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Abstract

This paper presents a modeling-based approach to the prediction of the molar mass distribution of the various species in a
star-branched polycondensation mixture. The interpretation of experimental SEC data of the mixture of linear, cyclic and
star-branched molecules is not straightforward, because of the different sizes of those molecules (having the same molecular
mass). Therefore we have opted to use SEC analysis with only a concentration detector and fit the experimental data to the
theoretical mass distribution, corrected for the volume of the various molecules. This allows the relative fraction and the
distribution of the various species in the mixture (linear, cyclic and star-branched) to be determined. To demonstrate this, the
six-arm star-branched polyrcaprolactam based on the six-functional coupling molecule, hexa(6-caproic acid) melamine has
been analyzed. Five polymer mixtures with different initial concentration of coupling molecule have been synthesized. As
the initial concentration of coupling molecule increased, we found that the weight fraction of star-branched molecules
increased, while the weight fraction of linear and cyclic molecules decreased. We also found that the weight-average molar
mass and the arm length decrease as the initial fraction of the coupling molecule increases.
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1. Introduction action results in species with different volume-to-
mass ratios, as calibration can only be done with one
Size-exclusion chromatography (SEC) analysis is molecular species. Interpretation of the experimental
a well-known and powerful method to analyze the data is therefore not straightforward. However, if
molar mass distribution of linear polymers. The molecular size and type of molar mass distribution
parameter that determines retention in SEC analysis are known a priori, it is possible to analyze the
is the hydrodynamic volume of the macromolecular mixture with SEC.
coil. The method can also be used for nonlinear This paper deals with star-branched polyconden-
polymers. Using only a concentration detector, how- sates, particularly the six-arm star-branched poly-
ever, a problem arises when a polymerization re- caprolactam. This polymer is formed by reaction of
caprolactam with a six-functional coupling molecule,
*Corresponding author. Fax: 31-45-578-7153. hexa(6-caproic acid) melamine (HCAM), henceforth
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first synthesized by Schaefgen and Fld&y}. The
reaction mixture yields three types of molecules:
those without a coupling molecule, which are either
linear or cyclic; and those with a coupling molecule,
which are six-arm star-branched. The SEC analysis
of branched polymers has been publist2B] and
that of the mixture of linear and cyclic polyconden-
sates has been reported by Niehaus and Jadkgon
To a large extent we follow their approach. We
deviate from it, however, by explicitly using the a
priori theoretical molar mass distribution, which is
subsequently transformed into a “linear equivalent”
mass distribution by incorporating the molecular size
of the species and the solvent properties. We are then
able to fit the parameters of the theoretical molar
mass distribution with the experimental SEC data.
We are particularly interested in star-branched poly-
mers with more than two arms, which are non-linear.
The general approach, however, can be applied to
any well-defined mixture of polymers and oligomers.

2. General approach

The (weight) molar mass distribution of any
mixture of n species may be represented by:
w®=§@m® 1)

i=
wherew(x) is the total mass distribution within the
mixture of all the different species, is the number
of monomer units,w,(X) is the molar mass dis-

tribution of species, and¢, is the weight fraction of
species. Normalization dictates that:

2 h=1 (2)
and

fwi(x) dx=1 or i wi(x) =1,

i=12,...n (3)

For the six-arm star-branched polymer mixture we
then haven=3 species: linear molecules containing
no R group fori=1, star-branched molecules con-
taining anR group fori =2, and cyclic oligomers for
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i = 3. Using the theoretical mass distributions and the
weight fractions, we are able to determine the molar
mass distribution for the mixture. This situation is
presented graphicallign1. On the left side of

the graph we have the cyclic oligomers, the fraction

of which decreases rapidly with increasing molar
mass. At medium molar mass we find the bell-

shaped fraction for the linear molecules and at higher
molar mass we find another bell-shaped curve repre-
senting the star-branched molecules.

Different species can have a different molecular
size for the same molar mass. It is well known that
the molecular size of cyclic and star-branched mole-

cules is smaller than that of linear molecules of equal
molar mass. For star-branched molecules the size is
also dependent on the mass of the individual arms.

In order to be able to compare the different species

with the SEC analysis that has been calibrated on the

basis of a linear polymer, we transform molar mass
into “linear equivalent” molar m&ss. (). This

results in the curves for both the cyclic and star-

branched species shifting to the left, giving less

overlap between the cyclic and the linear molecules

but more overlap between the star-branched and the

linear molecules. We have also superimposed a

Gaussian distribution in order to correct for band
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Fig. 1. Typical molar mass distribution of a star-branched poly-
condensate mixture.
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0.003 by the independent addition éf Flory distributions
[3]:

Cyclic Linear Star X'
WZ(X):fllg”l expl—x/B), x=0 (5)

0.002 1 Compared to the linear molecule we need only to

include one more parametef—the number of
arms—which is known from theR used in the
reaction mixture.8 represents the number-average
mass of one arm.

0.001 1 In equilibrium the cyclic oligomer distribution is
dependent on the distribution of linear molecules.
The discrete version, based on Gaussian chains, is

[6]:

W (X jin)

X

o L) L] Al q

0 200 400 600 800 W(X) = Lia [ x€(1,23,..) (6)
* lin where the polylogarithnii is defined as:
Fig. 2. Molar mass distribution of a star-branched polycondensate S
mixture in linear equivalent units. . _ q
Lifal=2 {5 (7)

broadening of the SEC analysis. The effect of this is andq is defined as:

minor as compared to the stochastic nature of the q=exp —1/8) (8)
size of star-branched molecules with the same mass.
SEC results are typically presented on a logarith-
mic scale. However, this representation loses vital 4. Molecular size
information at lower masses and therefore we have
opted for a linear representation to do our fitting  In order to be able to transform the molar mass
procedure of minimizing the quadratic differences distribution into “linear equivalent” units, we need
between experimental data and theoretical molar to establish the relation between the volume of a
mass distribution. macromolecular coil\() and the number of mono-
mer units in the chaing. From the general theory of
long chain polymer solutiond7,8], we get the
3. Molar mass distribution proportionality relation between the volume of a
macromolecular coil and the mean square radius of
The form of the molar mass distributions for the the perturbed moleculg$°)):
three different species in the star-branched poly- 232
condensate mixture is known. For linear polyconden- V(S )

sates we use the continuous form of the Flory _ .
distribution [5]: The relation between the mean square radius of

X the perturbed and the unperturbed molecule is given
W09 =z X~ xIf), x=0 4) by
S = aXS 10
where 8 is the number average molar mass and (S)=aX % (10)
the number of monomer units. The molar mass and more specifically for any molecule, it can be
distribution of 100% star-branched polymer is given generalized as:
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(%) = a’%(SHg in (11) SEC analysis is the volume of the macromolecular
coil. From Eg. (15) we can find the ratio between the
volumes of any molecular species and a linear
molecule:

where the mean square radius of the unperturbed
molecule is represented byS%), and the mean
square radius of the unperturbed linear molecule by
(S%)oin- @ is the expansion factorg is called the i:<7\/§>3<i>a+l (16)
contraction factor, which is a constant for linear and Viin Hin Xin

cyclic molecules; but for star molecules it is stochas-  1he subscript “lin” refers to a linear molecule.

tic, as each configuration of arms with equal molar \yithout subscript the parameter refers to any mole-
mass of the molecule results in a different value for cule. With Eq. (16) we can establish the relationship

g. For stars with many armsf(>10), we have 0 pepyeen the molar mass in units of any species and
include an additional expansion factor coping for the i1q jinear equivalent units, by evaluation of Eq. (16)

increased segment density at the branch pg@irit0]. under equal volume condition:
In combination with the well-known proportional
relation between the unperturbed mean square radiusx = hx;,|(V=\{,) (17)

of the linear molecule and the number of monomer
units &), given by:

<SZ>0,IinxX (12) h :<y')1i/n§>3/(a+l) (18)

we establish from Egs. (9)—(12) the proportional  For linear and cyclic moleculels is a scalar. For
relation between the volume of a macromolecular star-branched molecules with Flory distributed arms
coil and the expansion factor, the contraction factor g is a stochastic variabld1] and consequently is a

with

and the molar mass: stochastic variable too. Fér>4 and relevant values
Vor(an/gx)® (13) of a, the density function oh can be approximated

by a Gaussian distribution with parametggs  and

. . . . star
The expansion factor is dependent on the molar h,,, Substitution of Eq. (17) (including the stochas-

mass [7], p. 407): tic nature ofh for stars) into the Egs. (4)—(6) and
then combining the result with Eq. (1) gives us the

a=yx° (14) molar mass distribution in linear equivalent units:
where y and ¢ are constants and is equal to b1 X — Xjin
(2a—1)/6, in whicha is the constant in the Mark— W(Xiin) = B2 p( B >
Houwink—Sakurada formula. The parametar is . 2 .2
dependent on the polymer type, the type of solvent PoXiin bt 41 Thgalin B 'uﬁsta?(“n>
and the temperature, but is assumed to be indepen- fig'"t 2B° B
dent of the molecule species. (1— b, — b )qoverckin

Substituting Eq. (14) into Eg. (13) gives the +—2t 1/2 = (19)
following proportional relationship: Lizo[a] NeyeicXiin
Vo (/g (15) ~ Wwith

f

The parameters on the right hand side of the oy :f h
equation can be estimated for the various species oW Uhsta,\/ZT
using theoretical calculations and published ex- 2 2

H h lin
perimental data. (hstar_ ["‘hs‘ar_ %])

X ex 2 d]star
O

star

5. Linear equivalent units (20)

The parameter that determines the retention in which is fthemoment of the a Gaussian dis-
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tribution with parametersy, — ‘Tﬁsta?(linlﬂ and
Oh,..- The subscript “star” refers to a star-branched
molecule and “cyclic” refers to a cyclic oligomer.
Eq. (20) can be solved exactly and after some
mathematics we arrive afl2], p. 62):

! _Dglj( f > (2k)! Uﬁ:(ar(ﬁlllh star_ O-E star lln) f_2k
e k=0 \ 2K Zl(k!ﬁf_2k

(21)

in which [.0Orepresents the greatest integer less than
or equal to the value of the expression between the
brackets.

Band-broadening effects typically occur in chro-
matographic processed3]. To correct for it we
superimposed a Gaussian diffusion with constant
variance of 0.7.

Eqg. (19) represents a molar mass distribution of a
mixture of three molecular species with only three
parameters that need to be estimated: the weight
fraction of the linear species(), the weight fraction
of the star-branched specieg,] and the number-
average arm lengthd). The other parameters can be
estimated from theoretical calculations (see Section
7).

6. Experimental

6.1. Synthesis

The star-branched mixture has been synthesized
by combining 99 g ok-caprolactam, 1 g of 6-amino
caproic acid, 2 g of demineralized water and a
variable amount of hexa(6-caproic acid) melamine
(HCAM) in a 5-cm wide polymerization tube. The
molar ratio of HCAM to caprolactam is referred to as
«. The ratio ranged from 0.00111 to 0.0045. A
magnetic stirrer bar was added to the polymerization
tube, which was subsequently fitted with a con-
denser. The tube was flushed three times with
nitrogen, under 20 mbar vacuum. Whilst under
nitrogen, the tube was placed in an aluminum heater
block at atmospheric pressure and heated from 20 to
265°C over a period of 3 h, after which it was kept
at this temperature for 11 h. The resulting polymer
was cooled in liquid nitrogen, crushed and ground to
a maximum grain size of 3 mm. The granulate was
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washed for 2 h with an 8-fold excess of boiling
water. After decanting, the washing step was re-
peated two more times. The polymer was then dried
in a vacuum oven for 24 h at 6€ and 200 mbar
under a small nitrogen flow. Chemicals: Caprolactam
(DSM, AP grade) was stored under nitrogen at
40°C. 6-Amino caproic acid (Acros, 99%) was
used as received. HCAM was obtained by the
stepwise reaction of di(6-caproic acid) amine with
cyanuric acid chloride in water with sodium hy-
droxide as a base. Acidification of the reaction
mixture gave the product in near quantitative yield
[14]. The purity as determined by HPLC was 95%.

6.2. SEC analysis

The SEC experiments were performed on a Agil-
ent chromatograph (HP 1090) equipped with a
differential refractometer (HP 1047A) and a differen-
tial viscometer (Viscotek H502B). Four Nucleosil-
70H (Machery Nagel) were applied. The mobile
phase was hexafluoroisopropanol with 0.1 wt%
potassium trifluoroacetate (Aldrich) and the flow-rate
was 0.4 ml/min. Minor flow-rate fluctuations were
corrected. The SEC apparatus, columns and detectors
were operated at 2%. Data were collected and
analyzed using Tri SEC version 2.7 (Viscotek). The
conventional calibration method was used employing
linear nylon 4,6 (Stanyl) samples that we synthesized
specifically for that purpose. Samples were dried for
16 h under vacuum before dissolution in the solvent
under nitrogen atmosphere.

7. Values of h for the six-arm star-branched
mixture

In order to compare the “theoretical” molar mass
distribution of Eq. (19) with the experimental SEC
data, we have to establish the values for the parame-
hiemhich can be determined fromy y anda by
use of Eq. (18). For linear molecules wg hate
by definition, for cyclic spegigs. = 0.5 [15] and
for Flory distributed star-branched polymers we have
deduced,that6f/(f +1)/(f +2) [11]. The ratio
happens to be exactly the same as that for a
uniformly distributed star-branched pdi&jer
The ragjfy can be estimated from the ex-
cluded volume theory. Cyclic species, because of the
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restrictions enforced by the ring structure, have a star-branched moleculesf witms, a Gaussian
higher segment density in the center and therefore distributiorhof with parametersu, =(v,/
expand more as compared to the linear molecule, duey,,,)3"@*>( - 0.385@ + 1.7725=1.48 ando;,_ =
tozcham and solvent interactions. The rattijcncl (Win ! Yeta*'@*(— 0.181% + 0.330)=0.2.
ay, is 1.09 in good solvent conditiofi7] (excluded
volume=0.5), so thaty;, /¥, =0.958.

For star-branched polymers there are two opposing
effects: the segment density near the core is higher, 8. Fitting results
which enhances the overall expansion. On the other

hand the star structure provides a topological con- Six samples of six-arm star-branched polycap-
straint at the branch point opposing such expansion rolactam were analyzed. The samples featured differ-
[18]. The net effect is that the expansion factor is ent initial concentrations of the coupling molecule
slightly larger than the expansion factor of linear and therefore different molar mass distributions. We
molecules with equal excluded volume. For regular performed a least squares analysis using the method
six-arm star molecules the ratie’,_ /a increases of the steepest descent of the Microsoft Excel Solver
asymptotically to a value of 1.03; at an excluded function by comparing Eq. (19) with the SEC
volume of 0.5, /a?, is only 1.014[18]. Assum- concentration chromatogram data for the non-ex-
ing that this last value is also representative for tracted polymer. In the fitting procedure we disre-
polydisperse stars and is realistic for a good solvent, garded the first seven members of the SEC data, to
we estimate thaty;, /y,,,,=0.993. minimize the interference of the ring tension with the

A value of 0.65 has been reported farfor the Gaussian chain assumption for the cyclic molecules

polyamide 6/HFIP(0.05M CF,COONa) at 20C and to adjust for the fact that the polymer is washed.
[19] and a value of 0.63 for the polyamide 6,6/ Only the valuesgpf ¢,, B were estimated; the

HFIP(0.1 M CF,COONa) at 28C [20]. At low values for the other parameters are deduced in
masses (below 1000 g/mol) the reported valueof Section 7. Weight fractions and number—average arm

is 0.59 and above 300 g/mal becomes 0.7 for the length are givenTiable 1.The root mean square
polyamide/HFIP(0.0IM CF,COONa) at 35C [4]. error (RMSE) is given inTable 1 as well and
For polyamide/HFIP(0.0IM CF,COOK) at 25C indicates a very good fit. We found, however, that the
we find values fora in the range of 0.68-0.74 in analysis does not converge to realistic results for
SEC/DV (see for details Section 6). Because of this <0.001, probably due to the flatness of the slope,
wide range ofa, we have opted to use=0.7 for all which gives a shallow minimum with almost the
masses and to include a sensitivity analysis in same residual squares. The mass distributions of
Section 10. Fora=0.7 we geth,,=1 for linear three selected samples are giveRim 3. For low «
moleculesh,,;.=1.71 for cyclic molecules and for (sample 2h327) we find a broader distribution com-
Table 1
Estimated parameters of six-arm star-branched polycaprolactam
Code Initial molar Weight Weight Number- Root mean
fraction of R fraction of fraction of average square error
(o) linear star-branched arm length x10%)
molecules molecules A
(¢) (¢2)
2h327 0.00111 0.261 0.733 71.0 1.4
2h241 0.00167 0.198 0.791 62.7 2.0
2h326 0.00206 0.130 0.864 59.3 1.3
2h325 0.00242 0.126 0.862 55.0 25
2h240 0.00333 0.106 0.888 42.6 1.3

2h324 0.00450 0.067 0.929 35.8 0.9
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Fig. 5. Arm length 8) versus initial molar ratio oR (a;).
Fig. 3. Selected molar mass distributions of six-arm star-branched

polycaprolactam (SEC analysis versus model). )
9. Derived results

pared to highe; (sample 2h324). The higher the Fram ¢, B we can derive the averages of the
value of «;, the higher the weight fraction of star mass distribution and estimate the ratio of Ritial
molecules. For the linear and cyclic species the versus monomer. The weight average molar masses
reverse is trueKig. 4). 8 decreases with increasing are calculated gsf@r linear, (f +1)8 for star-
«; (Fig. 5), because of stoichiometric unbalance of branched lBng,[q]/Li,,[q] for cyclic species.
the end groups. The solid lines iRigs. 4 and 5 The weight average molar mass of the mixture is
represent best-fit lines. then equal to ¢,B+(f+1)p,B+(1—¢,—
bo)Liy o[/ L, fal.
1 0.4 From the estimated parameters and the theoretical
Ostars mass distribution we can calculate the number
@linears i
Ocyclics average molar mass for linear3), for star-branch-
0.9 1 - 0.3 ed (=fB) and for the cyclic species=Li,,,[q]/
2 Lig,,[g]). The number average molar mass of the
. e% mixture is then equal to¢,B+fp,B+(1—d,—
é_ 0.8 1 102 = ¢2)L|3,2[q]/L|_5,2[q], _Wlth ¢, and ¢, being the_
b number fraction of linear and star-branched species,
é respectively. The number fractions can be expressed
0.7 | 4 0.1 in relation to the estimated parameters¢ggas= Af¢, /
[18 +f(A— By, +(A—1B)o,] and o, = A, /[ T8 +
—> f(A= By, +(A—1B)¢,] with A=Li;,[q]l/Lig, q].
061— mp—Egl—a —§7 |, Average molar masses (given in mass units) of the
0 0.001 0.002 0.003 0.004 0.005 various species and the mixture are giveable 2.

The average molar mass follows the trend dictated
by parametelB. The higherg, the higher the mass.
Fig. 4. Weight fractions versus initial molar ratio Bf (c;). The figures are given as if no extraction has taken

Oy
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Table 2
Average molar mass of six-arm star-branched polycaprolactam mixture
Code Number-average Weight-average

Linears Stars Cyclics Mixture Linears Stars Cyclics Mixture
2h327 8000 48 100 190 12 300 16 000 56 100 690 45 300
2h241 7100 42 500 190 9500 14 100 49 600 650 42 100
2h326 6700 40 200 190 14 100 13 400 46 900 630 42 300
2h325 6100 37 300 190 9200 12 400 43 500 610 39 000
2h240 4800 28 900 180 12 200 9600 33700 540 31000
2h324 4000 24300 180 12 900 8100 28 300 500 26 800

place. The polydispersity for the mixture ranges from 10. Discussion

4 to 2 for ,=0.00111 and 0.0045, respectively. The

weight-average masses are 7—12% higher compared The comparison between a theoretical model and

to SEC analysis, where we do not take the molecular the experimental data improves with the use of a

size of the different species into account. more realistic model and more accurate data. To
The initial molar ratio between the coupling arrive at the theoretical mass distribution we have

moleculeR and the monomerqf) can be estimated used the molecular size of the various species

from the three estimated parameters because of thecompared to linear molecules at excluded volume of

dependence between linear and star-branched specie§.5 from modern polymer solution theory. This

[21]. Corrected for the fraction of cyclic molecules relative molecular size is representative for a good

the estimated ratio isy .o, = 2(1— ¢, — ¢ /f(28 — solvent and is (slightly) dependent on molar mass.
D(1-¢)=(1— ¢, — ¢)/IB(1— ¢). The initial Although relative molecular size is far less depen-
molar fraction seems to be slightly overestimated, dent on molar mass than the actual molecular size,
particularly at lower values of; (Fig. 6). The solid the analysis might be improved by assessing the
line in this figure represents a best-fit line. solution properties of the system polycaprolactam/

HFIP. Another inference is that star-branched poly-

mers tend to stretch more at low arm length and less

at higher arm length. The exact effect on the
0.006 distribution, however, is not known.

Apparently the error made is the highest in the
lower region of the chromatogram. This area is
mostly occupied by cyclic molecules and therefore
0.004 | the uncertainty is greatest for the cyclic species. One
of the reasons is that we have used the Jacobson and
Stockmayer relation, which does not include the ring
tension, and therefore the fraction of small cyclic
molecules is not determined correctly. A powerful
method has recently been developed that can analyze
cyclics up to 50 monomer unif®2,23]. Incorporat-
ing such an analysis will benefit the assessment of
the molar mass distribution of the polycondensate

0 - : mixture.
0 0.002 0.004 0.006 As the values that have been reported for the
O Mark—Houwink—Sakurada parameter for equiva-
Fig. 6. Estimatedd, ) versus initial molar ratio oR (q). lent polymer/solvent systems ranges from 0.63 to

Oy Jest.

0.002
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0.74, we have assessed the sensitivity with respect to [2] C.J. Jackson, J. Chromatogr. A 662 (1994) 1.

a. We found the weight fractions are only very
slightly dependent oa and that3 decreases by 0.16
monomer units for an increase of 0.01afSo from
the minimum value (0.63) to the maximum value
(0.74) the effect orB—and consequently on average
molar mass—is 2.4%.

11. Conclusions

Conventional SEC analysis can be used to analyze

the molar mass distribution of a mixture of a six-arm

star-branched polycondensate. The mixture can be

broken down into its molecular components (linear,

cyclic and star-branched molecules) by use of the

theoretical mass distribution, corrected by volume.
With increasing initial concentration of coupling
molecule we found an increasing weight fraction of

[3] H. Tobita, N. Hamashima, Macromol. Theory Simul. 9
(2000) 453.

[4] D.E. Niehaus, C. Jackson, Polymer 41 (2000) 259.

[5] GV. Schulz, Z. Phys. Chem. B 43 (1939) 25.

[6] H. Jacobson, W.H. Stockmayer, J. Chem. Phys. 18 (1950)
1600.

[7] C. Tanford, Physical Chemistry of Macromolecules, Wiley,
New York, London, 1961.

[8] H.Yamakawa, Modern Theory of Polymer Solutions, Harper
& Row, New York, London, 1971.

[9] J. Roovers, N. Hadjichristidis, L.J. Fetters, Macromolecules
16 (1983) 214.

[10] G. Allegra, E. Colombo, F. Ganazzoli, Macromolecules 26
(1993) 330.

[11] C. Versluis, T. Hillegers, Macromol. Theory Simul. 11
(2002) 640.

[12] M. Kendall, A. Stuart, 4th edition, The Advanced Theory of
Statistics, Vol. 1, Charles Griffin & Company, London, High
Wycombe, 1977.

[13] WW. Yau, J.J. Kirkland, D.D. Bly, Modern Size-exclusion
Liquid Chromatography: Practice of Gel Permeation and Gel
Filtration Chromatography, Wiley, New York, 1979.

star-branched molecules, while the linear and cyclic [14] H. Nestler, H. Furst, J. Prakt. Chem. 22 (1963) 173.
molecules decreased. Further, the Weight-average[l5] H.A. Kramers, Physica XI 1 (1944) 1, translation: J. Chem.

molar mass and the arm length decrease as the initial

fraction of the coupling molecule increases. With
increasing initial concentration of coupling molecule
we found an increasing weight fraction of star-
branched molecules, while the linear and cyclic

molecules decreased. Further the weight-average
molar mass and the arm length decrease as the initial

fraction of the coupling molecule increases.
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