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ABSTRACT

The possibllity of degradation of large macromocle-
cules in their motion through a porous medium in the
course of SIC decreases counsiderably the range of appli-
cation of this highly productive and highly selective
analytical method for the determination of the WD of
polymers. In fact, the MidD determined by SEC with the
existence of degradation is mainly the distribution ac-
cording to degradation fragments and does not reflect
the initial molecular characteristics of the polymer.

The dependence of the degree of degradation of mac-
cromolecules on the main parameters of the chromatogra-
phic experiment: the rate of the eluent flow, the size
and shape of gorben? particles and the size of their
pores was studied in detail. 4 non-monotonic change in
the degree of degradation with increasing flow rate of
the eluent was detected.

It is gsnown that the degree of degradatlon increas-
es with decreaging particle gize and the gize of their
pores. A new concert of the degradation of high poly-
mers in 8iC is formulated. It i1s related mainly not to
the existence of local rate gradients in the interpar—
ticle volume but, rather, to the entire combinatlion of
hydrodynamic and adgorption effects accompanying tThe
procegss of interaction between bthe macromolecules and
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the surface of sorbent particles. Practical recommenda—
tions are given for carrying out SEC, including that of

super~high molecular weight samples under "on-degrada-

tive" conditions.

I1IRODUC IION

The study of degradation of high molecular weight
polymers 1ls of considersovle interest, malnly because as
a result of the scission of macromolecules during 3uC,
the WD determined with the aild of this highly produc-
tive and promising method dis the function of molecular
welght distribution of fragments and does not reflect
the characteristics of tihe initizl sewple. The determi-
nation of the degradation mechanism makes it pogsible
to control and, if necessary, to exclude this process
in the SC of polymers beceuse it is undesirable from
the standpoint of analytical practice. Seversl experi-
mental papers (1~-3%) dealing with the study of degrada-
tion in the course of 8iC, show that a direct relation-
ship exists between the degree of degradation and the
hydrodynamic and thermodynamic characteristics of the
chromatographic system. Giddings' review (4) is con-
cerned with the behavior of macromolecules of super-high
molecular weights. In this review the main reascons for
the perturbation of the molecular-sieve mechanism of SEC
have been considered to be hydrodynamic and polarization

effects, the draining effect of large pores and, finally,
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the degradation resulting from “shear" deformations of
anomalously large macromolecules. 4t present it is as-
sumed that the shear degradation of large macromolecules
proceeds in the course of their motion in interparticle
channels of the granulated sorbent layer through regions
with high rate gradients in the cross-section of the
channels. Giddings' attempt to evaluate the shear
stress in Meffective channels® of the sorbent layer of
the column by analogy with "pure" hydrodynamic experi-
ments in capillaries, a rotation viscometer and a homo-
genizer (5-7) has led to an almost thousand-fold discre=-
pancy in the values being compared.

This work deals with the experimental study of de-
gradation mechanism of high molecular weight PS in the
SEC process and is also an attempt to establish the phy-

sical model or the mechanism of degradation.

A specisal installation was mounted for carrying out
chromatographic experiments. It had the following main
featuress high stability of eluent flow, in particular
at low linear rates of 51077 = 5.1072 cm/s and high de-
tector sensitivity (10—8 refraction units for a differ-
ential refractometer of the raster type). The detector
gensitivity made it possible to use low concentrations ¢

(~0.01-0.0%%) of the super-high molecular weigh®t poly=-
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mer in solution in order that the conditions existing
in the dilute solution of this polymer, EQ]~C<IL, would
be obeyed. Btandard stazinless steel columns 30 cm in
length with an inner diameter of Q.4 cm were used. They
were packed with silica sorbents with predetermined cha-~
racteristics under the conditions ensuring sufficient
column efficiency and excluding particle destruction du~
ring packing.

Viscometric measurements were carried out with a
standard Ubbelohde viscometer.

It should be noted that since the precise values
of the eluent flow rate are very important, in each ex—
periment they were additionally checked by relating the
retention time (or volume) of the polymer to these va—
lues for a low wmolecular welght standard (orthodichloro-
benzene) specislly introduced into the sample. It
should also be noted that the fact of degradation of su~
per-high molecular weight polymers (PS and PH4) at high
elution rates has also been confirmed by direct experi-
ments (8) in which the intrinsic viscosities of the ini-
tial sample and the same sample obtained from the eluate

after solvent evaporation were compared.

EESULIS AL DISCUSSION

The elution ratve, the mean size and shape of sor=-

bent particles and the mean size of thelr pores were
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chosen as the main parameters that affect (or may af-
fect) the degradation value.

In the SEC of super-high molecular weight polymers,
the effect of increasing elution rate is mainly manifest-
ed in an increasing deviation of the upper part of the
calibration curve towards higher retention volumes. The
authors of ref.(%) have carried cut the chromatography

o to 9.5x106 at

of PS with molecular weights from 2.6x10
a maximum (restrictions were due to the impossibility of
using extremely high pressure at the column entrance)
flow rate through columns with macroporous glasses (KPG)
with the particle sizge of 50—70/um and mean pore diame-
ter of 2000 Z and through columns with crosslinked mac-
roporous gels of the 1ISK PW type. Uhe eluate was col-
lected at the detector outlei and rechromatographed atb
a relatively low rate (12 cmB/h at an inner diameter of
the column ~ 0,9 cm) at wihilch according to the opinion
of the authors (well-grounded in our opinion) degrada-
tion should not cccur. Degradation actually did not
take place on a column with ISK. However, the rate de-
pendence of the deviation in retention volumes was ob-
served in all cases. 'The authors of ref.(3) have asso-
ciated the rate dependences without degradation with the
deformation of large macromolecules at high flow rate
gradients.

Fig.l shows the calibration dependences chtained in
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Fig.l Calibration dependences for narrow-disperse P8
in SEC on two columng connecbted in series and
packed with MPG-4000 at different elution rates.

the present work for narrow~aisperse P3 in SIEC on two
columns connected in series and packed with MPG with a
meun pore diameter of 4000 K, MPG~4000, at different
elution rates. It is clear that withh increasing rates
the retention volumes of PS with MW> 2x106 increase.

In order to esbtablish the reasons for the increase
in retention volumes with increaging rate, the follow-
ing experiments were carried cut. The solulions of a

high molecular weight Po (MW ~'107) with a volume of
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20 pl were chromatographed at different fixed rates.
The corrected rate values were determined from the re-
tention volumes of the above-mentioned internal stand-
ard. 'The eluate was collected, concentrated to the ini-
tial concentration and rechromatographed at a rate of
5.9 cmB/h on a previously calibrated system of columns
for which at this rate the sbsence of degradation (at
the accuracy determining average molecular welghts of
iS%) was proven. 'The MWD of the initial PS5 was obtain-
ed for SHEC carried out under the same conditions.

Similar experiments were carried out on columns
packed with PG with other pore sizes, MPG-1150 and MPG-
-250, on columns packed with spherical silica gels with
pore sizes of 300 and 4000 X (8i-%00 and Si-4000), on
columns packed with non-porous quartz particles and on
columng packed with non-porous glass balls. The chroma-
tograms of all eluates were also obtained for repeated
chromatography at the above rate of 5.9 cmB/h on a sys-
tem of two columns with MPG-4000. The MWD was calculat-~
ed from calibration dependence 1 in Fig.l. The calcu~-
lated MAD made 1t possible to determine the degradation
indices I = (ﬁﬁo/&n> - 1 where ﬁno and ﬁn are the num-
ber-~average molecular welghts of the initial sample and
the same sample after the second chromatogrephy. Fig.2

shows the results of the corresponding calculations.
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¥ig.2 Degradation indices vs flow rate in SHC

on MPG with different sizes of pores
and particles.
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Fig.? JDegradation indices vag flow rate
in 3EC on silica gels.

These figures show nainly that the rate dependences
of degradation index are not monotonic. This fact con-
tradicts the generally accepted view most completely ex-—
pressed in ref.(4) according to waich degradation (i.e.
the value of I) should increase with elution rate as a
result of shear deformation. However, a great number
of experimental data obtained by us suggests that 1t is
not an artefact but a phenomenon requiring an explana-—

tion. Similar rate dependeuces of degracation indices
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Fig.4 Degradaticn indices vs flow rate in
SEC on non-porous quartsz particles.
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Fig.5 Degradation indices vs flow rate

in SEC on non-porous glass balls.
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were also obtalned for two PMiA samples (with EQ'V5X106
and ﬁW'V1O7) (Fig.6). Although the degradation indices
for PLIA are on the average lower than those for PS8 in
SEC under similar conditions, the character of depend-
ences indicates that this 18 a general phenomenon for
polymers with different chemical natures.

Consequently, since with increasing flow rate gra-
dient degradation cannot only increase but also decreasec,
it might be suggested that it is assoclated with the in-
teraction between the macromolecules and the surface of
the pore volume of sorbent particles. ‘'lhese interac-
tlons are naturally related to rate gradient. In fact,
the experimental results for SEC on NPG (Pig.2b) show
that the highest degradation is observed when IPG-250
is used which has the largest surface area as compared
to other NPG.

When an eluent containing macromolecules flows past
a sorbent particle, three posgible situations may be vi-
sualized. First, the macromglecule can enter a stagnant
zone near the particle surface, which should lead to an
increase in retention time (Fig.7a). Secondly, the mac-
romolecule can pass into a “stretching"™ hydrodynamic
field near the particle surface and undergo degradation
(Fig.7v). ‘Third, the macromolecule coming into contact
with the particle surface and/or its internal pore vo-

lume (e.g. as a result of the reversibility of physical
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Fig.6 Degradation indices vs flow rate
in the SEC of PMMA samples MPG.

adsorption) can be stretched by the flow along the par-
ticle surface, which can alsoc lead to degradation.

It is clear that all three situations can occur si-
mul taneously but the contribution of each of them de-
pends on the shape and size of the particle, the exist~
ence of internal pores and the rate of the flow passging
along the particle. OQther conditions being equal, i.e.
for the same sorbent, it is the rate of the flow moving

past the particle that can change the ratio of the con-
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tributions of the three above situations and hence may
lead to a dependence of degradation indices on the flcuw
rate, which seems surprising at first.

The "nindrance effect"™ 1s most pronounced for SEC
on non-porous balls with dP = 7,5’pm (¥ig.8a). TFig.8a
shows overlapping chromatograms of a mixture of PS with
orthodichlorobenzene obtalned at different flow rates
on a column packed with non~porous glass balls with
dp = 7.3 pm. S8ince the sorbent is non-porous, the re-
tention volume should be slightly lower for the polymer
than for a low molecular weight substance or at least
identical for them. However, the reverse situation is
observed (Fig.8a). Some literature data indirectly con-
firm the hindrance effect in chromatography. thus, it
has been found in ref.(10) that retention volumes of a
low molecular weight substance and PS with different mo-
lecular weights increase with elution rate. In ref.(11)
the hindrance effect has been detected in the investiga~
tion of the mobility of DNA fragments in electrophoresis
in gel.

The hindrance effect is much weaker on particles
with an average size of 40 um (Fig.8b).

These resulis are quite comprehensible from the
s tandpoint of the effect of stretching of the macromole-
cule along the particle gurface, in particular at the

pnssible physical adsorption of individual segments of
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Fig.8 Overlapping chromatograms of a mixbure of
PS5 and orthodichlorobenzene obtained in
SEC on non-porous glass balls with a mean
pore diam. (dp) of (a) 7.5}pm and

() 40.0/ﬂn.
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the macromolecule on surface Munevennesses". Further,
it may be assumed that with increasing flow rate the
probability of a direct approach of the macromolecule
to the particle surface decreases. If this assumption
is true, then at low rates degradation should be affect-
ed by the shape of sorbent particles and the guality of
their surface. In fact, degradation indices for par-
ticles of irregular shape (quartz) are higher than for
balls of the corresponding sizes with a smoother sur-—
face (Figs.4 and 5) just at low rates. At high rates,
degradation indices are comparable.

The hindrance effect was alsc studied on porous
sorbents,Fig.9 shows overlapping chromatograms of a mix-
ture of P3 and orthodichlorobenzene at different flow
rates for spherical silica gels dp = lO)pm with pore
sizes of %00 K and 4000 K (81=-%00 and 8i-4000). TFor the
5i~300 silica gel, the hindrance effect is greatly com—
plicated by degradation. In this case at a rate of

15 cmB/h, high molecular weight PS is eluted after low
molecular weight orthodichlorobenzene. For Si-4000 the
hindrance effect is virtually absent or very weak at
high rates.

These facts may be explained from the standpoint
of multicenter adsorption of macromolecules on a sorbent

with a more developed surface when the macromolecule is
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Fig.9 Overlapping chromatograms of a mixture of PS
and orthochlorobenzene obtained at different
flow rates on (a) 8i-300 and (b) Si-4000

silicn gelg,
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adsorbed simultaneocusly at several units (or segments)
located at different disbtances along the chain. When
the pore size (8i~-4000) is comparable to that of the
macromolecule or exceeds it, the mass transfer between
the pore velume and the flow takes place for the macro-
molecule as a whole during its relaxation time. AT a
smaller pore size (8i-300) and a more developed surface,
multicenter adsorption becomes possible. Description
acts will take place with a displacement in time, more-
over, the adsorption of other segments can take place
simultaneously. As a result, the macromolecule can be
retained much longer than its own relaxation time. Fur-
thermore, in multicenter adsorption, when the free part
of the macromolecule is entrained by the flow, degrada-
tion can take place with the formation of fragments the
length of which decreases with the pore size. 'The pos=-
gibility of capture of individual segments of the macro-
molecule by small pores has been congidered in ref.(12)
in an attemt to explain the higher degradation on micro-
styragels with narrow pores than that on microstyragels
with wide pores (13).

The same situation is also observed on PG in our
experinents (Fig.2). Degradation indices are particu-
larly high on MPG-250, are lower on MPG~1150 and are the

lowest on PG-4000. Fig.lO shows overlapping MWD of the
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10: 41 25 January 2011

Downl oaded At:

DEGRADATION OF MACROMOLECULES 1845

same PS from eluates obbtained at low flow rates on WMPG
with different pore sizes. It is clear that the smaller
the pore size, the smaller fragments are formed upon de~
gracation. The experiments at rates exceeding almost
five-feld the minimum rate (Fig.lOb) showed that on a
column with MPG-250 (the most capable of inducing degra-
dation in the previous case) P8 virtually does not dee
grade. However, in this case also the smallest frag-

ments were formed (in small amounts) on MPG-250.

COIGLUSION

These investigations on the degradation of macromo-
lecules in SEC make it possible to suggest some practi~
cal recommendations on the analysis of polymers with
ﬁw> EXlOG- In the Z3¥C of these polymers, chromatogra-
phic systems with mixed sorbents, in particular those
contalining narrow pores cannot be used. It 1s necessary
to work at Mnon-degradative® elution rates determined in
previous experiments. At these rates degradation in-—
dices are close to zero (Fig.2). Because of a strong
hindrance effect, the application of sorbents with
dpfv S—lO/pm to the 88C of super-high molecular weight
polymers is problematic, Experiments on balls with
dp ~ 40‘Pm showed (Pig.8b) that at 2 flow rate of
6 cm3/h the hindrance effect is slight or absent.
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Hence, the particle siee of 5—10]mn is not an optimum
gize for the chromatography of large molecules.
Moreover, the experimental results showed conclu-
gively that in SEC the degradation of large macromole-
cules takes place on the surface of the sorbent particle
rather than in interparticle channels. In this case the
degree of degradation depends on the shape and size of

the particles, the pore size and the elution rate.
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