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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out
through ISO technical committees. Each member body interested in a subject for which a technical
committee has been established has the right to be represented on that committee. International
organizations, governmental and non-governmental, in liaison with ISO, also take part in the work.
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of
electrotechnical standardization.

The proceglures used to develop this document and those intended for its further maintenanee
described In the ISO/IEC Directives, Part 1. In particular, the different approval criteria needed*for
different types of ISO documents should be noted. This document was drafted in accordance 'with
editorial ryles of the ISO/IEC Directives, Part 2 (see www.iso.org/directives).
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Plastics — Determination of average molecular weight
and molecular weight distribution of polymers using size-
exclusion chromatography —

Part 1:
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molecular weight distribution of polymers using size-exclusion chromatography (SEC).
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Scope

5 document specifies a general method for determining the average miolecular weig

average molecular weight and the molecular weight distribution are‘calculated from a
7e constructed using polymer standards if using one of the SEC technhiques described in I
50 16014-4 or from a calibration curve constructed using absolute molecular weight d
-exclusion chromatography coupled with light-scattering<detection (SEC-LS) as dd
16014-5.

Normative references

following documents are referred to in thestext in such a way that some or all of th
Ktitutes requirements of this document. Fo’ dated references, only the edition cited 3
ated references, the latest edition of thereferenced document (including any amendmen

472, Plastics — Vocabulary

16014-2, Plastics — Determination of average molecular weight and molecular weight dis
rmers using size-exclusion chromatography — Part 2: Universal calibration method

16014-3, Plastics — Detesmination of average molecular weight and molecular weight dis
rmers using size-exclusSion chromatography — Part 3: Low-temperature method

16014-4, PlastioS~~ Determination of average molecular weight and molecular weight dis
mers using size-éxclusion chromatography — Part 4: High-temperature method

16014-5,Rlastics — Determination of average molecular weight and molecular weight dis
rmers using size-exclusion chromatography — Part 5: Light-scattering method

3

Terms and definitions

ht and the

calibration
b0 16014-2
hta if using
scribed in

Pir content
pplies. For
[s) applies.

tribution of

Fribution of

tribution of

tribution of

For the purposes of this document, the terms and definitions given in ISO 472 and the following apply.

ISO and IEC maintain terminological databases for use in standardization at the following addresses:

3.1

[SO Online browsing platform: available at https://www.iso.org/obp

[EC Electropedia: available at http://www.electropedia.org/

light-scattering detection
LS detection
technique for determining the mass or size of polymer molecules dissolved in solution by measuring

the

light scattered by the polymer molecules
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4 Principle

A polymer sample is dissolved in a suitable solvent to make a dilute solution. This solution is injected
into the mobile phase and onto the SEC column, which is packed with non-adsorbing material made
up of small particles having pores of similar or varying size. As the polymer sample passes through
the column, the polymer molecules are separated from each other according to the difference in their
molecular masses, or more precisely, the difference in their molecular sizes (i.e. their hydrodynamic
volume). In SEC, the larger-size molecules cannot permeate into the pores, and thus elute faster, while
smaller molecules can permeate into the pores and elute more slowly. The polymer concentration in the
eluate is continuously monitored by a concentration-sensitive detector (coupled to a light-scattering
detector if SEG-LS4 ingused aj ECch aram

In the SEC techniques described in ISO 16014-2 to ISO 16014-4, the molecular weight at any elution time
on the SEC|chromatogram is determined from a calibration curve which is constructed usingrefergnce
polymer standards with a narrow molecular weight distribution. In SEC-LS, described in TSO 1601#4-5,
a calibration curve constructed using absolute molecular weight data obtained, from the §EC-
LSchromatiogram at any elution time is used. The average molecular weight and thé.molecular wejght
distribution of the unknown polymer are calculated by using the molecular weight-and concentrafion
data corregponding to each elution time.

5 Reagents

5.1 Elugnt

The requirfed purity of the eluent used for SEC varies with the‘application, but in general the solyent
should be [free of particulate matter and substances that(react with the polymer or interfere with
detection df the polymer. Additives such as antioxidants anid salts can be used to prevent the degradagion
of the elugnt, the aggregation of polymer molecules,the adsorption of the polymer on the packing
material and for other purposes. A mixed eluent may also be used in the SEC techniques describef in
ISO 16014 to ISO 16014-4 to modify the solubility-and the refractive index, or to reduce the cost offthe
mobile phdse. A mixed eluent cannot be used forrSEC-LS measurements, however, because the polymer
selectively|adsorbs the components of the mixed eluent, thus giving an erroneous result.

5.2 Reagent for column evaluation

A low molecular weight comppund is used for the determination of the theoretical plate numper,
asymmetry factor and resolutiopfactor of the column.

5.3 Molecular weight standards

The test methods déscribed in ISO 16014-2 to ISO 16014-4are not absolute methods but relative ohes;
they requife a calibration curve for the calculation of the average molecular weight and the molecfilar
weight disfribution from the SEC chromatogram. This calibration curve is plotted using standqrds
of known melecular weight and narrow molecular weight distribution. The value of M,, and/or{ My
of the standard determined by an absolute method, such as Tight scattering, membrane osmometry,
vapour pressure osmometry, ultracentrifugation or end-group analysis. The polydispersity My/My, is
calculated by dividing the absolute value of My by the absolute value of My. The polydispersity of the
polymer standards shall lie within the following ranges:

Mp<2-103 My /My < 1,20
2103 < Mp <106 Mw/My < 1,10
106 < M, Mw/My < 1,20

2 © IS0 2019 - All rights reserved
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where

M,y isthe mass-average molecular weight;
My is the number-average molecular weight;

My is the molecular weight at peak maximum.

My, can be calculated from Formula (1):

NOTE Some commercially available molecular weight standards specify the value of My, and My
In spich cases, Formula (1) can be used to provide the value of My, provided the molecular weight di
the polymer sample is a logarithmic normal distribution.

Sonpe examples of commercially available molecular weight standards are,given in Annex B.

In the case of SEC-LS (see ISO 16014-5), such molecular weight standards are unnecessary be
LS is an absolute method.

5.4 Reagent for flow rate marker (internal standard)

A

whg¢ther or not the data are within the specification.

5.5| Additives

Additives to the eluents may be used to improve SEC performance and prevent sample degra
the [like.

6

6.1l General

A

res¢rvoir, a pumping’system, an injector, column(s), a detector, tubing, a recorder, a te

frol system, and a data-processing system. For SEC-LS measurements, a light-scattering detector, i.e.
lecular-wegight-sensitive detector, is coupled to the normal (concentration-sensitive) detector. Any

lTl:E—scattering detector that meets the requirements specified for this method may be used,.

con

a

lig

1/2
My =(MyxM,, )"

ldw molecular weight compound is used to monitor the accuracy of the elution time, i.e.

Apparatus

)

but not Mp,
tribution of

cause SEC-

Fo evaluate

dation and

sthematic diagram“of‘an SEC system is shown in Figure 1. The essential components ar

6.2| CEluent reservoir

b an eluent
perature-

The eluent reservoir should preferably have sufficient capacity to hold the amount of eluent required
for column calibration and successive measurements. Dissolved air in the eluent should preferably be
removed before use by placing the solvent in a suitable container designed to reduce the pressure and
placing this container in an ultrasonic bath, or by using a vacuum degasser between the reservoir and
the pumping system. Particles in the eluent may be removed by membrane filtration. It is desirable in
addition to bubble an inert gas through the eluent in the reservoir and blanket the surface of the eluent
with the gas, and to shield the reservoir from light.

6.3 Pumping system

A constant, pulseless flow of eluent through the column is desirable. The flow rate should preferably
be approximately 1 cm3/min for a column of approximately 8 mm inner diameter. The SEC system

©
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shall have an overall flow-rate precision of within 0,3 %. Lower flow rates are recommended for high
molecular weight and/or shear-sensitive polymers and viscous eluents. To keep the flow rate constant,
temperature control providing a stability of at least +1 K is required for the pumping system.

The flow rate shall be monitored by the use of an internal standard, or by a direct method such as
volume or mass measurements (see A.2), and corrected in the event of significant deviations. In the
methods described in ISO 16014-2 to ISO 16014-4, knowledge of the value of the flow rate is not
required because the method is a relative one in which the result is calculated from a calibration curve
constructed from measurements on molecular weight standards.

4
/]
/]

_I /

10

~
o
<

eluent feservoir
pump
injectoy
columnis
detectojr
compufer
recordgr
display

O 0 N O U1 B W N -

plotter

1>

10 to wastp

Figure 1 — Schematic diagram of SEC system

6.4 Injector

In addition to having an eluent bypass capability, the injector shall be able to hold the sample solution
and inject the sample solution into the columns with minimum band broadening and minimum
pressure change.

To maintain the required precise flow rate, temperature control equipment, or a precise air conditioner,
is required for the injection system.
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Columns

1 General

The function of the columns is to separate the sample molecules according to differences in their
molecular size (mass). Columns usually consist of a stainless-steel tube with end fittings, filters and
a porous packing material. There is no limitation on the column length or diameter or on the packing-
material particle size.

6.5.

2 Determination of theoretical plate number

Use
cald

whyd

Reqg

a low molecular weight compound, such as ethylbenzene, to obtain a peak (seeFig|
ulate the theoretical plate number N of the set of columns from Formulae (2) or (3J:

2
N=5,54x(t, /Wy ;)

N=16x(t, /W)’

re
te is the elution time to the peak maximum;

W12 is the peak width at half height;

W isthe distance between the points of inter'section of the two tangents to the peak
baseline.

uirements for the theoretical plate numberare specified in ISO 16014-3 and ISO 16014-4.

ire 2) and

(2)

(3

with the

©IS
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Y t,
W, /2
[ | =
X =
|, a b )
X
1 w
Key
1 injection
H height of peak
Hi/10 onertenth of peak height
His2  halflof peak height
w distance between the points of intersection of the two_tangents to the peak with the baseline
W12  peak width at half height
a widfth of the leading half of the peak at 10 % pedkheight
b width of the trailing half of the peak at 10 %-peak height
te elution time to the peak maximum
X elution time, min
Y refrpactive index, mV

Figure 2 — SE€ chromatogram of a low molecular weight compound

6.5.3 Dédterminationofresolution factor

The resolution factor R of the set of columns can be calculated from Formula (4) by the use of|the
calibration| curve~{see 9.1 and Figure 5) and a molecular weight standard (see 5.3 and Figure 3) with a
narrow mdlecular weight distribution that elutes at a point close to the apex of the sample peak:

R=-1/(DxWsrp) 4)
where
D is the slope of the calibration curve at the point corresponding to the apex of the sample peak;

WsTp is the peak width at the baseline of the molecular weight standard.

Requirements for the resolution factor are specified in ISO 16014-3 and 1SO 16014-4.

6 © IS0 2019 - All rights reserved
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Key
1 injection

Wstp peak width at the baseline of the molecular weight standaid
X time

Y signal strength

6.5/4 Determination of asymmetry'factor

Thgasymmetry factor, 4s, of the sét of columns can be calculated from Formula (5), using daf
from the peak produced by a Jow*molecular weight compound such as ethylbenzene (see Fig]

Ag =(a+b)/(2xa)

whegre

Ag is the asymmetry factor;

a isthe width of the leading half of the peak at 10 % peak height;

b is the width of the trailing half of the peak at 10 % peak height.

Figure 3 — SEC chromatogram of a narrow molecular weight distribution stand

ard

a obtained

ire 2):

Requirements for the asymmetry factor are specified in ISO 16014-3 and ISO 16014-4.

6.6 Detector

(5)

The detector is used to continuously monitor the concentration of the polymer in the eluent coming off
the columns. There are several types of commercially available concentration-sensitive detector, such as
the refractive index detector, ultraviolet/visible detector, infrared detector and fluorescence detector.

For SEC-LS measurements, a light-scattering detector connected directly to the SEC system is used.

The volume of the flow cell shall be sufficiently small so as to maintain the narrow molecular weight
distribution of the molecules separated by the columns and to maintain the overall theoretical plate

number and the resolution factor of the set of columns determined in 6.5.2 and 6.5.3.

© IS0 2019 - All rights reserved
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The sensitivity of the concentration-sensitive detector used in ISO 16014-2 to ISO 16014-4 shall be such
that it can detect a difference in refractive index of 10-8 or a difference in UV absorbance of 10-4. The
signal/noise ratio shall normally be greater than 200, although a lower ratio is admissible in the case
of extremely broad molecular weight distributions or low-concentration measurements on extremely
high molecular weight samples. In such cases, the signal/noise ratio shall, however, be greater than 20.
Signal drift shall be less than 10 % of the peak height per hour, at the appropriate maximum sensitivity
level. The sensitivity of the LS detector is not specified because it can vary significantly, depending on

the type of detector and the experimental conditions, for instance.

NOTE
detectors s

1ch as UV, RI and LS detectors. As the SEC methods described in ISO 16014-1 to ISO 16014-4

Many copolymers can have different molecular compositions, and this can cause problems with

are

relative me
applicable t

6.7 Tub

The inner
injector to
small and
performan
injector to

hods, they are applicable to such copolymers. SEC-LS (see ISO 16014-5), on the other handsig
b copolymers whose molecular composition can vary (see A.1).

ng

the first column, the columns to each other and the last column to the détector shall b
chort as possible to prevent the separated fractions from remixing and to ensure that
ce requirements specified in 6.5.1 are met. The inner diameter of-the tubing used from
the detector shall be 0,05 cm or less. Care shall be taken, howeéver, not to use tubing of

small an injner diameter so as to avoid rupture of the polymer chain and turbulence in the detector

6.8 Temperature control

The tempe
within a na

rature of the columns, pumping system, injection system and tubing shall be kept cons
rrow range as described in the appropriate sub¢lause for each component. In the case of]

detector, tlhe temperature shall be controlled to meet thejperformance requirements for SEC.

6.9 Recorder and plotter

The SEC cy
height, bas

6.10 Dats

A data-pro
the requir
data and/d

rve shall be recorded or plotted clearly enough to assess whether parameters such as p
eline level, signal drift and peak(separation are suitable for data processing.

-processing system

cessing system capable.of data acquisition, generation of calibration curves, calculatio
bd molecular weightsand molecular weight distributions, and presentation of appropr
r graphics is required. This system shall be capable of collecting, analysing and repor

not

diameter and length (including swage length) of the tubing used to cénnect the sample

b as
the
the
too
Cell.

ant
the

eak

h of
jate
[ing

data in thelmanner specified in the relevant parts of the ISO 16014 series.

It is desira b be

stored for

ble that the'SEC or SEC-LS chromatogram is generated in real time, but the data may als
ubsequent processing off line.

6.11 Othe

er-components

In addition to the components described above, a column guard filter, a pressure monitor, a pulse
damper or other related components may be used, if necessary.

7 Procedure

The procedure includes setting up the SEC or SEC-LS apparatus and the data acquisition and processing
system, preparing solutions of molecular weight standards, test solutions, and solutions for determining
column performance, filtering the solutions and injecting them.

Details of the exact procedure to be used are given in the relevant part of the ISO 16014 series.
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Data acquisition and processing

Data acquisition

Data acquisition shall be carried out from the onset of sample elution to the end of the sample peak
or when the signal drops back to the baseline. The number of data points or readings shall be at least
50 per decade of molecular weight. Care shall be taken to use enough data points to provide accurate
estimates of the peak area and the elution time at the peak apex, as well as an accurate molecular weight
distribution curve and average molecular weight derived from the curve.

8.2 Evaluation of data and correction of chromatograms

SE

Ift
bro

NOTI

8.3

8.3

If th
sha

If the detector signal does not recover to the baseline before the system peak as shown in |

the
the

The
obt
con
an §
sho

8.3

If the sample does not contain components of molecular weight <1 000, as shown in Figu

ran

If t
con

chromatograms shall be monitored to determine whether the error in the elution t
intdrnal standard or that in the volume or mass of eluent is less than or equal to +0,3'%-of the
valie for each run.

e error is greater than 0,3 %, the data shall be rejected and the measurement repe
hdening corrections are not required.

E
Data processing

1 Baseline determination

e detector signal drops to the baseline before the-System peak as shown in Figure 4 a), t
1 be assumed to be a straight line from ¢, to tp,.

baseline shall be assumed to be a straight line connecting the point t; just before sample
[point t. just after the system peak.

baseline of an SEC-LS chromatégram shall be assumed to be the same as that of a chr¢
hined using one of the SEC méthods described in ISO 16014-2 to ISO 16014-4, i.e. a st
hecting the point just before-sample elution with the point just after baseline recovery.
EC-LS chromatogram istmedified by eliminating spike noise and smoothing the baseline
Ft-term noise before making a decision on the baseline.

2 Determination of calculation range

be between 'points t; and ¢, on the baseline shall be used for the calculation.

he sample contains components of molecular weight <1 000, and these low molecy
ponents make up <30 % of the total polymer peak area, as shown in Figure 4 b), one of th

ime of the
calibration

hted. Peak-

The elution-time and elution-volume/mass monitoring methods‘are described in A.2 of Ajinex A.

he baseline

b

igure 4 b),
blution and

matogram
raight line
In general,
to remove

e 4 a), the

lar weight
e following

two

1 1 111 1_C 1 1 1 -
procecaurcs Siidlil DE UsScU 101 LIIC CdICUIdUIOIL.

a) Calculate the area below the curve from point t; to a point t1 ggo corresponding to a molecular

weight of 1 000.

b) Calculate the area from point ¢, to tqg which covers the entire polymer, including oligomers and
monomer but excluding additives. Point t4 is determined by producing a chromatogram of the

©IS

eluent alone.
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If the sample contains components of molecular weight <1 000, and these low molecular weight
components make up >30 % of the total polymer peak area, as shown in Figure 4 c), the method

described in this document is not recommended.

NOTE

The detector response can vary at low molecular weight, and the presence of a significant proportion

of low molecular weight material makes any calculation unreliable.

| | A
ta &y V X
a)
1
] ]
ta £1 000 tq V t. X
b)
1
t1000 V X
c)
Key
1 systemlpeak Ld elution time of molecular weight d
ta, elution time of molecular weight a t1 000 elution time of molecular weight 1 000
tp elution time of molecular weight b X time
tc elution time of molecular weight c Y signal strength
NOTE1 System peakis signal peculiar to the SEC using a refractive index (RI) detector.
NOTE 2  The system peak signal appears at the total penetration limit of the columns. These peaks are not part

of the sample, but of the overall system.

10

Figure 4 — Typical SEC curves
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Expression of results

Calibration curve

For the SEC methods described in ISO 16014-2 to ISO 16014-4, prepare the calibration curve by
plotting elution times against IgM}, as shown in Figure 5. The values of Mp, are obtained using one of the
following ways:

a)

from the data sheets for the standard materials;

ets for the

b)

)

Poly

higher powers might improve the fit of the curve to the data:

wh

Othler methods, or a combination of methods, may be used to improve the fit.

For
cur

hy ra]{‘nl:\finn, ncing Formula (1) from the values of I\/IW and M“ givpn in the data she

standard materials;

for the standard materials.

nomials containing terms up to t3 are widely used to describe calibratian, curves. The
— 2 3
IgM =Ag + At +Ayt” +Ast

bre

M is the molecular weight;
Ao, A1, A2, A3 are the coefficients;

t is the elution time.

the preparation of a universal calibration curve, see ISO 16014-2. For the preparation of a
e for SEC-LS, see ISO 16014:5:

by calculation, using Formula (1), from the values of My, or M and My,/M, given(in the ¢lata sheets

hddition of

(6)

(7)

calibration
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lgM

Key

t elutig
lgM  natuy
9.2 C(alc

Calculate 4

al logarithm of the molecular weight

ulation of average molecular weight

he molecular weight, M;, and signal intensity;*H;, at each elution time using the calibra

2

12 14 16 18 20 22 24

n time (min)

Figure 5 — Calibration curve

ion

curve (see| 9.1) and the SEC chromatogram of the-polymer sample for which the baseline and|the
calculation range have been determined (see 8.3.1@nd 8.3.2), as follows:
a) calculgte the molecular weight, M;, at the’ith elution time, t;, by inserting t; in Formula (6) or
Formulla (7);
b) calculgte the signal intensity, Hisat the ith elution time, t;, by subtracting the baseline signal
intens]ty from the total detectorsignal intensity at the elution time, ¢;.
The average molecular weight 'and the polydispersity can be calculated from the values of M; anfl H;
using Formulae (8) to (12), whete n denotes the nth set of data:
DI
M, === : (8)
D (M)
n
M. = 21'51 (HI M ) 9
w n ( )
_H;
i=1
27—1(H" <M} )
M, ="—— (10)
D (HixM;)
1/a
n a
D HixM;
M, = - (11
PR
i=1
Polydispersity=M,, /M, (12)
12 © IS0 2019 - All rights reserved
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9.3 Differential molecular weight distribution curve

The differential molecular weight distribution curve is prepared by plotting dW;/d(1gM;) against IgM; as
shown in Figure 6. W;is calculated from Formulae (13) to (15):

H.
AW; =n—’ (13)
2;‘:1H'
1
dw. de;
i =—w; x i (15)
d(1gM;) d(IgM;)

whe¢re [ is the data acquisition interval.

If the sample contains components of molecular weight <1 000, and these’ low molecylar weight
conjponents make up <30 % of the sample, draw a vertical line at the point corresponding to M1 ggo.

Y
1 -
0,5 -
0 | | | | | |
2 3 4 5 6 7 8 ]gM
Key]
Y qw/d(lgM)

Figure 6 — Differential molecular weight distribution curve

9.4 Cumulative molecular weight distribution curve

The cimulative molecular weight distribution curve is prepared by plotting the mass fractidn C; versus
lgMy as’shown in Figure 7 C; hping calculated from Formula (16):

C, =i(AW}. +AW;)/2 (16)
j=1

© IS0 2019 - All rights reserved 13
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