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Size exclusion chromatography (sEC), the technique that is the subject of thismonograph, is the generic name given to the liquid "t.,nurogruphic separation ofmacromolecules by molecurar siie. It has been taken to be generaily synonymouswith such other names as gel permeation chromatography (Gpc), gel firtrationchromatography (GFC), g"l. "Ë.o.uag."pnv, steric e^cluriàn "n.o-atography,and exclusion chromatograpiy. The "g"el'i term generally connotes the use of anonrigid or semirigid orguni.- ger stationary phase wheieas SEc can pertain toeither an.organic ger o, u.igid"inorguni. rupport. Despite this, the term Gpc iscommonly used interchangeabry witÀ src. tnirris chapier we siatt fbcus on high_performance (or high-pressure) SEC, which requires the use of rigid or semirigidsupports to effèct rapid separations, lasting typically 20 minutes to one hour.(More recently, a seriès of high-thro"gnpri sEc "otumn, have becn introduced byseveral vendors. while tnese cotumî, u.. not capable of the same degrec ofquantitative discrimination as the unatytiJ src corumn, they ofîèr a nominar fiveIni n ute analysis timc for "ornpo.uiiu.'pu-,f, or... I
..,^,.,,11: nlmlry purpose and usc orthe SEC. technique is to provide molccurarwetght distribution (MwD) information about a particurar porymeric material.
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*:irii:ïi*î:tii*1,îîî*iiffi î:,:Jï:t,i;i:"..,:;riffri:,:iliof molecurar weight on the abscissa. on" ,uy ask, if SEC rcrates expricitry tomolecular size, how,.can. it directry f.Jo..morecurar weight information? Thisarises from the rerationship betweÉnii"u, ain-'"nrion una îotecurar weight in afreely jointecr porvmeric "nain lranaÀÀ coir): eitt cr the ;o;;;"r" square end_to-cnd distance or th1.Tlius oi gy.;;;"; is proportionut to thc square roor ofthe molecular weight (l). It followî,rrui À. log of eithcr ai.ion." is proportionalto (one-half) the log of the moleculu. *"jsht.

1 THE SEC EXPERIMENT AND RELATEDTHERMODYNAMICS

A stylized separation of an ideal mixture of two sizes of macromorecules ispresented in Fig. l. In the first frame, the sampre is shown immediately after
:T,ïï:ï;ïl"ff 

", *," .or,n,n 
'ïiiàîio 

n,,ot'._fr"^"'i,,'ï,,"u through then ex r rram e * ", "*, J ;:ï;:i i: Ë: "1 JJAîï:"ï1ï: ::ïffi iïi' :;#,*ipressure gradient. The particres of the stationary phase (packing material)are porous with controlled pore size. The smalrer macromolecules are abre topenetrate into these pores as they pass through the column, ;r;rh" larger ones aretoo large to bc accommodated unâ ,".aio in the interstitial space as shown in thethird frame' The smater morecures ";;;ly temporariry rerained and w'r flow
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Figure 1 SnC scparat ion of  two nracromolcntering rhe colLrmn prcking; i2) san,pte ,,,,,,,ii'llii,,iïï,,:11, ïrî,,1".,îlïïï",jîÏ:scpara t ion  bcg ins ;  lnd  ( . { )  cor ' ' l c tc  rcso lu t ion .
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down the corumn until they cncounter other partrcles, pores to enter. .fhe 
rargcrmolecules flow more rapidly down the length of the column t""ur.. they cannotreside inside the pores for any pcriod of time. Finally the two molecular sizes areseparated into two distinc.t chromatographic bands as shown in the fourth frame.A mass detector situatcd at the "nà or the column responds to their clutionby generating a signar (peak) for each band as it passed through, whose sizewould be proportionar to the concentration. A_ real SEC sample chromatogramwould typically show a continuum of morecular weighi *-ion"nr. containedunresolved within a single peak.

If a series of different.molecular weight porymers was injected onto such acolurnn they wourd erute in reverse sizà order. It is instructive to consicrerthe calibration curve that would result from a series of molecurar weights such asthose depicted in Fig. 2. Here the morecurar weight is protted on the ordinate andthe rctention volume (vr) on the abscissa. rhe left-hand eclge of the chartrepresents the point of injection. The retention volume labelleâ /o is the voidvolume or totar exclusion volume. This is the totar interstitial vorume in thechromatographic system and is the point in the chromatogram before which no
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polymer molecule can elute. The totar permeation volumc (2,) rcpresents the sumof the interstitial vorume and the totaf pore vorume. tt is tne point at which thesmallest nrolccules in the sample mixtuie wour<J elute. Ail SEC separation takesplace between vo and, (. This retention vorume clomain is calred the sercctivcpermeation range' In this figure the largest and smallest molecular wcrght speciesare too large and smail, respectively, to be discriminated by this corumn and thusappear at the two extremes of the selective permeation range.
The capacity factor, fr', is an index used in chromaàgraphy to define theelution position of a. particular chromatographic component with respect to thesolvent front, which in the case of SEC oa-"u., at 2,. Because all macromolecular

separation in SEC occurs before vr, k' ts negative. In ail other forrns of liquidchromatography k' is positive. one consequence of this difî-crence is thatseparation in SEC occurs over one column set volume (in the selective permeation
range) whereas in other forms of high-performance riquicr chromatography
(HPLC) separation may occur over many column volumes. ihr, "o*ponents ln amixture analyzed by other HPLC fornx are commonly baseline-resolved while
SEC separations of macromolecules tend to be broad en,relopes. It should be noted
that it is not necessary to separate porymer molecures by the number of repeat units
in order to determine the molecular weight distribution. (lt is possible to resolve
very low molecular we ight components if a sufficient numbcr of small pore size
columns are utilized.) To understand how these differences come about one must
consider the thermodynamics of chromatographic processcs.

For any form of (gas or riquid) chromatography one can define the dis-
tribution of solute between the stationary and mobil. ptru.", by an equilibrium (2).
At equilibrium the chemical potentials of each solute tomponént in the two phases
must be equal. The driving force for solute migration frorn one phase to the other is
the instantaneous concentration gradient between the two phur"r. Despite thc
movement of the mobile phase in the system, the equilibiium exists because
the solute diffusion into and out of the stationary phur" is fast cornpared to
the flow rate. Under dilute solution conditions the equilibrium constant (the ratio
of solute concentrations in the stationary and the mobile phascs) can be rclated
to the standard Gibbs free energy difference bctweerr tire phases at constant
temperature and pressure:

ÂG' :  -RZ ln K

A G  :  Â / 1  7 ' 4 , !

arc tl 'rc stanclarcl cnthalpy ancl cntropy dil lèrcrce s lrct*,ccn
1? is  thc gas col ts tânt  ancl  7 '  is  thc absolutc tc ln l lcr i l t r l rc .

( l )

and

whcre All ancl À,1
phascs.  rcspcct ivc ly .

( 2 )

t hc
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ln other modes of liquid chromatography (LC) thc basis of separation
involves such phenomena as partitioning, adsorption, or ion exchange, alr of
which are energetic in nature since they involve intermolecular forces betwecn the
solute and stationary phase. In such cases the free energy can be approximated by
the enthalpy term alone since the entropy term is negligible and thc equilibrium
constant is given by

Krc = exp(-A,H'/RT) (3)

The typical exothermic interaction between the solute and stationary phase leads
to a negative enthalpy difference and hence a positive value for the cxponent in
Eq (3) This, in tum, leads to an equilibrium constant greater than onc and causes
solute peaks to elute later than the solvent front.

In SEC the solute distribution between the two phases is controlled by
entropy alone; that is, the enthalpy term is here taken to be negligible. In SEC the
equilibrium constant becomes

Kspc : exp(Âs/R) @)

The entropy, s, is a measure ofthe degree ofdisorderand can be expressed as (3)

S : f r l n f )  ( 5 )

where È is the Boltzmann constant and ,o is the number of equally probable
micromolecular states. The relative ability of a small and a larger macromolecule
to access an individual pore greater in size than the larger molecule is dcpictc<i in
Fig. 3. Here the number of ways in which the individual molecule, "un o".upy
space within the pore is given by the number of grid positions (representing

Figure  3  L :n t ropy  o l ' tn r tc ro t t to lecu lu r  rc len l ion  nr  a  pore :  thc  sn t i l l c r  n ro lecLr lc  on  the  lc l i
h : ts  f i rL r r  t i t r l cs  r ts  n rany  poss ib i l i t i es  l i r r  re tc r r t ion  as  t l re  n to lccu lc  6p  thc  1ght .
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individual states) allowecl to them. The smaller molecule is rctarnccr longer withinthe pore than the rarger one because its number ofequaily or"lru," states is greater(and hence it possess,es a 
lïeer entropy). yet becausc'trr. nrru"r of equaryprobable states is much smalleiinside ,nÉpo." than in the interstitial space fbr anindividual morecule, sorute permeation in SEC results in u ,tirrno'e in entropy.This results in a negative exponent in el. (4). KsEc is ress than one and soruteselute before the sorvent front. spc is arso inherentry temperature independent, incontrast to the other liquid.chromatographic separation phenomena, as can be seenby comparing Eqs (3.) and (a) rr"rip"iài".e does in fact have an indirect effecton SEC separations through its influence on the viscosity of poryme'c solutions.The viscosity determines À" -u* transfer rate of polymer molecules into and outof the pores of the packing material and hence the eiution of the sample.)

2 EXPERIMENTAL CONDITIONS FOR SEC
2.1 System Overview
A typical sEC system is essenriaily a specialized isocratic high_perfbrmance riquidchromatograph. An idearized ,"h"-uii" is presentecr in Fig. 4. Frrst a solventreservoir, typically 1-4 L in size, is fillecl with the SEC mobile phasc. rt is commonlysparged with helium or treated urtrasonicaily in order to degas it and prevent air
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bubbles from entering the detector downstrearn. A high_pressure pump capable ofoperating at pressures up to 6000 psi forces the mobile"pnàr"it roug1' Iine filtcrs anclpulse dampeners to the sampre injcctor where an aliquot ora,r,,," porymer solution

lLl.Jri::r:ring 
rhe same mobite phase batch as .ontuin.a tn rhe reservoir) is

The sampre, which initia'y exists as a narrow band in thc system, is thencarried through the precolumn und th" analytical corumn ,.,-r"t "." morccular sizediscrirnination occurs. The discriminated sample "trt", r.o- the corumn set

;ii;ï:ï#i:ïf;: i ï:l"ersar 
cretector, which glnerates an "ù.,.i.ur (mV) signar

p h a s e t h e n e x i t th e .ï:ï:i'ffi ::.':i*,i :: îî:i,i ffi l:,'#,?:i *':,ifl I
iliffi.i.:TJrtî;ted 

to an integrator, recorder, o. .o-pui", ror dispray andf or

2.2 Universal (Concentration) Detectors
The most common type of universal detector by far is the differential rcfiactiveindex (DRI) detector. (Here, the worcr .,universal,,denotes 

the abirity to respond toall chcmical functionalities.) It senscs differcnces in ,"r.u"i,u" index between amoving (sample-containing) stream ancl a static refercnce of mobire phase using asplit optical ceil. It responds well (at a moderate concentration lcvel) to mostpolymeric sampres provided that thày are different in refractive index from themobile phase in which they are dissoivecr. 
_Despite the temperature independenceof the Src separation phcnomenon, the DRI is highly temperature sensitive as aresult of the strong temperature dependence of refractive index. Thus one normailymarntains the DRI in a constant temperature oven arong with the columns andlnJector (as in Fig. 4). The temperatuË chosen is at least 5 r0"c above ambient.It is generaily assumed that the DRI's responr. i, .qruily proportionar topolymer concentration in ail morecular weight ."gim".. u'fbrtunatery thisassunrption breaks rlown at low molccular weights (less than scvcrar thousandalomrc mass units (amu)) where thc polymei "nà_grorp, ,.pr"r"n, a non_negligible portion of'the rnolecules' mass ancl tlo change the re lractrvc inclex. .rhe

DRI is a.lso very sensitive to backpressure fluctuations duc to variations in îlow ratecaused by the pump. l'his efrcct (cspeciaily of reciprocating prsrrn punrps) iscontpensated fbr by the use of pulse dampencrs as shown in Fig. 4.othcr contmon typcs of concentration cletectors are the ultiavrolct (tJV) andirlfrared (lR) cietectors' Neithcr are tuly universal clctectors, bLrl thcy arc ablc to.csponcl to a var icty of incl iv ic lual  chcrnical  Iunct ional groups (chronro'horcs)l l t r r ' i t ler l  that thcsc lLrnct ional gro.ps arc nrt  containccl  in thc niobr lc plrasc. T.5cj l t  
lctcctt l r  

is s l ight ly tnorc sctrsi t ivc tharr rhe I)ru crcrccror-r ," ,5i lc rhc IJV t lercct.rrs scvcral  ort lers t l i ' t t ragrr i tucl . :  l rore scrrsi t ivc.  Thc l l rst  is rrost c. ' r rr . . lyt ' t r t P l o y l ' 1 1  l i ' r  I r r l y n r c r s  t . o r r l r r i r r i l r !  i n i ) n t i l l t ( .  r . i l r S s  { ) t .  l L , ! l t l i u .  h r t . . k l r , , r r t ,
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unsaturation while the IR detector has. been used largery to characterizepolyolefins' other less "on',.onry ,til ized concentratio. i"t..to^ incrude thclluorescence, dielcctric constant, flrrn;-;;
detectors. 

v'r,ùrdrrr, uarne lonrzatton, and cvaporativc light scatterine

2.3 Mobile phase and Temperature
The mobile phase should be chosen carefuty to fit certain criteria: it mustcompletely dissolve the polymer sample in a continuor.-ro-rutron phase (non_gcondition), it must.be low enough in'viscosity in order for the sEC system to
;i":ii,:: i#îi, 

pre.ssure .u,ig", and it.musr effb**"Ç'o."u"nt the potymer

ll-lelio,",f ii"";l'i:i,ir."î:r""r,,ïlïTil1";,ï':,:ï,i"i,ïï:ii*xïrr
the inability of the system to properly characterize the sampre. Temperature is auseful parameter to adjust *t "n on" o, -or" of these conditions have not been metbut where one is constrainecr ro use u furti.utu. -"bir";;;;". c"rtuin porymers(for example, polyesters and polyorennr; -uy achieve dissorution onry at erevatecltcmperatures. The viscosity of inherentl
lowàred by raising the temperature. 

y vlscous mobile phases may also be

The analysis of polymers containing one or more formal, like charges inevery repeat unit (i'e., polyelectrolytes) incurs one additional requiremcnt of themobile phase. when sorubirized in waier, the rcpursion oriit".t-ges arong thepolyelectrolyte chain causes it to take on an extended conformation (4). In orderfor normal SEC to be perfonned on a polyerectrolyte in an aqueous meaium, itsconformation must be made t. reflect that of a random coil (Gaussian chain). Thiscounteracting of the "poryerectroryte 
effect', i, g.n;;u)il accomprished bysufficiently raising the ionic strengtÉ with the use of simpre sarts and sometimeswith concotnitant pH adjustment."The former provides counterions to screen thehke polymeric charges from one another and permits the extended chain to rerax.The latter is used to ncutralize arr rcsiduar. acidic or basic groups. (when fulrycharged thcsc groups are no ronger avairabrc to participate ,r-r'hru.o*.n boncringinteractions with the stationary phase.; -

For example, it has becn demonstrated that normar SEC behavior can beobtained for poly(methyr vinyr ether-co-mareic acid) with the use of a mobircphase consisring of a 
.nH 

9 bufrer systcm. (prepared from tris(hydroxyrncthyr)-ar.'nomcthanc and nitric acicl) modifiàd with-o.z nr LiNor (s). iiarae sarts shourcJbe conlpletely avoidecl as thcy tencl to corrode the stainless stecl inner surfaccs ol.thc Sllcl systenl' which in tll lï ciluscs injector fb'ling irncl colunrr conta'inatior.

2.4 Stat ionary phases

whe n sclcct ing an opt irut t t l l -  stat iortaly phlsc rhcre arc adrl i t ionir l  crrrcrr i l  t .  bc ,- , rct :l l re packing r l r i r lcr ial  sh.tr lc l  not i ' tcr-act chcnric;r i ly rv i th thc solrr lc ( i .c. .  t6c
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sample), it must be completely wetted by rhe mobilc phase but should not sufîèradvcrse swelling effects, it must be stabie at the required operating tcmperature,and it rnust have sufficicnt pore volume and an adËquate .ung" or pore sizes toresolve the sampre's morecurar weight distribution. Ë", irigrr-i.rf-ormancc SEC,eirher semirigid porymeric gers o.n'odifi"d, rigid sirica puniJrl*r. typica[y usecl.columns are available from a number of vendors packed with monodisperseor mixed-bed pore size particles. The lafter are useful for builcting a column setthat will discriminate-(usually on a log-linear basis) at least four molecular weightdecades (i.e., severar hundred to seveiar million u-r). F;; ;gia pu.ti.t", it is arsopossible to design a corumn set consisting of individral àrumns of different,single pore sizes yielding a calibration curve log-linear in molecular weight if thepore size and totar pore volume of each "gr*l type are-known (6). Typicalavailable pore sizes range from 60 to 4000 Â. 
-Hign-p..Àr.ancc 

packingmaterials generally have particle sizes in the range of 5 to l0 pm with efficienciesof several thousand theoretical plates per l5_cm column.
For organic mobile phases, the most common column packings arecrosslinked (with divinylbenzene) polystyrene gels or trimethylsilane-clerivatizecl

silica. For aqueous mobile phases tir" .nort common are crossrinked hydroxyratedpolymethacrylate or po.ry(propylene oxide) gers (7) or gryceryr (dior) derivatizedsilica (8)' In general, rigid packings have several advantag", ou", semirigicl gelpackings: they are tolerant of a greater variety of mobile pîur"r, they equiribraterapidly on changing solvents, they are stable at the elevated temperaturcs requircdto characterize certain polymers, and their pore sizes u." -oi" easily dcfinedwhich facilitates corumn set design. Silica-based rigid packings are prone toadsorptive effects, however, and must be carefuily derivatized to react away orscreen labile silanor groups. An overview of typicar coru*n pu"king/mobile phasecombinations has been recently published by yau et at. (9).The reader is referredto comprehensive discussions of SEC stationury pnurà, covered in chapter 2(semirigid polymeric gers) and chapter 3 (modifiecl rigid sirica) of thisrnonograph.

2.5 Sample Size and Mobile phase Flow Rate
Sarnple size is clefined by both the vorumc of the ariquot injectecl as weil as by thecottccntration of the sample solution. Use of excessivcly large sample volunres carrlead to significant bancl broadcning, rcsLrlting in loss of rcsolution and errors in

ï:l::i':r 
r.'q].'1 me:isuremenr. As a rure oithum-b, saurpre vorurnes srroulcr bc.:r r r r r t t c ( l  l o  o | r c - t h r r t l  o r  l c ss  o l - l hù  b i l sc l i nc  vo l runc  p f  t r  r r r pn , r l t c r  p r . 51 r l yç111  pc t r k  \t l lcast t rcd wi th a snla l l  s l t r l tp lc  (10) . ' I 'hc opt i lnum in- ject ign volur- r - rc  wi l l  bc i rI t t t tc t io l l  t l f  the s ize et tc l  nutnbcrof  the col r r rnns cnrp loyccl  but  rvr l l  gc 'c ' r l ly  r l r . , ,ct)c[1vgL-11 2-5 ancl 200 pl..
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Sample concentration shoulcl be minimized consistcnt with the sensitivity ofthe concentration detector employed. The use of high samplc concentrations canresult in pcak shifts to rowei rétention vorumes à',ra u,,Jùroaciening crue to
"viscous 

f ingcr ing" or spuri ,us shourdcrs appearing on thc rair  ol . the peak. Trresephenomena are rikery rerated to u .o,nuinrtioi "f .;;; incruding chainentanglements antl 
.an inability to maintain the equilibrium befween soluteconcentrations inside the pores and in the interstitial space. Thesc effectsare particularry problematic for rrigt -oii"urar weight poryrners (of the order ofone mi ' ion amu)'  opt imu- .on'pr! .on"ànr*1,on, Àuy *ng" r .on-.  ,  . !% fol \ jghmotecurar weight sampres r" gi""i". in* i or;;. ro*;;t"?;iar weigt t sampres.Another unwanted viscosity "ff";;, th" ,h"r, degracration of high morecurarweight polyrners at high no* .oi"r, *rritr, .".urt, in Ërron"*, (targer) retentionvolumes and (rower) morecurar r"iÉrrir, i, ,voided by minimizing the flow rare. Inaddition' the use of high no* ,ut3, 

-"un 
."rutt in considerable toss of columnefficiency because, under such """Ji,i""., mass transfer or diffusion in and out ofthe pores is not fast enough vis-à-vis the sorute n,'ig.ution iut";;"g the rength ofthe col umn. Thus, flEl-lq,_gq,u'.lrr-*uo..ef_rc'ur--"r_ 

1 mlru 41.4, are mostcommonly emproyed for scts of sEccl-ùmns and rcpresenr a good compromisebetween analysis time and resolution. no_1.ingt. c,qlumn g"p*i-oqS_elgw rate*ql9,1_ $ Vs i,l ! q c o m ln-g4ry* u_se d rh e .;d J ;;;;,. d ;î è'ffi f;ii.r aq u e o u s S E C )and chapter 6 (nonaqueous SEC) of this monograph for comprehensivediscussions of sample size and Ro* ,ate optimizations.

3 CALIBRATION METHODOLOGY ANDDATA ANALYSIS IN SEC

In modern high-performance SEC there are onry four commonry employedcalibration methocrs. Three of tir"r. "un u" util izcd in conjunctron with a single(i'e', concentration) detector SEC syste,n: direct (narrow) stanclard calibration,polydisperse or broad standard .utiurut.n, and universal caribration. Thc fourthtype of SEC calibration requires the use of a secon<J, ."r"."ùï werght sensitivcdetector connected in series with the concentration dctector (and in front of it inthe casc of thc DRI). The purpose or.uriùruiion in SEC i, to aàân" the rerationshipbetween molecurar weighi (or typically it, Iogo.it',nr) a'cr retention vorume in theselective penneation range of the colunrn sct used and to calculatc the molccularwcight averages of thc sarnple under investigation.

3.1 Direct Standard Cal ibrat ion

In thc cl i rect st l tnclarcl  cal ibrat iol t  rnclhocl ,  narrowly cl is l r ibLr lccl  st l rncl .r tJs . f - thcsatrrc polytncr uttc lct 'at talysis arc r tsecl . ' l 'he re-tent iorr  ' . l t r ' . rc i r t  ther pcirk rraxirr .rurr .rof 'cach star lc lartJ is ccl t tatcd rvi th i ts statccl  rr . rccrrr .r  * ,c ight.  whi lc rhis is t lc
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Figure S Time_sliced peak output from a concentration detcctor (DRI).

simplest method it is generalry restricted in its util ity owing to the lack ofavailability of many different polymer standard types. Itilso ,"quir., a sufficientnumber of standards of clifferent molecular weights so as to completery cover theentire dynamic range of the column set or, at reast, the range of more cular weightsspanned by the samples' molecular weight distributio"ns. Narrow standardscurrently avairable include polystyrene, poly(methyr methacryrate), poly(ethylene), (used for nonaqueous Gpc), and pory(ethylene oxicrc) or pory(ethyrencglycol)' poly(acrylic acid), and polysaccharides (used in aqueous Gpc) areco*mon commercially available standards. It is instructive to study themechanism of narrow standard calibration since all of the other methods arebased upon it. A thorough review ofthis subject has been prouià.0 by cazcs (r l).In this approach, the raw chromatogram obtainecl as output fiom thcconcentration detector is divided into a numbcr of time slices of equal width asdepicted in Fig. 5. For a polydispersc sample the number of tirne sliccs must bcgreater than 25 for the computed molecurar weight averages to be unarîbcted bythe numbcr of tirne srices used. (Most commonry avairaùrc SEC data programsLttil ize a minimum of severar hundred time srices routinely foreach analysis.) Anaverage molecular weight is assigned to each tirne slice based upon the calibrationcurve and it is further assunred for computational purposes that each time slice istltonodisperse in molccular wcight. A table is constructecl with one row erssigncd toeacli timc slice . Thc following columns arc createcl fbr this table: rctcntro' volumc,arca ( '4,) ,  curnulat ivc arei l ,  cLrrnurat ivc area pcrcent,  r ,orccular wcrght (Mi),  .4icliviclccl by lll,. in'td, A;tirttcs À{.'fhc arca colurnn ancl thc last tr,,,,o lirctors arc,ls.sut i i rnci l  f i r r  t l te ent i rc tablc.
once this clat l r  table has bccn contplctcr l  i t  is p,ssi tr lc to co,, t l ]utc thet t l t l l ccu l l l r  t l ' c igh t  avcr l tgc rs  o r  l l l o l l r c . ts  .1 - thc  d is t r ib r - r r ion .  Jhc  lnosr  co ln lnon

Retent ion
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averagcs dcfined in terlrs of the molecurar weight at each time sricc ancl either the
l,iiiî:iffj:.,,,"r, 

n1, or thr-area of "à"n ti,r. slicc are as follows:

M* :L in iM ,  -  L ,  A ,
Dini 

- 
tÀn

Viscosity average:
(6)

(t)

(8)

yl:.", a is the Mark_Houwink exponent.
Weight average:

=lL4t r f ""
L L,t ,  l

M* :à ry  _L ,A ,M,
Li niMi L,A,-

À,{, . - f!ffi*

"2" average:

M,  :L ,n ,M l  _L ,A ,M!- 
I, n,M? f AJr4, 0)

The dispersity or porydispersity, D, is given by the ratio of the weight to thenumber average morecurarweighl -l; â ,.uru." of the breadth of the morecurarweight distribution. The SEô ";i;r; viscosity, *"iehi,l"o ,,2,, averagescorrespond to those obtained classicallv 
-by 

osmometry, capillary viscometry( intr insic viscosiry; , ,  r ight-scaneJ",  orr . ; rr" try and ," j i ,n"nt", ion equir ibr iummethods, respectivery The visco.r-ty'àuî.ug. molecular weight approaches theweight average as the Mark-Houwink eiponent, a (described in Sec. 3.4 0f thischapter), approaches one. (See the subsequent discussion concerning universarcalibrarion.) The "z".and 
weighr u;";uil"recurar weights are most influencedby the high morecurar 

-weighi il;;";t the distribution whereas the numberaverage is influencecr armost exclusiverf by thc ro* -;i;";iu. ,r",gi,t porlion.Narrow standards employed in this calitration method ,r" ,a"r,,, monodispersebut practically must havc clispersir*r l".r, ,n"" , ,

3.2 Band Broadening Measurement and Correction
It is important to review the molccular weight clistribution generatcci 1ôr symnretricand unsymrnetric bancl broadcning ttrui^ïitt resurt in non_ncgrigibrc errors i'computed morccurar wcight uu".["r. An Anrcrica' Society *rr lbsring anclMater ials (ASTM) mcthoà a"r. . iu"- ,  , ,  p. , , ." . tur.  to carcr lale] thc magnitucrc o1.thcsc el fccts rncr to corrccr lhc morccurar weight avcrages (r2).  I t is nccessary toknolv both Mw a'd '4'1" lirr cach standar.t .rl 'rtr" errtire scric-s .r' 'urr'w stand.rds
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usecr' The symmetric bancl broadening fàctor, ,4, is carcurated for cachaccording to

^ : l l y - !+y ! ! ! l
2 LMN@t 

'  
u*6 ]

The skewing or unsymmetric factoq s/r, is carcurated accordins to

,  q r - l

Q + t

a-Wry*g
M y1(u) Mys(u)

whcre

1 3

standard

(10 )

( t  l )

( t2)

( t  3 )

( 1 4 )

i1,, 
"llo,";:ï:jjîîïï::,,:îH:î"0 moments under idear condirions,

case bur irrhese varues are r 05 and 0 05 "iiiilli;iJlii:il]iJï.;:î:ffi,i;corrections are small uÎd. "ul be ignored. If, on the other hand they are larger thanthese values, the sample's distribJtion -o."n,. may be corrected accordins to

and

MN(t): My.1(u)(t + sk)(A)

M,y ( t ) :

A description of the correction for band broadening of the entire morecular weightdistribution is beyond the scope or this int.oduction to SEC but the intereste<jreader is referred to rhe techniqire describJ by Tung (r3,ri;.a i"r,". approach isto employ sufficiently good experimental practices so as to obviate the need forband spreading corrections altogether. This has been ciemonstrated whensufficiently long corumn rengths uid ro* fiow rares are used (r5).

3.3 Polydisperse or Broad Standard Calibration
In the polydisperse stanciard method one emproys a broacily distrrbuted porymcrstanclard of the same chemical type as thc sample. The sample ancl the stanclarcl arefrequently the samc materiar. Thc main requirements of this techniquc arc thatthc MwD of the sterntlard nrust span most ii 'not all of the sarnprc,.s tlynar.ic rangcl l t td  l l ra t  l t v .  l l to l t l c l l t s . l ' l l r c  s ranr l l r r t l ' . s  t l i s t r ih r r t io r r .  M,  ; ; r . . i  . i rn " , . , , y *  . r .À /1 .

l l t ' t t  
b:  accttr t t tc ly knor 'r 'n as a rcsult  ol 'arci l lary nre.surclrc ' ts. . l -his rrcr l r .c l  ispl tr t icul i t r ly usclul  r 'vherl  l t l t r row Mwl) s la.clarcis u,cl  rrolccul.r  r , r ,crgh1 sensir ivcc le tcc to rs  a rc  t t t l l t v i l i l i t t r l c  anc l  un iversa l  ca l ib r i r t ion  is  i rnprac l i cu l  < l re  t .  l i r ck .1 .
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information regarcring appropriate Mark- Ilouwink coefficrents an<,/or thei nabi I i ty to pcrform i nt.in.. rir""riar' "r"as uremcnts.

.,,,0.o",#T"iî:li;:.:: ;i 
a"'"'iu"a a computer mcthod ro derermine a

V" :  Ct  -  C2 logp M (15)
where z. is the elution.(or retcntion) vorume and M is the morecurar weight (16).Their original method invorved u "u-ù".ro.e, simurtaneous search for the con_
;'iïi1,ili1.Î,';Ht" 

was prone to ralse conversence. Revised merhods featured, n " i " o "ï",r,';ï ;'.' ii,l:i î:Lt : li :] ;i :l: #: iï il,J îi *i *î ;t*assigned to the rwo constants. The resurting ."riu."ri*'"0îîr,"" is iterativeryapplied to the time srice data wh'e the srop" uurr" is optimizcd to minimize thedifference between the true una "on-'fr,"a dispersities. b";. ;;. srope has beendetermined it is fixed and the intercepi â,, i, opti-ized to minimize the differencebetween the true and computed moments (either individuary or their sum).

3.4 Universal Calibration
Benoit and co-workers demonstrated that it is possibre to usc a set of,narrowpolymer standards of one crremical ayf" 

-r" 
provide absorute molecular weightcalibration to a sample of a difrere't "r,",r-,i"ur type (l 9,20).Inorder to understandhow this is possibre, one must first consider the rerationship between molecularweight' intrinsic viscosity,and hydrodynamic vorume, trr" ,roù,'," of a random,freely jointed porymer chain in ,tru,ion. ii ir_ r"tution.rrrp t,"r-u"en aescribed byboth the Einstein-Simha viscosity law io.-rph..i.ur particles in susrrensron

ht: r(#)
and the Flory- Fox equation for linear polymers in solution

, . j -
I

Irt:*(#)

., i Thr'" [4] is the intrinsic visc.sity, /21,, is the hycrrocrynarnic vorumc, (.rz;r/u ."I' i ' the root rneal. s1lare raclius of gyration of the pory.ncr charn, an<l c ancr rr areconstants (21).  r f  ei ther cquat ion is mult ip l ieci  by l , t ,  the rnorccular rveight,thc rcsultirrg prgcluct, UllM , is scen as proportional t. hyclroclynarric volu.rc.(Notc that thc'cLrbàof t l tc root-mean-sclu. l 'c ' racl ius of 'gyrat i . r  rs i rrso pr.p.r t i .nalto Volunlc ')  I lcnoit  alr t l  co-rvorkers plottccl  t l r is pro6uct vcrsrs cl t r l i .n volurrc l t rr ,nt t t l tbcr of '  c l tct t l ical l l '  c l i f1èrcnt polynrcrs i rr 'cst igrrrJ urt lcr  i r l*r t ical  SII( . .

(  l 6 )

( 1 7 )
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conditions and found that ail points ray on the same caribration curve ( 1g,20). Thiscaribration behavior was said to be ..universar,, 
for a, trre fory,ncr rypcs studied.In a*uar practicc one wourd esrabrish ,rr. i"rr"r"ligTJ,i,,on.n,n

[ n l t M r : [ n l z M z  ( t 8 )
whcre the subscripts r and 2 refer to the standarcr ancr sampre porymers,respectivcry. Even if thc intrinsic viscosities u." Lno*n ;;';"" be measurecr foreach standard it is unrikery thar thc varue.of intrinsic ";r;;;; woula bc knownfor each time srice in rhe more"utu. *"igt t arst.iuution";;;: sampre porymer.Thus, Irq. (r8) must be furrher modifie. to make i, À".. ur"rur. This can beaccomplished with the use of thc Mark_Houwink "qrurion 

""

[n l :  KM'  (  t9 )
where the coefficient, K, and, exponent, ct, are known as the Mark Houwinkconstants. These constants are a function of both the poryrr_rer and its solventenvironment (incruding temperature). If the conrtants'o.J avaitabte from theliterature or can be determin"a ro. t'" .a.npt" porymer using narrow fiactions in
lniit,ïilf;i,ï'' then one "un "ùr,ute tnË vart H?,*inr term ror [4]

r o g , o  M 2 :  ,  . l  r o * , n  
K ,  |  * , t

|  |  az  
'  o ru  

{ "  |  +  o r logrc  
M1 CIO1

which is an expression for the sample molecular weight in terms of the standardInolecular weight and both sets of Mark_Houwink constants.

3.5 Molecular Weight Sensitive Detectors
It is possible to add a s.econd molecurar weight sensitive detector to an sEC systemin order to provide a direct means of absolute molecular weight calibration withoutthe nced to resort to external standards. These detectors represcnt refinements inclassical techniques such as right-scattenng plruton-,"try capillary vrscomctry (ttrr
lilltltt: 

viscosity), ancr meÀb.un" o.,rln,etry fbr on-rine r'orecurar weightoetermination. yau has pubrishccr a review of this subject *ith .nrpu'sons of thcp.operties and benefits of the principar dctectors currcntly in usc (22). The prescntcliscussion will be restrictecl to light-scattering ancl viscor.nctry cictcctors. Thcrcader is referred to chap.tcr 4 of th]s rnonograph fbr a cornprchcnsivc cliscussio'of molecular weight sensitivc tlctcctors.

3'5.1 Low Anglc Lascr l - ight Scatter ing Dctcct iorr
- l  

he 
, lorv 

anglc-  lascr  l lght  scat tcr ing c letcctor
t t t - re l , rpct l  hy Krryc (1 j ,24)  ancl  wa.s f i r r rncr ly

( l .A t . l .S  o r  I .ALS)  was or ig i ru l l y
r l ra rkc tc t l  by  ( ' l t ro rn l r l i r  l r r r r l  l . lX '
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Analytical. Two moclels, the KMX_6commerciar rv avai rabre arthough ih; ;JY -*","î.TJ;J3*ï:" :? ., ïî:
ài:l;TJjJ:Ff Jî:l:,"", 

both ; its ;e.J ",,"ntior ry nxe4 row iig r e photomete.s

l;*F*i;:,i,:*mlH#ï:,,"::;*if,ïffi:.ïi..l;:ï1ff
The working equarion for rhc J",à._iwcighr by right ,inJnng (using ;"d;;ij[il:ff.î'#rî":.;;*" morecurar

K c l

AR, 
: 

ù-p(o)+ 2A2c

h : ' *#g \s in2  ç0121

(21)
where the constant, K, is given by

x :U!  /d ' \ ''^ - 
N",t' (d./ e2)

and N" is Avogadro's number, n is the refractive increx of the solution at theincident wavelength À, and Az is ti r""""a virial coefficient, a measure of thecompatibility between the polymer r"il; and thc sorvenr. ih" ,".- ctn/dc isknown as the specific refractive i"a"- i"".à-ent and reflects the change in solutionrefractive index with change in r"rri" .oicentration. The rerm aR6 is cailed theexcess Rayleigh ratio and represents the sotution ratio of scattered to incidentradiation minus that of the solvent ulo*. 'r. particre scattering function, p(g),which is the angurar dependenc" "rin"'"*"ess Rayreigh rario, is defined bv

(23)
where (s2) is the merequari on tE q (2i rr'1,'l"iiÏ'ii ï, :if :ffi:L:'ffi ff 

'îiiffl"îJ:: 
ïi:

ni::ij|]i:.tïiii' 
these higher terms can be negre*ecr iii," "on."nrrarions

In the classical right scattering expcriment onc solvcs the Debyc equationover a wide range of angres and-concentrations ro, untiacironated poryrner
,itr"ii,,iÏffi;::ïl'"d.': a^rectirineargrid known u,, ii,,,- prot in which
i s a n a rb i tra " ;";!i; iË: Ï !ï,î J ii i'.';;i i,J f l f :, .:",:ï:*,:r,,îl îî :zimm plot yields parailer rines oreiihe, "luur concenrration o,-,,ngt.. The srope oft h e  9 : 0  l i n e  y i e l d s  ( s 2 )  w h i l e  t h a t  o f  , t " , . : 0 l i n e  y i e l d s  A 2 .  I _ h c i n r c r c c p r  o fc i l l t c t  . l thcsc  l i t t cs  i s  Mrv '  o r re , f  , t r " , , r11 , , , ^  p . .b rc r r rs  l rss .e ia tc t r  w i l l r  c l l r ss ica ll ight scattcr- ing cxpcrimcnts rclatcs ; ;  i l  cfr-cct of  dust:  i f ' i l re e' t rrc s.rutrorrcontained in thc largc cei l  volunrc typi .niry used is rr . t  kcpr scrupulousry l r .ee or.dust,  Iargc scattcr ing errors can rcsult .
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The LALLS device deveroped by Kaye provides thrce significant changes
hat make it amenable as an SEC molecurar weight deteJtor: an intense,
nonochromatic light source (a IIeNe laser, À : 632.g nm) is used, the ccil volume
s reduced to l0 pL and the scattering vorume to 0.1 pL (26), and the singre
;caftenng angle employed is in the range of 2-7" .The net resuit Ir inot the device is
:xtremely sensitive; it can readily distinguish scattering due to an individual dust
rarticle flowing through the cell from that due to the sample, and the angurar
lependence is removed from the Debye equation. The latter iollows from the fact
hat the value of sin2q01z1 for a small angle is essentiaily zero. Undcr this
;ondition the Debye equation becomes

K c l

^R, : ff i+2'<'ç
)r

M * :  
I

rcr1tnu t  2A2C Q5)

nd Mw can be obtained at a single finite concentration provided that A2is known
lrom the literature or is determined from the slope of Eq. (24) using a series of
;oncentrations. However, the removal of the angular variability from the LALLS
letector means that it cannot be used to determine molecular size, that is, (s2).

The sEC/LALLS experiment is then conducted as follows. The LALLS and
:oncentration detectors are connected in series after the SEC column set and
Lnterfaced with the computing system. Timc slice data from both detectors is
lcquired as shown in Fig. 6, so as to have corresponding time slices in each
distribution. In order to accomplish this the time delay between the detectors must
be accurately known. The instantaneous concentration in either detector, c1, rflày
be computed using

rrtA,
't : 

v s;, A, Q6)

where rr is the sample mass injected, z is the effluent volume passing through the
cell in thc time of a single time slice, andl; is the arca of a conccntration cletector
ttrne slice. If one assumes that each time slice is sufficiently narrow so as to
be monodispcrse, then the instantaneous molecular weight is dctcrrnincd using
Eq (25) This data collectively constitutc the absolute nrolecular weight
t l istr ibut ion cal ibrat iorr .

I t  is general ly acknowlct lgcd that LAt- l -S usccl  c i ther as a stancl-alopc l ight-
scatlcrlng photometer or as an Str(' cictcctclr provides accuratc valucs fbr Mw. yct
t t t  1987 a nurnbcr of inde pcnclent r .vorkcrs reportccl  that the abi l i ty ol 'Sl :c l /LAl_l .S
lo  :11 'ç1 ;1" ,1"1 t  r le  tc r rn i r rc  ,471 u  ls  r l cPe r r t le  n t  ( ) l l  t l t c  po ly t l i sPcr .s i ty - t l l ' t l r t .  s l r r t t ; l l e  :  t l t t .

(24)
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Figure 6 overray of time-sriced peak output from a duar (DRI/LALLs) dctector svstem.

greater the polydispersity, the poorer the estimate of ù51 (2g_30). In performing'EC/LALLS on high morecuràr weight poiy(vinyr pyrroridone), Senak et ar. (28)demonstrated that this phenomenon"is "urr.d by 
-tire 

la"k oi s.nritivity of theLALLS detector toward the low molecular weight portion of a broad distribution(D : 6'0)' As shown in Fig' 7, the DRI à"r"",o, is sti' responding (rhe shadeclarea) in a region where the LALLS detector is not. As discussed by Hamierec et ar..
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"':ffi)',:(iîlî),

has also been reportetl to be useful
of a branched relative to a linear
The parametcr of interest is .gr,r,

(21)

(28t

1 9

an electronic switching device and a technique for optirnizing the slgnal_to_noise
ratio of the LALLS dere*or throughout the LALLS "rr.on-,urog.um rs necdcd toimprovc i ts ut i l i ry (31).

The LALLS detector coupled to an SEC
in mcasuring the rclat ive amount of branchlns
polymer of the same chemical type (32_34).
defined by Zimm and Stockmayer (35) as

or the ratio of the mean-square radii of gyration of a branched to a rinear polymerat a constant morecurar weight and through the F'rory*Fox equation tEq ( r 7)], theratio of their intrinsic viscosiries (35). Th; measured quanrity in the SEC/LALLSexperiment, however, is gv, the branching index at constant elutio, volume: theratio of molecular weights of branched to linear polymers. It has been shown thatthe Mark -Ilouwink equarion tEq. (19)] can be ur.â to convertgv to gM to give

, , L t  / M , \ " t lg v : g î  '  :  l ; l
\ r , r b , /  v

where a is the Mark Houwink exponent of the 'inear porymer (32,33). Inprinciple' the variation in the branching index can be determlnei as a {unction ofmolecular weight provided that the exponent, a, is known. comprications mayarise if there is significant band broadening in the SEC system and/or if thes,amples are highly polydisperse as previously discussed. tt must be emphasizedthat the ability of the SEC/LALLS to produce branching infonnation is strictlydue to the discrimination of molecular size by the sEC column set srnce LALLShas no molccular size capability itself.

3.5.2 Multi-Angle l,aser Light Scattering Detection
'fhe 

multi-angle lascr light scattering detectors (MALLS or MALS) deveropcd andproducecl by wyaft Technology corp. (Santa Barbara, california), (the nrodelsDAWN B and DAWN F, an<i curre.try thc EoS), unlikc LALLS, have ilre ability ror.neasurc scatrered l ight at  ei thcr l5 (23 l2g.)  or lg (5, 175,,)  di l ïèrent anglcs
dcpcnding upon the moclel selectecl (36,37). In adclition, these clata c:rn bc obtainccl
stmultancously using an array of detectors. The mathcmatics cr.nploved isesscnt ial ly based upon lrqs (21) to (23).  Onc of the capabi l i t ics of rhrs insrrur ient ist l tc detert l l inat ion of polyl t tcr radius of 'gyrat ion cl istr ibul ion rvhcn rrsed i ls an on-l ine Str( l  c lctector.  [Jsecl  of i ' l inc this instrLrnreut is capablc o{ 'proclucing Zi 'nrpl t l ts strpplying rveiglr t-averagc n' tolccular i l ,c ight,  racl i rrs o1'uyr1t i , rn.  alc l  sc,c.nclvr | i r t l  cocf l ic icrt t  in lbrtni t t ion. - f l tc 

i rbi l i ty ot 'MAI- l .S t , . l  nr, , ie lhis rrreusrrrcl .cnt
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accurately lor very large and very smail polymer moreculcs has becn disputed(38,39). other MALLS instrumcnts are avairabre from poryrner Laboratories(Shropshire, u.K.) which offers a duar angre (r 5. ancr 90,,), which is arso avairabre
:ith.1 

dynamic (quasierastic) right scatiering cretector as an optron, and fromBrookhaven Instruments (Hortsviile, New york, u.s.A ) who oflèrs an array ofseven detectors in their MALLS unit. For a comprete discussion of MALLS thereader is refcrred to Chapter 21.

3'5.3 Right-Angre Laser Light scattering Detection and rripre Detection
At the l99l Internationar Gpc Symposium (San Francisco, carifbrnia) M. Haneyof viscotek corp. introduced a n"* iur"r right scattering detector (RALLS), whichoperates at a fixed angle of 90' (40). Because the particie scattering function, p(0),
cannot be neglected at this angle (for large molecules), this device must be used inconjunction with another molecular *"ignt sensitive detector (that is, a viscositydetector) and a concentration detector in"order to yield absolutà molccular weightinformation. An iterative- carculation is performed on each chromatogram timeslice using a simplified 

_form of the Debye equation [Eq. (21)J, rhe Flory Foxequation [Eq' (17)] and the particle scattering runciion "qrut,on t'q. (23)1.The convergence condition used is no further change in cither molccurar weight,radius of gyration, or P(0). Viscotek claims an inherently better signal-to-noise
ratio (due to lower noise) for the RALLS detector vs. eitÉer LALLS or MALLS
operating at close to 0". The use of a three detector arîay such as RALS, viscosity,
and RI (as a concentration detector) is referred to as ..Triple Detection.,, The
current configuration of the Triple Detection instrument inciudes RALS, LALS
and viscosity as molecular weight sensitive detectors. Also offered in this design
are RI and uV as universal or concentration dependent detectors.

3.5.4 Viscometric Detection

An alternative type of molecular weight sensitive dctector rs the on-line
viscometer. All of the current instrument designs depend upon the relationship
between pressure drop across a capiilary through which thc porymcr sampre
solution must flow and the viscosity of that soluiion. This relationship is based
upon Poiscuillek law for larninar flow of incompressible fluids through capillaries:

rA,Pra t
T :  g w  e 9 )

whcre 4 is thc absolute viscosity,  ap is the observcd pressurc drop, l  is thc clTiux
t'nc, rrntl r', 1. ancl I/ arc T|rc radius, lc'gth, ancl volumc .f thc capillary.
rcspecttvcly' In a capillary viscc'rt'tteter opcrating at anrbicrrt pressurc, onc can
dcl inc thc rclat ivc visct ls i ty,  4,  ,  as thc rat io of ' tht :  absolutc viscosrtrcs ol 'solut ion
to solvent.  \vhich is cqual to thc rat io of their-cf l lux t i r ,cs at low co.co' l ral lons.
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Yet when such a capilrary is used as an SEC detector, the flow time is Çonstant and
thc relative viscosity becomes

21

\ , :

the ratio of the solution to solvent pressure drops. Since the intrinsic viscosity, [4],is defined as

(30)
n L P

\n A%

ra l : r im(+)

one can combine Eqs (30) and (31) to give

tn (L,P I L,P,,l
[ 4 ] :  = - _ -

L

( 3 1 )

(32)

provided that c is very small. (lt is generally less than 0.01 g/dl- under SEC
conditions.)

Thus an on-line viscosity detector is capable of providing intrinsic viscosity
distribution information directry using time slicing analogJus to laser light_
scattering detection. In order to act as a molecular weight delector, however, àne
must either obtain the Mark-Houwink constants in order to use the Mark_
l{ouwink equation or possess a set of molecular weight standards that obeys the
universal calibration behavior. If both intrinsic viscosity and absolute molecular
weight information are available for each time slice, the Flory Fox equatron may
be employed to generate a similar distribution for the -"ur1-rqru.e radius ofgyration (22).

. A single capillary detector developed by ouano (41) and furrher advanced
by Lesec and colleagues (42 44) and Kuo er al. (45) has been internally
incorporated inro rhe Millipore/warers model 150 cv bEC system. chamberlin
and Tuinstra developed a single-capillary detector that was directly incorporated
within a conventional DRI detector (46,4j). Haney developecl a fbur-capillary
detector with a wheatstone bridge arrangement, which was commercializcd by
Viscotek corp. (48,49) and further cvaluatcd by other workcrs (50,51 ). A clual,
consecutive capillary dctector dcveloped by yau (22) (and also conrmercializcd by
Viscotck Corp.) rvas saicl to be sr:perior to the othcr clesigns bccausc it was bettcr
ablc to ctlti l l lctrsatc for flow rate fluctuations: its se.ies airangenrcnt u,sultl causc
I l lc t \ \ ,o capi l lar ies to bc sirnul taneously and equal ly alTcctcd, t l r ls cr i rct lv
ollisctti ng rny clisturbancc.
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4 GENERAL REFERENCES
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rererred to. several additionar general rererences for
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leading authorities ar various rnt"rnutionu'.êËô';;;"; J#".ored by watersAssociares (Mirford t'tu.ra"hrr"iirl. 
"îrr" 

next two uoiun-'", (56,57) areintroductory books pubrished uv ,*â other tlplCzigc "î"0"^. Finary, anearly monograph edited by. 
{_r Éi*runJrss) contains un ""."i,"n, introducrorychapter on GPC (s'c). although àii'li ,tr"r" books u."-."tutru"ty ord theyneveftheress contain varuabre information it ut i, .t'r upprcaui"'*o usefur today.
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