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Size exclusion chromatography of branched polymers: Star and
comb polymers
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SUMMARY: Monte Carlo simulations were conducted to estimate the elution curve of size exclusion chro-
matography (SEC). The present simulation can be applied to various types of branched polymers, as long as
the kinetic mechanism of nonlinear polymer formation is given. We considered two types of detector systems,
(1) a detector that measures the polymer concentration in the elution volume to determine the calibrated
molecular weights, such as by using the differential refractive index detector (RI), and (2) a detector that
determines the weight-average molecular weight of polymers within the elution volume directly, such as a
light scattering photometer (LS). For polydisperse star polymers, both detector systems tend to give a reason-
able estimate of the true molecular weight distribution (MWD). On the other hand, for comb-branched poly-
mers, the RI detector underestimates the molecular weight of branched polymers significantly. The LS detec-
tor system improves the measured MWD, but still is not exact. The present simulation technique promises to
establish various types of complicated reaction mechanisms for nonlinear polymer formation by using the
SEC data quantitatively. In addition, the present technique could be used to reinvestigate a large amount of

SEC data obtained up to the present to estimate the true MWD.

Introduction linear polymer system can be simulated on the basis of
Size exclusion chromatography (SEC) provides a useftiie formation mechanism, the use of SEC would expand
method for determining the molecular weight distributiorremarkably.
(MWD) relative to standard calibration polymers quite JacksoR reported the simulation results of the direct
easily, and has been used widely in research and develagcings in a SEC analysis for the polymer molecules
ment as well as quality control of product polymers. Foformed by random condensation of-f/pe monomer
linear polymers, the method to determine the MWDwith a small amount of A Analytical solutions of the
based on the elution curve of SEC has already been estawD?** and radii of gyratioh were used to estimate the
lished well. On the other hand, for branched polymersSEC tracings. However, these analytical solutions have
the measured SEC data are in many cases analyzed jbstn derived only for limited cases, and therefore, a more
qualitatively. general approach is required to investigate real polymer
In a SEC measurement, polymer molecules are consigystems.
ered to be fractionated by the hydrodynamic volume. The Recently, a new Monte Carlo simulation approach
size of branched polymer molecules is smaller than thétased on the random sampling technique was proposed
of linear polymer molecules having the same molecularhis method can be applied to various complex polymer-
weight). Therefore, the true MWD cannot be obtainedzation reactions that involve branching, crosslinking, and
through the usual procedure in which a set of linear polydegradation during polymerization irrespective of the
mer standards is used to establish the relationshipactor types used, as long as the size and structure
between the elution volume and molecular weight. Odependent reaction kinetics are of minor importance. In
the other hand, simultaneous measurements of light scéitis method, one can observe the structure of each poly-
tering intensity and concentration enable the weight-avemer molecule directly on the computer screen, and there-
age molecular weight of the elution volume to be deterfore, very detailed information can be obtained. This
mined directly without the calibration. However, for amethod was used to obtain the mean square radius of
branched polymer mixture, polymer molecules whosgyration for each polymer molecule that exists in the
hydrodynamic volume is the same but having differenteaction mixtur&®. The estimated mean square radius of
molecular weights coexist within the same elutiorgyration could be used to determine the elution volume in
volume because of the difference in their branched strue-SEC analysis.
ture. Therefore, strictly speaking, the absolute MWD can- In this article, we apply the random sampling technique
not be obtained even when one uses the on-line light scat- estimate the SEC elution curves for two types of
tering photometer. If the elution curve of a given nonbranched polymers, star and comb polymers.
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Method

Estimationof the meansquake radiusof gyration

Fig. 1 shows an exanple of the comb branchedpolyme
structure,which was obtainedin the random samging
technique for the simulation of free-radcal copolymeriza-
tion with macranonomet®. The horizontal line (bold)
showsthe backbonechain andthevertical linesshowthe
branch chairs. By assumingthe ® cordition, the 3D
structureof this polymea can be estimated by drawing
eachprimary chain asthe trajectory of the randomwalk
in the 3D spaceFig. 2 showsanexanple of the 3D struc-
turewhose2D structureis shownin Fig. 1. By generating
the 3D structureasshown in Fig. 2, it is straighforward
to calculatethe radiusof gyraton s for the givenpolymer
conformadion, and the spherehavingthe radiuss is also
shownin Fig. 2. The mean squareradiusof gyration of a
particular branchedpolymer molecule(sz)br can be esti-
matedby taking the averageof the radii of gyration for
many types of conformation, i.e., by prodwing the 3D
structure,as shown in Fig. 2, mary times. We edimated
the (sz)b,-valuefor eachpolymermoleculeby generating
the 3D structure100timesin the preseninvestigaion.

To exanine if the 100timesof simulafon for {s*) pro-
videsan estimate with sufficient accuacy, we conduced
Monte Carlo simulations for a linear polymer mixture.
For alinear polyme system theradus of gyrationin a ®

solventis givenby:
&) =NL2/6 (1)

whereN is the numkber of segnents,andL is thelengh of
a sggment. Assumirg that one segmentconsistsof u
monomeit units, the chain length that can be obtained

from the estimated(s) -valueis givenby:
P =6ul$) /L2 (2)

We usedthe following most probale distribution asa
testdistribution:
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Fig.1. Example of a comb-branbed polymer moleaile,
formed in a free-radical copolymeization with macromone
mer?. The axesshowthe lengthin the numberof monomeic

units
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Fig.2. Example of the 3D structure of the combbranched
polymer shownin Fig.1 in a ® solvent. The axes show the
lengthin the numberof segmentsin this simulation,one seg-
ment consistsof 5 monomericunits. The sphereshownby dots
hasthe centerat the centerof massandhasthe radiusequalto
the radiusof gyration of this combpolymer

©)

where P is the degreeof polymerization (DP), and P, is
the numberaverageDP. The P,-value is asumedto be
100in the presensimulation.

As for the choiceof the u-value,any u-value could be
usedaslong asit makesthe numberof segmentsN large
enaugh. For real chairs, this arbitrariness can be
removed?, for exanple, by usingthe chaacterigic ratio
(Co9 andthefully exterdedlength(rmay) of thereal chain
asfollows:

NL2 = Coonl?
NL:rmM

(4)
(5)

where n and | are the numberof bondsand the bord
length of the chain molecuk, resgectively. For polyethy-
lene chairs®, n/N=10 real bords per equivalent seg-
mernt, i.e., u =5. We useu =5 throughout the present
article.

We geneated4 X10* randomnumbersthat follow Eq.
(3). A quick methodto generateandomnumbes thatfol-
low the most probabledistribution can be found else-
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Fig.3. Simulated weight fraction distribution of the linear
polymersfollowing the mostprobale distribution. The total of
4 X10* polymermoleculesveresimulaed

wheré?. For eachchain we conductedhe randomwalk
in 3D spaceand calculateds?-values100 timesto deter
mine the (&)} -value. Then, Eq. (2) is usedto obtain the
“calibrated” DP. Becausea small amaunt of errorin the
estimaed (&) -valueis inevitable, the “calibrated” DP is
not exactlyequal to thetrue DP.

Fig. 3 shows the simulatedweight-baed DP distribu-
tion. The indepementvariableis the logarithm of DP as
usually emgdoyed in a SEC analysis The solid curve
showsthe theoreticaldistribution given by Eq.(3). The
absoluteDP distribution obtaned by gererating4 X10*
randomnumbes that follow Eq.(3) is given by the x-
symbol. TheweightaverageDP of the simulatedpolymer
sampleswas P,, = 200.7, while the theoreticalvalue is
ﬁmrheow = 200.Thetotal of 4 X10* polymermoaleculescan
give anexcelentedimatefor the DP distribution.

The circular symbolsin Fig. 3 show the “calibrated”
DP distribution. The weight-averag DP of the calibrated
distribution was P, =205.4. A 2.7% of error was
observedHowever asshownin Fig. 3, the whole distri-
bution profile agreesreasonaly well with the theoretical
distribution, and a 2.7% of error would be acceptable
whenoneconsitersthe experimentalerrorsin SECmea-
suremenrd. In addition, becawse the variane of s>-distri-
bution is smaller for branchel polymers, the error is
expeced to be smaler for branched polymers,as shown
later. Note thatwhenwe simulae a polymer mixture that
involves both linear and branchedpolymers, we will use
the absoute DP for the linear polymes insteadof the
calibrated DP, becausdrom the theaetical point of view
the absoluteand calibraed DPsmustbe the samefor the
linear polymers.Therefore we calcuate the mean squae
radiusof gyrationby simulating 100 typesof spatal con-
formation only for eachbranchedpolymermolecule.

CalibratedDP of branchedpolymer

We assumethat the universal calibration is valid and
polymermolecules arefractionatedby the hydrodyramic
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volumeof the solvatedmolecule.Suwposethatthe SECis
calibrated by using a sa& of linear polymer standrds
whosemonomeit unitsarethe sameasthosein brancled
polymers.Thecalibrated DP, P* is given by:

ol

6)

where [#], and [#]* are the intrinsic viscosity of the
branchedpolymer andthat for a linear polymer molecule
whoseelution volumeis the same respetively, andP is
thetrue DP of the brancled polyme molecuk.

The factor g, which showsthe reductionin size of
branchedoolymersis defined by®:

g = AN (7)

where (sz)nr and(sz) arethe mean squareradiusof gyra-
tion of branche andlinear polymermolecueshaving the
sane DP, respectivéy.

Fora @solvent,(sz) is given by Eq. (1). Although the
eluent usedin a SECexpeaimentis usualy athermodya-
mically goad solvent, the g-factar is known to be rela-
tively insersitive to the goadnessof the solventused®,
and therefore the presentrandomwalk approachwould
provide areasmableapproxmationfor the g-factor.

Theg-factoris usudly equatel to theratio of theintrin-
sic viscosityby usingthe exponenb asfollows:

o =k /1 ®)

The b-valueis usuallybetween0.5 and 1.5, dependiig
onthetypeof branchedbolymef+1),

By usingthe Mark-Houwink-Sakuradaequaton for the
intrinsic viscasity, [#]; and[7]* aregivenby:

[, =xP
=K E"y
Theexponet, ais usuallybetweerD.5and0.8.

By substiuting Egs.(1), and(7)—(10) into Eg. (6), one
obtains:

P =g'P = 6 >0PH‘

©)
(10)

s (12)
whered.=b/(a+ 1).

By estimating (sz)br through the Monte Carlo simula-
tion, one canobtain the calibrated DP P*, which leads to
obtain the calibrated DP distribution. This type of distri-
bution would be obtainedby using a detedor that mea-
sures the polymer concentration in the elution volume,
suchasthe differertial refractiveindex detector (RI). On
the other hand, by calcuating the “true” weight-aveage
molecularweight of eachfraction, onecanobtdan the dis-
tribution when one usesa detectorsystemthat measures
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the weightaverag molecular weight of polyma mole-
culeswithin the elution volume, suchasthe light scatter
ing photomete (LS). We consider thesetwo types of
detectorsystens.

Resultsand discussion

Preliminaryinvestigationfor regularstar polymers

Before consideing polydispersesystens that areof prac-
tical interestin SECmeasurerants,we corsideraregular
starpolymersystemto highlight a gereraltrend,in parti-
cular, the effects of parametersa andb on the calibrated
DP.

For starpolymershaving f armswith the sameDP, g is
givenby'®:

(12)

By subsituting Eq.(12) into Eg.(11), one obtainsthe
calibrated DP of a starpolymer.

For star polymers, the b-value is usually claimed® to
be 0.5. Fig.4 showsthe effect of the a-value, which
showsthe goadnessof the eluert used,on the calibrated
DP. The introducion of arms makes the calibrated DP
smalle, however the goadnessof the solventusedhas
only aminor effect onthe calibraed DP.

In the caseof starpolymers,the b-valuewould be 0.5,
however in orderto investigatea geneal effect of b, we
calculaed the calibrated DP by changingthe b-value
from 0.5to 1.5. Fig. 5 shows the effect of b. The differ-
encefrom the “true” DP becomedarger as the b-value
increases Therefore,it is expectedthat the difference
betweenthe true and calibrated DP is larger for the
branchedpolymes whos b-value is large, such as the
casefor comb-branchedpolymers (b =1.5) rather than
the starpolymers(b = 0.5).
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Fig.4. Effect of the solvert usedin a SEC measurementor
regularstarpolymershavingf arms
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Fig.5. Effectof theexponenb in a SECmeasuremenfor reg-
ular starpolymershavingf arms
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Fig.6. Simulatedresultsof the g-factorin comparisorwith the
analyical solutionfor regularstarpolymershavingf ams

To examine the precisian of the Monte Calo simula-
tion for estimatirg the g-factar, we simulatel the g-factor
for regularstar polyme systemsFig. 6 showsthe com
parison with the theoretcal value (solid curve). The x-
symbols showthe estimateobtainedby simulating the 3D
polymer structure 100 times, while the circular symbol
shows that for 1000 times Obviously, the resultsfrom
1000timesof simulation give a better fit thanthosewith
100 times of simulation. Howeve, excep for the linear
polymer (f = 2) whosevarianceis larger thanthat of the
branchedpolymers,the errorsin the 100timesof simula-
tion are not too large. We use the 100-time method to
reducethe amountof calcuation required.

Starpolymers

Therandomsamping techriqueto deternine the sizeand
structure of starpolyme's basedon the reactionmectan-
ism canbefoundin ref.*2 By simulatingthe meansquare
radus of gyration for eachsamped polymer malecule,
theelution curve of SECcanbe simulated
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Fig.7. Simulatedweight fraction distribution of the starpoly-
mermoleculeshaving4 arms

Our first exampleis the star polymer having 4 arms.
The arm chainsare assuned to follow the mostprobalte
distribution represeted by Eq. (3) with the numberaver-
age DP of arms, P,,m=100. The DP distibution
obtainedfrom the randomsamplirg techrique, by gener
ating 2 X10* polymer malecules,is shown by the circular
symbolsin Fig. 7, which agreeswell with the theoretical
distribution*?1"1®, The weight-awerageDP of the theae-
tical distribution is Pwtheory—SOO while the simulaed
absolutevaluewasP ®° = 501.1

By assumingu = 5 "the {&),-value of eachpolymer
molecuk wasdeterminedo follow the dottedcurveindi-
cated by the legerd RI in Fig.7. The exponen of the
Mark-Howvink-Salkuradaequadion is a = 0.6 for the pre-
sentcalculation. The obtainedweight-averageDP is PWSIm
= 468.8 whichis 6.2%smaler thanthetruevalue.

Next, we calculated the weight-awerage DP of each
fraction, andplottedthe weight fractions asa function of
suchaveragesafter normalizaton (to make the total area
unity). This type of plot is shown by the dashedcurvein
Fig. 7 (legendLS), which agree sowell with the theae-
tical distribution thatit is difficult to distinguishfrom the
solid curve. Note that, in principle, the weight-awerage
DP, Py = Pl €vENWhenthe MWD profiles do not
agree.

Next exanple is the reaction betweenthe tetraiunc-
tional units (A;) and monofurctional polymeric chains
(B-Polyme) with the exact stoichiometry ([A] o = [B]o).
We assumd that the monofurctional linear polyme
molecuksconformto the mostprobabledistribution with
the numkeraverag DP 100. In practice, not all func-
tional groups would react andwe assumedhatthe prob-
ability that a functional group is reactedis equal to
p = 0.5. This type of star polymerscoud be synhesized
by emgoying anidealtetrafunctionalchaintransfe agent
in free-radcal polymerizatior'?!®, In this ca, linear
polymermolecules(polymeis with 1 and2 arms)coexst
with brancled polymers (polymerswith 3 and 4 arms)
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Fig.8. Simulatedweight fraction distribution of the starpoly-
mer moleculesthat are formed by connesting the chain endsof
linearpolymersby tetrafunctical unitswith probabilityp = 0.5

The full weight fraction distribution aswell asthe frac-
tional distribution possessind, 2, 3, and4 armscanbe
foundin figure 5 of ref}?

Fig. 8 shows the simulatel results.The total of 2 X10*
polymer molecues were simulated The Welght aveage
DPs are as follows: Pwmeo,y— 350, PWSIm =351.2, and

Ws,m— 342.7. As shownin Fig.6 and 7, both detector
systens may give a reasonald estimate of the true mole-
cular weight distribution for polydispersestar polyme
systens.

Combpolymers

The randomsamping tecmique when appled to comb-
branchedpolymer systens can be found in refl® For
comb-branclked polymers, the b-value'>'¥ may be close
to 1.5 or slightly smallerthan1.5. To investigatehow the
magnitude of b-value chargesthe elution curve,we used
bothb=10and1.5.

Our first exampleis the cae whereboth backboneand
branchchairs confarm to the most probabledistribution
whose numberaverag@ DPs are 200 and 100, respee
tively. The brancling density of the backbor chan is
p=0.02.

The solid curve in Fig.9 shows the analytical solu-
tion'%292D for the presentcomb-branchedpolymer sys-
tem The circular symbok in Fig.9 show the absolute
weight fraction distribution obtainedfrom the random
sampling techrigue. The total of 2 X10* polymer mole-
cules were simulaed. The weight-averag DPs are
Puheory = 1332, andﬁjv;m = 1334. The dotted anddasled
curvesin Fig. 9 showthe3|mulated\/\/eightfractiondistri—
bution for anRI systemwith a = 0.6. Theelutioncurvein
a SEC measurerant may lie somewlere betweenthese
two curves.The weight- avera DP of thesetwo curves
areP,,, ., = 886.7andP,_ |, s = 729.3.TheRI sys-
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Fig.9. Simulatedweightfractiondistributionof anRI detector
systemfor thecombpolymermolealles
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Fig.10. Simulatedweightfractiondistributionof anLS detec-
tor systenmfor the combpolymer molecules

tem clearly underesmates the DP of comb-braached
polymers.

On the other hand, when the LS systemis used,the
obtainedMWD is improvedsignificantly bothfor b = 1.0
and1.5, but it doesnot agreeperfectly with the theoreti-
cal distribution profile asshown in Fig. 10. The obtained
MWD is slightly narrowerthanthetrue MWD.

Finally, to showthe broadapplicalility of the present
simulation method we conduced a simulation for free-
radical copolymeization with macranonomer The
detailedsimulation algorithm can be found in ref1® The
reactioncondition is asfollows. The reactvity ratiosare
ri=r,=0.5,andtheinitial mole fraction of macranono-
mer is 0.01. The DP distribution of the macrommomer
molecuks is assumedto be given by the Schulz-Zimm
distribution whose weight fraction distribution is repre-
sentedby:

o P\’ oP
WhnacrolP ) == —_— — 13
(P) W<Pn>eXp<Pn) (13)
whereg is a parameterindicating the narrownes of the
distribution breadth,i.e., 0 =P, (ﬁw —5n). We usedP,
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Fig. 11. Simulatedweightfraction distributionof anRI detec-

tor systemfor the comb polymer moleculesformed through
free-radicalcopolymeizationwith macromoneer

= 100ando=10. The condition with o= 10 correspnds
to the polydispesity indexﬁw/ﬁn =1.1.The macromao-
mer moleculessynthe&ed throughliving polymerizaion
oftenfollow the Schulz-2mm distribution.

We assuned thatthe dominantchainstoppag mechan-
ism is chan transferreactionsto the chan transferagent
(CTA). Theinitial ratio of the concentationsof CTA to
monomeris [CTA]o/[M]o = 4 X107, andthe chan transfe
corstantis Cicra = 2.5. In this casethe avelage DP of the
backbone chain increasesduring polymeriation. We
simulatedthe reactionsystemat the total monomercon-
version,x = 0.6.

In the reacton system becausethe unreacte macre
monomermolecuksalso exist, we took accountof these
linear polymer molecues in the MWD. The simulaion
was conducted for 2 X10* polymer molecules (the
unreated maacomonomes are not includedin this num-
ber). For the presait case,the analyticalsolutionfor the
MWD hasnot beendeiived. On the otherhand,a general
soluion for the weight-averag molecubr weight was
obtainedrecerily?, andPy,eory = 827.8.

Fig. 11 shows the simulatedweight fraction distribu-
tion. The solid curveshows thetrue weightfraction distri-
bution estimatedby the randomsamping techrique, and
P =839.2.The peakat smallerDP correspndsto the
unreated maaomonomer molecules. The dotted and
dasted curvesin Fig. 11 showthe simulatedweight frac-
tion distribution for an Rl detectorsystemwith a = 0.6.
Cleaty, the madecular weights of comb-braached poly-
mers are underestimagd. Thel/\F/zfaightaverage DPs of
@Rtlase two curves are Pw,sim’bil.o =587.3 and
I:>W,sim b=1.5 =495.2

Fig. 12 shows the simulated weight fraction distribu-
tion for anLS detector system The measuwed distribution
profile is improved signficantly, but still is not exact.
The measued distribution tends to be narraver thanthe
truedistribution. For combbranchegolyme's, the devia-
tion from thetrue MWD tendsto belargercomparedwith
thatfor starpolymers.
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Fig.12. Simulatedweightfractiondistributionof anLS detec-
tor systemfor the comb polymer moleales formed through
free-radicalcopolymerizatiorwith macromonmer

Conclusions

By appication of the random sampling techniqe, the
size and structure of polymea molecules sampledran
domly from the reactionmixture canbe determined We
obtainedthe mean squareradius of gyration for each
polymermolecue by calculding 100 typesof conforma-
tion, andestimaedthe elution curveof SEC This techni-
guecanbe appiedto varioustypesof norlinear polymers
whose formation mechanism is known. In the present
article,we apgied the methodto starandcombpolymers.
It wasfound that for polydispese star polymer systens,
both Rl andLS detectorsystens may give a reasmable
estimae of the true molecularweightdistribution. On the
otherhand,for comb-branclked polymers,the Rl detector
systemclealty underedtnatesthe molecubr weight of
branched polymers significantly,. The LS system
improvesthe measuredanolecubr weightdistribution, but
still is notexact.

The presentsimulation methodenablesone to predict
the SEC-tiaceon the basisof knownor assumegolymer-
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ization kinetics,andcouldbe usedto investigatethe com-
plicatedkineticsof norlinear polymerformation. In addi
tion, a large amaunt of SEC data accumulagd so far,
egecially thoseobtained from the RI detector systems,
coud bereinvestigatd morequantitatiwely.
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