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ABSTRACT: Various semifluorinated polymers of narrow molar mass distributions and definitely changed
molecular structure are employed as model substances to investigate the impact of the polymer architecture on
key rheological properties in the linear range of shear flow. These model samples originate from free radical
terpolymerizations of tetrafluoroethylene (TFE), hexafluoropropylene (HFP), and vinylidenfluoride (VDF), referred

to as THV. They were tailored to cover a broad range of mass-average molar masses of a straight linear and of
a long-chain branched topography. By the controlled incorporation of long-chain branches (LCB) into the
fluoropolymers, a complex thermorheological behavior is observed. The effect of long-chain branching also becomes
evident by dynamic-mechanical measurements represented by a plot of the aegseis the complex modulus
|G*(w)|. Compared to the linear reference materials for whigh M8 was found, the zero-shear rate viscosity

1o of some of the branched polymers is significantly higher than that of a linear product with equiMalefatr

others it comes to lie below the curve for linear samples. The experimen(d,,) data of the branched THV

are in good agreement with an approach proposed by Janzen and Colby using the structural information from the
molecular characterization. Moreover, it was found that plotijags a function of the intrinsic viscosity]

more sensitively discriminates between the various long-chain branched sampleg (Miy). Comparing the
sensitivity of methods based on rheological properties in solution and in the molten state, it is demonstrated that
the linear behavior of the melts can very favorably be used to get an insight into the molecular architecture of
THV polymers.

Introduction emulsion polymerization, which induce a certain amount of
transfer reactions to the polymer backbone and allow chains to
be formed that have a branched structure. The molecular
characterization of such THV fluoropolymers was reported
recently! These tailor-made fluoropolymers are soluble in some
organic solvents, such as tetrahydrofurane, acetone, or meth-

fluoropolymers typically ranges from 1.6 to 2.7, i.e., they are ylethylketone, and thus can be investigated in dilute solution
: o with respect to their molecular structure. As it is well-known

nammowdy distributed in comparison to many other thermopledts. the analytical methods based on the dissolved molecules have

The consequence of this molecular structure is a lack in i jimitations with respect to the characterization of long-
processability, particularly in extrusion, due to a low degree of ¢pain pranching. Measurements in the molten state are more
shear thinning. Moreover, the linear fluoropolymers give rise ggnsitive in many cases and provide a deeper insight into the
to difficulties in processing operations in which elongational i qiecylar architecture. That is the reason why in this paper
properties dominate due to a weakly pronounced strain hardenyinear rheological properties of various linear and long-chain
ing. In this aspect, the fluoropolymers are §|mllar to metallocene py3nched samples are presented. Making use of the knowledge
linear low-density polyethylenes. From this group of polymers, ecently accumulated for polyolefins it is tried to analyze the
it is well-known _that the_ processing _behawor can remarkably | cg.THv polymers with respect to the relationship between
be changed by '””Oduc'“g long-chain branctfing. polymerization conditions and molecular structure.

With some few exceptions, e.g., Maccone et®ainost The influence of branching on the nonlinear rheological
fluoropolymers produced by conventional methods show a linear hehavior of the samples, which allows an assessment of the

chain topography. Therefore, practicable polymerization tech- effect of LCB on processing properties, is discussed elsevihere.
nigues are on demand, which make it possible to synthesize

long-chain branched fluoropolymers. A novel technical route Materials and Experimental

to create THV-polymers with distinct LCB topographies recently SamplesFor this study, tailor-made semifluorinated terpolymers

became availabl€. Special modifiers are employed in the consisting of 39 mol % TFE, 11 mol % HFP, and 50 mol % VDF
were used. These model polymers, in the following referred to as

* Corresponding author. E-mail: polymer@ww.uni-erlangen.de. THV, were synthesized by means of aqueous emulsion polymer-
" Now at Bayer MaterialScience AG, Krefeld, Germany. ization in a 48.5 L pilot plant reactor (Dyneon GmbH & Co. KG).
*Now at Paul Hartmann AG, Heidenheim/Brenz, Germany. A set of linear THV terpolymers with varied molar masses was

Thermoplastic fluoropolymers such as fluorinated ethylene
propylene (FEP), perfluorinated alcoxylene (PFA), or poly-
vinylidene fluoride (PVDF) become more and more interesting
in the field of engineering polymers as they possess a spectrum
of excellent properties. The polydispersity fadt/M,, of these
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made. The linear THV samples THV 1 to THV 7 are already  Table 1. Molecular Parameters Determined by SEC-MALLS and
described in a former paper by Auhl et al. (2006). For this work, Results of the Rheological Characterization of the Linear THV

three additional linear THV were synthesized in order to close the My kg/mol]  Mu/Me@  [7]P[mL/g] 1o (265°C) [Pas]
gap in the molar mass range between 300 and 700 kg/mol (THV 8

and 9) and to extend the molar mass range up to 10 000 kg/mol $:§% %ig ig 431?3 1%3
THV 10) '
( - _ THV 3 725 16 105 11000
Furthermore, a set of long-chain branched polymers of the same 1y 4 1450 1.7 171 125 000
chemical composition was prepared. The amount of LCB and the THv 5 187G 1.8 214 450 000
mass-average molar mass were independently tailored by the THv 6 2480 1.6 309 3200 000
amounts of modifier and chain transfer agent employed during the THV 7 6110 1.8 432 14 500 000
course of polymerization. The set of LCB-TH\V-# was synthe- THV 8 309 55 340
sized with a constant level of chain transfer agent, but with an THV9 493 78 2700
THV 10 10 600 665 190 000 000

increasing amount of modifier. As a result, the highest possible

number of long-chain branches increased from LCB-THV 1 to  aDetermined by SEC coupled with a light-scattering devideetermined

LCB-THV 4. The same amount of modifier as for THV 3 was in MEK at 35°C using a CannonFenske viscometer.

utilized for the preparation of LCB-THV 5 and 6. But due to the )

different amounts of chain transfer agent employed, different molar ~ Table 2. Molecular Parameters Determined by SEC-MALLS and

masses were obtained. Results of the Rheological Characterization of the Long-Chain
Molecular Characterization. The characterization of the fluo- Branched THV Samples

ropolymers with respect to molar mass distribution and degree of LCB- LCB- LCB-  LCB- | LCB-  LCB-

long-chain branching was carried out by size-exclusion chroma- S*mple THV1  THV2  THV3 THV4 | THVS THV6

tography (SEC) coupled with a multiangle laser light scattering

(MALLS) detector and a refractive index (RI) detector. This method

allows a determination of the absolute mass-average molar massChain-transfer Constant Increasing

and the radius of gyration of each SEC fraction. The SEC *™

experiments were carried out at 2& with analytical grade

tetrahydrofuran. A more detailed description of the analytical

Increasing

Modifier Same as for THV 3

v

equipment used is given by Auhl et‘alFor the three additional M, [kg/mol] * 545 684 765 1030 540 1316
linear samples, THV 810, the mass-average molar mass was MJ/M,* 24 238 29 32 3.1 29
determined by means of solution viscometry usinp+ 5.065 x [m1° [mlg] 78 74.5 74.5 84 56 102
1073 x M,273¢ with [#] measured in [mL/g] and,, in [g/mol]. LCBa/10°C® 03 09 26 53 27 2.7
The_ intrinsic viscositiess]] were obtained from the Huggins A [kg/mol] ¢ 485 485 630 1008 315 1 450
equation M, [kg/mol] © 168 179 223 338 122 468
Nsp ) & ° 0.96 0.77 0.71 0.64 0.65 0.69
Med =5 = (7] + ky x [n]" x c 1) M0(265°C) [Pas] 27807 57007  14400% 189 000% | 1040T 1600 000¢

) . . . ) Mo (265 °C) [Pas]" 2527 7016 14907 - 1093 -
with ky = 0.34, which was independently determined in a former

study. The reduced \QSCOSitieﬁed were me_asured in met_hyleth- a Determined by SEC coupled with a light-scattering devidgalculated
ylketone (MEK) at 35°C and a concentratioa of 2 g/L using a from the amount of branching agent added, = ([5].ce/[nlin)w,

Cannon-Fenske viscometer (Schott AG). The HagenbaCbuette determined in MEK at 38C using a CannonFenske viscometef.Average

correction was applied. molar mass of a trifunctional monomeric subunit, determined from the light-
Rheological Characterization.Shear rheological measurements scattering data according to the theory of Zimm and Stockndyer.

were performed using rotational rheometers with a ptatate e Determined by egs-810. f Determined from dynamic-mechanical experi-

geometry of 25 mm in diameter under nitrogen atmosphere. ments.9 Determined from dynamic-mechanical experiments and extrapola-
Cylindrical samples of a thickness of 2 mm and a diameter of 23 tion. " Determined from creep experiments.

mm were prepared from press sintered plates. The sintering WaSet alit and are summarized shortly in the following. The linear
performed in a hot press at a temperature of AC0The samples ; .

were heated up to 170C within 500 s, held under a pressure of THY _sampl_es _ha_ve a narrow molar mass distribution with
55 bar for 300 s, and cooled down within 200 s. An ARES Polydispersity indicesvl./M; of well below 2 (see Table 1).
instrument (Advanced Rheometric Expansion System, Rheometric They cover a broad range of mass-average molar masses from
Scientific) was used for the dynamic-mechanical experiments. 160 up to 10 000 kg/mol. The branched character of the long-
Various frequency sweeps were conducted at different temperatureschain branched THV terpolymers investigated was clearly shown
and strain amplitudes typically ranging from 1 to 20%, which is by SEC-MALLS analysid! A distinct tailing at high molar
within the linear range of deformation, were applied. Furthermore, masses for the long-chain branched samples is reflected by a
steady shear start-up tests at a shear rate of 0!agese performed. higher polydispersityNln/M, ~ 3; see Table 2) compared to

Shear creep measurements were conducted with a constant stresgie |i
X : e linear referencesM/M,, ~ 1.6). Table 2 also reports the
rheometer (CS-Melt, Bohlin). The applied constant shear stresses Wl ) P

7o were on the order of 20 Pa, i.e., in the linear range of deformation. ﬁpnr;[ra(;tlon fa.(l;'iorgn mgasurﬁi .?y sc:]ut|0|r1 k\)/lscorr?etry ;rng(t)he
Creep times up td = 20 000 s were needed in order to reach the Ighest possibie number ot trifunctional branches p

steady state in the creep tests and to ensure that the steady-stateCBmax esltlimated from the polymerization recipe, as given by
elastic partJe of the creep Comp"ancé(t) became very small Auhl et al!* The contraction faC'[Ol’g,] are found to be smaller

compared tot/5o. In this case, the zero-shear viscosity can be than 1 for all LCB-THV and, in particular, they decrease with

determined according to: growing numbers of LCRax This behavior can be explained
t by an increasing degree of long-chain branching originating from
ml ﬁ =1, (2) a higher number of branch points incorporated during the course
-0 of polymerization. The numbers of trifunctional branches per
) . 10* C become higher with the amount of branching modifier
Results and Discussion added, increasing from LCB-THV 1 to LCB-THV 4. LCB-THV

Molecular Characterization. The results of the molecular 3, 5, and 6, which were synthesized with the same amount of
characterization were already reported in a former paper by Auhl branching modifier, have a comparable LgBand thus also
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10° versus the absolute value of the complex modiBigw)|, often

pa| *10% called the Van GurpPalmen plot? Because of the narrow
~10 % THVE &~ molar mass distribution of the linear THV samples, one universal

10° curve is obtained for all linear THV, as can be seen in Figure

3. Any deviation from that curve can be referred to the influence
of long-chain branches or a broadening of the molar mass
10°A LCB-THV 6 distribution. For the curves of the LCB-THV, a more or less

developed bump is observed. As the molar mass distributions

THV 3
= only slightly increase from LCB-THV 1 to LCB-THV 4 and
10° can be regarded the same for LCB-THV 3, LCB-THV 5, and
T =265 °C LCB-THV 2 LCB-THV 6, some conclusions can be drawn with respect to

the branching architecture of the samplé§G*|) is shifted
: downward in comparison to the curve for the linear samples
10° 10' 10? 10° 10* s 10° from LCB-THV 1 to LCB-THV 4, as can be seen in Figure 3a.
time t This result gives a hint to a growing influence of branching on
Figure 1. G'(w) as a function of time for two linear and two long-  the relaxation time spectrum with increasing sample number
chain branched samples. from 1 to 4, which is in agreement with the rise of the modifier
concentration (cf. Table 2).
0(|G*|) does exhibit significant differences, too, for the
samples LCB-THV 3, LCB-THV 5, and LCB-THV 6, although
they were polymerized with the same modifier content (cf.
Figure 3b and Table 2). This result reflects the influence of the
molar mass of the branches on the relaxation spectrum, which
increases from LCB-THV 5 over LCB-THV 3 to LCB-THV6
(cf. Table 2). The longer the branches are, the stronger is the
deviation of 5(|G*|) from the curve of the linear products,
indicating a rising contribution of the branches to the relaxation
spectrum.
Temperature Dependence Another rheological behavior
o T=265°C GOe0000000000000000 which depends on branching is the tirrtemperature superposi-
J tion. The temperature dependences of the storage and loss

T T T
102 10" 10° 10" 102 87 10° : ;
® moduli were analyzed at temperatures ranging from 140 to

Figure 2. Complex shear viscosity;* (w)| as a function of the angular 26_5 C. These temp_erature limits are given by _the crystallization
frequencya for several linear THV. point on the one side and the thermal stability on the other.

The G'(w) and G"(w) curves of thermorheologically simple
comparable contraction factog;, but due to the different  fluids can be superimposed by a shift along the frequency axis.
amounts of the transfer agent employed, different molar massesThe shift factora is defined then as follows:
were obtained.

_Auhl et al** could show that the branching topography is log a(T,T,) = log w(T,) — log w(T) (3)
similar for all samples under investigation, as proven by the
same molar mass dependence of the contraction factor in a .

with Tp as the reference temperature.
reduced molar mass plot. Figure 4 shows the&s'(w) and G""(w) master curves at a

Thermal Stability. Obviously, viscoelastic properties of refer%nce temperature Bf = 265°C for the linear THV 2 and
polymers can only be determined if their thermal stability under THY 3. The Rsam les show a thermorheoloically simple
measuring conditions is sufficient. To check the thermal stability behavi X b P tistvi ii gbt o di pb th
during the rheological measurements, time sweeps were con- ehavior because satisfying superpositions are obtained in bo
ducted for all samples at a constant frequency of 1is a cases. . .
nitrogen atmosphere of 26%& (this was the highest temperature . The shift f_actors d_eter_mlned from Figure 4 are represen_ted
applied in this study). A 10% deviation from the initial value In an Arrhgnlus_plot N I_:|gure 5. All of the V"?"“es come to_Ile
of G'(w) was defined as the threshold for thermal stability. As on a.strf';ught line, which means they fulfill the Arrhenius
illustrated for two linear and two long-chain branched samples equation:
in Figure 1, this stability criterion is fulfilled for at least 46, E
which was sufficient for most of the experiments. — a

Oscillatory Shear Flow. The shear flow behavior of the THV a=2a(Ty) eXpla' “)
samples was characterized by means of oscillatory experiments
at a constant temperature of 26&. The dynamic shear Ejfollows as 51 kd/mol and is the same for THV 2 and THV
viscosities|n* (w)| of several linear THV samples covering a 3 within the accuracy of the measurements. Similar activation
broad range of molar masses are plotted as a function of theenergiesE, were found for other linear THV, too. This result
applied frequency in Figure 2. For the linear THV with mass- indicates that the activation energy is independent of the molar
average molar masses below 500 kg/mol, the Newtonian plateaumass, at least within the range given.
is reached within the threshold for thermal stability. With Another consequence of the validity of the tirtemperature
increasing molar mass, the applied frequency range more andsuperposition foG'(w) andG" (w) is thatd(|G*(w)|) becomes
more covers the shear thinning region of the viscosity curve. temperature-independent. This is clearly demonstrated for THV

The significant influence of long-chain branching on the linear 2 in Figure 6. In the case of thermorheologically complex fluids,
rheological behavior can be seen in a plot of the phase angle G'(w) as well asG"(w) cannot be superimposed, as not all the
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Figure 3. Phase angle as a function of the complex modulus (a) for the LCB-TH¥ (increasing amount of branching agent) and (b) for the
LCB-THV 3, 5, and 6 (increasing molar mass, constant amount of branching agent) in comparison to linear THV.
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relaxation times have the same temperature dependence. Suc

a behavior is sensitively reflected &{|G*(w)|).
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Figure 6. Phase anglé vs shear modulugs*(w)| for the linear THV
2 and different LCB-THV.

samples with low molar masses (see Figure 2). If, on the other
hand, creep experiments are applied to determine the zero-shear
rate viscosity for linear THV samples of high molecular masses,
very long measuring times are needed to reach stationary creep
flow conditions. This is of concern for samples of mass-average
molar masses above 1000 kg/mol, e.g., the linear THV 6, which
requires creep times longer thark310* s to reach a stationary
state. Under these conditions, the thermal stability is not given
(cf. Figure 1). Consequently, an alternative route to determine
the zero-shear rate viscosity had to be taken.
As usually observed for linear polymers of a narrow molar

mass distribution, the curves &f(w) andG"(w) coincide onto
a universal master curve if the frequencies are normalized by
the zero-shear rate viscosity. Because all linear THV have an
identical polydispersity of well below 2, it should be possible
to achieve such a universal master curve for these samples. The
applied shift factors used to superimpose &i&v) andG'' (w)

urves of the linear THV samples along the frequency axis are

qual to the correspondent zero-shear rate viscodgiés) and
G"(w) were measured at a constant temperature o269 his

As Figure 6 shows, the three LCB-THV presented are reference temperature of 288 was chosen as a compromise
thermorheologically complex. The complexity becomes more petween the thermal stability of the linear THVs and the aim

pronounced from LCB-THV 1 over LCB-THV

210 LCB-THV

to reach the terminal zone within the experimental window. The

3, which goes along with an increasing degree of branching. G'(w) andG"(w) curves of the lower molar mass samples were
ThermorheO|Oglcal CompleXIty has been reported in the literature shifted a|0ng the frequency axis using the zero-shear rate

for long-chain branched polyolefirg. 15

Zero-Shear Rate ViscosityLinear THV.The zero-shear rate

viscosities directly attainable from the terminal zone. As can
be seen from Figure 7a, the curves of all these products (THV

viscosity 70, a key parameter of rheological characterization, 1, 2, and 8) come to lie on one curve with good accuracy. The
could only be reached by oscillatory measurements for the linearcurves of the other samples were also shifted horizontally. To
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Figure 8. Zero-shear rate viscosity, as a function oM,, for linear
b)  40° THV samples at 265C.
Pa| T=265°C . ; ;
with kn = 6 x 107° for 7o in Pas andMy in g/mol. The
10°- exponent is somewhat higher than those found for other linear
§ oo, polymers like polystyrene and polyethylene, which lie between
+ THV10 *oor, o 53
e THV7 o 3.4 and 3.6
o 10+ + THV6 Long-Chain Branched THVAs has been shown for poly-
a o THVS ethylene®2425and polypropylene%-25some insight into long-
: . mx‘; chain branching can be obtained by comparinghealues of
s 65' v THVO LCB products with the corresponding data of linear counterparts
1007 s THVS of the same absolute mass-average molar mass.
° e THV2 To apply these results to THV, the zero-shear rate viscosities
, ° THV1 of the long-chain branched THV samples were determined from
0T T T — T Pa 102 oscillatory shear experiments at 266. For the LCB-THV
10 10 10 10 10 10 samples 1 and 5, the terminal zone could be reached within the
My x® — frequency range applied. For the other samples, the zero-shear
Figure 7. Universal master curves G (0 ) (a) andb G’ (170 w) (b) rate viscosity was determined using the extrapolation of the
of the different linear THV. measured curvg(w) according to the Carreau formwaThe

hi isf " fall d aditi Ivalues of the zero-shear rate viscosities of the long-chain
aﬁ.f;evel a satr:s actory Tupgrpo&ﬂon 0 dad ﬁta sets, "’; tionaly, 2 nched THY samples obtained from the dynamic-mechanical
shifts along the vertical axis were needed, however, for some .-« rements are summarized in Table 2.

?f :Ee fsarp;pr!ets t?lf high moleﬁlga;_ mfésses. -:-h's shift ls relf[‘rt?d Theno values obtained by this method have to be taken with
0 the fact that the same well-defined sample geometry Within ., . 55 they depend on the kind of material and the set of

the r.heomete:jlsthdml;:ult tt?] Obta'C? If'or: thethlgh-molar-tm;zs experimental data available. Significant deviations from the real
spemmte_ns Iap t erefore, the modull have 1o be corrected by & 51ye can occur. This is particularly the case for materials of a
geometrical factor. broad relaxation time distribution. Therefore, the zero-shear

ThThehgaflst?r cur\l/es ﬁ afndG are prgsergg% in Figure 7(th viscosities of some of the LCB-THV were determined addition-
€ shitt factors aiong the requency axis which correspond 1o ally by creep experiments. Because of the fact that long creep

"o _are_llste(_:i In Ta_ble 1. Both master curves were obtained by times are needed to reach a steady state, a lower temperature
using identical shift factors andso for each polymer. They of 200°C was applied in order to stay in the stability window
cover a very broad frequency range of nearly 10 dec""des’during the experiment. A steady-state valuet/dft) could be
containing the dynamic-mechanical spectrum from the Newto- attained in the creep experiments for the four long-chain

nian flow region up to the rubbery plateau. The plateau modulus branched THV samples LCB-THV-13 and LCB-THV 5 (cf
Gy, follows as 1.6x 10° Pa from Figure 7a. The same value Figure 9). '

for_ Gﬂ is obfained by an integration of'Gshown in Figure 7b From the coincidence of th#J(t) curves of LCB-THV 3
using Ferry’s procedur®. The value of the plateau modulus  easyred with the applied stresses of 10 and 20 Pa (cf. Figure
lies within the range of literature data reported for other 9), it is concluded that the creep experiments performex at

fluoropolymers:*718 Using the obtained plateau modulGg < 20 Pa were conducted in the linear range. A steady state was
and the melt densitymer of the THV polymers at 265C of not reached for the high-molecular LCB-THV 4 and 6, presum-
1.5 glenf, the entanglement molar masde of the THV ably due to insufficient thermal stability. The zero-shear rate

polymers was determined to be 4100 g/mol according to the yiscosities obtained from the creep experiments atZD@ere
equationMe = pmer RT/G, in which R is the universal gas  shifted to 265°C by time—temperature superposition using the

constant and” the temperature. flow activation energies determined from creep experiments at
In Figure 8, they values are presented as a functiorivif different temperatures. Thg values obtained in this way are

in a double-logarithmic plot. The experimental data can be given in Table 2, too. The agreement with the data directly

described by a straight line following the equation obtained from the dynamic-mechanical measurements is very

38 good (cf. LCB-THV 1 and LCB-THV 5) and moderate with
o= kn'(M,)™ (5) the extrapolated values.
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10° —— lie below the line for linear samples. Such a behavior is, for
Pas | ——LCB-THV 3 (z,= 10 Pa) I;ggopf instance, found for LDPE2:26
Taking these findings into account, the results on the various
LCB-THV samples presented in Figure 10 can be understood.
‘ 10°- The high-molecular-mass samples LCB-THV 4 and 6 show a
. distinctly increased zero-shear rate viscosity compared to the
s no—M,, correlation of the linear THV. This indicates that these
- samples contain long-chain branches of high molar masses. In
10*4 contrast, a zero-shear rate viscosity below the line for linear
L —o—LCB-THV1 THV is found for the LCB-THV 5.
—o0—LCB-THV 2 o S
— o LCB-THV 3 For a more quantitative description of the dependence of the
—o—LCB-THV 5 zero-shear rate viscosity on molecular weight for randomly
10°+- ” » I T T . branched polymers like the LCB-THV samples investigated,
10 10 10 12 10 100 s 10 Janzen and ColBY proposed the following relationships:
Figure 9. Ratio of t/J(t) of linear and long-chain branched THV
sagmples at 206C. © J FAMW for M, < |\2/|C (6a)
o _ _Aam,f1+ (WW for M, < M,, < M, (6b)
pas | T=265°C 4 a Mo = ¢
10° LEBTHVE o AM, |1+ (%)2'4] (%)yy forM, <M, <M,, (6c)
I,’ b M M [ b w
. LCB-THV4 ¢ \ ¢ b
10°
\ LCB-THV 3 £, HereMc is a critical molar mass for the entanglement of random
s 107 LCB-THV 2 branchesM,, is the mass average molar mass, amglis an
/L CB-THV 1 average molar mass between a branching point and its adjacent
10’ fLeaTHY 5 vertices, either chain ends, or other brancleis a numerical
o linear THV prefactor specific for a chosen polymer system at a given
10°4 * 'f-‘c"a‘f'lTHV TV with temperatureM, equals 2.5 times the molar mass of entangle-
o L f:, gf ['(';e;_'mv wm'h eZT'(g)and @ mentsMe (M = 2.5Mg), whereasVle of THV was determined
10+ - ool as 4100 g/mol.
10 M Equation 6b describes the usual 3.4-power dependengg of
- on M, for linear polymers withvl,, > M. [Janzen and Coliy
Figure 10. Zero-shear rate viscosity, as a function oM,, for linear could show that, in the case of randomly branched polymers
and long-chain branched THV samples at 265 with a nearly constant M those polymers with a loweW,,
10° than My, followed the relationship in eq 6b, which means that
those polymers did not contain long-chain branches.] As for
Pas - linear THV, a 3.8-power dependence was found; the exponent
1074 in egs 6b and 6¢ is assumed to be 2.8 instead of 2.4. Applying
. LCB-THV 6. eq 6b to the results of the linear THV samples, the prefaitor
9 105' LCB-THV 4, was dett_armined_aA =95x 1078 Pas/(g/mol). _
0w 10° LCB-THV 3 Equation 6¢ is assumed to be valid for the long-chain
© .
g,o 10°4 LCB-THV 2\\8 branched THV. The exponesfy can be derived from molecular
s, LCB-THV 1 — parameters as follows:
102' LCB-THV 5 p— "
10° = linear s 3 9 b
. —n, = 247x107 [n]°** == ma><{1, >+:B In(—)] (7)
101 o LCB-THV v 2 8 190
10° . . ————r —_————
10’ 10° mig 10° HereB is another prefactor anelikun, is the molar mass of
] — a Kuhn segment. IMy and Mgy are known, the prefactds
Figure 11. Dependency of the zero-shear rate viscosigyon the can be determined by fitting egs 6¢ and 7 to our resultgoof
intrinsic viscosity fj] for linear and long-chain branched THV. andMy,, of the long-chain branched THV.

: ; The average molar mass between a branching point and its
Comparison ofjg(My,) for the Linear and Branched Samples. . 4 .
P Fro(Mu) P adjacent verticeM, can be determined from SEC-MALLS

The zero-shear rate viscosities are plotted in Figure 10 double-=> the th ¢ 7i d Stock der th
logarithmically versus the absolute mass-average molar mass/>INd the theory of Zimm and Stoc magfeander the assump-

determined by SEC-MALLS. The values of the linear THV are tion, tha:] thhe brafnching tolpggrapzy can be descrized byba g:ayley
: P . tree with three-functional branching points. As described in a
ted by the | I th a sl f3.8.S A : :
presented by Ihe inear regression iné with a siope o orneprewous paper by Auhl et al}, the LCB-THV investigated

points come to lie above, others below the line, representing]c ifill thi . In thi be d ined b
the linear products. Such a behavior has been observed for Lcg-ulfill this assumption. In this casé, can be determined by
dividing the mass-average molar mass of the branched THV

PE and LCB-PP, too. Typically, polymers with branches of high

molar masses, such as metallocene-catalyzed polyethylenesk,’y the total number of edges?’

exhibit an elevated zero-shear rate viscosity compared to a linear

reference of the same molar m&&3425For highly branched M. = m ®)
polymers with branches of lower molar massgscomes to b b
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Table 3. Parameters for Fitting egs 6 and 7 to the Results of the Investigated LCB-THV

parameter value source
A, (Pas)/(g/mol) 9.5¢ 1078 fitting eq 6b to the results of the linear THV samples
B 1.85 fitting egs 6¢ and 7 to the results of the LCB-THV
Mm, (g/mol) 43.75 molar mass of a C-unit in the THV-backbone
Me, (g/mol) 4142
Me, (g/mol) 10 355 2.9V
Mkuhn, (g/mol) 14.3Mp, estimated fromiynn = 6 [[B2Y%P, x CO5 x b,

with [#¥2= 2.66 x 1072 x M%53and assuming the
same chain flexibility as polyethylene with
bp = 0.154 nm andC*>= 2.5

The total number of edgésis related to the weight-average An interesting behavior is found for LCB-THV 5, which was

number of branching points; by the following equatiod? synthesized with the same amount of branching agent as LCB-
THV 3 and 6, but has a lower molar mass. As a result, the
b=2n;+1 9) molar mass of the long-chain branches can be expected to be

low, too, thus leading to a reduction of the zero-shear rate
whereasiz can be determined from the average molar mass of viscosity compared to a linear THV of the same molar mass
a polymer subunig:* (see Figure 10). Comparing Figure 10 to Figure 11, it becomes
obvious that a plot ofjp vs [7] is more sensitive to discriminate
between the various LCB-THYV thap vs My. The disadvan-
tage, however, is that a convincing model describjpgs a
function of [y] is not available.
A was determined from the light-scattering data according to

the theory of Zimm and Stockmayémas described by Auhl et~ Conclusions

al* The values forl andMj are given in Table 2. It has clearly been demonstrated that the new class of long-
Using the parameters given in Table 3 and the valuedor  chain branched THV polymers can very effectively be charac-
(Table 2), egs 6¢ and 7 were fitted to the measured data ofterized by using rheological methods in the linear-viscoelastic
10(My) of the branched products. The resulting curve is shown regime. Dynamic-mechanical measurements represented as the
in Figure 10 as a dashed line. For the fit param@ea value  phase angle as a function of the magnitude of the complex
of B = 1.85 was determined. As can be seen from Figure 10, modulus |G*| showed significant differences between the
the measured data can very well be described by eq 6c. Thissamples. Applying this method, it has to be taken into account,
indicates that the dependency of the zero-shear rate viscositynowever, that it reflects the relaxation spectrum, which is
on the mass-average molar mass of the long-chain branchednflyenced by both the molar mass distribution and the branching
THV polymers investigated can be related to the molecular architecture. As the polydispersity factor does not change much
structure and mainly to the average molar mass between apetween the samples, qualitative conclusions with respect to
branching point and its adjacent vertiddsor the average molar  |ong-chain branches could be drawn. This is particularly the

Ng=—— (10)

mass of a trifunctional monomeric subusitrespectively. case for the three specimens with a very similar number of
A very sensitive method for the detection of LCB can be pranching points but different lengths of the branches, as their
expected from a relationship betwegg(My) and [7](Mw), as polydispersity factors were very similar. The plé{|G*|)
both quantities react on the existence of LCB. For linear THV, (eyealed a significant effect of the molar mass, which may
the following equation describes the dependency;pbh M,y contribute to a growing length of the branches.
A behavior not influenced by polydispersity but reflecting
[7] = ks (M) (11) the presence of long-chain branches is the titeenperature

) _ - ) superposition. Exploiting this principle by measuring the tem-
with ks anda being constants specific for linear THV and the perature dependence 6f|G*|) pointed to a high sensitivity,

solvent used. as already small amounts of branches were indicated by
Combining egs 5 and 11 leads to deviations from the temperature-independent master curve.
Conclusions with regard to the architecture of the branches
No= k-[17]b (12) cannot be drawn, however, from these results, as there is no
underlying model that relates the molecular structure to-time
with k = kn ks 382 andb = 3.8/a. temperature superposition.

As the experimental data in Figure 11 show, this relationship A very sensitive indicator of long-chain branches is the zero-
is fulfilled for the linear samples investigated. The valueskfor ~ shear rate viscosityy if plotted as a function of the absolute
andb are given in Figure 11. As expected, significant deviations mass average molar malsk, measured by light scattering. It
from eq 12 are found for the long-chain branched THV (Figure was possible to quantitatively describe the experimental results
11). Compared with Figure 10, the deviation of the zero-shear using an approach proposed by Janzen and Colby. Two of the
rate viscosity from the relationship for the linear references is parameters were taken from the relationship betwagand
most pronounced for the sample of high LCB content (LCB- M,, for the linear samples; others were determined by assuming
THV 4) and for the sample bearing branches of high molecular a Cayley tree with three functional branching points for the
mass (LCB-THV 6). Moreover, clear deviations from eq 12 can molecular architecture.
already be seen if the molecules are only moderately branched. Assumptions had to be made with respect to the estimation
Using 70o(My), it was not possible to assess the branched of the so-called Kuhn length. It was calculated from the radius
character of LCB-THV 2 and 3 (Figure 10). These samples can of gyration measured by light scattering.
clearly be discriminated from the linear THV in the plot of The good description aofg(M,y) of the long-chain branched
Figure 11. THV by the model proposed by Janzen and Colby leads to two
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conclusions. First, the assumption of a three-functional reaction (9) Maccone, P.; Apostolo, M.; Ajroldi, GMacromolecule200Q 33,

i i ; 1656-1663.
gechac;us;n IS lsuprl)orted by the frhIFOK.)gIC]?I meﬁsurements.(lo) Kaspar, H.; Hintzer K.; Zipplies, T.; Kaulbach, R.; International Patent
econd, the molecular parameters following from characteriza- " \yq'04/094491A1. 2004.

tions in the highly diluted state, like the radius of gyration and (11) Auhl, D.; Kaschta, J.; Mhstedt, H.; Kaspar, H.; Hintzer, K.

the average molar mass of a polymer subunit, do not change(lz) Macrgmole'(\:ﬂulepﬂioa 39:»?2h31?_é3ﬁ41998 64 58
i i i i van Gurp, M.; Palmen, eol. bull. , OO,
much if considered in the solid state. (13) Raju, V. R.; Rachapudy, H.; Greassley, W. WPolym. Sci1979
) 17, 1223-1235.
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