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ABSTRACT

The long chain branching of polybutadienes (PB) was measured with ge! permeation chroma-
tography coupled to an automatically recording capillary viscometer. In this method the experimental
relation [n] (V) was translated into the calibration curve [7] (V) for the monodisperse species.

The curve is combined with the universal calibration so that the molecular weight distribution
and an additional parameter, e.g. the average branching factor of this samples may be obtained. Long
chain branching molecular weight changes with polymerization conditions,

INTRODUCTION

Since the discovery of the technique of GPC coupled with capillary viscometer (GPC-
A.V) as a useful tool in determing the molecular weight (M W), molecular weight distribution
(MWD) and branching parameters of branched polymers, it has been widely used in this field
of research.

In this work with the aid of theoretical treatment the experimental relation [} {V] was
" translated into the calibration curve [5] (V). When this curve was combined with the uni-
versal calibration curve, most promising parameters, e.g. branching factor of every count g,
and average branching factor (g) may be obtained. Ambler et al.!*] has discussed branching
of polybutadiene. In a previous work!2! we also studied the long chain branching of polybu-
tadiene by means of Drott, Kurada’s method!®:4), which assumes that the probability of the
occurring of branching in the polymers is the same as the polymers with MW. However our
work has pointed out that for polybutadienes there exists a critical MWT3], at which long chain
branching molecules appear. This critical MW varies with polymerization conditions.

Since the determination of long chain branching by GPC-Au.V techniqe is also based
on that the dimension of random coil is affected by branching. Therefore, whether there is
another factor affecting the coil size should not be considered. Park and Graessley!®! did not
correct the separation and column dispersion effects when they used this technique to study
long chain branching. The results of our work indicate that the experimental relation do not
agree with that from the calibration curve.

In this work the calibration curve [n] (V) for polybutadiene was obtained according to
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the principle reported in our previous work!?'#], and also a series of branching parameters,
the effect of the dead volume of the connecting tube and the residual volume of the syphone
tube on the branching parameters was discussed, which has not appeared in literature yet.
Discussion on experiment to theoretical treatment was made; and satisfactory results were
obtained.

EXPERIMENTAL

The experimental procedure used is the same as that employed in our previously work[7+82,
The PB samples were provided by Shengli Chemical Works (Beijing). Their cis, trans and
vinyl structurc contents are listed in Table 1.

Table 1 Contents of cis, trans and vinyl structure in polybutadiene samples

Sample Cis (%) Trans (7;) Vinyl (7)
PB-1 95.94 2.12 1.94
PB-2 94,90 3.15 1.95
PB-3 94.39 3.52 2.08
PB-4 95.20 2.29 2.51

A JNZ-900 GPC coupled with an automatic viscometer was used in this work. In orde
to minimize concentration effects on the peak position the concentration of the solution of PB
in THF was less than 3 mg/ml. The flow rates of solvent through a set of four silica gel colums
were 1 ml/min. GPC operation was carried out under room temperature, while the visco-
meter was kept at 30°C by a thermostat bath, the temperature of which was controlled within
+0.01°C. The syphon was kept at the same temperature. The solvent from the capillary
was carried off through a hole in the bottom of the thermostat. With this fully automatic
«device the variation in the flow time of pure solvent was 0.0l second, a reproducibility
within 0.005%,.

RESULTS AND DISCUSSION

The automatic capillary viscometer as a molecular size detector when coupled with GPC
<an be used to evaluate the degree of long chain branching of macromolecules.

This coupling technique is a powerful means for the characterization of branched
polymers. Satisfactory results have been obtained in our laboratory by using the following
method.

The intrinsic viscosity of fraction i in GPC is given by Eq. (1):

tn1=y/ A= 7) [C M

where 7, is the relative viscosity, expressed by ¢,/t,, while 7, and ¢, are the flow time of the
solution and solvent in the viscometer respectively; C is the concentration.
Through correction of the dead volume of the connecting tube and the residual volume of
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the syphone tube, the concentration of fraction i, C; (g/ml), can be defined by Eq. (2):
V
C; =C07‘: 14 2)

where C, is the concentration of sample; ¥, is the total amount of injected polymer solution;
V, is the volume of the syphone tube; W, is the weight fraction of the samples within count

5

i—1 and i in GPC, which may be obtained from GPC chromatogram F(V). When the dead
volume (4V) of the connectirng tube is considered, the weight fraction certainly can be defined

by Eq. (3):
V -47 oo
Wewre=[ " F0a0[ [ " FOa¥ @3y

Again, if consideration of the residual volume of the syphone tube is given, the concentration.
C; can be defined by Eq. (4).

Ciroone = glaf-f(l—a)C, @

wherz & is the ratio of total volume of syphone tube to its residual volume. In practical
calculation, only the influence of the first two coéunts is considered. Then Eq. (4) can be

rewritten as follows: ;

v .
Ci’,corr:CO V‘—)(I—S) [ Wi.corr +6W|'—1.corr +62Wi-2.currj (5)

Substitute C;,.,., Into Eq. (1), accurate value of intrinsic viscosity can be obtained by using
the method reported in our previously work'¢, the elution volume ¥, , which corresponds to:

[%:] in GPC, may be calculated. Thus the experimental relation [n] (V) can be written as.
In[n]=A,—B,V, (©)

where A, and B, are the intercept and slope respectively of the uncorrected experimental re--
lation. With the aid of theoretical treatment the retention volume ¥, derived is given by

Ve=Vet+ £V, — Vo) | )
where £2 is a parameter of dispersion defined as
§*= (3p*—a® /or? 8

in which oz2and ¢,? are the variances of the experimental chromatogram F(¥) and of the
spreading factor respectively; ¥V, is the point of intersection of experimental relation [5] (V)
with calibration function [] (V3), and is given by

VC=V'_ %E,,O'TZ (9)
where V is the average count of GPC chromatogram F(V), with ¥, and £? the retention
volume ¥V, may be obtained by Eq. (7). Then the corrected calibration relation is

In[n]=4,— B,V; (10)
From Fig. 1, it may be seen that the difference between [] (¥) and [] (V;;) is quite obvious.

The difference between the branching parameters obtained from [n] (¥) and [%] (V) amounts.
to 2—39%. Therefore, it is proper that [n] (V) should be translated into [n] (V) before
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Fig. 1 The experimental relation [5] (V) and
calibration curve [n] (V) of sample PB4

discussion of long chain branching. The intrinsic viscosity of the linear molecules [7,]
corresponding to the whole of each count can be obtained from the linear portion and its
extension of [n] [V,].

The intrinsic viscosity of the branched molecules [7,,] is obtained experimentally from
GPC-Au.V technique. The factor of branching then may be obtained from [7,,], [y,]. M*
represents the critical molecular weight, as mentioned above, at which branching starts to form.
When M <<M*, [n,,]=[7,]. Use the principles of universal calibration relation!®! , a general
relationship between [7,;] and [%,,] can be expressed as

[(nIM =[7n,]1M, (11)
The ratio of MW for branched and linear molecules of the same hydrodynamic volume is ex-
pressed by Gy
M, ) < [m]>
el 200 PN L/ LE ) QNS 12
< M, /y [n.1/y 4 (12

However the value G, thus obtained is different from the ratio when the molecular weights are
the same.

From Eq. (12) expression M, = AGI’“ can be obtained. When this relation is sub-
v

stituted to Mark-Houwink equation resulting in Eq. (13):

M\ (KMj
([n.]) s =KM3 =K< GVL >V ( G‘;)V (['Zl;)v (13)

Naturally, when number of fraction is ¥, MW is M,. Hence

([ﬁb])ﬂb =([n,Dv (14)
With Eqs. (13) and (14), the following equation is resulted.

~(573)u=(E23),
or finally,

- G=GL** (15)

When this ratio is related to the ratio of squares of gyration
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§2)
g=[ (<SZ>Z ]u (16)

The relation between parameters G and g may be got

G=G(g)=¢*
The value of the exponent g is dependent on the branching structure. For random branching
& equals 0.50100  Thus

g=G? =G, 21+ (17
From Eq. (17) the branching factor g; of every count in GPC can be obtained, while the average
MW and MWD are calculated from the following relation, which is obtained from Eq. (12)

_ M, [7]L:]>é /
M, ==~ Gr (19)
Number average and weight average molecular weights may be obtained by Egs. (19) and (20)

respectively.
The Mark-Houwink constants for polybutadiene used in the present work were £ =0.0251,
a=0.725. '

(M) =M, H/SH, (19)
(M, =SH./S\H, /M, (20)
(> =S\ B[S, @1

With these relationship, the average branching parameter can be defined as the following
equation

(M) Z[ﬂai]Hi
/D zfﬂLi]Hi
Combining this relation Eq. (22) with Eq. (17) the average branching factor {(g) can be
obtained. The average intrinsic viscosities obtained through calculation using Eq. (21) are

compared with those determined in the normal way with an Ubbelohde viscometer. Both
data are given in Table 2. The variance is within 1—3 9/ for all the samples.

(22)

Gy

Table 2 Comparison of intrinsic viscosities obtained by two different methods

{n] (ml/g)
Sample
Ubbelohde GPC-Au. V
PB-1 214 206
PB-2 210 212
PB-3 202 201
PB4 246 243

From the list, it may be seen that the two sets of [#] are in good agreement, which illustrates
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that the method is reliable and satisfies the accuracy requirement and that samples are not
degraded during GPC determination. The various results from GPC-Au.V determination of
sample PB-4 as well as those calculated with Egs. (1), (10), (17) and {18) are shown in Table 3.

Table 3 The retention volume, intrinsic viscosity, branching factor and MW of sample PB—4

Count Vo, Vg [7:] gi M- 1074
2223 22.71 24.86 780 0.243 417
2324 23.59 25.46 730 0.381 280
24—25. 24.54 26.10 652 0.528 191
25—26 25.52 26.76 590 0.787 126
26—27 26.51 27.44 500 0.930 88.0
2728 27.51 28.11 400 0.939 65.3
2829 28.50 28.78 315 0.974 47.8
2930 29.50 29.45 261 0.985 35.1
30—31 30.49 30.13 212 1.030 25.6
31-32 31.49 30.81 171 1.045 18.8
32-33 32.48 31.48 136 1.006 14.0
3334 33.47 32.15 112 1.025 10.0
34—-35 34.46 32.82 90.4 1.020 9.3
3536 35.45 33.49 72.2 1.023 5.5
36—37 36.43 34.15 56.8 1.00 4.2
3738 37.83 34.83 44.2 0.992 3.2
3839 38.42 35.50 35.0 1.00 2.4
39—40 39.31 36.10 6.4 — i.7

In order to understand the influence of the dead volume of the connecting tube (4V) and
the residual volume fraction of syphone tube 8, calculation of the experimental data under
different combination of 4V and 8 were carried out. The results are listed in Table 4.

Table 4 The influence of 4% and 3 on the calculated items

4V (6=0.05) 3 (4V=0.62)
Calculated 1tems
0 0.62 1 0 0.05 0.1
<[9]> (ml/g) 187.6 187.6 187.6 187.6 187.6 187.6
<g> 0.832 0.825 0.862 0.873 0.825 0.837
<My x 1074 28.87 30.93 31.09 28.86 30.93 31.09
<M>px 1070 12.15 11.28 11.56 11.77 11.28 11.38
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It can be seen from the table that the variation of 4¥ and & had no influence on the calculated
intrinsic viscosities, but it affects the calculated value of (g), (M), and (M}, which is not
negligible. Therefore, accurate determination of 4V and & is of practical importance to the
calculation of branching factor. 4V and § are constants, being 0.62 count and 0.05
respectively in our case. The relation between M,,; and g; from Table 3 is shown in Fig, 2.
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Fig. 2 Relation between MW and branching factor (PB-4)

The figure shows that the MW at the point of@,- which is next to but smaller than 1 is the criti-
cal molecular weight M*, Long chain branching exists in molecules with MW > M*, but not
in those with MW < M*. The calculated values of (M), (M>,, M* and (g) of all samples
are listed in Table 5.

Table 5 Average molecular weights and branching parameters

Sample <M>y 1074 (M) ,-1074 M*.10~4 <g>
PB-1 31.35 15.30 20.5 0.688
PB-2 31.22 15.18 29.9 0.735
PB-3 21.53 13.67 28.9 0.825
PB4 29.05 13.93 35.6 0.965

Then the relation of number of branching n, with branching factor can be expressed by
Zimm-Stockmayer!!!] equation of polydisperse and three functional branching, if the long
chain branching in every GPC fraction are considered as three functional and polydisperse

= = vE 3
_O[( 240 \by CH+A) +AS
<& ﬁwl_< 4, > n(2+ﬁw)%—ﬁw% :’ 23)

where 7,, is weight average number of branching point in one molecule. Hence the degree
of branching A is defined as

nw
(M),
The branching parameters of the polybutadienes studied are given in Table 6.

—A_=

(24)
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Table 6 Branching parameters of polybutadienes

Sample <gr o A %108
PB-1 0.688 2.64 0.84
PB-2 0.735 2.05 0.66
PB-3 0.825 1.15 0.53
PB4 0.965 0.18 0.062

Data in Tables 5 and 6 show that two PB samples characterized have various degrees of long
«chain branching but the number of branching points was very little. However the influence
on the hydrodynamic volume was remarkable. Another advantage of this method is that the
-distribution of long chain branching could be obtained by only one run of experiment, as shown
in Fig. 3.
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Fig. 3 Distribution of long chain branching of PB

Fig. 3 illustrates that the distributions of long chain branching of the four different samples
are different; for the samples the degree of branching increases with the increase in molecular
weight; the critical molecular weight of these samples are all greater than 2 105, but different
among each other in actual values.
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