
Figure 2. Nonuniversal quantityR¥M and quasi-universal effective of using eq 4a. It is interesting to rewrite eq SI@s= ¢rler’,

bond lengtH. of the various polymers reported in (a) ref 24 and (b) Which is of the form given by eq 3 as if each Kuhn segment
ref 26. could already be viewed as a Gaussian chain with~ 9

random steps of lengthys. We need to point out that the
from the tabulation oR?/M given by Fetters et &?thatthe universal number of ca. 9 bonds per Kuhn segment appears
following effective bond lengthe is rather constant as shown  consistent with an earlier atomistic computer simulation of
in Figure 2, parts a and b, except at the highest polymer melts4 Moreover, the present conclusion is in apparent
contradiction with another recent stiythat there is large
lof = \/C_ml = (R2/n)1/2 = (r‘anZ/M)ll2 ~4 A (2) ambiguity in determining the chain flexibility of polystyrene
vs poly(dimethylsiloxane).
The implication of ler being comparable is that all these C. Gaussian Chain Limit. If the Kuhn lengthli is indeed
polymers are of a similar coil siZ@ at a given total number of  universally around 12 A and there are about 9 backbone bonds
backbone bonds. In other words, since the effective bond per Kuhn segment as shown in Figure 3a,b, then all these
lengthler is almost constant as shown in Figure 2, parts a and polymers would approach Gaussian chain statistics when their
b, these polymers at a fixadhave almost the same end-to-end chain length reaches the same numteof backbone bonds.
distance according t&? = nles?, so that the effective charac-  Moreover, it is reasonable to expect that the minimum Gaussian
teristic ratio Cfoﬁ = Culle? = 1 for all the polymers. The chain lengthng should involve the same number of Kuhn
meaning ofles of eq 2 will be further examined following eq  segments and therefore be proportionabtofor these linear
7a,b below. For most linear polymers, the polymerization index flexible polymers.
Pl = n/2, but for 1,4-PBD and 1,4-Pl we have RIn/4. Note It has long been noté83’ that different polymers have
that the small increasing trend 6, (circles) in Figure 1a also  different chain conformations, e.g., between atactic polystyrene
causesdes to increase slightly withmy, as seen more clearly in ~ (PS) and atactic poly(methyl methacrylate) (PMMA), and the
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Figure 4. (a) Approach to the Gaussian chain scaling behavid#?of
~ nin four linear flexible polymers oa-PMMA, i-PMMA, PS, and

0.3 * e * 3 PaMS. The Gaussian statistics appears to emerge at a large number
10 100 300 ng of backbone bonds around 1000. (b) Saturatioigofith increasing
m n from DLS measurements of PDMS (squares) and PIB (circles), along
1 with SANS measurements of PDMS melts, where the solid symbols
Figure 3. Chain flexibility parameterx and Kuhn lengtHy of the are from Figure 3a based on SANS. Here PDMEANS1 is from ref
various po|ymers from (a) ref 24 and (b) ref 26. 42 and PDMS-SANS?2 is from ref 43, PIB-DLS1 is from ref 41 and

PIB—DLS?2 is from ref 44, and PDMSDLS is from ref 40.

conventional Kuhn length or characteristic rati€. does not measurements of the mean square radius of gyration of two other
fully describe chain flexibility. The data from Yamakawa’s lab  flexible linear polymers in their dilute theta conditions. Figure
based on SAXS or dynamic light scattering measurements of 4p shows the data for poly(dimethylsiloxane) (PD¥fSAnd
atacti¢® and isotacti#’ PMMA, PS#®and poly(-methylstyrene)  polyisobutylene (PIB¥! In Figure 4b, we have also added two
(PaMS)*® in @ solvents in Figure 4a indicate that a linear sets of the SANS data on PDMR3 and a set of DLS
relation between mean-square emhd distanceR? and the measurements of PIB from another FbThe visibly lower
numbem of backbone bonds may not be approached until fairly values ofle from DLS might arise from the fact that these
largen, i.e.,ng = 1000. Since they have a similar level of chain  polymer coils are partially draining and thus appear smaller than
bulkiness (to be discussed below), it is not surprising to see their respective static dimensions determined by SANS. Un-
their reaching Gaussian chain behavior at a similar valug of  fortunately, given the quality of the data for PDMS we are

i.e., exhibiting a similar level of chain flexibility. If we takeag unable to confirm whetheng = 1000 applied to PDMS. On
as the onset of Gaussian chain behavior, then the nuMber  the other hand, PIB appears to be exceptional, showing Gaussian
of Kuhn segments atg is approximately as large & = ng/ chain statistics at a much smallet according to the DLS data.

¢k ~ 100 in these polymers singg ~ 10 according to Figure  There has also been a recent study to show that chain statistics
3a. It appears that 100 random steps are necessary for a randomipproach their asymptotic behavior differently in different
walk to be truly Gaussian. Such a large numbemgreminds polymers#s
us that the scaling data Bf/M used in Figure 2a,b must involve D. Dynamic and Static Beads.Dynamical studie®47 of
sufficiently high molecular weights. dilute polystyrene solutions based on oscillatory flow birefrin-

A further search of literature produces additional data from gence measurements have previously indicated in the language
Yamakawa'’s lab, involving dynamic light scattering (DLS) of the bead-spring models of Rouse and Zimm that the dynamic
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(Kuhn segment) bead sizeis about 5 nm for PS instead of
1.8 nm given by eq 4a for the equilibrium Kuhn length. With
let = 4.75 A for PS, we would havex = (b/ler)2 = 110
backbone bonds or 55 monomers instead of 7 monomers in a
dynamic Kuhn segment. Thus, there would be only a few beads
per chain, making it challenging to analyze chain dynamics with
the bead-spring models that intend to describe systems of many
beads per chain. Putting this issue aside, a recent model has
attempted to reconcile this difference of a factor of 10 between
the dynamic and static Kuhn lengtisOn the other hand,
another recent study has suggested that there are many mor.
monomers in a dynamic bead for a-PS than for PO®¥IS.

The results of Figure 3a,b may have important implications
for our understanding on deformation of entangled polymers.
Since the entanglement molecular weidif is 13.3 kg/mol
for PS, the strand between entanglement points is hardly
Gaussian according to Figure 4a that shdws= ngm; > 52
kg/mol. On the other hand, witkle around 7.2 kg/mol for PIB,
the strand between entanglement points should be Gaussian i
ng would be indeed below 100 as implied by Figure 4b. Since
Meis less than 1 kg/mol for polyethylene (PE), an entanglement
strand would not be Gaussian at alhif ~ 1000 for PE, which
is something we would expect based on a combination of Figure
3a and Figure 4a. Such a conclusion would have strong
consequences in how to depict and anticipate entangled polymers
in deformation and flow:® At the present, there is little
indication from the literature that a PS melt as an entanglement
network is any different from a PIB melt or a molten PE.

E. Packing Length and Chain Bulkiness.In search for a

more relevant parameter to correlate with chain entanglement,

the concept of packing lengihwas proposed to differentiate

the various linear polymers. It is actually related to an average

effective cross-sectional areaof a segment as follows. In a
monodisperse melt of molecular weigHt the average number
of chains per unit volume is given by/M)N,. Conversely, the
volume per chain is equal to

v = M/pN, (6)
The packing lengtip is defined according to
pR =V (7a)

For a givenn, most flexible linear polymers have the same coil
sizeRas shown in Figure 2a,b. The chain lengtiis essentially
proportional toR? = nle? because neithémor | varies much
from one polymer to another. Consequently, according to eq
7a the packing length literally depicts an effective segmental
cross-sectional area.
On the basis of the definitions of the packing lengtbiven
in eq 7a and of the effective bond lendth given in eq 2, we
can express the volume per bond= my/pN, as
V1= Pleg” = (PC.)| (7b)
which introduces the definition of the bond thickness or cross-
sectional area given by
s=pC,l (8)
By analogy with eq 7a, the first equality of eq 7b revdaisas
being the linear dimension of the segment. Of course, this
analogy is symbolic only since a backbone bond is not a
Gaussian chain. More importantly, eq 8 shows tlpais
proportional the “thickness” of the segmest,
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Figure 5. Correlation between the chain bulkiness paramsetgaiscles)
andp (squares) and the average backbone bond mabased on data
from (a) ref 24 and (b) ref 26.

The segmental bulkiness depicted by eithef eq 7a,b ors
of eq 8 should obviously grow with the average backbone bond
massmy. The same data behind Figures 2a,b and 3a,b yields
Figure 5a,b. The linear dependencepobn my is consistent
with eq 7b sincde andp are similar for most polymers. Even
though the correlations betwepns andm, are not precise, the
scaling ofs~ my in Figure 5b is impressive. In any event, parts
a and b of Figure 5 indicate that, which for most polymers
is half of the monomer mass, is a direct measure of the chain
bulkiness, a conclusion that is rather straightforward and obvious
since most polymers have the same bond lehgth

[ll. A Brief Survey of Existing Models for Chain
Entanglement and More on Chain Flexibility

We would like to review principally four types of models in
the literature for determination of either entanglement molecular
weight Me or critical molecular weight.. In particular, we
will discuss the packing mod€i2° and the percolation modél
in detail because they can be readily tested against the available
experimental data. At the end of this section, we would like to
return to the subject of how to characterize chain flexibility in
another way.

A. Models Based on Binary Contact IdeasVarious ideas
associated entanglement with binary interactiSihese models
argue about how the number of binary contacts increases with
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the chain length and assign a critical numbeMat The model
of Edward$ and de Genne¥,based on estimating the binary
contacts per chain, produces the following ré$uthat the
number of backbone bondsMt, i.e.,n. is related to the packing
lengthp as

N, ~ p/ )
Since the average bond lengthardly varies for a large number
of polymers, their model predicts; proportional top. A

subsequent scaling theory calculates the binary contracts pel

pervaded volume occupied by the ch&ih somewhat different
onset condition was proposéds

N ~(Ply/legl) ™

Wu’s modet! also proposed that the binary contracts per chain
length is proportional to the square of the number of Kuhn
segments per unit chain length, i.e. |QL? Thus, the Wu model
yields

(10)

ne~ I~ p’ (11)

C
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O Ref. 24
I N O Ref. 26 -
Q(n)/n”z
0.1} i
0.3 L
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Figure 6. Number of chains in a pervaded voluréyn) of eq 13
(which is nearly the same for all these polymers because of comparable
let Shown in Figure 2a,b), plotted as a function of the chain bulkiness

The second relation in eq 11 follows from Figure 3a,b that shows represented bp, normalized byn*’.

approximatelyl, ~ (m)° and Figure 5a,b that indicatgs~
m.

B. Ideas Based on Critical Chain Aspect RatioFrom an
entirely different viewpoint, Douglas and Hubbarduggested

conceived to arise from the formation of dynamic clusters at
equilibrium in a fashion akin to micelle formation, but where
the effective attractive interactions responsible for this clustering

that chain entanglement corresponds to strong topological are entropic and topological in nature. In this context, the chains

interactions between chains rather than chain looping about eac ; .
» surrounding chains.

other and specifically they argue that chain “entanglement

occurs when the chain “aspect ratio” reaches a critical value,

similar in magnitude to the critical magnitude of the molecular
asymmetry necessary for long range order in liquid crystalline
polymers. Specifically, taking the chain average dimen$ton
to be on the order of the effective “length” of a particular
polymer and the segmental “diamet&’~ sl’2 as the effective
chain “diameter”, the critical anisotropy ratio for the onset of
collective interchain interactions is then suggested to be

|/s"?~5 (12)
in three dimensions, wherg is the chain size of molecular
weight M¢

o= (MJmy)* ¢ (12)

This prediction has been found to be in reasonably good

accord?23with measured values of this aspect ratio for some
flexible polymers from measurements bf,, where He and
Portef® reiterated the results from Edwafdand de Genné%
and added an extra factor Gf; in their final expression for the
onset of chain entanglement.

Rewriting this geometrical criterion of entanglement in eq
12 in terms of the chain thicknesswe have

n. = MJm; ~ s/l . ~ pll (12"

where the last expression uses the definitionsfar eq 8 and
eq 2. We note that eq 12s identical to eq 9. An interesting

n the clusters are conceived to be confined in tubes created by

C. Packing Model. It appears that the conjecture in the
packing model was due to a number of people including Rault,
Heymans® Lin,'° and Kavassalis and NoolarfdiSubsequently,
Schweizer and Szamel derived this condition from a polymer
mode coupling theor§’ The concept is that chain entanglement
occurs in a monodisperse melt of molecular weilyhivhen
enough interchain topological intertwining builds up with
increasingM. As the volume of

Q(n) = (4r/3)R} (13)
pervaded by a chain af backbone bonds increases with the
radiusRy of gyration, the numbe® of chains required to fill it
up increases according to

Q(n) = QIv = (47/6**3)Rip (14)
where v is given by eq 6 and use is made of eq 7a. For Gaussian
chains,Q ~ M2, Sufficient topological interchain interference
occurs to form entanglement whed increases tdQe.. The
conjecture is thaQe is a relatively universal constant indepen-
dent of chemical details.

It is interesting to show how® would change with the chain
bulkiness at a fixech. According to eq 14Q(n)/n2 = leu/p
should depict how the number of chains required to fill a
pervaded volume of a chain ofbackbone bonds depends on
such characteristic parameters as the packing lemgiigure
6 shows that at a given the number of chains the pervaded
volume can accommodate depends inversely on the chain

aspect of this interchain coupling argument of Douglas and bulkiness given byp. In other words, at a given, there are

Hubbard?! is that “entanglement” is predicted to occur for stiff

fewer chains of a largep in the same pervaded volume.

polymers, extended sheet-like polymers such as exfoliated clays D. Percolation Model. Starting from a completely different
and polymer chains confined to nearly two dimensions that can standpoint, the percolation modglsought to define chain

neither effectively wrap about other chains nor move by a

entanglement by considering its mechanical consequences.

reptation mechanism. Entanglement effects in this model are Entanglement would arise to bear load when a chain is able to
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1 Figure 8. NumberQ. of eq 14 in the packing model for the various

Figure 7. Number of returning loops at the same numef backbone polymers from (a) ref 24 and (b) ref 26.
bonds as a function of the molar backbone bond nmass

_ _ zation, comparable Kuhn lengths with the same number of
make a couple of returns across a flat surface. It is straightfor- hackbone bonds per Kuhn segment, and forming the same
ward to estimate that the numbarof times a chain passes  number of loops are three self-consistent characteristics of these

through a loading-bearing flat surface is, on the average, linear polymers. Figure 7 also provides a stark and interesting
5 contrast to Figure 6: in a space Q{n) there are fewer chains
q(n) = 7R;/sQ (I5)  that have highep, yet the chain flexibility hardly varies with
p or m.

wheres is an effective segmental cross-section area, already
introduced in egs 7b and 8 of the preceding section,@uds IV. Testing Various Predictions with Available Data
been defined in eq 14 as the number of chains filling a volume
pervaded by the chain. Inserting eq 14 f@r eq 15 can be
rewritten as

The rest of this paper concentrates on exploring the merits
of the entanglement models by comparison with experimental
data. First of all, let us work out the details of the packing model

_al2 , as follows. The packing conjectdfe?® amounts to rewriting
g(n) = 67(3/4)Rp's (15) eq 14 aiM, as
It was asserted thatM, corresponds tg. = 3 for all entangled
flexible polymers. For Gaussian chaimgQ ~ R2 ~ M, and Q.= Q(n) = (47/6%%3)l,./p (14)
therefore, analogous 1Q, g also scales likevi'2,

E. Looping Back and Chain Flexibility. Another way to wherelgntis in a way similar td. defined in eq 12 Equation
quantify chain flexibility is to define how frequently a given 14 states that the entanglement spadiggis proportional to
linear chain makes loops along an imaginary flat plane cutting the packing lengtip for all flexible linear polymerg® A second
through its center. Denoting with, the total number of such  alterative expression of the packing conjecture, Qeof eq 14

loops formed by a flexible linear chain, we can expBgtto at M. being a constant, reads
increase with the contour chain length It is plausible that
this numberPy, is proportional to the number of segments per MJp ~ Nalent?,w p3 (14"
chain that a flat plane cuts through the center of the chain, i.e.,
q of eq 15 so that where the second expression follows fragn ~ p according
12 to eq 14. Equation 14 can be straightforwardly rewritten to
Pn=Aq~ (n/C,) (16) yield
where use is made of eq 1 and eq 8. Reason&lilya universal i
bl po Ha e~ (Pllg? (1)

constant for the linear flexible polymers studied in Figures 2a,b
and 3a,b so that the second expression in eq 16 follows from
eq 15. If so, we can examine whether the number of loops for
a chain ofn backbone bonds would vary significantly among
these polymers. The variation is evidently givenRynl2 ~
1/,/C,, according to eq 16.

Figure 7 reveals that the total number of loops in these linear
flexible chains is nearly constant at the same backbone bond Y
numbern. Thus, based on the plausible conjecture that on the G = A(n) = 67(3/4) pis
average the number of loops is given by eq 16, we have shown
in Figure 7, consistent with the conclusions drawn from Figure
3a,b, that these linear polymers are indeed comparably flexible. ) ) -
Thus, having similar coil sizes at the same level of polymeri- N, = (8270 (P)leni ~ Ca (15")

which can also be derived from eq'ldpon using eq 7b. The
stronger dependence gnis in explicit contrast to the other
predictions given in eqs 9 to 11.

The prediction of the percolation model is given by stating
thatq of eq 15 at M. is a constant:

(157

For gc of eq 18’ to be a universal constant is equivalent to
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Figure 9. (a) Numberg. of eq 18" in the percolation model for the various polymers from ref 15 (based in Table 3 of ref 14, flexible polymers
only), ref 50 (Table 1) and ref 23 (the valueih eq 18" is directly taken from its Table 1), where the data of Figure 8 were added for comparison.
Here and in parts b and c, the packing lengthas estimated from the values®fC., andl in ref 15 and 50 according to eq 8, and estimated from
my, C., andl in ref 23 using eq 7b where the mass dengitwas uniformly taken as 0.9 g/ém(b) Numbern. of backbone bonds al. plotted
against both the packing lengphand characteristic ratiG.. based on the data in ref 15 (from Table 3 of ref 14) and ref 5) Mleasured number
n. of backbone bonds &l plotted against the predictions of eq'l@nd eq 158, based on the data from ref 23 where the valugisfdirectly taken
from its Table 1. (c) Plot oM. against the packing lengifor the same polymers studied in part a, where a correlation betieamdp based

on the data from ref 24 is added for comparison. See the subsequent Figurg POt(of M. against the packing lengghfor the same polymers
studied in part a, where a correlation betwé&énandp based on the data from ref 24 is added for comparison.
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3 93 To test the theoretical predictions, we begin with a compari-
3 10 P (A ) 1000 3000 son between data and eq’ I8f the packing model. Figure 8
10° T3 confirms thatQe in the packing model is indeed nearly a
Z A ] universal constant independent of microchemical structures.
] Available data oM are rather limited, and it is less clear what
physics control the value &fl, making it all more challenging
to test the other models. Wheth€ of eq 14 should be a
universal constant afl; will be discussed below. On the basis
of the scarce amount of data from Table 3 (flexible polymers)
of ref 14 and Table 1 of ref 50, we plot Figure 9a to first test
eq 18" of the percolation model. The approximate constancy
3.0 ] of g is evident.
To explicitly examine the predictions, in eqs 9, 10, 11'12
. and 15", of the other models as well as the percolation model,
] we specifically plotn. against eithep or C... Figure 9b shows
] that the data do not collapse closely onto the scaling relations
v : n. ~ p of eq 9 and 12 andn; ~ C., of eq 13" respectively.
The data from ref 22 do not yield anything better as shown in
Figure 9b where eq 12 and eq 18' were directly tested based
100 * * — on the crystallographic data on the chain thickresstead of
9 20 0 40 20 using eq 8 to estimate Although the trends in Figure 9a are
\) (A ) encouraging, the poor correlations in Figure 9@ unimpres-
Figure 10. Variation of Mdp with the bulkiness parametepsands. sive. Apparently, our formula eq 8 used to derive C., in eq
15" missed a helicity factor and may have calt$dide spread
0.5 | 50 in Figure 9b,b concerning the prediction of eq "15in the
10" - —————rr — 2000 percolation model.
i Following ref 50, we can also determine whetl@r~ I/p
is a constant or not by plottingl/o = NgplcZ againstp, where
Ic has been defined and given in ed.1& systematic deviation
of M. from p3 would surely signal tha®. is not a constant at
M.. Figure 9c shows tha¥l. correlates withp rather poorly
and also changes withmore weakly thamp?. Actually, Q. tends
n to decrease with increasing as demonstrated first in ref 14.
c In contrast, the correlation betwedth, andp is much better.
o Ref ] Figure 9¢ reveals similar trends.
ef. 23 It is important to acknowledge that there is a slight spread
® Refi 15 ] 00 between 4 and 8 fo®. in Figure 8 as well as a small spread
o Ref 50 7 between 10 and 20 fay. in Figure 9a although there are no
] systematic trends in either case. Similarly, the binary contact

1000 F

1000

1000 |

100

model of eq 9 and aspect ratio model of ed’ Hso reveal
/ 0 Ref. 24 l trends consistent with the data bh as shown in Figure 9b'b
_eq 14m Y O Ref. 26 1 with scattering perhaps comparable to that of Figure 9a. It is
R Ll NN B T worth pointing out that at a very crude level of tolerating much
0.1 1 10 more spread, one could argue in the following that both packing
p/l and percolation models apply equally well to describe the data
off in Figure 1b. First, eq 18 givesM; ~ mC.. Second eq 14
Figure 11. Scaling of the numben, of bonds atMe = nemy with the shows thaMe ~ m(p/ler)” ~ (Mi/C.;),* apart from a factor of
packing lengttp, as depicted by the available dath from ref 24 and (pN4l®)~2 that varies only slightly among these polymers. Since
ref 26. Also plotted are the data & from ref 15 (based in Table 3 Figure 1a reveals a crude trend@f~ m;2, bothM¢ ~ m;C.,
of ref 14, flexible polymers only), ref 23, and ref 50. andMe ~ (My/C.)? yield respectivelyM andMe ~C.,2 which
is crudely true in Figure 1b, with an enormous spread. Thus,
where the second expression follows from use of eq 8. Therethis discussion underscores our assertionthaandM. do not
has been confusion related to simply identifyiklg with 2Me correlate withC., well.
although it is known thall andM. do not correlate in a simple As pointed out beneath eq 7a and eq 8, the packing lemgth
way>° Such an ambiguity is also the source of misunderstanding has its physical meaning that it is related to the segmental cross-
where the different models based on different physical consid- sectional ares, and bothp ands grow with m; as shown in
erations are applied to examine the same set of datdoift Figure 5a,b. The data from ref 24 show in Figure 10 tigfo
is actually reasonable to expect different physics to dictate the not only scales linearly witlp? in agreement with eq 14but
conditions associated wittle andM.. Thus far, there is perhaps  also approximately cubically witk. This is expected from eq
less controversy about what determidsand how to measure 14" and eq 8, a€.| is nearly constant for the various polymers.
it experimentally. Actually, its definition through the plateau In other words, the larger scattering /o ~ s* arises from
modulus makes it a well-defined quantity unaffected by any the small variations o€.| among these polymers.
finite (chain) size effects. The same statement cannot be made Finally, the packing model predication, given in terms of how
for M, unfortunately. the numberne of backbone bonds aM. scales with the
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molecular characteristics such as the packing lepgtreql14”, tribute the scattering to the experimental uncertainty. It is
is explicitly tested against the available experimental data on plausible to have larger errors in the experimental determination
well over 100 different polymers, along with the other predic- of M. from viscosity data.

tions concerningn; scaling with p. Figure 11 shows an Figure 9a indicates that the percolation model may be
impressive collapse oM. data onto the predication of the consistent with the limited data dvi.. However, the quality of
packing conjecture of eq I4whereas the other data dw. agreement between the prediction of ef' Emd data is marginal
indicate more scattering around the predicted linear (eq 9 andas shown in Figure 9b,bOn the other hand, the packing model
eq 12') dependence dfic on p/l. does not appear to describe the onset conditiorMgfas

indicated by Figure 9c'cIn short, the packing model is the
V. Summary only model applicable to depict data & measured from the

elastic plateau modulus, and the other models have varying
success in providing a rough correlation for the dataMn
obtained from viscosity measurements. We must acknowledge
that our conclusion is only as good as the quality of data we
collected from the literature. We cannot rule out that some data
on M andM; used to evaluat€), in Figure 8 andy. in Figure

9a, respectively, were inaccurate, leading to the scattering.

This work presents two groups of results. The first group
addresses the universal features of chain conformational statistic
for most flexible linear polymers as shown in Figures 2a,b to
7. We found from the available experimental data base that over
one hundred linear flexible polymers share the following
common characters: (1) Both bulky and skinny chains are of a
similar molecular dimension at a given total numberof
backbone bonds (for sufficiently high so that they are
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