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reword

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.
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procedures used to develop this document and those intended for its further maint
Cribed in the ISO/IEC Directives, Part 1. In particular, the different approval criteria nee
brent types of ISO documents should be noted. This document was drafted in accordan
orial rules of the ISO/IEC Directives, Part 2 (see www.iso.org/directives).

bntion is drawn to the possibility that some of the elements of this document may be th¢
ent rights. ISO shall not be held responsible for identifying any or all suchpatent rightg
patent rights identified during the development of the document will.be'in the Introduct
he ISO list of patent declarations received (see www.iso.org/patents}):

trade name used in this document is information given for the,eonvenience of users ar
Stitute an endorsement.

an explanation of the voluntary nature of standardsythe meaning of ISO specific
ressions related to conformity assessment, as well.as information about ISO's adherg
ld Trade Organization (WTQO) principles in the TFechnical Barriers to Trade (TBT) se
/iso/foreword.html.
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5 document was prepared by Technical Committee ISO/TC 61, Plastics, Subcommittee SC
mical properties.

5 second edition cancels and replacesithe first edition (1ISO 16014-5:2012), which has been
sed. The main changes compared-to-the previous edition are as follows:

publication dates of referenees have been removed;
molecular mass has beenchanged to molecular weight according to IUPAC rule.
5t of all parts in theISO 16014 series can be found on the ISO website.

feedback or questions on this document should be directed to the user’s national standa
plete listing/of'these bodies can be found at www.iso.org/members.html.
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Plastics — Determination of average molecular weight
and molecular weight distribution of polymers using size-
exclusion chromatography —

Part 5:

Lij

1
Thi

ht-scattering method

Scope

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

molecular weight distribution of polymers using SEC-LS, i.e. size-exclusien-chromatograp

wit
are
elut

h light-scattering detection. The average molecular weight and themolecular weight d
calculated from molecular weight data and weight concentratiofisydetermined continy
ion time. The molecular weight at each elution time is detekmined absolutely by cd

lighit-scattering detector with a concentration-sensitive detector. Fherefore, SEC-LS is class

abs

Thi
stai
het

blute method.

5 method is applicable to linear homopolymers and townonlinear homopolymers such ag
-shaped, comb-like, stereo-regular and stereo-irrégular polymers. It can also be

to

ap
for

2

The
con
und

ISO

ISO
poly

ISO
poly

ISO

brophasic copolymers whose molecular compositiéft cannot vary. However, SEC-LS is not
lock, graft or heterophasic copolymers whose molecular composition can vary. And the

samples that contain > 30 % of component§ having a molecular weight <1 000.

Normative references

following documents are reférred to in the text in such a way that some or all of th
Ktitutes requirements of this ‘document. For dated references, only the edition cited 4
ated references, the latest-edition of the referenced document (including any amendmen

472, Plastics — Vocabulary

16014-1, Plasties>— Determination of average molecular weight and molecular weight dis
mers using size~éxclusion chromatography — Part 1: General principles

16014-25 Plastics — Determination of average molecular weight and molecular weight dis
rmers.using size-exclusion chromatography — Part 2: Universal calibration method

ht and the
hy coupled
istribution
ously with
mbining a
ified as an

branched,
applied to
applicable
ethods are

icable to molecular weights ranging from that of the monomer to 3 000 000, but are n¢t intended

Pir content
pplies. For
[s) applies.

tribution of

Fribution of

16014-3, Plastics — Determination of average molecular weight and molecular weight dis

tribution of

polymers using size-exclusion chromatography — rart s: Low-temperature method

ISO 16014-4, Plastics — Determination of average molecular weight and molecular weight distribution of
polymers using size-exclusion chromatography — Part 4: High-temperature method

3

Terms and definitions

For the purposes of this document, the terms and definitions given in ISO 472, ISO 16014-1 and the
following apply.

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

[SO Online browsing platform: available at https://www.iso.org/obp
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— IEC Electropedia: available at http://www.electropedia.org/

31

light-scattering detection

LS detection

technique for determining the mass or size of polymer molecules in solution by measuring the light
scattered by the polymer molecules

3.2

refractive index increment

dn/d;

rate of chapge of the refractive index n of a polymer solution as a function of the mass concentratioi c

Note 1 to e:]:ry: Itis also called the “specific refractive index increment” in the literature.

Note 2 to enftry: The limiting value of d,/d. at zero concentration is commonly used in light scattering.

4 Symbols

Rg radius of gyration of a polymer molecule in solution nm

Ap second virial coefficient for a polymer molecule in solution cm3-mol-g—2
c npass concentration of polymer in solution g-cm~3
dn/d; refractive index increment ml/g

Hi efkcess signal intensity of a concentration detectorat the ith elution time

ILs,i efkcess signal intensity of scattered light at theith elution time

Ve vplume eluted during data acquisition time (interval) cm3

5 Pringiple

5.1 SEC

For a disculssion of size-exclusien’chromatography in general, see ISO 16014-1.

5.2 Light-scattering.SEC

In SEC-LS, polymer‘mbplecules eluted from the SEC columns are irradiated by a beam of monochromjatic
visible lig}rlF Thelight scattered by the molecules is continuously detected by a light-scattering deteqtor.

Since the eludte'is a dilute polymer solution, the intensity of the scattered light is approximaely
proportionalZto the product of the molecular weight and the mass concentration of the polymer
molecules. The scattered-light intensity divided by the concentration therefore gives the molecular
weight at a particular elution time. The values of the molecular weight and the mass concentration
or mass fraction at each elution time are used to calculate the molecular weight distribution and the
average molecular weight of the polymer.

There are several low molecular weight compounds that can be used, for example ethylbenzene when
tetrahydrofuran is used as eluent or diethylene glycol when N,N-dimethylformamide is used as eluent
(see Annex B).

2 © IS0 2019 - All rights reserved
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6.1

For
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Reagents

Eluent.

a general discussion of eluents, see ISO 16014-1.

For examples of eluents used for SEC measurements at temperatures below and above 60 °C, see

ISO

6.2

16014-3:2019, Annex B and ISO 16014-4, respectively.

Reagent for column evaluation

For
med

6.3
Sin
det
Aqu
cali
refi

A 1d

light-scattering and concentration-sensitive detectors. This polymer may also be used to cz

ang]
of g
less
Rg

Poly

Low
are

6.4

For
att

6.5

Sonpe examples of additives are given in ISO 16014-3, for measurements below 60 °C and IS

for

examples of low molecular weight compounds used for column evaluation, see ISO-1
isurements at temperatures below 60 °C and ISO 16014-4, for those above 60 °C.

Calibration standards

ermining the calibration constant of the light-scattering detector (see.B.2).

eous solutions of potassium chloride (KCI) or sodium chloride (NaCl) are used for deter
bration constant of a refractive index detector. The concentration dependence of the
active index of the solutions is used to calculate the constant.

w molecular weight, monodisperse polymer is used todetermine the delay volume bg

ular dependence of the detector sensitivity of a multiple-angle light-scattering detector.
yration, Rg, of the polymer molecule used to calilrate the detector sensitivity, should pr
than 10 nm. A radius of gyration less than 5 nm’is desirable. Other compounds with a {
alue may also be used.

'mer reference materials are used for miolecular weight calibration ranges from 20 000 t

F molecular weight organic compounds or oligomers of the polymer in the sample under in
used for determining the “L-point”.

Reagent for flow rate marker, according to ISO 16014-1.

examples of compounds suitable for use as a flow rate marker, see ISO 16014-3, for med
bmperatures below-60 °C and ISO 16014-4, for those above 60 °C.

Additives{according to ISO 16014-1.

Those-above 60 °C.

H014-3, for

e the Rayleigh ratios of toluene and benzene are well-known, these solvents are recominended for

mining the
lifferential

btween the
librate the
The radius
bferably be
vell-known
b 50 000.

vestigation

surements

0 16014-4,

7

7.1

Apparatus

General

A typical schematic diagram of an SEC-LS system is shown in Figure 1, which is similar to that shown
in ISO 16014-1. The main difference is that a light-scattering detector is connected in series with the
concentration-sensitive detector. The light-scattering detector and concentration-sensitive detector
may also be connected in parallel. Any component that meets the performance requirements specified
for this method may be used.

Either commercially available SEC-LS systems or SEC-LS systems assembled in the laboratory may be
used for this method, provided they meet the levels of performance required.

© IS0 2019 - All rights reserved
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1 eluent feservoir 7  concentration-sensitive detector
2  pump 8 display
3 in-line filter 9  computer
4 injectot 10 printer
5  columnfs 11 to waste
6  light-scpttering detector

Figure 1 — Schematic diagram of a typical SEC LS system

7.2 Elueptreservoir, according to ISO 16014-1, and ISO 16014-3.
7.3 Pumlping system, according to [SO 16014-1, and ISO 16014-3.
7.4 Injegtor, according to ISO 16014-1 and-1SO 16014-3.

7.5 Columns.

7.5.1 Genheral
According fo ISO 16014-1, IS@-16014-3 and ISO 16014-4.

7.5.2 Determination eftheoretical plate number, according to ISO 16014-1.

7.5.3 Determination of resolution factor, according to ISO 16014-1.

7.5.4 Detefmination of asymmetry factor, according to ISO 16014-1.

7.6 Detector.
7.6.1 Concentration-sensitive detector, according to ISO 16014-1.

7.6.2 Light-scattering detector, shall continuously monitor the intensity of the light scattered by the
eluent coming off the columns.

Commercially available light-scattering detectors that may be used include single detectors set ata very
low angle and detectors which can be set up at two or more angles.

To avoid band-broadening of the chromatogram, the volume of the flow cell shall be as small as possible.

4 © IS0 2019 - All rights reserved
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7.7

7.8

7.9
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Tubing, according to ISO 16014-1.
Temperature control, according to ISO 16014-1.

Recorder and plotter, according to ISO 16014-1.

7.10 Data-processing system, according to ISO 16014-1.

7.11 Other components, according to ISO 16014-1.

An
of t

8

8.1

Pre
det
con|
con

Thd
scaf

8.2
A sd

or ¢ther low molecular weight compounds’in a suitable solvent. Typically, the concentrat

soly

8.3
Acc

8.4
Acc

8.5
Acc

n-line filter is necessary to remove any particulates which might cause noise (spikes)‘in
he light-scattering detector.

Procedure

Preparation of calibration solutions

pare solutions of a monodisperse polymer for determining the. delay volume betwes
ectors. The concentration of the solutions shall be such thatthe light-scattering de
centration-sensitive detector provide a signal intensity sufficient for data handling
centration of the polymer is 5 mg/ml to 10 mg/ml for low-mglecular weight polymers.

se polymer solutions may also be used for correcting-or normalizing the sensitivity o
tering detector.

Preparation of a solution for determining the L-point
lution for determining the L-point may be prepared, if required, by dissolving appropriats
tion is 1 mg/ml to 5 mg/ml.

Preparation of sample solutions

prding to ISO 16014-3, for;measurements below 60 °C and ISO 16014-4 for those above 6

Preparation efsolutions for column performance evaluation

prding to [SO-~16014-3.

Setting'up the apparatus
prding to ISO 16014-3.

the output

n the two
tector and
A typical

f the light-

 oligomers
ion of this

D °C.

8.6

8.6.

Operating parameters

1 Flow rate

According to ISO 16014-3.

8.6.

2 Injection masses and injection volumes

According to ISO 16014-3.

© IS0 2019 - All rights reserved
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8.6.3 Column temperature

According to ISO 16014-3.

8.6.4 Detector sensitivity

The signal intensity depends on the amount of sample injected, on the specific refractive index
increment dy/d. for a refractive index detector, on the absorbance per unit mass concentration for a UV
detector, and on the average molecular weight of the sample for a light-scattering detector. The detector
sensitivity shall be set to obtain a strong peak signal for the sample, in order to ensure accurate data

handling.

The linear
the sensiti
scale fora

/ity at the same setting. Recommended sensitivities are 1 x 10-5 to 9 x 10-4 RI units at

8.7 Number of determinations

According

9 (Calib
9.1 Calil

9.1.1 Ge|

Since SEC-
be properl
at each elu
the calibrg
determine
concentratj
detector, t
detector s}
the relativ
weight at e

9.1.2 Ca

In this met
the output
dp/dc and k

S

fo ISO 16014-3.

ration

bration of concentration-sensitive detector and.light-scattering detector

neral

.S is an absolute method, the concentrationssensitive and light-scattering detectors s

tion constants of the refractive index“detector and the light-scattering detector shal
l by one of the three calibration ethods given in 9.1.2, 9.1.3 and 9.1.4. If another typ

he calibration constants ofthe concentration-sensitive detector and the light-scatte
all be determined by the method given in 9.1.3 or that given in 9.1.4. It should be noted
e uncertainty of the calibration constant is directly proportional to that of the molec
ach elution time and to that of the average molecular weight.

ibration methodA

hod, the calibration constant kg of a refractive index detector is determined by measu
Ir1 of thé detector for standard solution(s), such as an aqueous solution of NaCl with kn
nown €oncentration ¢, and calculating the constant using Formula (1):

efractive index detector and around 0,1 to 0,9 absorbance units at full scale for &UV dete

i calibrated so as to give the correct Rayleigh ratio and mass concentration, respectiy
tion time. When using a refractive index detector as the concentration-sensitive deted

ion-sensitive detector is being tised, such as an ultraviolet/visible detector or an infra

relationship between solute concentration and peak height shall be maintained by-keéping

full
tor.

hall
rely,
tor,

be
e of
red
ing
that
1lar

ing
pwn

M

kgy =

d

N/
U7 7R
C

The calibration constant for the light-scattering detector is determined from the ratio of the detector
output produced by a calibration sample to the Rayleigh ratio of the calibration sample. Pure filtered
toluene is often used as the calibration sample, and is recommended because its Rayleigh ratio is well-
known and because it provides a strong scattered-light signal.

© ISO 2019 - All rights reserved
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Once the constant kry has been determined, the mass concentration c; at the ith elution time can be

calculated using Formula (2):
kgy
ci=———H, (2)
bo(dy/d.) !

where Hj is the intensity of the signal from the refractive index detector.

9.1.3 Calibration method B

In t hic anthoad +ho oottt oot ot n o ottty cnpcitiugn datnctornic datannis d from the

T IITCTITOCH, T CoOTToT o troT COTISTOIIc TUT e COTICCTIItr o trot STITISTeI vV O O e Tte CtoT T O CCCT IIItIT

SE(Q chromatogram produced by a total injected mass mTot of a polymer sample of known }fd., such as
a sdlution of polystyrene in THF, using Formula (3):

m 1
ki :ﬂ(dn /dc)

Ve > Hi

(3)
whére

H; is the intensity of the signal from the concentration-sensitivérdetector;
Ve isthe volume eluted.

Carp shall be taken to ensure that the flow rate remains<constant throughout the calibration and
subpsequent sample measurements. In this method, the mass of polymer injected shall be completely
elutled from the columns.

The calibration constant for the light-scattering _detector is determined by the method d¢scribed in
9.1.p (calibration method A).

9.14 Calibration method C

In this method, both light-scattering:and concentration SEC chromatograms are produced for|a standard
polymer solution of known My, and'd,/d.. A combined calibration constant k. is then calculated using

Formula (4):

k —(dn ]M 2./ )
c | 5 W N o
d Py

where I1s; is the\intensity of the signal produced from the scattered light observed by the light-
scaftering detector.

Theg mass-average molecular weight M; at the ith elution time can be calculated directly from this

conptaptwusing Formula (5):

I [
M =—"C _ =~ (5)
' (dn/dc) Hi

In the case of a two-angle light-scattering detector, it is possible to correct for the angular dependence
of the signal when determining the molecular weight. In such cases, the calibration constant k. of the
concentration-sensitive detector can be calculated using Formula (6):

k _ MV 6
C_(dn/dc)cvi ( )

© IS0 2019 - All rights reserved 7


https://standardsiso.com/api/?name=ba6f48d6f485c66c51d9cde8cb8002b6

ISO 16014-5:2019(E)

where
Ap
c
Vi

Ve

is the total peak area;
is the mass concentration of the sample solution injected;
is the volume injected;

is the volume eluted.

9.2 Dete

Determine
chromatog

rmination of delay volume

the interdetector delay volume by aligning the apex of the peak in the light-scatte
ram with that in the concentration chromatogram. If the volume of the tubing forming

delay voluine is changed, determine the delay volume again.

9.3 Norl

For a mul
determine
the Rayleig
solution of
signal fro

is often ch

9.4 Dete

In SEC-LSn
index incrg

malization of detector sensitivity

iple-angle light-scattering detector, the detector sensitivity dt different angles shal

[ing
the

be

l from the output signal produced at each angle in order tg,ensure that the same value of

h ratio is given for identical scattered-light intensities. This'is done by injecting a poly
the kind described in 6.3 and recording the output sigral from each detector. The ouf
each detector is then normalized with respect to a.standard detector. A detector set at
sen for this.

rmination of refractive index increment

heasurements using light-scattering and refractive index detectors, the value of the refrac
ment dp/d. is required to determing, the absolute molecular weight of the polymer sam

The value

fdn/dc can be obtained by measurement or from the literature (see B.3).

The experimental parameters such as the value of d,/d., the type of refractive index detector used,
wavelength used, the eluent used, the temperature of the eluate and the method used to calculate d

shall be re
with a kno
shall also b

10 Data

10.1 Datd

According

orted. If the value of d,/d Is determined for a polymer sample by using a reference mate
e reported.
acquisition.and processing

| acquisition

[0 15O 16014-1.

mer
put
90°

tive
ple.

the

h/dc
rial

wn value of d,/d., the method used to calculate the molecular weight of the polymer sample

10.2 Eval

uation of data and correction of chromatograms

According to ISO 16014-1.

10.3 Data processing

10.3.1 Ba

seline determination

For the concentration chromatogram, see ISO 16014-1. The baseline of the LS chromatogram shall be
assumed to be a straight line from just before the beginning of the peak to just after the end of the peak.
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10.3.2 Determination of calculation range

For the concentration chromatogram, see ISO 16014-1. The calculation range for the LS chromatogram
shall be the same as that specified in 10.3.1.

10.3.3 Calculation of signal intensity

Following determination of the baseline and the calculation range (see 10.3.1 and 10.3.2), calculate
the signal intensity H; from the concentration chromatogram and the signal intensity I s ; from the LS
chromatogram at the ith polymer sample elution time.

10.8.4 Calculation of molecular weight

Calgulate the molecular weight M; at the ith elution time using Hj, I.s i, the sample concenfration, the
injection volume, the flow rate, the instrument calibration constant, the refractive index incfement d,/
dg, the refractive index of the eluent, etc.

If calibration method A or B was used (see 9.1.2 and 9.1.3), M; may be calculatéd using Formula (7):
M; =KcARy (7)

where

ARg is the excess Rayleigh ratio (see Annex B), whichiis ctalculated from /15 ; and the calibration
constant for the light-scattering detector;

K is an optical constant defined as follows:

4n*n?(d, /d,)
) Ao*Ny
where
n is the refractive\index of the eluent;

Ao  isthe wavelength of the incident light in a vacuum;
Na  is the Avogadro constant.

In fhe case of high-temperature determinations, all values, such as the sample concentfration, the
injection volume; the flow rate, the detector calibration constant, the refractive index increment dy,/d.
and the refraetive index of the eluent, shall be corrected or determined at the experimental tgmperature
becpuse ofthe change in density or volume of the eluent.

10.3-5—Secomd viriat coefficient; 243

To determine the molecular weight of the sample polymer at each elution time, the second virial
coefficient A, should preferably be taken into account (see B.1). However, since the correction for A3 is
often negligible, the calculation using A3 is not required. If A7 is used to calculate the molecular weight,
however, the value of A; shall be reported.

© IS0 2019 - All rights reserved 9
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11 Expression of results

11.1 Calibration curve

11.1.1 General

Choose one of the following two methods for constructing the calibration curve or the molecular
weight vs. elution time relationship for calculating the average molecular weight and the molecular
weight distribution. The first is a simple calculation method and the second is a more detailed and more

accurate calculation method.

11.1.2 Mgthod A

Calculate

chromatograms. If desirable or required, construct a calibration curve for molecular weight :
function off elution time using a least-squares calculation (see ISO 16014-1). Using thé galibration cu

and conce
average m

than or equal to 1,2, calculate and report the mass-average molecular weight My, only. If My,/M

larger thar
Include the

11.1.3 Mg

Calculate t
chromatog
a least-squ
report the

If My/Mp i

or not. If the L-point is in the range covered by the calibration curve, calculate and report the avef

molecular
calibration

the test report.

NOTE1 1
with a simil

e molecular weight M; at the ith elution time from the concentration and light-scatte

tration chromatogram, calculate the number-average molecular weight“M, and the m
blecular weight My, as described in ISO 16014-1. If the polydispersity index My,/My, is

1,2, calculate and report average molecular weights and the molecular weight distribut
calibration curve used and the concentration and LS chromadtograms in the test report.

thod B

he molecular weight, M;, at the ith elution time from*the concentration and light-scatte
rams. Construct a calibration curve for moleculatweight as a function of elution time u
hres calculation. If the polydispersity index My/My is less than or equal to 1,2, calculate
mass-average molecular weight My only.

larger than 1,2, check whether the L-point is in the range covered by the calibration cy

iveights, the molecular weight disttibution and the distance separating the L-point from
curve. Include the calibration.cutve used and the concentration and LS chromatogram

'he L-point is determined by measuring oligomers of the polymer sample or an organic compg
ar chemical structure.

If the L-poi

molecular weights, the molecular

cular weight standards as described in ISO 16014-2. If the L-point is in the range covg

tis notin the range covered by the calibration curve, construct a universal calibration cy

ing
IS a
rve
NSS-
less
h 1S
ion.

[ing
bing
and

rve
age
the
S in

und

rve
red
1lar
the

fion

weight distribution and the dista the L-point from

age
the

calibration curve. Include the calibration curve used and the concentration and LS chromatograms in
the test report.

NOTE 2

In this case, the universal calibration curve can be constructed without using the Mark-Houwink-

Sakurada equation because the molecular weights of the sample polymer and the molecular weight standards at
the same elution time are known.

These two

10

options are described as a flow chart in Figures 2 and 3, respectively.
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Results of SEC-LS

Calculate molecular weight vs. elution
time or calibration curve

Calculate M, /M

1ISO 16014-5:2019(E)

Polydisperse
M, /M >1,27)

Calculate
and report
M,, only

Calculate:

1. Average molecular weight

2. Molecular weight distribution

3. Calibration curve

4. Chromatograms (concentration and I£S$)

Report

Figure 2 —Flow chart for method A
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Results of SEC-LS and for L-point

!

Calculate molecular weight vs.
elution time or calibration curve

f

Polydisperse? No

Calculate and report M, onl
(M,,/M,>1,27) pOT W oY

Yes

1. Construct calibration curve
2. Determine L-point

Molecular weight standards

{

Universal calibration curve

L-pointis
on calibration
curve?

L-point is Calibration curve
on calibration coupled with
curve? L-point
Yes

Calculate:

1. Average molecular weight

2. Molecularweight distribution

3. Calibrfation curve

4. Deyiation of L-point from calibration

curve
5»-€hromatograms (concentration and LS)
!
Report

Figure 3 — Flow chart for method B

11.2 Calcpdation of average molecular weight

According to ISO 16014-1.

11.3 Differential molecular weight distribution curve

According to ISO 16014-1.

11.4 Cumulative molecular weight distribution curve

According to ISO 16014-1.
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Precision

The precision of this method was determined in a interlaboratory test using polystyrene samples. The
details of the interlaboratory test are given in Annex A.

13

13.
Acc

13

Test report

1 General

r'\rr‘ing +ta 1S0 16014.-1

2 Apparatus and measurement parameters

Include the following information:

a)
b)
‘)
d)

13.

the type of SEC-LS apparatus, the model and the manufacturer;
the type of column packing, its particle size and the manufacturer;
the column temperature;

the theoretical plate number, resolution factor and asymmeétry factor of the set of col
and the low molecular weight standard and narrow melecular weight distribution sta
to determine them;

the eluent, details of any additives, and the value of,each flow rate used;

the type of concentration detector, the model 'and the manufacturer and, if a refra
detector was used, the wavelength of the light;

the temperature of the concentration detector cell;

the type of light-scattering detecter/the model and the manufacturer;
the wavelength of the incident light beam;

the scattering angle(s) used for calculation purposes;

the temperature of the light-scattering cell;

the concentratiomand volume of the injected polymer sample solution;
the type of.data-processing system, the model and the manufacturer;

the version number of the software used.

3“Calibration of the system

mns used,
dard used

rtive index

Include the following information:

a)
b)
‘)
d)
e)
f)

the calibration method used, i.e. method A, method B, or method C;

the delay volume;

the concentration and injected volume of the calibration solution;

the properties, such as average molecular weight, of the calibration standards used;
the Rayleigh ratio of the solvent used for calibrating the light-scattering detector;

if used, the value of the second virial coefficient 4»;

© IS0 2019 - All rights reserved
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g) thevalue of dy/d. and its source;

h) the radius of gyration Rg used for normalization of the light-scattering detector.

13.4 Calibration curve
Include the following information:
a) details of the method used to fit the curve to the data, including the formula;

b) a copy of the calibration curve itself.

13.5 Results
Include thq following:
a) the characteristic points on the chromatogram (t,, tp, tc, td, t1 000, as applicable);

b) the calculated average molecular weights My, Myy, M, and the polydispersity My,/My, indicatingthe
calculation range used (see 10.3.2);

c) the concentration chromatogram and the LS chromatogram and, in tabular or graphical form,|the
differgntial molecular weight distribution and cumulative moleculdar weight distribution.

14 © IS0 2019 - All rights reserved
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Annex A
(informative)

Interlaboratory test

The
acc

A.2

Tes
one

megd
foll

Poly

DWS:

'mer samples

Colfimn size

Mo

Floy

ColImn packing material

ile phase

v rate

Sa

Nur

Typ

CoiImn temperature

ple size
hber of laboratoriées

es of LS detector used

precision of this method was determined in the interlaboratory test carriedcout
prdance with 1SO 5725-1[27] and ISO 5725-2[28].

Experimental conditions
L samples, which included polydisperse polystyrene PS-1 and monogdisperse polystyren

monodisperse polystyrene for calibration, were distributed to the-participating laboratories. The
isurement results were then analysed statistically. The details¢of\the interlaboratory t¢

Polystyrene PS-1 (polydisperse)
Polystyrene PS-2 (monodisperse)

7,8 mm or 8,0 mm [.D%* 30 cm (in most cases, two columns wi
calibration curve)

Polystyrene gel
Tetrahydfefuran

1 ml/min

40 °C

In most cases, 1 mg/ml x 0,1 ml
20

Multi-angle (15 laboratories)
Two angles (2 laboratories)

Low angle (3 laboratories)

n 2004 in

b PS-2, and

st were as

th a linear

A.3 Results of interlaboratory test

The results, expressed as repeatability and reproducibility, are summarized in Table A.1.

© IS0 2019 - All rights reserved
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Table A.1 — Results of interlaboratory test for SEC-LS

Polymer | Average values of | Repeatability, 5,2 Reproducibility,
My, and M2 % SR
%
PS-1 My =179 000 (0/20)b 2,9 13,2
My, =455 000 (0/20) 0,8 4,6
PS-2 Mp =420 000 (1/20) 0,6 5,7
My, =427 000 (1/20) 0,5 4,6
+—Putherswereehminatedby-Grubbs—and-Cochran’smethodstzeH3k
b Numbers in brackets indicate (outliers)/(total number of laboratories)[28].

16
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Annex B
(informative)

Information on light scattering

n a beam of monochromatic visible light passes through polymer solution, the light i
11 directions by solvent and polymer molecules in the solution. For most polymer solutions, the

scattering is called Rayleigh scattering. Since the intensity of the light scattéred by t
oportional to the intensity of the primary beam Iy, the scattering volumej//and the re
square of the sample/detector distance r, it is convenient to introduce a reduced intensi
sified as the Rayleigh ratio Rg as Formula (B.1):

_Ierz
TV

Ry

bre Ig is the detected scattered-light intensity at the scaftering angle 6. Since it is too
brmine Rg from the geometry of the light-scattering detector, the value of Rg for pure
uently used as the reference quantity.

excess Rayleigh ratio ARg of a dilute polymer seliition is often expressed by the Debye fd

Ke _ 1
ARy M, P(0)

+245c+L

re 6 is the scattering angle and KAsan optical constant which is defined as Formulg
p.4):

K:47r2n2(dn/dc)2
AgNy

is a particle-scattering factor describing the angular dependence of the scattered light
les, P(0) is givenby'the power series shown in Formula (B.4):
1 _ 1+ >
31,

P(6) ( J“

167 °n? 0

2

2.2
Rg sin

5 scattered

he solution
ciprocal of
'y, which is

(B.1)

difficult to
toluene is

rmula:

(B.2)

(B.3) (see

(B.3)

. For small

(B:4)

hould'be noted that Formula (B.2) assumes vertically polarized incident light and

scat

tered light.

ulnpolarized

Extrapolating Kc/ARg obtained at different angles and concentrations to 6 = 0 and ¢ = 0 gives My,~1. For
most light-scattering detectors used in SEC-LS measurement, the extrapolation to ¢ = 0 is not applied
because the solution eluted from SEC columns is assumed to be sufficiently dilute. Other types of plot,
such as the Berry plot, are often used, depending on the nature of the polymer.

It should be noted that the extrapolation to 8 = 0 must be done at the small angle region called the
Guinier region [see Formula (B.5)], i.e.

A
sin| & ]« %0 (B.5)
2 47ng
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B.2 Rayleigh ratio of solvents

The Rayleigh ratio of a pure solvent such as toluene is used for calibrating light-scattering detectors.
Table B.1 shows literature values of the Rayleigh ratio for some solvents frequently used. The Rayleigh
ratios in the table are for the unpolarized scattered light from vertically polarized incident light of
wavelength 632,8 nm.

Table B.1 — Rayleigh ratio of some important solvents (19 = 632,8 nm)

Solvent Rayleigh ratio Temperature Reference
cm-T °C
Benzene 12,63 x 10-6 23 [2]
11,84 x 10-6 22 [3]
Toluene 14,06 x 10-6 23 [2]
13,59 x 10-6 22 [3]
Methanol 2,85 x 10-6 23 [2]
2,71 x 10-6 22 [8]
Water 0,90 x 10-6 23 2]
0,92 x 10-6 22 [3]

[t should b¢ noted that the values at the different temperatures are sopmewhat different from each other.
The differgdnce directly affects the results of average molecular weights.

B.3 Refractive index increment, dy,/d.
Since the intensity of the scattered light is proportional to the square of d,/d,, it should be noted that

accurate results require an accurate d/d. value. Thed,/d. value used in SEC-LS measurements cap be
obtained by one of the following ways:

1) measufrement of dy/d. using a refractive index detector in the batch mode;

2) measurement and calculation of dy /d; using a known injected mass and known calibration constant
of the refractive index detector ¢onnected to an SEC-LS or ordinary SEC apparatus;

3) measurement and calculation of d,/d; using a known injected mass and known dy, /d. of a refergnce
material;

4) quotatfion from the liferature.

The refractive index.iricrement dy/d. is defined as the differential coefficient of refractive index pf a
polymer sg¢lution_as\a function of mass concentration c. It is also called the “specific refractive irfdex
increment’| in thesditerature. The limiting value of d/d. at zero concentration is commonly used in light-
scattering measurements.

There are two formulae for calculating dy,/d. experimentally. In the first [see Formula (B.6)], the value
of dy/d. is given as the limiting value of An at zero concentration:

d. /d, =lim 2% (B.6)

c—>0 C

where c is the mass concentration of a polymer solution and An is the difference in refractive index
between the solution and solvent. In the other formulae [see Formula (B.7)], dy/d. is expressed as
follows:

dn/d. = the slope of An as a function of ¢ (B.7)

The values of d/d. for some important polymers are shown in Table B.2.
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Table B.2 — d,,/d. values for some polymers (Ao = 632,8 nm)

Polymer Solventa Temperature dn/d. Reference
°C ml/g

Polyethylene 1-Chloronaphthalene 135 -0,183 [5], [10]
Polyethylene (PE-HD) ODCB 145 -0,056b [4], [11]
Polyethylene (PE-HD) TCB 135 -0,104 [4], [10]
Polypropylene 1-Chloronaphthalene 135 -0,177 [5], [16]
Polypropylene TCB 135 -0,105 [5], [16]
Polybutadiene THF 26 0,129 5 [4], [6]
Polyisoprene THF 20 0,124 5], [13]
Polystyrene DMF 20 0,165 5], [17]
Polystyrene THF 25 0,186 4], [18]
Polystyrene Chloroform 0y155 4], [19]
Poly(vinyl chloride) THF 23 0,101 [4], [6]
Poly(vinyl acetate) THF 25 0,0517 4], [21]
Polj(methyl methacrylate) THF 25 0,086 5], [14]
Poly(methyl methacrylate) HFIP 25 0,19 4], [15]
Nylon 6 HFIP 25 0,237 5 [4], [7]
Nylon 66 HFIP 25 0,241 [4], [8]
Bisphenol A polycarbonate THF 23 0,177 [4], [6]
Poly(butylene terephthalate) HFIP 25 0,236 [3], [9]
Polj(ethylene terephthalate) HFIP 25 0,243 [5],[9]
Polyurethane THF 25 0,086 3 4], [20]
Epgxy resin THE 23 0,187 [4], [6]
Poly (ethylene oxide) Methanol 25 0,142 5], [12]
Poly(acrylic acid) THF 23 0,099 4 [4], [6]
a |THF: tetrahydrofuran, HFIP&, 1,1,1,3,3,3-hexafluoroisopropanol, DMF: N,N-dimethylformamide, ODCB:
1,24dichlorobenzene, TCB: 1,2,4-triehlorobenzene.
b |Value uncertain. Reference [10] gives -0,078.
B.4 Relation between radius of gyration R; and molecular weight M
Theradius of gyration of a polystyrene molecule is often used for normalizing a light-scatterifg detector.
The value ofcRg'for polystyrene in tetrahydrofuran can be calculated from the following expgrimentally
det¢rmined-equation [see Formula (B.8)]:

R;=2,45x1072 M 0% (B.8)
B.5 Refractive index of solvents
The values of the refractive indices of some important solvents are shown in Table B.3.
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