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Abstract

Fast SEC is a very interesting modification of conventional SEC. The need for it emerges from combinatorial chemistry and high-throughput
experimentation, where high-speed analyses are required. The different approaches to change the speed of analysis are extensively describe
this paper. Special attention is paid to the trade-off between analysis time and resolution and to the selection of optimal column lengths and floy
rates. Simulations are used to design and to understand experiments. Integrity plots are constructed to judge the quality of various SEC systen
Fast separations in size-exclusion chromatography are found to be more favorable than suggested by conventional theory. The results are basec
experimental data obtained for polystyrene using THF as mobile phase.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction for the purpose are available from several manufactiigs2§)].

The field is strongly application driven. Very little funda-

Size-exclusion chromatography (SEC) is a form of liguidmental work has yet been devoted to the subject. The great
chromatography (LC) that separates the analytes according toterest in fast SEC separations arises from two sources.
their hydrodynamic volume. SEC is the outstanding techniquéirst, the emergence of combinatorial approaches to (indus-
to measure molar-mass distributions (MMD) of natural and syn#rial) research and development and the associated need for
thetical macromolecules. The analytes with the highest molahigh-throughput experimentati¢f]. Second, in polymer anal-
massesM) are eluting first from the separation column, while ysis two-dimensional techniques have been developing rapidly
the smaller molecules are eluting last, being retained for a longeturing the last years. This requires fast second-dimension
time inside the column. Conventionally, SEC analyses requirgeparations. Other perceived advantages of fast SEC are the
times up to several hours and not less than 10-15 min. One @bnsumption of less eluent and the use of smaller columns.
the most important parameters in any kind of chromatography i8Ve believe neither of these latter two arguments to be truly
the resolution. Good resolution is required to adequately charelevant. Reduced consumption of solvents (and stationary
acterize the sample. Because in case of polymers we invariabfihase) can much better be achieved by reducing the col-
work above the optimal flow rafd], the best resolution is usu- umn diameter. The prevailing reason to pursue Fast SEC is
ally obtained at the lowest flow rate, which is equivalent to thespeed.
longest analysis time. However, there is a definite trend towards Traditionally SEC of polymers has been performed on
fast size-exclusion-chromatographic separations. columns packed with relatively large particles (e.g. 10x20.
Fast SEC has been used by several polymer-science grou@®lumns with such large particles can provide high-resolution

[2,3,21]and industrial laboratorigd—7]and dedicated columns separations, but they do require long analysis tif2é% Large

(highM) polymers are thought to require large particles to avoid

shear degradation and recovery problems. To reduce the analysis
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Table 1 o provide a unigue combination of low pressure drop and high
Different approaches to change the speed of analysis in SEC separation efficiency. Unfortunately, the selectivity offered by
Operating parameters Anticipated results monolithic columns for SEC is still much inferior to that of

typical columns packed with porous particles. So far, mono-
liths have a smaller volume of pores that contain stagnant
x2 x2 x2 (>) =12 Cst Cst. mobile phase during analysis. Other alternatives to avoid work-

dp (nm) L (mm) F (ml/min) N2 tr (Min) Ap (bar)

iitlz (Cjt'xz ;21 iiﬁ ing at high-pressure are size-exclusion electro-chromatography
(SEEQ)[18] and open-tubular or open-channel hydrodynamic-
Cst éz (?/;1/4 (X:l/z Xiﬁ chromatography (HDCJ19]. Neither of these latter options is
Xslt,'z (X<) Cst. th' ;(1,8 thought to be practical at this stage.
The third option for speeding up the SEC analysis is to
x1/2 észt (3 “ 8 iig iig increase the flow rate. This can be either be done using a conven-
<1/2 (x12  Cst <1/16 tional column, or while concomitantly using a shorter column
Cet. " - () Cst. Cet. 4 (|.e._the second optl(_)n). In the first case the_ eff|C|e_ncy and res-
Cst. N 2 2 olution decrease while the pressure drop will be higher. When
<1/2 (<) x4 w4 Cst. increasing the flow rate in combination with a shorter column,
Cst. 2 G)x12  x12 2 the pressure drop may not increase, while the time of analysis
Cst. Cst. Cst. Cst. will be shorter. However, the plate number will also decrease
x1/2 (<) x2 x2 x1/2 dramatically. Therefore, a compromise must be found between
12 <2 o) x1/4  x1/4 Cst. the gain in speed and the loss in efficiency (resolution).
Cst. <1/2 «1/2 «1/2 The factors listed in the plate-count column are based on
x1/2 (<) Cst. Cst. x1/4 the classical van-Deemter equation, which suggests that at high
<1/2 %2 %2 (>) x2 Cst. <16 flow ratesN is approximately proportional to £/ However, in
Cst. x4 x2 x8 reality the situation is more favorable. When doubliigV is
x1/2 (<) x8 x4 x4 expected to decrease by (much) less than a factor of two (see
Cst. %2 (>) Cst. «1/2 «8 [1] and theory section below). This is indicated by the “<” and
Cst. x2 Cst. x4 “>" signs in Table 1for the situations in which the flow rate is
x1/2 (<) x4 x2 x2 altered.
x1/2 x2 () x12  x1/4 x4 Commercial fast SEC columns are much shorter than conven-
Cst. Cst. x1/2 x2 tional SEC or LC columnsl@ble 2. Conventional LC columns
x1/2 () x2 Cst. Cst. have a length of 150-300 mm. The fast-SEC columns commer-

dp is the particle diametet, the column lengthF the flow rate,N the plate  Cialized by Polymer Laboratories (PL) are 50 mm long and have
number,r the retention time andyp is the pressure drop across the separationan internal diameter (i.d.) of 4.6 or 7.5 mm, while those man-

Cf;'UTfE“- POt‘f)”tIia' aPF’JF’a‘t?hesgotftaSttﬁEC are p””teg iI” bo'_d-d at ufactured by Polymer Standard Service (PSS) have the same
e symbol “>” indicates “better than”; The symbol “<” indicates “worse : :

than”. Effects are moderated, because the plate height varies less than prop!)er—ng_th’ buta Iarger Inte_mal d_lameter Of_ 20mm.

tionally with the flow rate. Kilz et al. [20] have investigated options for fast-SEC anal-

ysis. They compared different approaches, such as increasing
the flow rate on a conventional SEC column (8 mrB00 mm),
second possibility is to reduce the column length and the third
to increase the flow rate. Table 2a
The packing of SEC columns with smaller particles is thebDimensions of Fast-SEC columng(is column diametet. is column length,
most attractive option for reducing the analysis times. When thép is particle diameterVcol is column volume)

length of the column is kept constant the efficiency will increase-gjumn Manufacturer Column volume Volume eluent for
(Table J). To reduce the separation time, the column length camimensions (mm) (ml) LC x SEC run (mf}
be decreased or the flow rate increased. The efficiency can bﬁ.ex 50 L 05 50

(at least) maintained at the original level. The major disadvan-; 5 59 PL 1.3 130

tage of this approach is the increased pressure drop across the 50 PSS 10 1000

separation columfil0]. In order to overcome this mechanical
limitation, Mc.Nair et al[11,12]introduced ultra-high-pressure
liquid chromatography (UHPLC) techniques. Small particles;Table 2b

inherently produce very low column permeability and, there-g,qqested flow rates and column diameters ind 8EC

fore considerable heat is generated. Wu €tl&,14]concluded Eray— 2 2 TP oy
that capillary columns (e.g. 30—-150n internal diameter) are de ng) (mm) (mi/min) (nfm) (,u")” (ulimin) (mCm)
required to facilitate heat dissipation. Another solution to over-
come the high pressure drop could be the use of monolithic#-6> 50 0.5 1 20 20 1
columns. Due to their structure, silica-based monoliths can alsgg'iéoso 15'3 i 428 423 }1'2 or2
offer an enhanced chromatographic performdt&e17] They '

a Assuming 100 second-dimension runs.
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shortening the length to 50 mm, decreasing the i.d. to 4 mm, asive two-dimensional chromatography of polymers is interactive
increasing the column diameter to 20 mm. In a study by Pascliquid chromatography with SEC. A second-dimension anal-
et al. [21] conventional styrene/divinylbenzene SEC columnsysis time of 1 min implies an analysis time of several hours,
(300 mmx 8 mm) and fast-SEC columns of 50ma20mm  if we are to maintain our first-dimension resolution. Thus,
were compared. The accuracy and the precision of fast SEGigh-throughput experimentation requires moderately fast SEC;
columns were investigated using a broad reference standardC x SEC requires very fast SEC. In addition, XCSEC has
The analysis time was reduced from 10 to 2 min. been gaining attention from a number of research groups and
Applying the concept of integrity plots, which we introduced industrieq31].
elsewher¢l], we are able to quantitatively investigate the influ-
ence of the particle size, pore-size distribution, flow rate, an@. Theory
column length on the quality of separation in fast SEC, based on
a limited number of simple experiments. The aim of the present. . General aspects and overview
paper is to investigate whether fast SEC is a useful technique
and, if so, for which types of analytes and under which condi- In chromatography, the degree of separation of two compo-
tions. Explicitly, we aim to establish the range of molar massesentsi and; is given by the resolutioRs [29], which usually is
and polydispersities (PDI) for which an accurate MMD candefined as:
be obtained. The MMD of polymers is characterized by their R — IR
average molecular weights, such as number-average moleculBs = m
weight (M) and weight-average molecular weigi{). The ' J
PDI of a polymer is defined as PDW, /M. whererr; andrr; represent the retention times amgdandw
The main fundamental obstacle to the fast and efficient chroare the peak widths (in time units) at the baseline of the second
matography of polymers is the slow diffusion of the analytes. Agj) and the first{) analyte, respectively. Alternatively, retention
a consequence of this effect we have to deal with poor chromataolumes and peak widths in volume units may be used. In SEC a
graphic efficiency and extra-column dispersion. The moleculadifferent resolution concepRgec) is used, which is correlated
diffusion of polymers is strongly dependent on their molar masgo the calibration curve as follows:
and on the mobile phade?2]. Typically, the diffusion coeffi- AVR 1
cient decreases with increasing mobile-phase viscosity and &sec = ?W
typically decreases with increasing v
A SEC peak can be broadened due to the PDI of the samplehereAVg = (Vr; — VR,), represents the difference in retention
and due to extra-column and column dispersion. Since in SEC wenlumes between the seconiignd the first{) analyteo is the
are aiming to measure the MMD of the sample, the broadeningeak standard deviation in volume units (proportional to the
due to the PDI (i.e. the chromatographic selectivity) must be apeak width), and/; andM; are the molar masses of the analytes
high as possible, while the other two contributions to the totalvhereM; <M;, [30]. Note thaiRsecis equal to the conventional
band broadening must be minimized. resolution Rs) if we consider two peaks that differ in molar mass
The exact value of the polydispersity index (PDI) is very by an order of magnitudé{; = 10M;).
difficult to establish. The widths of molar-mass distributions As described in the introduction of this paper, an impor-
(which are directly related to the PDI) have been directly estitant reason for our interest in fast SEC is its use as the sec-
mated from SEC coupled with concentration and light-scatteringnd dimension in two-dimensional chromatography, in order
detectorg23] and can also be derived from mass-spectrometrito obtain comprehensive two-dimensional information. The
measurements using soft ionization technigi22525] In the  most commonly employed coupling is liquid chromatography
case of commercial standards the manufacturer specifies a val{eC) with size-exclusion chromatography (SEC), abbreviated
which should be seen as an upper limit. Some researchers cai- LC x SEC[33]. Reducing the column length of the second
cluded that the real PDI values are somewhat smaller than thdimension and increasing the flow rate would greatly decrease
one specified by the supplig26,27] others suggested that the the run time in SEC analysigéble 7). As a result, the total
true values are much small@8]. Strong evidence that the latter analysis time in LCx SEC would become shorter. fable 2
presumption is correct has been provided by Lee §@Jusing  commercial short columns are listed. A smaller i.d. implies a
temperature-gradient interaction chromatography (TGIC). smaller column volume. The PL columns have volumes of 0.5
Two-dimensional chromatography progressed considerablgnd 1.3 ml while the PSS column has a volume of 10 ml. Typi-
in the last decade. This method involves the coupling of two dif<ally, in LC x SEC a hundred fractions from the first dimension
ferent separation mechanisms on-line, exploiting the potential ahay be taken to characterize the sample. Because in SEC the vol-
both of them in order to obtain, so-called ‘comprehensive’ infor-ume of eluent required for one run is approximately equal to the
mation. The firstdimension is a slow separation while the secondolumn volume, the total volume required for a two-dimensional
one is fast. The fractions of the sample eluting from the firstanalysis assuming 100 fractions is 50 ml for the 4.6 mm i.d.
dimension are collected by the modulation valve and re-injectedolumn, 130 ml for the 7.5 mm i.d. column, and 1000 ml when
in the second dimension. The faster the second dimension, tliee 20 mm i.d. column is used. The smallest column is most
shorter can be the total analysis time (or the higher the ovemttractive from the points of view of toxic waste and cost of
all resolution). The most common combination in comprehenanalysis. Also, the flow rate of 10 ml/min associated with the

1)

)
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20 mm i.d. column is not compatible with many common SEC 54
detectors. 451

In truly comprehensive two-dimensional liquid chromatog- 31:
raphy the maximum injection volume in the second dimension ]
and the second dimension analysis time determine the maximum & 55|

h=15v'+1.12y 02

.

h=1+15v71+0.05v

flow rate in the first dimension (E@3)) [31]. 2
1.5
2
Vini 14
1 _Vinj,max
Fmax = T 3) 0_3‘
where,1Fmax is the maximum flow rate in the first dimension, 0

expressed ipl/min, 2Vinj,mxthe maximum injection volume in (@)
the second dimension, expressquLInandztR is the retention

time in the second dimension, expressed in min.

The maximum flow rate " may) in turn suggests a suit- 25+
able internal diameter for the first-dimension colurht). The 504

advantage of using a 20 mmi.d. columnin the second dimension
is that a conventional column can be used in the first dimension. <

Choosing a 4.6 mm or a 7.5 mm i.d. second-dimension column 10+

necessitates the use of a narrow-bore column in the first dimen-
sion. Alternatively, the effluent can be split after the first column,
but this may hinder quantitative applications of kCGSEC. The

30+

154

e
//’
/

h=1+15v"+005y"

,'/4’

h=15v71+112v 02

ol

effluent viscosity varies greatly when polymeric samples are

400 600 800

v

200

—— Coupled

——— Conventional

1000

—— Coupled

——— Conventional

eluted and this would inevitably cause variations in the split ratio. (b)
Optimizing the column configuration, flow rate and injec- i 1. Reduced plate height vs. reduced velocity plot according to conventional

tion volume in conjunction with the mobile phase conditionstheory (Eq.(4)) and according to Eq4a)

can lead to an enhanced resolution. Ricker and Sandag2al

have investigated the influence of the flow rate on the column ater Knox and ParchdB4] and Giddings have modified this

efficiency and on the resolution using a Zorbax GF-250 colummby a coupling term4c), which represents the combined effects

(250 mmx 9.4 mm). By decreasing the sample volume from 200of the A andC terms (‘coupling term’).

to 2uL the resolution was improved from 0.7 to 1.3. Ricker et

al. stressed that sample volume is the limiting factor in SEG, _ B + Ac"

and not sample concentration. However, above concentrations V

of roughly 5-10 mg/ml the sample becomes very viscous anghe difference between Eqgt) and (4a)s especially relevant

then a loss in resolution can also be due to high concentrationgt high reduced velocities (s€ég. 1b). These are encountered
The main objective in Fast SEC is to characterize the samplgost of all in the case of fast separations (highof large

at the optimum experimental conditions representing the besholecules (lowDy,).

compromise between speed and resolution. In Fig. 1the conventional plate-height curve is compared with
The efficiency in chromatography is commonly expressed ithe plate-height curve obtained using E4). The values of the

terms of the plate height. coefficientsB andAc are obtained from the best fit describing the

H experimental dataHig. 2). The results were reported elsewhere

(42)

h = i (5)  [1].Atlower reduced velocities the two plate-height curves, con-
P ventional and coupled are almost identidailg; 1a). At higher
udp reduced velocitiesHig. 1b) the plate-height curve obtained
V= Dm ®)  from Eq. (4a) shows much lower values than the conventional

Eq. (4).

In SEC the samples of interest are synthetic and natural
> ! ¢ M | . macromolecules. The diffusion coefficients of polymers depend
diameter (mm)y is the interstitial velocity (mm/s) anBm is o their molar massW) and on the solvent. For polystyrene in
the diffusion coefficient of the sample, expressed inFsm tetrahydrofuran (THF) at room temperature the linear diffusion

Giddings[33] has introduced plots of the reduced plate heightoefficient is given by the following empirical equatif2e]:
(h) versus the reduced velocity)( The reduced plate height
(5)

reflects all dispersion terms in the conventional van-DeemtePm = 0.0386(M M
Eq. (4), i.e. Eddy diffusion 4 term), molecular diffusionK
term), and resistance to mass transtetgrm).

wherer is the reduced plate heightjs the reduced velocity/
is the plate height expressed in mig, represents the particle

)70‘57

whereDy, is in mné/s andM is in g/mol.
The diffusion coefficient is thought to have a large effect on
the chromatographic dispersion of polymers. The plate height

B
h=A+—+4+C
+ v oy for high-M polymers is thought to reach very large values, indi-

(4)
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100

(2) If 0Bp; < (02 + 02 raco); (0=1lsec<0.2), SEC cannot
be used to measure the MMD. Only the location of the peak
maximum, corresponding to the peak molar madg)(is
meaningful.

The SEC integrity index is defined such thatit directly reflects
variations in the width of the observed MMD. Ifd¢c=1 the
observed chromatographic bandwidth can be converted without
] 10 100 1000 10000 100000 correction to the sample polydispersity. I§Hc=0.9 only 90%

v of the observed bandwidth is due to the polydispersity (and the
calculated PDI will be approximately 20% higher than the true
value)[1].

The manner used to calculate the SEC integrity index was
described in detail previous[t]. The three terms affecting the
SEC resolving power are the PDI contribution, column disper-
sion, and extra-column band broadening.

100

3. Experimental

1 10 100 1000 10000 100000 3.1. Chemicals and procedures
v . . .
Five separation columns from Polymer Laboratories (Church
Fig. 2. Dimensionless plate-heighi)(vs. reduced velocityy) plotted on a  Stretton, Shropshire, UK) were used, all packed withnd
logarithmic scale for polystyrene standard@alfle 3 on the PL-Gel-Mixed-C  Mixed-C Stationary phase. The reported data concern a
50 mmx 7.5mm i.d. column. See text for description of experimental data. 50 mmx 7.5 mm i.d. column, unless specified otherwise. Com-

. . . ) parable results were obtained using a 50 mHh6 mm i.d.
cating greatlosses in efficiency. Indeed, the main obstacle to fagh,mn packed with the same material. The effects of col-

polymer SEC is thought to be the slow diffusion of polymers. ;n length and flow rate on resolving power in Fast SEC
Another consequence of the slow diffusion is an increased risere studied by comparing the 50 mm#.6 mm i.d. column

of extra-column dispersion. with 100 mmx 4.6 mm and 150 mnx 4.6 mmi.d. columns. The
specified effective range of the Mixed-C stationary phase is

2.2. Integrity plots from 200 to 2,000,000 Da. The Fast-SEC columns were com-
pared with a PL-Gel column with dimensions 300 6.8 mm

A quantitative tool to investigate the potential of fast SECj d. (5,.m particles; effectiveM range: 500-60,000 Da). The

is provided by the concept of integrity pldt]. Integrity plots  samples studied were polystyrene standards (PS) obtained from

portray the SEC resolving power as a function of the sample various manufacturersiéble 3. Standard solutions were pre-

and polydispersity. In SEC we are aiming to evaluate the MMDpared in tetrahydrofuran at concentrations of 1 mg/ml.

and to measure the PDI value of the sample. As in all chromato- A Shimadzu (Kyoto, Japan) LC-10AB solvent-delivery

graphic techniques, the contributions to the band broadeningiodule was used. The automated injection valve from VICI

arising from the column and from the auxiliary flow path must(valco Instruments, Ontario, CA) was equipped with a;0L5

be kept minimal. In SEC the PDI contribution should be domi-|oop. The analytes were detected with a UV detector, model 200

nant. from Linear Instruments (Reno, Nevada, USA). The detector-

In our previous work1] we defined the SEC integrity index, cell volume and band broadening were miniaturized by installing
”SEQ as:

o Table 3
Ilsec = > > 2 (6) Polystyrene standards obtained from different manufacturers with their specified
\/UPDI + 0¢ol T Textra-col PDI values
. . . . Molecular weight (D& Manufacturer Polydispersity index
where o3, is the contribution of the sample PDI to the variance ght ) yerspersty

of the peak, whiler2 ando2,,,, .,are the contributions of the 1,700 PL 1.06
; ; ; 250 PL 1.04
column and extra-column dispersion to the variance of the pealg'b 900 PSS 103
respectively. Two important cases can be recognized: 39,200 PSS 103
117,000 PSS 1.03
(1) If 0Bp; > (02 + 02 4raco) (0-8<llsec=<1), the SEC elu- 325,000 PSS 1.03
tion profiles reflect the MMD and not the broadening due;vgggrggg I\PII?\IS 11(-)35
to the chromatographic dispersion. In ideal SEGgdis 3,530,000 PSS 113

equal to unity.
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a fused-silica capillary (Polymicro Technologies, Phoenix, Ari-The 100 peak profiles are then added to obtain the SEC enve-
zona, USA) with an internal diameter of 2pfh. The UV  lope profile. In general, the polymer distribution covers a much
detector was operated at a wavelength of 260 nm. broader range than 100 members of the polymeric series (indi-
The applied flow rate was varied from 0.3t0 0.5, 0.7, 1.0, 1.2vidual masses). Thus, the fractions used in the calculation are
1.4, 1.6, and 1.8 ml/min, until the pressure limit of the column‘pseudo-oligomers’ and not real oligomers. If any resolution
was reached. between the separate fractions (‘fingering’) is observed in the
SEC profile, then this is usually an artifact, which can be
removed by increasing the number of pseudo-oligomers (e.g.
from 100 to 500) at the expense of longer computations times.

The polymeric sample is assumed to feature a log normal
MMD, the standard deviation of which is adjusted to match . .
the specific PDI. This distribution is divided in one hundred® Results and discussion
equidistant fractions betweed, — 30 and M, + 30. The con- ) ) )
centrations of the fractions are calculated to follow the Gaussiafy .- /iuence of the polydispersity on the peak shape in
profile. Each fraction is then considered as an individual sam>EC—7esults of simulations

ple to which conventional chromatographic theory applies. The Theinfl tthe PDI h ksh i SEC .
retention time is obtained from an experimental SEC calibra- e influence of the on the peak shape in was Inves-

tion curve and the peak width from the empirical Hda) tigated using the simulation program described above.

obtained based on actual experiments. The efficiency of thg To in\;lestighate how muah %f the b.roader;inr? of the Eeak ihs
50mmx 7.5mm i.d. column is presented Kig. 2 From the ue to the chromatographic dispersion and how much to the

knowledge gained by Knox and Parctig4] the reduced plate sample_ polydispersity, several profiles were s_imulated, i.e. a
height versus reduced velocity was plotted on a IogarithmicfnonOdISperse PS standard (PDI = 1) and polydisperse standards

scale. In this way the reduced plate heights obtained at high(-PD|>1)' r;l’he d|ffe[jenrc]:es Eetwee; thekvanofL.JIs pI’O:jHES |nd|r;
reduced velocities can be examined without extrapolation. al\t/leDto fWh at exteln Ft> eko served pela gr? lie 1S due tp t F
line can be fitted through all experimental data, and this wa: of the sample. Peaks were simulated for a conventiona

used to obtain thdc andrn coefficients that best describe the _300 mmx 7.8 mm i.d.;Fig. 3) and a short (50 mm 7.5mm

experimental results according to Eda). Thus, in this paper ".d'; Fig. 4 SEC cqlumn, bqth packed with Mixed.-C mate.-
the following coefficients will be used=1.50:Ac = 1.12 and rial. The flow rate is 1 ml/min and the sample of interest is

n=0.21 117,000 Da. The dashed profiles figs. 3 and 4represent
' the corresponding monodisperse polymer (PDI=1). This sig-
_ 15 +1.12,021 @) nal reflects the chromatographic band broadening. Only in case

3.2. Simulation program

h=— . .
v of Fig. 4a the observed band broadening seems to be equal to the
(a) (b)
Gonroma=70% Sonroma=49%
© Othroma=37 7 @ Ochroma=22%
[
I
|
|
)
Iy
i ]\
5.50 6.00 6.50 7.00 7.50 550  6.00 6.50 7.00 7.50
VR (ml) VR (ml)

Fig. 3. Simulated chromatogram for a PS standard of 117,000 Da on a 36078mm i.d. column, flow rate 1.0 ml/min, comparison between PDI=1.00 (---)
and (a) PDI=1.01, (b) PDI=1.03, (c) PDI=1.06 and PDI=1.2.
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(@ A (®) “/r\

\ Y =81%

chroma

I’\ Gchroma=7oo/° Gchmma:49°/°
7\
g\ .
/ / \ I\
/ \ I\
0.95 1.00 1.05 1.10 1.15 0.90 0.95 1.00 1.05 1.10 1.15
VR (ml) VR (ml)

Fig. 4. Simulated chromatogram for a PS standard 117,000 Da on a 50Tasrmm i.d. column, flow rate 1.0 ml/min, comparison between PDI=1.00 (---) and
(a) PDI=1.01, (b) PDI=1.03, (c) PDI=1.06 and PDI=1.2.

chromatographic band broadening. This is also approximatelfas specified by the manufacturers; 3able 3 are used in the
the case foFigs. 3a and 4bThus, for very narrow (PDI=1.01) simulation. In this experiment, a flow rate of 0.3 ml/min was
or narrow standards (PDI=1.03), which are analysed on shotsed. The similarity between the experimental and simulated
(50 mm long) or conventional (300 mm long) SEC columns,figures demonstrates the accuracy of the simulation program.
only on the short column the chromatographic band broader-rom the knowledge gained Figs. 3 and 4we can conclude
ing truly dominates. In other cases the band broadening due that the loss in resolution between 1700 Da (PDI =1.06)
separation selectivity (given by the actual PDI) plays a signif-andM 10,900 (PDI = 1.03) peaks is due to sample polydispersity
icant role. In broad samples (PBI1.2; Figs. 3d and 4dthe  and thus reflects the properties of the sample.
polydispersity-contribution is dominant and SEC is an excellent
tool for measuring MMDs. 4.2. Experimental results and discussion

In Fig. 5the simulated chromatogram is compared with the
experimental results for the same mixture. Now the PDI valueg.2.1. Analysis time versus resolution

For this experimental study two different mixtures were pre-
pared. Because the results were equivalent, only one mixture
is discussed in this paper. The polymer-standard mixture was
injected on the fast-SEC column at different flow rates varying
from 0.3 to 1.8 ml/min Fig. 6). 1.0 ml/min was found to be the
apparent optimum flow rate, in agreement with the specification

,, of the manufacturer of this column. At the lower flow rates (0.3
| and 0.5 ml/min) the chromatograms show a very good resolu-
]\ tion. When increasing the flow rate, the analysis time becomes

070 080 110 130 150 170 shorter, but resolution starts to be diminished. At a flow rate of

simulation

g 0-5% VR (m]) 0.3 ml/min ig. 6) the total analysis time is 3.5 min, decreasing
5 to 3.1 min (at 0.5ml/min), 2.1 min (at 1.0 ml/min), 1.3 min (at
. §0A39- 1.2 ml/min), and finally 0.8 min (at 1.8 ml/min). At flow rates
experimental = higher than 1.0 ml/min the resolution starts to decrease more
B 019 /\ M quickly. At 1.8 ml/min the gain in analysis time no longer seems
g to outweigh the loss in resolution.
00T oo 11 13 15 1.7

VR (ml). 4.2.2. Calibration curves

. . . . _ To create integrity plots, calibration curves must be mea-
Fig. 5. Comparison between simulation and experimental chromatograms

(---) PDI=1 and (—) PDI values as specified by the manufacturer (Seesured. We have found small, but systematic effects of the flow

Table 3. Experimental conditions: column 50 ma7.5mm i.d. at im/min  fate on the calibration curve, especially in the region of high
and polystyren@/: 1700; 10,900; 117,000; and 2,200,000 Da. M (Fig. 7a). In this rangeKig. 7b) the slope of the calibration
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Fig. 6. Separation of a mixture of 1700, 10,900, 117,000, and 2,200,000 Da polystyrene standards at different flow rates (conditions see text).

curve decreases systematically with increasing flow rate. Therenay experience shear deformation or degradation. As a result,
fore, the selectivity of the separation is decreasing somewhadhese analytes may be slightly retained (less excluded). It has
at higher flow rates. As a consequence, the PDI contributiobeen noted beforf26,35] that close to the exclusion limit of

to the total peak width is also decreasing at higher flow rateghe column not only the SEC mechanism prevails, but also
Tentatively, the largest molecules, around the exclusion limitydrodynamic-chromatography effects play a role.
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13-
S 11
=
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(a) retention volume (ml)
15
= 14
£
£
13 1
12 . ‘
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(b) retention volume (ml)

Fig. 7. (a) Calibration curves at different flow rates (0.3, 0.5, 0.7, 1.0, 1.2, 1.4
1.6, and 1.8 ml/min) on the 7.5 mm50 mm i.d. column (b) Enlarged region of
part (a) (flow rates increase from left to right).

4.2.3. Integrity plots

The Integrity Plots are illustrating the quality of SEC infor-
mation obtained with a certain column at a chosen flow rate.
They display the SEC integrity indexstc (Eg. (8)), as a func-
tion of theM and the PDI of the sample. Using integrity plots
we can decide in which range &f and PDI a given column, at
given conditions, can provide reliable information on the MMD.
First, the influence of the flow rate on the performance of the
Fast-SEC columnis evaluatdgig. 8). Then we will show exam-
ples to illustrate the effects of the length of the column and the
pore-size distribution of the packing material.

4.2.3.1. Influence of the flow rate on the integrity plot. Fig. 8a
shows the integrity plot of the 50 mm7.5mm i.d. fast-SEC
column obtained at 0.5 ml/min. At 0.5 ml/min this particular col-
umn can be used to characterize the MMD of broad polymers
(light zone on the right-hand side). If the sample of interest
has a narrow distribution (PDI < 1.1), then another (longer) col-
umn must be used. For (ionizable) narrowly distributed polymers
MALDI-MS offers a viable alternativ§36]. The samplé/ has
little effect on these conclusions across the range from 10,000 to
1,000,000 Da. The column truly behaves as a ‘linear column’.
Fig. 8a—e show the integrity plots at 0.5, 1.0, 1.2, 1.4, and
1.6 ml/min. In general the conclusions for 1.0 ml/min are iden-
tical to those drawn for 0.5 ml/min. Raising the flow rate to
1.0 ml/min does not significantly affect the performance of the
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Fig. 8. Integrity plots for the fast-SEC column 7.5 m50 mm i.d. at different flow rates (a) 0.5 ml/min, (b) 1.0 ml/min (c) 1.2 ml/min, (d) 1.4 ml/min, and (e)
1.6 mi/min.

SEC system. If the samples of interest have a PDI of about 1.1he exclusion limit are shifting to the right, so that selectivity
then the highest flow rate at which reliable information on theis lost (Fig. 7a and b). The integrity plots iRig. 8c—e illustrate
MMD can be obtained is around 1 ml/min. This flow rate seemshis effect. At the highest flow rates, the MMD of samples of
to offer the best compromise between speed of analysis and re®latively low M can only be characterized on this particular
olution. When the flow rate reaches 1.2 ml/min, a significantcolumn if their PDI is very large (e.g. at 1.6 ml/min PDI> 1.5
loss in resolution starts to be observ&ity( &). This continues for M < 10%, seeFig. 8). At higherM the situation is a bit more
further at higher flow ratesg. 8 and e). Samples of high  favorable (at 1.6 ml/min PDI> 1.3 fa ~ 10° and PDI > 1.2 for
may deform at such flow rates and different separation mech¥ ~ 10°). The flow rate affects the separation of samples with
anisms may start to play a role. The calibration curves aroundnM lower than 40,000 Da most strongly.
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] rowly distributed polymers, possibly downto PDI =1.0. Itis well
10.9 known that to measure reliable MMDs for low-PDI samples long
columns with a narrow pore-size distribution are recommended.

10.8

0.7
4.2.4. Effect of column length and flow rate

When increasing the flow rate the analysis times become
shorter, while the resolution diminishes. Earlier in this paper
the approach of using short columns at high flow rates was stud-
ied. InTable 1several approaches for increasing the separation
speed are highlighted. The way to increase the resolution, while
realizing fast separations is to double the length of the column
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Fig. 9. Integrity plot for the Plgel DA column at 0.7 ml/min flow rate.
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4.2.3.2. Effect of the pore-size distribution. In Fig. 9the SEC g 5 o
integrity index of a PLgel 1A at 0.7 ml/min is plotted. A dif- > 052
ferent trend in the curvature of the integrity plots is observed in = 4 5 0.4 3
comparison with the plots obtained for the ‘mixed-bed’ columns. 03
The shape of the curve is dependent on the pore-size distribution 4
oo ; . 0.2
[21]. The calibration curve of this column shows an inflex-
ion point around arM of 10,000. Around this\ (and at this 3.5 0.1
flow rate), we can use this column to characterize very nar-
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Fig. 10. Effectof concomitant changes in the column length and flow rate onthgig. 11. Integrity plots of 4.6 mnx 50 mm i.d. (at 0.3 mli/min) compared with
resolving power of Fast-SEC columns (a) 4.6 B0 mm i.d. at 0.3ml/min; 4.6 mmx 100 mm i.d. at 0.9 ml/min and 4.6 mm150 mm i.d. at 0.9 ml/min
(b) 4.6 mmx 100 mmi.d. at 0.6 ml/min; (c) 4.6 mm 150 mmi.d. at0.9 ml/min.  flow rate.
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