
SUMMARY 

The principal driving force for the explosive renaissance in liquid chromato- 
,ephy in the fast decade can be found in the faikre of gas chromatography to accom- 
modate compounds of medium and high molecular weight. However, even liquid 
chromatography, including its subdass of exclusion chromato_mphy, weakens at 
very high molecular weights azd eventually becomes inapplicable. The primary dif- 
Gculties stem from unbalanckd phase dis’kbution and interfacial adsorption. These 
problems are largely avoided in field-Bow fractionation (FFF). 

FFF is a methodology resembling chromatography in its dyinamiczl aspects. 
However, it is a one-phase system, and is therefore, technically, not chromatographic. 
In FFF, external fields or gradients in one phase replace the partition and adsorption 
forces that, in chromatography, distribute solute between differential flow regions. 

Working in one phase, one MIZ virtually eliminate the distortion in phase 
clistrib&ion and the interfacial adsorption that eventually occur with increasing 
molecular weight in all forms of chromatography. FFF analysis can be extended freely 
into the polymer and even the partictiate range. So far, a billiotiold mass range has 
been explored, roughly from l(r to ICP daltons. 

In this paper, the p&ciples, applications, and characteristics of FFF are de- 
scribed; some Iimitations of ex&sion chromatography arc I;oted; and the basic fac- 
tors involved in extending the tractable molecular weight range are discussed. 

Field-flow fractionation (FFF) is a concept 110-w 10 years oldL. A crude separa- 
tion of two polystyrene fractions was reported in i9672. The separation of polystyrene 
fractions has been steadily retied since thenS-5; at least nine components are presently 
septiated in a single run’. Also in the intervening years FFF has been show appli- 
cable to protein&’ viruses’s8 and pdlystyrene latex beedss*q-‘t, and, in prefiminary ef- 
f&, to ceil nndei and other particles and poly_mers. Its special advantages are ROW 
becoming app&rent in handling “massive” and complex mate&is over a wide range 
of mofect&u_iveight (MWJ, polarity and stability. 



Field-Bow fractiomtion is m appropriate topic for a confererrce on liqtid 
chrom&ographj (TLCJ bqz~~~ the ftidamer&al; me+a&3m 0~5ch:omatography --in 
which solute is partitiozed reversibly between regions of diEerezzt velocities1z~13L ap- 
plies also to F’&. En addition, the experimental tra@ and the dutioa pattern are 
genetiny similar, and there are also some overlapping app&ations. 

FFF doti net, however, technically beIozg to the cbromatog&phic class of 
separations because partitioning occurs in oae phase: not two,‘ as detiarded by ac- 
cepted definitions. However, the method can, with some liberties taken, be.described 
as “liquid chromatography in one phase”l”, or as “one-phases chromatography” as it 
first appeared in an abstract in 196915. The term “field-Bow chromatography” is also 
descriptive. 

FFF works by using an extelnal field or gradient to selectively partition solute 
into different flow regions of a flow channe1. The channel is characteristicalLy empty 
of packing, smooth in cross section, and iheorctically tractable in its pe,rformance. The 
preferred co&&ration is illustrated in Fig. 1. 

Retained sdure 

b 
Fig. 1. (a) Configuration of parallel-plate channel for fietd4iow fractionation. @) Side view. 

In practice, the channel is arranged in an experimental sequence like that of 
liquid chromatography: a liquid pump controls f,ow; iti&ction of-a narrow_ sample 
is made at the head of the charmel; a detector and a recorder monitor the eh&hzg 
fluid. only the nature of the chuel -ad-the mechar&m of fractioszatio+- are 
si,gGficantly different. 

In essence, aa FFF channel resembles a chrdmatographic column! c&a@!ng 



only_2~mobile phase. It is, of course, diEcult for m2ny cbromatogr2phei-s to imagine 
anq’ selective influence on soEutes without 2 stationary phase. However, in FFF, ~II 
exte& field takes over the role ordinarily played by the statio~~.~ry pb2se. By acting 
in 2 direction late& to sow, it forces solute into relatively quiescent flow regions 
ne2r one of the channel w2Hs. These semi-sta_mt regions of FFF 2re analogous to 
the st&ionzry phase in chromatogr2phy, 2nd the fields that draw them there 2re 
2nafogousto the2tt.mdveforces generated bythe stadionary phase. 

&I theory, there shorrfd be roughly 2s many v2riations of FFF 2s oaeinow 
Gnds in chrom&ogr2phy. The most basic variations stem from the various kinds of 
“Gelds” used to force retention in FFF. This is a2logous to the types of stationary 
phases in chromatognphy. With chromatography, there are liquids, solid surfaces, 
ion exchqers, porous exclrrsion medi2, liquid crystals, etc. So far in FFF, we have 
worked with therm21 gndieEt&, electric4 f?elds$, cross-flow fields’-‘l, sedime&ation 
fTelds’-Lo 2nd concentration gmdients. These subtechniques are named, respectively, 
tbcrmal-, efectrical-, flow-, sedimentation-, 2nd concentration-FFF. Other fields are 
possible also. 

331 addition io the basic v2ri2tions, many techniques a be imagined for 
progrm, recycling, varying the channel cotigurationand dimensions, combining 
different fields, 2nd even combining the technique with chromatography so that the 
two retention i~uences act simukneously. 

It is clear, therefore, that FFF, like chromatography, is versatile enough in its 
~~zany variatzons to use with both aqueous and non-polar solve&s, with charged 2nd 
uncharged species, with random chain molecules as well as particles, and with com- 
ponents spanning an enormous MW range. 

At f&3 sight then, the potential versatiiity of FFF is comprtrable to that of 
chromatography. However, such a conclusion is only moderately useful because it 

does not deEne the major strengths md weaknesses of the two methodologies. These 
arise out of the fundamental n2ture of the technique independent of the number of 
forces (phases) or mtions applicable. 

In subsequent material, we will consider some of the fundamental factors 
operating in both chromatogr2phy and FFF that bear on fractionation. We will 
emphasize applicability over a large MW range, and to species of extremely high 
MW. First, however, we sketch the essentiai elements of the theory of FFF. 

THEORY OF FFF 

The late& field or _mdient of FFF compresses solutes into layers against the 
channel wall. The ste2dy state distribution- of these layers is usually exponentizd!1’6*17 

where co is the conentiation of solute at the channel wall, c is the concentration at 
2Ititude x, and I is 2 characteristic paramefer -roughly the mean thickness- of the 
&&S&ion. Simple theory shows it to be given by 

E=D/W (2) 



where D is the solute-solvent dihksion coethcient and U isthe ruean velocity of solute 
induced by the field. LMore use&l than f is &ensio&ss parameter I 

il = l/w = D/C& (-?I 

where 1~ is the channel width. 
The retention ratio, R, is related to A by the straightforward equations 

R = 6A [coth (l/Z) - 2R] (4) 

At high retention (small R), this equation reduces to the simpie expression 

R = 61 (51 

This equation is often applicable in practice. 
Eqns. 4 and 5 relate the experimental retention ratio R (void volume/peak re- 

tention volume) to jl,, a parameter dependent on the simple physical and physico- 
chemical quantities of eqn. 3. 

Retention can, of course, be expressed directly in terms of retention volume, 
V,, and void volume, V& Since V’ = V,/R, we have, using eqns. 4 and 5 

V, = V,[62 [coth (l/2) - 2;11 M VO/6;1. (6) 

The theory of plate height has also been developed, but its details are far less 
simpIe. Plate height, H, should theoretically be dominated by the non-equilibrium 
term16, 

_X = Jo pv2 <v)jD (7) 

where <v> is mean channel fiow velocity and x is a coefficient that depends on j! in a 
comphcated way. 

The dimensional form of eqn. 7 resembles that of chromatographic non- 
equihbrium terms l3 This is not surprising considering their similar origin. _ 

IMOLECULAR WEIGHT OF PARTICLES 

FFF is applicable to an exceptionally wide mass range of molecules and 
partic!es. Most particles (with some exceptions, inchrding vinrses) are characterized 
by particle diameter, d,, more often than by MW. However, in order to provide a 
contiauity of scale, we use “moi~tir weight” to describe all species, m&ding those 
in both globular and linear-chain configurations. 

The molecular weight, M, of a spherical particle of diameter dp is 

Ai = (l/6) Nx p d,” 

where Nis Avogadro’s number and e is mean particle density. This 3mti0n reduces to 

M = 0.31534 0 d,’ (91 

prcviding~d, is expressed in Angstrom units and e in g/cm”. 



It is important to emphasize that a rigid limit on the capability of chromato- 
graphic-likes columns (including those of FFF) is imposed by two parameters: (a) 
EIBII~S of theoreticA plates, N, and (b) retention volme range, YJYI, equal to the 
dution volume of the &al peak to that of the first peak. Years ago it was shown that 
the iargest number of resolvable peaks (the peak capacity, n) compatible with these 
two parztmeters is” 

Here, the original equation has been modified to indicate the resolution, R,, between 
adjacent peaks. 

Given, then, 2 limited n -with, for example, a polymer sample- one may 
imagine having the choice of two extreme cases : (2) one can separate extremely close- 
lying peaks such as homologs differin, (+ only by 6&f in IMW; or (2) one can separate 
peaks across an extremely broad range, AM, in MW. In case 1 the high resolvability 
would be associated with a restricted range which could span at most C(I. n&M daltons. 
In case 2, the large range would carry a limitation of 634 w A M/tz average discrimina- 
tion between adjacent peaks. Of course, in reality, some intermediate case may prevail, 
or some combination representing diiTerezt capabilities in different regions. How- 
ever, given N and V,/ P’,, these basic compromises exist between range and resolution. 
These compromises, as they limit e&&on chromatography and FFF, have been 
e!aborated theoreticaIly3. 

En order to throw light on the range versus resolution questicn in particular 
systems, it is necessary to examine the elution spectrum: the values and increments 
in elution vofume with increasing MW (or with changes irr other properties). The elu- 
tion spectrum shows fundamental diKerences between the main classes of chromato- 
graphy and FFF, and these in turn help determine the respective capabilities and 
limitations of the different methods. 

Before proceede, we distin_tish two basic classes of chromatography. First 
are the most common forms that include both adsorption and partition cbromato- 
graphy. We call this class retention chromatography, because theze are positive forces 
acting at the interfaces to prevent the unrestrained movemeat of solute into the 
mobile phase. Thermodynamically, the retention originates largely in enthalpy dif- 
ferences of solute in the two phases. 

The second furidamental class is e.rcEusion &romatograpFzy, which is well 
named because solute tends to be expelled, or excluded, fromnarrowporesconstituting 
the stitionary phase. The forces of expulsion arise in the loss of entropy that large 
molecules stier when they are in a constricted regioz’g-‘O. 

We can now formulate the elution spectrum of retention chromatography by 
utilizing Martin’s classical assumption that chemical potential effects are the additive 
sum of group contributionP. This gives arr exponeatial dependence of retention 
volume on M 



The exponential elution spectrum of retentcion chromatography compares to 
an almost iiaear spectrum in FFF. An unpublished analysis of the !ztOer sfiows that 

we can write 

where q rtmges from l/3 to 1. 
Exclusion chromatography is at the other extreme, yielding a spectrum gener- 

ally described as logarithmic 

V==A+BlogM (131 

The implications of the distinct classes of retention spectra, as summarized in 
the last three equations, are as follows. The exponential spectrum of retention cbro- 
matography provides excellent resolution, but soorr the successive peaks become so 
well separated from their precursors that they occupy the practical limit of retention 
volume, and no more peaits can be accommodated. Thus, range is limited. The near- 
linear spectrum of FFF provides 2 compromise situation between range and resolu- 
tion. The logarithmic spectrum of exclusion chromatography is inherently good for 
range, but the limited retention volume, (VJV,) = 2-2.5, makes this property dif- 
ficult to utilize. Ranges are typically only about two orders of magnitude in MW. At 
the same time, resolution is impaired by the lcgarithmic dependence. One can extend 

the range by mixing pore sixes, but only by dikting resolution further. The nature and 
limitations on such compromises has been discussed”. 

With programming, the retention spectrum of both retentIor; chromatography 
and FFF can be altered to incorporate a much greater range without a significant loss 
in resolution. Inasmuch as the range of FFF is already broad without programming, 
it can, in theory, be extended to very broad limits. The example of Fig. 2, using 
thermal FFF on polystyrene polymers, suggests this capability, but by rro meaIzs 
explores its full potential*. 

The thermal FFF used for Fig. 5 is in many ways typical of FFF methodology: 
A channel of approximately 0.4 m length and 2 cm width is formed by clamping plates 
together over a 0.025 cm spacer. However, in thermal FFF, the plates are metallic 

Fig. 2. The prognmming of them4 FFF has made potible the separation of tbe~ polystYEne 
peaks in 8 sir&e rud. The MW r2nge covered in this run is ?775. 



bars, one heated and on% cooled. The “field” skown in Fig. 1 is thus noiking more 
than a temperature gradient capable of inducing therm4 d3Tusion. Programming is 
achieved by steadily lowering the temperature of the heated plate. 

Exclusion chromatography (EC) -both gel Skration and gel permeation- 
has had an unprecedented success in macromolecukzr a&ysiP, and its remarkable 
value will undoubtedly contizzue for this dass of materials. However, exclusion ckro- 
matograpky as a system has some serious drawbacks that are infrequently discussed; 
these require a better understanding in order to gain perspective and to continue 
extending tke MW range. Accordingly, some of the drawbacks are listed below. A 
few are discussed in some detail arrd new resuIts are presented. 

Linzitedpeak capacity 
As discussed earlier, the peak capacity of EC, at a given plate number, IV, is 

limited; it is~ about 3-5 times smaller than for retention ckromatograpky and for 
FFF”. Column efficiency, as measured by N, must be increased rougk!y 9-25 times 
to of&et tkis disadvantzge. Tkis factor makes more difficult the extension of EC 
across a broad molecular weight range, except when a serious loss in resolution +II 
be tolerated3. 

Lack of retention control and progranrming 
In a given colunzn, very little control can be exerted over retention by the 

normal control mechanisms existing in retention chromatography CmainIy solvent 
type and temperature). For the same reason, progra mming is exceptionally difficult 
altkougk minor success kzs been ackieved2j. 

Difficulties in the calibration of retention 
The undefined pore space of excl&on media has so far frustrated a theoretical 

description of retention. Thus no a priori theory, applied to a real porous material, 
has succeeded in correlating retention volume with moIecular characteristics. More- 
over, it is not even cIeariy understood which molecular dimension parameter is most 
suitable. Hydrodynamic volume has been widely usedr4, but it can be shown that this 
parameter is sot a universal calibration factor, because in model pore systems where 
calculations are possible, species of different shapes but equal hydrodynamic volumes 
are unequally retainedl’stj. 

Shear degradtzation 
The shear degradation of polymers during EC ansrlysis becomes important at 

an h4W of co. IO’. T&is eB’eetively imposes a ceeiling on the MW limit of EC for these 
materials. 

The gravity of tke skear problem is greatest in kigk-e&iency systems, because 
these employ small particles and large pressure gradients to maintain kigk fo-w 
velocities. At a given mean Bow velocity, the shear gradient is inversely proportional 
to particle size. Therefore the avoidance of shear degradation and the use of kigk- 
efiiciency systems appear to be incompatible goals. 



Exposed surfaces become increasingly important as molecular size.&xpands. 
Adsorption becomes more severe and less inclined to reversibility at high IMW’S 
because the free ener,o of the adsorption process grows in rough proportion to size_ 
Surfati catalytic effects a also occur with some fragile macromolecules. A current 
review listed seven recent references in which retention is perturbed by adsorption 
eRects2” . 

Minimum surface eRects can be sought by a combination ‘of reducing the 
activity of surfaces arrd by reducing their area. However, the latter is subject to very 
little control in EC because surface area is a fundamental parameter for controlling 
retention. 

Exclusion ck.romatography requires supports of relatively high surface area. 
This is so because the exclusion process is caused by pore walls crowding in so closely 
that the macromolecule’s freedom of motion (and corresponding entropy) is severely 
curtailed. Significant exclusion, therefore, implied substantial pore-wall area. 

Theoretical justification exists for this view. The distribution coefficient, K, in 
a random-plane pore network model can be shown to be related rigorously to the 
surface area, s, per unit free volume of the support bylg 

K = exp (-SE/~} (14) 

where & is tke mean external Zength (or effective diameter) of a molecule of any 
arbitrary shape. (The equation suggests that parameter Lmigkt come closer to being 
a universal calibration parameter for macromolecules than hydrodynamic volume.) 
This equation shows that, for balanced retentio= (K = 0.6) s must be of the order of 
!,!I. If the pore space consisted of the volume betweenpardel random planes, with 
s = l/E, the average spacing between planks would be 2Z. If we envision the solute 
as a sphere of diameter L, the average distance from the surface of the sphere to t&e 
nearest w&I would be of the order of E//2. 

In FFF, by contrast, a macromolecule averages about one “mean layer thick- 
ness,” Z, in distance from the Gear& wall. 

The relative itiuence of any surface effect -absorption, catalysis, etc.-- is 
proportional to the crowding of the species against a surface, or inversely proportional 
to the average distance of the molecule or particle from the nearest surface. Thus, the 
relative surface effects in EC and FFF are approximately 

EC (surface effect) I 
FFF (surface effect) = E 

assuming a like surface material. For globular materials, assumed to be perfect 
spheres of diameter z and unit density; the ratio Z/Lvaries with _MW as shown in Fig. 
3. For linear polymers, the ratio would be somewhat smaller. It is possible to formulate 
this ratio for common supports by substituting mean pore diameter for L. A value 
of 10 pm is typical for i, althougk this can be varied, if necessary, to make surface 

effects even less obtrusive in FFF. 
Fig. 3 shows that the ratio of surface effects_ given in eqn. 15 is indeed quite 

large. It iS the order of 1000, for example, at MW = I@. This could,be a significant 
drawback in further extensions of the _MW range of EC. 
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Fig. 3. PIots showing l/L as a function oi mokcular weight, M, for globular specks of unit density. 
The ratio, I/L, is the approximate ratio of surface effects in EC uld FFF, as indicated by eqn. 15. 

BASIC CHAFLCTERISTKS OF FFF 

&though the ehaiOri fFaCtOpmS in FF!? are Superficially SidaF t0 those in 

chromatography, the unique one-phase characteristic and the unlike forces responsible 
for fractionation create fundamentil dif5erences in the way that solutes migrate and 
separate. An understanding of these differences is important in delirreating the advan- 
tzges and Iimitations of the two methodoiogks, and the possibility for extending the 
tncfable MW to very high vahxes. 

First, we explore the unique features that are introduced mainly by the exk- 
tence of a one-phase system. 

Thefactthatrelative surface areas zre mtxch smaller in FFFthaninchroma- 
tography has been detailed. The rezson, of course, is that surfaces in FFF exist only 
to the extent necessary to define the boundaries of the channel. Furthermore, the 
surface material is generally subject to control azd substitution. The principle re- 
quirement is that the surface material be capable of transmitting the field. Usually, 
a wide range of materials satisfy this requirement. 

In chromatography, surfaces are more extensive and at the same time less 
subject to controf. In w’sntion chromatography, the nature of the surface is tied by 
the mobile and stationary phases used. There is gener&y no independent control for 
obtai$.ng the desired surface properties. In excksion chromztography, more control 
exists but the nature of the surface is still largely detersnked by the limited range of 
materi& that can be used in forming pores of precisely determined -size 2nd size 
distribution, and in forming particles of the desired size, uniformity and rigidity. 



Theoretical tractabiiity and caZibration 
The unobstructed, we!1 defined geometry of a FFF channel makes possible the 

rather exact description of retention in a FFF system9 By contrast, as noted earlier, 
the complexity of the pore geometry in exchrsion chromatography has so far made 
it impossible to predict retention exactly in terms of basic parameters. 

The utility of theoretical predictability is multiple. First of a&one can more 
simply predict optimum operating conditions. Perhaps more importantfy, complex 
systems cau be characterized to a first approximation without any calibration curve. 
Material in each region of the elution spectrum is directly characterized by some 
value of a physicochemical parameter such as diffusivity, or by simple groups of 
physicochemical parameters. These parameters can, in turn, be related to MW, 
charge distribution, and other important properties of the solute. 

It is ver-- probable that calibration and the use of internal standards will 
sometimes be useful in FFF, but these will assume the role of sharpening the definition 
rather than’in de&ing the basic nature of the elution spectrum. 

Near linear retention spectrum 
The approxnnate linearity between retention volume and MW yields a com- 

promise; an elution spec+sum that provides a reasonably broad range of MW and 
reasonable resolution for 2 given plate number, the range can be extended by means 
we note below. 

The near-linear retention spectrum can be attributed to the linear increase in 
flow velocity with distance above the channel wall in the wall’s vicinity”, and to the 
inverse dependence of I on MW. 

Minimum shear 
The openness and smoothness of the FFF channel; the distribution of fIow 

over a relatively large cross section; and the lack of a stationary phase that wili im- 
mobihze segments of macromolecules against fiow; should make the FFF system 
capable of avo?ding shear degradation up to very high values of molecular weights. 

We now turn to those distinctive features of FFF that stem from the use of 
lateral fields or gradients to achieve retention_ 

External control of retention 

By simply varying the field strength, retention can be controlled to any desired 
level. This control is instantly appliable and can even provide mid-course corrections 
should that prove desirable. With this mode of control, peaks that are grouped too 
near to the void peak can be spread out and their resolution improved, as illustrated 
in Fig. 4. In addition, peaks with excessive retention time can be eluted more rapidly 
through a reduction of field stren,@h. 

Another useful feature of this control is that it is capable of eliminating reten- 
tion altogether. This makes unnecessary such .str2tegis_ as back fhxshing to rid the 
column of highly retained components. En FFF, one can simply red&e the field to 
zero &d wait for the passage of one void volume in order to sweep the residue out 
of the column. 
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Fig_ 4. In- in retention uld improvemeat of resdutioon of polystyrene latex particles in sedimen- 
tation FFF by increasing the rotor speed from 1140 to 1520 rpmg. 

Versatile programming capability 
The stren@h of the external 6eJd in FFF can be varied continuously in accord 

with any desired pro~~arn~*~~. Most advantageously, the program can be desimed to 
increase the MW r&ge of FFF. Tkus, if the geld strength is continuously reduced 
du&g a run, lower MW peaks wiil elufe first, then successively kigJzer MW compo- 
nents will fo.lIow as the field is reduced to a level compatibble with their reasonabJe 
migration and separation. If ultra-k&k MW components are present, the field can 
be graduaIJy reduced to whatever levels are necessary for their elution. This open 
endedness is generally unackievable in chromatography because it is rarely possible 
to etiate the phase distribution forces totally. Even when the forces can be 
eliminated, as in some cases of solvent programming, the point of zero retention 
cannot be approached in a smooth, continuous and precisely controlled wayz7. 

The capability of pro_- ed thermal FFF in separating polystyrene polymers 
over a 1775foJd MW range -from 4,000 to 7,100,000- was shown in Fig. 2. Tkis 
result was achieved by gradually reducing temperature increment between the plates 
of a thermal FFF column. 

Geideness of forces 
The forces of retention in FFF are continuous and generay qite rrnifonn 

from one waJJ to another of the channel. Tkere are ELO abrupt discontinuities in the 
forces that might prove destructive to fragile species. 

The retention forces of chromatography are d&net&z&y opposite: tkey are 
discontinuous by name because they originate at tie interface betwen two phases. 
These discontirmities can be associated with adsorption and with alterations in the 
struck of complex species. 



D$erenr ba& of selectivity 
The diEerentia1 migration of species in FFF is based on a -dif&erent group of 

factors than in chromatography. Highly selective solvent-solute interactions are, of 
course, gone. In its place One has diffeFe@ial levels of coupling between the external 
field and the components of the mixture, and also differential values of the diEusion 
coefficient, which is the second selectivity factor reffected in eqn. 2. 

Ordinarily we do not expect the coupling of external fields with solutes to be 
highly selective. In rare instances one would have, perhaps, small clusters of etectrical 
charge that would interact selectively with an eiectrical field, or unusual chemical 
groups that might act in some selective way with, pcssibly, a thermal gradient or con- 
centration gradient. 

Ordinarily, high selectivity in complex systems is unnecessary. For example, 
in polymer analysis one is more interested in a reasonable spectrum across a broad 
range of MW’s than in the efIect of any special chemical group. In fact, if there are 
single groups which may have some unusual effect on the polymer, then molecules 
containing these groups can be isolated in prior treatment through processes such as 
extraction. 

The degree to which selectivity is achievable or desirable in FFF has not been 
thoroughly defined. Undoubtedly, chemical properties will irSuence retention with 
some types of fields. The importance of this effect must await further work for darifi- 
cation. 

The above compilation defines some of the most important characteristics of 
FFF, and significant points of contrast between chromatography and FFF systems. 
The most importint fmplication of this, insofar as the present work is concerned, is 
the way that FFF characteristics lend themselves to the study of ultra-high MW mate- 
rials. The minima! surface and shear effects, the inherent range, the gentle forces 
controllable to zero, and the theoretical tractability combine to provide a tool of 
utmost promise in going to MW of one trillion and above. 

IMPLEMENTATTON OF FFF 

The implementation of FFF has been diEcult because of certain rigorous 
requirements in the uniformity of the channel, and other normal problems associated 
with devefoping a new technology. Nonetheless, the power of the method has expanded 
considerably in the first decade of its existence -especially in just the last year- and 
application has been shown to an increasing variety of high _MW materials. The 
evaluation of the applicability of the technique in our laboratories is illustrated in 
Fig. 5. 

Among other things, Fig. 5 shows that several particle systems of MW > 10’ 
have been successfully retained in various FFF systems. Most commonly we have 
used polystyrene latex beads (shown in the figure as PS beads) because of their 
avai:abihty in well defined sizes of narrow distribution. Both sedimentation FFF and 
flow FFF have been used quite successfully with these particleP-ll, and some pre- 
liminary results have been noted with electrical FFF as well. We note also that some 
v;_ruSes are in this range. Particles with h&W slightly greater than IO= have also been 
retained ia preliminary studies. These are cell nuclei and gel beads (see legend to 
Fig. 5) of diameters >l ,um. For such systems, the column has been tipped on end to 



Fig. 5. Components of widely varying MW retained by FFF since inception of the University of 
Utah FFF program. A number of components of unknown MW have been left out and a few have 
been estimated. Those of po!ystyrene beads and gel beads have been calculated using eqn. 9. Each 
short, verticle bar represents a retatied peak distinguishable from the void peak. Each shaded hori- 
zontal bar comiecting peaks represents 2 fractionation in which each peak was resolved sufficiently 
from its neighbors Co be distinguishable. PS = linear polystyrene polymer; PS beads = polystyrene 
latex beads; Prog = programmed FFF; TFFF = thermal FFF; SFFF = sedimentation FFF; 
EFFF = electric21 FFF. (a) Ret 2; 3525 MW peak bareIy retained, barely separated from 4~1,000 
MW peak. (b) Ref. 28; first programmed FFF. (c) Ref. 6; fiexible membrane channel. (d) Retention 
data published in ref. 29, but fractogram not pfiblished until 1975 in ref. 3. (e) Ref. 9. Q Ref. 10; 
two programming methods used-solvent and field strength. (g) Ref. S; MW of virus determined by 
SFFF. (h) Ref. 4; an intentional effort to incorporate lower MW’s, here down to 600. (i) Ref. 5; ning 
soIutes sp arminga i775-fold MW range separated in asingle pro,mmmed run.(j) Ref. 30; rigid mem- 
brane channel. (k) Parts of this work appear in Refs. 7 and 1 L ; other parts are yet unpublished. (I) 
Unpublished; retention of rmcfei of baby rat brain celis noted. Retention not yet well characterized. 
(m) Unpublished. Beads are Ai%-Gels 702, nominaliy I-3pm in diameter, from Bio-Rad Labs. 
(Richmond, Calif., U.S.A.). The size range extends well to either side of the value shown. 

avoid the superposition of gravitational eiTects, although the two fields might, in 
some case, be used advantageously in combination (sedimentation forces are some- 
what more selective than flow forces). The large size of these particles seems to present 
110 important barrier to fur&r extensions in MW. 

The bacteriophage T2 retied by sedimentation FFF, while not rrnique among 
the components of Fig. 5, shows bow the close theoretical relationship between reten- 
tion and physicochemical parameters can be r;sed to advantage. Retention in sedimen- 
tation FFF depends s&Iy oiz effective mass. Thus from measured retention, we have 
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arrived at MW = 230. I@ for the bacteriophage 12, and have thereby helped char- 
acterize this systems. 

Fig. 5 also i&&rates the dramatic &rovement in the resolution, range, and 
speed of FFF, as wel; as in the upper MW limit. -The &rst crude separations of 1967 
and 1969 (shown as (a) and (b)) were improved-many times in resolution by 1976 (i); 
the time required for a programmed run was reduced from 50 fi to less than 4; while 
the peak capacity increased from 4 resolvable components to 9. We are still nowhere 
near the theoretical J&it of performance in FFF, and we expect comparable gains in 
the future. 
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