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Editorial

When the Journal of Chromatography was founded almost 20 years ago , the
CHROMATOGRAPHIC DATA section was intended as a type of abstracts service
to cover the chromatographic literature which was (and still is) dispersed among
various other journals of analytical chemistry, pure chemistry, biochemistry and
clinical chemistry. We preferred to select data rather than to publish ab stracts in
order to avoid duplication with abstracting services, and because a list of RF or K;
values, while not necessarily absolute or reprodu cible, does give a good idea of the
practical possibilities of part icular chromatographic systems.

From the start the publication of the DATA section gave rise to the problem
of how to locate easily the information which was publ ished at the end of each issue
of the journal, usually in a few pages. One attempt to solve this was to number the
data pages separately so that they could be bound together at the end of the year . We
also prepared some comprehensive RF indexes.

Retrieval of the data became more complicated, however, when the frequency
of public ation of the journal increased first to twice and more recently to three times
a month . Faced with the problem of whether to spread the DATA over all of the
issues or to concentrate them in a few issues, we have decided to adopt the latter
course. From 1977 on, the data will be collected into Chromatographic Reviews, be
cause as the data are mainly abstracted from the published literature they are best as
sociated with the review articles. The DATA section pages will again be numbered
separately so that it will be possible to bind them together at the end of each volume.

Continuing on the topic of data, we would like to encourage authors to submit
more unpublished data. We have often accepted these in the past but feel that there
are still much data that merit publ ication as such although they may not warrant
publication in the form of a paper.

The new technique of high-performance liquid chromatography has pro
duced a wealth of new data . We have decided (in accord ance with Done et aU) that
this type of data is best shown in the form of figure s. Here again we would like to
invite the submission of unpublished result s.

MICHAEL LEDERER

REFERENCE

J. N. Done, J. H. Knox and J. Loheac, Applications 0/ High Speed Liquid Chromatography,
Wiley, London, 1974.
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ISOLATION OF SUBSTANCES FROM URINE BY AFFINITY CHROMATO
GRAPHY

R. C. BOGUSLASKI and R. S. SMITH

Ames Research Laboratory and Library Resources and Services, Miles Laboratories, Inc., Elkhart,
Ind. 46514 (U.S.A.)
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Affinity chromatography is a purification technique that relies on the use of
specific recognition to affect separation. The method is based on the ability of a
ligand (binding protein, enzyme inhibitor, etc.), covalently attached to an insoluble
matrix, to specifically bind and separate a desired substance from a mixture. In
practice, a substance is usually isolated by passing the mixture through a column
containing the immobilized ligand. Ideally, specific interaction with the immobilized
agent will prevent or, at least, retard the passage of the desired substance through
the column, while non-binding impurities pass through unhindered. The desired
substance can then be eluted by anyone of a number of procedures that effect
dissociation from the immobilized ligand; e.g., a change in column conditions (pH,
buffer, ionic strength), or the addition of a soluble compound that competes for
binding sites. The technique, either alone or in combination with standard purification
procedures, has been used to separate and isolate substances that are otherwise
difficult to obtain.

There are a number of excellent books and reviews (e.g., refs. I and 2) that
deal with the principles, methodology and various applications of affinity chromato
graphy. However, the isolation of urinary substances has not been specifically
reviewed. Urine, through its availability and wealth of components, can serve as an
excellent source of important and rare physiological substances. Unfortunately, these
components are usually present in such low concentrations that they are difficult to
isolate by standard methods. On the contrary, the versatility, simplicity and high
recoveries possible with affinity chromatography allow large volumes of urine to be
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6 R. C. BOGUSLASKI, R. S. SMITH

conveniently processed, thus permitting isolation of these substances in practical
amounts.

Here, we will review the uses of affinity chromatography for the purification
and characterization of various biological substances from urine. (A summary is'
provided in Table 1.) Moreover, we will briefly d iscuss some analytical applications
of affinity supports for the detection and quantification of various materials in urine.
Finally, we hope to draw attention to the versatility and usefulness of affinity isolation
procedures and to the use of urine as a source of fine reagents. We have also included
some separations that involve other mechanisms, such as ligand exchange, when
these gave specific isolation of important constituents of urine.

II. PREPARATIVE APPLICATIONS

(A ) Enzymes

Urokinase is a protease that has therapeutic value as a thrombolytic agent.
It is present in such small quantities in human urine that isolation of significant
amounts by classical procedures is impractical. The enzyme, however, has been
purified from tissue culture media:' or urine':" by affinity chromatography using the
ligands a-benzylsulfonyl-p-aminophenylalanine (BA PA) or lysine covalently linked to a
matrix such as Sepharose. Albumin contamination was removed by a separate affinity
procedure before the mixture containing urokinase was loaded onto the BAPA 
Sepharose column. The enzyme was eluted with 8 % NaCi in phosphate buffer in
100 % yield with a purification factor of approximately 700. Urokinase has also been
obtained from urine in 100% yield using a Iysine-Sepharose conjugate and I M NaCI
as the eluting agent. The enzyme has been isolated (80 % yield) using o-hexyl-Na
(w-aminocaproyI) homoarginate as the binding ligand and 0.2 M NaCI-6 M urea as
the eluting agent", and also from an immunosorbent column after desorption with
0.2 M NazC03 containing 0.5 M NaCl (81 % yield)" .

Kallikreins are endogenous proteases that rapidly and specifically liberate kinins
from precursor kininogens in plasma. These enzymes are found in urine and have
been isolated by affinity chromatography. Guanidinated inhibitors from bovine
organs have been coupled to CM-cellulose via the azide and used to isolate kallikreins
from porcine urinet-!". The kallikrein-inhibitor complexes were dissociated with
0.5 M benzamidine to give a 46 % yield of enzyme purified approximately 7-fold .
Rat urinary kallikrein was isolated by a procedure which included an affinity chro
matography step!'. An L-arginine methyl ester-Sepharose conjugate specifically
bound the protease which was subsequently eluted with 1.0 M arginine. The enzyme,
obtained in 19% yield, underwent an 87-fold purification . The purity of the enzyme
was established by polyacrylamide electrophoresis and e1ectrofocusing, and its
molecular weight was determined by gel filtration. The enzyme was further charac
terized through a study of its activity with natural and synthetic substrates and
inhibitors. Rat urinary kallikrein was also isolated with a purification factor of 328
in 1.6 % yield using a procedure consisting of four steps: DE-32 chromatography,
affinity chromatography on a Bio-Gel aprotinin column, and gel filtration over
Sephadex G-I 00, coarse and superfine". The physical and biological activities of this
enzyme preparation were investigated and reported .

Human pepsinogen] group materials were isolated from human urine I3 •
14

;
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e.g . through a combination ofion-exchange chromatography, and two immuno-adsorp
tion steps". Fractions obtained from the ion-exchange step were applied to an anti
pepsinogen I group-Sepharose column and desorption was carried out with 3.0 M
NaSCN. These fractions were then applied to an antihuman serum column to remove
trace contaminants. The biochemical and immunochemical properties of the pep
sinogen I group material isolated from urine were compared with those of the
pepsinogen I group from gastric mucosal extracts and found to be identical. Appa
rently, the individual proteases of the group I material possess the same antigenic
determinants.

An approach to the control of enzyme deficiency diseases that has aroused
considerable attention has been the use of enzymes in replacement therapy. Hopefully,
the administration of the deficient enzyme will be of therapeutic value. For this
reason, the isolation, purification and characterization of human glycosphingolipid
hydrolases has become an area of keen interest. Fabry's disease is caused by a
deficiency of ceramide trihexosidase, an acid «-gatactosidase. Plasma and urine have
served as sources for a-galactosidases isolated through affinity procedures". The
ligand, p-aminophenylmelibioside, linked via a bridging group to agarose was used
to isolate multiple forms of ceramide trihexosidase activity from human urine. The
enzymes desorbed from the affinity column with 0.1 %Triton X-loa showed elution
profiles very similar to those obtained from plasma. The occurrence and properties
of these enzymes in normals and patients with Fabry's disease were studied. A sub
sequent publication, described the isolation of a-galactosidase from normal human
urine by a procedure that involved ammonium sulfate precipitation, treatment with
cetylpyridinium chloride, precipitation by ethanol, chromatography on CM-cellulose,
affinity chromatography on a p-aminophenyl-a-D-galactopyranoside-Sepharose
column, and finally chromatography on Sephadex G-200 (ref. 17). The purified
enzyme was used to raise antisera in rabbits. The antiserum, in turn, was used to
demonstrate the absence of a specific a-galactosidase (the immunogen) in urine and
kidney preparations from a Fabry patient. These data suggest that the disease is due
to total absence of the protein and not to an enzymatically inactive protein. They
also suggest that immunological complications may arise in the course of enzyme
replacement therapy, since the immune mechanism may respond to the exogeneously
provided enzyme.

Tay-Sachs' and Sand hoff's diseases are caused by deficiences of the A and the
A and B isoenzymes of N-acetyl-fi-D-hexosaminidase, respectively . In combination
with other procedures, an affinity chromatography step, using a conjugate of succinyl
ated diaminodipropylaminoagarose and p-aminophenyl-N-acetyl-fi-D-thiogJucos
amine, was used to partially purify the A isoenzyme from urine". The enzyme was
eluted with 0.2 M borate buffer but was contaminated with three to six other proteins,
leading the authors to suggest that the affinity step be combined with still other
procedures if a homogeneous product is desired. Interestingly, the B isoenzyme was
only slightly retarded on the affinity support even though both isoenzymes have
similar activities toward a substrate resembling the bound ligand. The A isoenzyme
has recently been purified from human urine with a IOOO-fold increase in specific
activity by a combination of ion-exchange and affinity chrornatography'". A column
of concanavalin A-Sepharose was used in the latter procedure.

A deficiency of the enzyme arylsulfatase A is diagnostic for the lipid storage
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disease, metachromatic leukodystrophy. This enzyme was purified from human urine
to homogeneity as judged by electrophoresis at pH 8.9, as well as electrophoresis in
the presence of 8.0 M urea at pH 2.9. The procedure used an affinity chromatography.
step on a Sepharose-psychosine sulfate conjugate combined with such standard
techniques as precipitation, acetone fractionation , Sephadex chromatography and
preparative gel electr ophoresis'?' ?' . Enz yme activity was eluted from the affinity
support with 0.1 %Triton X-IOO. The same enzyme was later purified 3500 times in
a 7 %yield from human ur ine". Th is preparation was likewise judged to be essentially
homogeneous by a number of criteria, including electrophoresis at two pH values,
formation of a single band upon electrophoresis in a sodium dodecyl sulfate gel, and
formation of a single precipitin line in Ouchterlony double diffusion studies. In
addition to standard protein purification procedures, two affinity step s were included
in the isolation protocol. The first of these involved chromatography on sulfopro pyl
Sephadex to extract the enzyme, while the second affinity chromatography step used
an antialbumin-Sepharose conjugate to remove carryover contamination. The
physical and immunochemical properties and the catalytic characteristics of this
enzyme with natural and synthetic substrates were examined. Sphingomyelinase was
also isolated from urine with affinity columns containing arylphosphorylcholine" or
sphingosinephosphorylcholine'",

Hurler's syndrome, a genetic disorder of mucopolysaccharide metabolism ,
results from a marked deficiency of a-L-iduronidase, which cau ses an excessive lyso
somal accumulation of mucopolysaccharides. Excessive amo unts of rnucopoly
saccharides have been reduced to normal levels in tissue culture through the addition
of Hurler-corrective factor (a-L-iduronidase). Thus, the enzyme is of practical
importance as a candidate for replacement therapy. It is pre sent in human urine and
has been isolated by a protocol that includes an affinity chromatography step".
A heparin- or dermatan sulfate- Sepharose conjugate used as the affinit y support not
only retained a-L-id uro nidase, but also separated a-L-iduronidase with Hurler
corrective ability from an a-L-iduronidase devoid of this cap ability. The corrective
and non-corrective forms of the enzyme had similar kinetic characteristics, but
differed somewhat in their ability to bind to various lectins and had substantially
different molecular weights. The authors speculated that the non-corrective form of
the enzyme may be either a precursor or degradation product of the corrective form.
A similar corrective factor for Hunter's syndrome was purified from human urine
and characte rized". Chromatography on an antialbumin-Sepharose column was
used during the isolation procedure to remove residual albumin contamination that
could not be eliminated by conventional techniques.

( B) Proteins

An immunosorbent prepared by polymerizing antisera to tran sferrin with
glutaraldehyde has been used in conjunction with standard procedures to isolate
tran sferrin from normal human urine26 •27 . Urinary transferrin, eluted from the
immunosorbent with 1.0 M glycine ' HCI , was homogeneous by electrophoresis and
immunoelectrophoresis and was similar in physical and immunochemical properties
to serum transferrin . Likewise, an immunosorbent prepared from sheep erythrocytes
and 0 antigen has been used for a 16-fold concentration of hemagglut inating anti
bodies from urine28 .The antibodies were eluted in a small amount ofph ysiological saline.
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Urine from patients with tubular proteinuria is a good source of low-molecular
weight plasma proteins. For example, human retinol-binding protein (vitamin A
transport protein) was highly purified from urine by a procedure that included chro
matography on a prealbumin-Sepharose column", (In plasma, retinol-binding pro
tein circulates firmly bound to thyroxine-binding prealbumin, but can be dissociated
at low ionic strength.) Two forms of the protein, differing in vitamin A content and
ability to bind to prealbumin, were isolated by this approach. The purer fraction,
which bound tightly to the affinity support, was immunochemically and physically
characterized and found to be very similar to retinol-binding protein isolated from
serum.

(C) Hormones

A column containmg a concanavalin A-Sepharose conjugate was used to
isolate and obtain structural information on human urinary chorionic gonadotro
phirr". The glycoprotein bound through its carbohydrate portion and could be eluted
from the support with 0.2 M methyl a-D-glucopyranoside.

An immunosorbent prepared from guinea pig antisera to insulin and Sepharose
was used to extract quantitatively both insulin and proinsulin from urine". The
hormones were subsequently eluted from the affinity support with a 1.0 M acetic acid
solution containing 0.3 % bovine serum albumin. The isolation procedure was con
venient and, in many respects, superior to conventional methods for isolating insulin
from biofluids.

Colony-stimulating factor (CSF) is a term applied to material that promotes
the formation of granulocyte and/or macrophage colonies in culture. Since this
material was suggested to be glycoprotein in nature, a concanavalin A-Sepharose
conjugate was used to isolate and partially purify the substance-i-". The affinity
matrix was eluted with a linear gradient of either a-methyl-D-mannopyranoside or
a-methyl-D-glucopyranoside to give CSF in 50%yield with a six- to nine-fold increase
in specific biological activity". A study of the physical properties of the partially
purified preparation suggested the activity was associated with a heterogeneous
population of molecules.

Epidermal growth factor is a polypeptide hormone that causes stimulation of
epidermal growth and keratinization. An immunosorbent column prepared from
Sepharose and rabbit antiserum to mouse epidermal growth factor was used to isolate
and partially purify a substance from human urine that is biologically and immuno
logically similar to the mouse hormone".

(D) Other urine ingredients

Rabbit antisera to human glomerular basement membrane have been coupled
to Sepharose and used to isolate basement membrane antigens from normal human
urine in a single-step procedure". The immunosorbent, eluted with 0.1 M glycine' HCI
buffer, provided material for characterization studies.

Affinity chromatography has also been used to isolate trypsin inhibitors from
urine 36

•
37 using a trypsin-Sepharose conjugate in a batch procedure followed by

elution with 0.02 M HCI containing 0.3 M NaCi and 0.01 M cscr, Material isolated
in this manner gave two active fractions upon subsequent chromatography on DEAE
cellulose. This finding led the authors to speculate that the heterogeneity of the



10 R. C. BOGUSLASKI, R. S. SMITH

inhibitors is not caused by the extraction process or degradation of a single inhibitor
molecule by a urinary enzyme, but results because several trypsin inhibitors are
actually present in urine.

Affinity supports have been used to isolate drugs and drug metabolites from
urine. For example, D-Iysergic acid diethylamide added to normal human urine has
been recovered in a 70-80 % yield through use of an immunosorbent column and
elution with 0.01 N hydrochloric acid". Columns of silver-sulfoethyl cellulose bound
an entire class of compounds, the ethynyl steroids". The columns were used to
advantage in the purification of norethynodrel metabolites from the urine of a beagle.

Metal-loaded resins were used to separate and concentrate aliphatic diamines
and polyamines from urine": Ten-milliliter urine samples containing 1.0 mg each of
added spermine and spermidine hydrochlorides were passed through a copper
containing column and eluted with ammonia, giving well-separated, well-defined
peaks for spermine and spermidine in about 80%yield.

III. ANALYTICAL APPLICATIONS

Affinity supports have also found considerable application in the detection
and quantification of materials in urine in addition to their use in preparative schemes.
A brief review of some of the analytical applications will be given to indicate the
variety of assays that have been developed. A more comprehensive review can be
found elsewhere",

Urinary gonadotrophins have been assayed by a number of radioassay tech
niques that employ immunosorbents to separate bound and free fractions. Follicle
stimulating hormone (FSH) assays were conducted on 24-h urine specimens using
both a radioimmunoassay, in which antibody to pituitary FSH was adsorbed to
bentonite particles, and a bioassay procedure": There was a significant correlation
between the values obtained from both assays. Assays for luteinizing hormone and
FSH in urine specimens were developed using a solid-phase double antibody systerrr"
and by procedures relying on polymerized first antibody". Nylon microtiter plates
have served as a solid-phase support for adsorbed antibody and have been used to
assay epidermal growth factor in urine"; Other proteins such as a-N-acetylglucos
aminidase mutants"; and immunoglobulin E 47.48 have been measured in urine with
radioimmunoassay procedures based on immunosorbents in which the antibody was
covalently linked to the solid phase.

In addition to proteins, low-molecular-weight substances in urine have been
assayed using affinity supports. An antiserum raised against estriol-16-glucoronide
was incorporated in a polyacrylamide gel and used to assay the estriol derivative
directly in maternal urine, i.e., without prior hydrolysis or purification". Hemag
glutination-inhibition assays have been developed for various drugs in urine".

IV. SUMMARY

The applications of affinity chromatography for the isolation and purification
of physiological substances from urine have been reviewed. The use of affinity sup
ports for the detection and measurement of various urinary components has also
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been briefly examined. These examples illustrate the usefulness of urine as a source
of fine reagents and the versatility, simplicity and practicality of affinity isolation
procedures.
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I. INTRODUCTfON

In 1968, the first investigations on the thin-layer chromatography (TLC) of
random copolymers were carried out simultaneously in our laboratory! and by
lnagaki at Kyoto University, Japan". Since then , the main trends developed
have been investigations of the heterogeneity of polymers [their molecular-weight
distribution (MWD) and inhomogeneities of composition] and the identification of
polymers with various microstructures-:", The following investigations became pos
sible with the aid ofTLC: sepa rat ion of random copolymers according to their compo
sition'":"; determination of molecular weight (MW) and MWD of homopolymers
(PS2.10

-
14, PE03.12 and PMMAI5.16)*, identification and separation of stereoregular

PMMA16-18, separation of poly-I ,4-cis-, -I ,4-trans- and -I ,2-vinylbutadieneI9, identifi
cation of block and graft copolymers of St and M M A and St and PEa, determination
of the presence of homopolymers in these copolymers'v'"-", identification of linear
and branched-chain PS23 and PS with carboxylic end-groups", and identification of
random, block and alternating copolymers of St_MMA25.26 and two- and three-block
copolymers":". Later, two groups of American scientists, Otocka and co
workersI2-14.29.3o and White and co-workers-tv", began to investigate the TLC of
polymers. The first group developed a method for the determination of the MWD of
PS and studied the mechanism of the TLC of polymers, while the second group inves
tigated the TLC of PS, PBO, polyisoprene and their copolymers and developed a
method for the determination of the MWD and compositional homogeneity of copoly
mers of St and BO. An important trend in the TLC of polymers is the use of this
method for the determination of the M WD and the functionality of oligomers-'".

Depending on the character of the interactions involved, the following types of
TLC of polymers can be carried out;

(a) Adsorption TLC (ATLC) . This method was proposed first for the separa
tion of copolyrners'v-" and was later used for the analysis of homopolyrners'v-":".
This type of TLC is based on differences in the adsorption activities of polymers,
which increase with the MW and with the percentage of adsorption-active polar
groups in a copolymer (oligomer). A peculiarity of ATLC is the use of solvents that
contain a small amount of the polar adsorption-active component, the displacer, an
increasing content of which leads to an increase in R F value.

(b) Thin-layer gel-permeation chromatography (TLGPCP-6 .35. TLGPCis based
on the molecular-sieve effect, i.e., the distribution of polymers between the mobile
phase and the porous adsorbent determined from the ratio of the size of the macro-

• The following abbreviations for compounds and polymers arc used : St - styrene: PS
= polystyrene; MMA = methyl methacrylate; PM MA poly(methyl methacrylate) ; EO ",
ethylene oxide; PEO = poly(ethylene oxide) ; BD = butadiene ; PBD o·- polybutadiene; P-a-MS =

poly(a-methylstyrene); CHCl3 = chloroform ; CCI. = carbon tetrachloride ; MEK = methyl ethyl
ketone (2-butanone); THF = tetrahydrofuran; DMF = dimethylformamide; Ch ~ cyclohexane;
Bz = benzene; Ac = acetone.
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molecules to the pore size. Polymer ad sorption is suppressed and the volume within
the pores of the adsorbent is previou sly filled with the solvent.

(c) Precipitation TLC (PTLC) . Thi s method was suggested by Inagaki and
co-workers'<-". The eluent con sists of a polar or a non-polar solvent and a large
amount of an ad sorption-active precipitant for the polymer. Under these conditions,
the ad sorption activity of the chromatographic layer is completely suppressed and
the separation of polymers is based on changes in the propertie s of the eluent on the
plate effected as follows : (a) by introducing on to the plate an eluent of varying com
position (extr action-type PTLC) or (b) by changing the eluent composition on the
plate by evap oration and/or decreasing th e phase ratio, r (the ratio of the weight of
eluent to that of the ad sorbent).

(d) Extraction TL C ( ETLCp-I7. ETLC is based on the selective dissolution of
polymers in the region of the sta rting spot accordi ng to the "all o r nothing" principle.
Thi s method permits the sepa ra tion in a sta rting spot of polymers of different types
acco rding to their affi nit ies for the solvent.

Combined types of TLC are often used for the separation of polymers. For
exa mple, the separ ati on of polymer s at the starting spot is carried out according to the
mechan ism of selective dissoluti on (desorption) with subseq uent fractionation on the
basis of ATLC or PTLC.

It is ad visable to sepa ra te the above fou r types of TLC into two groups :
( I) Chrom at ographic meth od s based on adsorption: ATLC and TLGPC, in

which the positive and negative adso rption, respectively, of polymers are carried out
on a porous ad sorbent.

(2) Chro matog raphic meth od s related to the sol ubility of polymers : PTLC
and ETLC, based on the different solubilit ies of polymers and their different rates of
desorption in the region of the sta rting spot.

At present , TLC is used exte nsively for investigations of MWD, compositional
inhomogeneity and structura l pecul iarit ies of widely different classes of polymers and
oligom ers (Ta ble I).

II. T H IN-LAYE R C H RO MATOG RA PHY OF POLYM ERS BASED ON ADSORPTION

I. Adsorption TLC of copolymers

ATLC was the first type of TLC of polymer s to be developed'v-v ' for the
fractionation of co polymers according to composition. Inve stigations on the ATLC of
copolymers were related to investigations of random copolymers of St with MA and
MMA. For the TLC of the St-MMA copolyrner s- ":", the elution systems con sisted of
solvents (chlorinated hydrocarbon s) and displacers (adsorption-active oxygen-con
taining compounds). The dependence of the RF values of copo lymers C-IO (3 1%St)
and C-5 (54%St) on the nature of the solvent and the displacer on a plate coa ted with
silica gel is show n in Table 2.

Table 2 sho ws that the solvents and the displacers for the St-MMA cop olymers
can be arranged in the following eluotro pic series: d ieth yl ether < MEK < Ac <
TH F < diox an ; chloro benzene < dichloroethane < CHCI3•

The chromatography of copolymers was ca rried out in an S-chamber in which
the displacer grad ient was achieved by gradual evaporation of the eluent into the air
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TABLE 2

R, VALUES OF COPO LYMERS WITH 31 % (C-IO) AND 54 % (C-5) OF St IN CHROMATO
GRAPHIC SYSTEMS CONTAINING 12 rnl OF SOLVENT AND 2.4 ml OF DISPLACER ON
I)LATES COATED WITH KSK SILI CA GEL

Solvent

Dichlorobenzene
Dichloroethane
Chloroform

------ -
Displacer

- ----._ .__.- - - - _ ..

Diethyl ether MEK Ac THF Dioxan

C-IO C-5 C- IO C-5 C-IO C-5 C- IO C-5 C-IO C-5
. _.~-- .

0 0 0 0 0 0.52 0 0.71 0 0.83
0 0 0 0 0 0.70 0.69 0.92 0.77 0.92
0 0.17 0 0.32 0.49 0.85 0.70 0.90 0.88 0.95

- -- _. . -.-- " - - - --- -. "- ------

space during its movement up the plate. As the adsorption activities of the St and
MMA groups in chlorinated hydrocarbons differ widely, strong gradients were used
to separate copolymers of widely differing compositions. These gradients were ob
tained by mixing the solvent with a small amount of an adsorption-active displacer
(such as Ac) or with a large amount of a weak displacer (diethyl ether) (Fig. 1). For
the separation of copolymers of similar compositions, chromatographic systems of
high resolution with a weak gradient were used, prepared from a solvent containing a
small amount of a weak displacer (diethyl ether, MEK).

J ·
C - 1,
C - 5

• • C - 10, ,
C - 14

Fig. I. TLC of rand om copolymers of St and MMA o n KSK silica gel in CHClrAc (12:2.2) in an
S-chamber: C-14 (22 % St, M", ·~ 2.3 '105) , C-1O (31 % St, M", = 8.7 ' 104

) , C-5 (54 % St, M", =

8 '10'), C-I (80 % St, M", =. 1.2'105) .

Fig. 2 shows chromatograms of copolymers with virtually indistinguishable
elemental compositions . However , High-resolution TLC makes it possible to show
distinctly that the C-2 copolymer consists of two fractions identical with copolymers
c.: and C-3. The effectiveness of high-resolution TLC for copolymer separations is so
great that it permits the determination of differences in the polydispersity of copoly
mers ofazeotropic composition (with S4 mole- %of St) obtained at various extents of
conversion (Fig. 3).
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C-2

C-1 C-3

t

t
• •

(a)

8

(b)

,

B. G. BELENKIl, E. S. GANKINA

•
Fig. 2. High resolution TLC: (a) copolymers of St-M MA containing so % of St (C-I, C-2, C-3) in
CHCl,-MEK (12 :0.6) in an S-chamber; (b) two-dimensional chromatogram of C-2 in the same
solvent system.

,
C-7

, ,
C-4

C-6
C-8

Fig. 3. TLC of azeotropic copolymers of St-MMA containing 54 % of St with various degrees of
conversion [C-7 (0.5 %), C-6 (11.7 %), C-4 (33.8 %), C-8 (70.6 %)] on KSK silica gel in CHClrdiethyl
ether (12 :4.2).

A two-dimensional chromatogram (Fig. 4) shows that elongated spots in a one
dimensional chromatogram of azeotropic polymers are produced by the polydisper
sity of the samples rather than by chromatographic spreading due to concentration
effects.

Similar results in the ATLC of random copolymers of St-MMA and St-MA
have been obtained by Inagaki et al.', who has used gradient TLC in which methyl and
ethyl acetate were added to CHCI 3 • They used densitometry of the plates to determine
the distribution of the St-MMA copolymer according to composition. This distribu
tion agreed with the theoretical distribution, whereas the mean value of the molar
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Fig. 4. Two-dimensiona l ch romatogram of the C-4 copolymer (see Fig. 3) in the same so lvent system.

fraction of St in the copolymer (0.355) agreed well \\ ith the value of 0.342 determined
by elementa l analysis.

Our investigations'> have shown that the Rp value of the copolymer depends
not only on its composition but also on its MW, the strongest dependence being ob
served at MW R::! lOS (Fig. 5).

i--

6 .8 _10 4 2 .6 - 10 5

Fig. 5. TL C of random copol ymers of St -M MA contain ing 31 %of St of various MW (M w ) o n KSK
silica gel in C HC lr Ac (12 :2.2).

Inagaki found'" that the chromatographic mobility of St-MMA copolymers is
related not only to their composition but also to their structure (the block length).
Thu s, in the CH Clj-ethyl acetate system copolymers containing 49 %of St behave as
follows : the block copolymer remains at the start, the alternating copolymer is located
in the middle of the plate and the rand om copolymer migrates at the highest rate.
Recentl y, Donkai et al.28 showed that the RF value for St-MMA block copol ymers
varies, depending on the number of blocks pre sent. Thus, in the MEK-CCI4 gradient
systems the R F value increa ses in the following order : the two-bl ock , the three block
and the random copolymer of St and MMA. At first, Inagaki'" ascr ibed these differ
ences (in a similar manner to differences in the adsorption of stereoregular PMMA) to
different extents of adsorption of triads of monomer units, con sidering them as ad
sorption unit s of the polymer chain. Th e nearest neighbours of the ad sorbed groups
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are probably responsible for the extent of polymer adsorption but the triad model of
the adsorption of macromolecules suggested by Inagaki" is too simple and was later
rejected";

2. Adsorption TLC of homopolymers

The possibilities of using ATLC for the separation of homopolymers accord
ing to MW were first demonstrated by Belenkii and Gankina'". Fig. 6 shows chroma
tograms of narrow-disperse PS (Mw/M n < 1.1) obtained on plates coated with KSK
silica gel using the Ch-Bz-Ac system; the first two components are solvents for PS
and the third is a precipitant. As adsorption-active Ac is present in small amounts in
chromatographic systems, ATLC of PS takes place in which Ac acts as a displacer.

d

Fig. 6. TLC of narrow-disperse (Mw/Mn 1.1) PS samples on KSK silica gel in Ch-Bz-Ac: (a)
13:3:1; (b) 12:4:0.4; (c) 12:4:0.7; (d) 12:4:1. M n values of PS samples (I) 900; (2) 2.3'103

; (3)
4.5.103

; (4) 9.7 .104
; (5) 1.96'104

; (6) 4.9' 104
; (7) 9.62' 104

; (8) 1.64· 105
; (9) 3.92' 105 ; (10) 8.67·J 0';

(11) 1.78.106
•

Fig. 6 shows that the RF value of PS increases with increasing content of
acetone and, when the system contains over 10% of Ac (Fig. 6d), even polymers with
the highest MW cease to be adsorbed. If the plate has previously been saturated with
the solvent vapour, PS is separated according to the molecular-sieve effect, low
molecular-weight PS migrating more slowly than high-molecular weight PS.

On the basis of ATLC, it was possible to separate PS in systems that contained
only solvents for this polymer with different adsorption activities with respect to
silica gel, such as CClcCHCI3 and Ch-Bz. Fig. 7 shows the separation of PS in Ch-Bz
systems. It is clear that polymers of low and medium MW are adequately separated
and that the chromatography of PS with M W > 4· 105 is not effective, probably
owing to the low rate of the adsorption-desorption processes for polymers of high
molecular weight in these systems.

By using ATLC, it was also possible to separate PEO according to MW in the
systems pyridine-water and ethylene glycol-methanol on silica gel and methanol
DMF on aluminium oxide':' and PMMA in the system Cl-tClj-methanol on silica
gel22

•

As Fig. 7 shows, the ATLC of PS permits its fractionation with high resolution
over relatively narrow ranges of MW. It is possible to change these ranges by two
methods: by using gradient TLC with a gradual increase in the Ac content of the
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d e

Fig . 7. TL C of PS samples 3- 11 (sec Fig . 6) from right to left on KSK silica gel in Bz- Ch : (a) 15:7,
(h) 15: 6.5 ; (c) 15 :6, (d) 15 :5.5. (c) 15 :5.3; ( f) 15 :5.

eluent. or by varying the co mpos ition of the eluent in such a way as to chan ge the
energy of interac tion of the polymer uni t with the adsorption surface (see p. 26). Thus,
Fig. 6 shows that PS of low and medium MW are separa ted in an eluent cont aining
2.4 %of acetone and , when the acetone content increases to 4.2 %, the separation of
PS on the plate takes place ove r the entire ran ge of MW from 103 to 106

•

3. Thin-layer gel-permeation chromatography (TLGPC) of polym ers

The possibility of effecting polymer separa tions by TLC based on the molec
ular-sieve mechanism has been reported-'". Donkai and Inagaki " and Otocka and
co-workers" have also investigated thi s type of TLC of polymers. Two condit ions
are required for the appearance of the molecular -sieve effect in TLC : the suppressio n
of the adso rption ac tivity of silica gel and the filling of the pores of the adsorbent with
the solvent before eluti on. The latter can be achi eved by two methods : by pre-elution ,
i.e. , by the passage of the solvent up the plate before spotti ng of the sample" , and by
capillary conde nsation, i.e., by prelimin ar y saturation of the plate with the so lvent
va pourv'", Inagakr" found that for the appeara nce of the molecular-sieve effect the
level of pr e-eluti on (the distance between the solvent front and the sta rting spot at the
moment o f its appl icat ion) sho uld att ain a certai n value (Fig. 8). Fig. 8 show s the
d ifferences between ascending an d descendi ng TLGPC related to the higher sat ura tion
of the inter-pa rticle space by the eluent in the ascending mode. F ig. 9 shows th at the
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- ---r-... . - - - T ' . -""'-" -T

1.0

0 .8

0.6
St art

.--L_ .. ---------l....-. _ ....-.1__ . .
o 5 10 15

Pr e - e luti o n length . em

Fig. 8. Kf (ratio of length of development on a plate of the polymer being studied to that of the
polymer co mpletely excluded from the sorbent) versus pre-elut ion length for PS with M w = 4000
(e ) and M w = 10,000 ( 0) in ascend ing (solid line) and descend ing (broken line) TLGPC in THF
o n silica gel with pore diameter 0 p = 300 A,

0 .60,80. 8 0 .6 10

Kf

Fig. 9. KJ versus log M for PS in TL GPC in TH F on silica gels with pore diameter 0 p = (a) 300 A
a nd (b) 700 A. Layer thickness in TLGPC : (I ) 0.5 mm ; (2) I mrn ; (3) 0.25 mm ; (4) co lumn G Pc.

molecul ar-s ieve effect is less pronounced in TLGPC than in the column GPC and de
crease s with decreasing thickness of the adsorbent layer. These results indicate that
the efficiency of GPC is affected not only by the extent of filling of the inter-particle
volume with the solvent, but also by the magnitude of thi s volume, which is smaller
for columns than for plates owing to the denser packing of the adsorbent . The influ
ence of the thickness of the ad sorbent layer on the efficiency of TLGPC is probably
also related to a decrease in the packing density with decreasing thickness of the layer.
Naturally, the pore size of the adsorbent also affects the efficiency ofTLGPC (Fig. 9).

4. Principal relationships in the adsorption TL C of polym ers

Consideration of theoretical studies37
-

45 on the peculiarities of the adsorptio n
of mac romolecules make s it possible to elucidate the main relat ionships observed in
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the adsorption chromatography of polymers on macroporous ad sorbents'". The
change in the free energy of macromolecules in ad sorption

(I)

is related to the format ion of the segment- adso rbent contacts, which is accompanied
by changes in enthalpy, IIH"" and changes in entropy, l IS "" of macromolecules when
they pass from solut ion into the ad sorbed state. The passage of macromolecules from
solution into the pore space of the ad sorbent is accompanied by changes in the con
figurational entropy of solution, l iS e, owing to the redistribution of macromolecules
and so lvent molecules between the solut ion and the adsorbent. At the equilibrium
distribution of macromolecules, the ch ange in I1F of the system accompanied by a
change in l ISe of solution is precisely equal to changes in NAiJF", for adsorbed
mac romolecules :

(2)

(3)
V c'+ - p.-
Vo c

where N A is Avogadro's number. The changes in the enthalpy and energy of the sol
vent molecules during the ad sorption-desorption which accompanies the ad sorption
of polymer molecules may be included in the value of IJH ,\1

The chromatographic mobility, RF, which is the ratio of the rate of movement
of the polymer zone to that of the eluent zone (R F = v/u), is proportional to the probabil
ity of the residence of macromolecules in the mobile phase, IV = n/(n + n') , where n
and n' are the numbers of macromolecules in the mobile a nd the stat iona ry phase, re
spect ively :

V 11
RF = - = - - -

. U 11 + 11 '

(4)

Here Vp and Vn are the volumes of the pore space of the adsorbent and the mobile
phase, respectively, c' and c are the corresponding concentrations of macromolecules
and K, = c' ]c is the distribution coefficient, which , according to eqn. 2, is given by

s, = exp ( _ 11!-) = exp ( _ ,,;1 H~ -I- 11 ~~)
RT ' kT k

where k is Boltzmann's con stant.
It is evident that when enthalpy changes predominate over entropy changes in

eqn. I, we obtain

- / IF > 0 (5)

and K; is greater than unity , When the entropy changes predominate, we have

- I fF < 0 (6)

ana Kd is less than unity. Finall y, when IJH", is equal to TLJS"" we obtain

LlF = 0 (7)

and Kd is unity.
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In the first case (eqn . 5) we have ad sorption chromatography, in the second
(eqn. 6) GPC (molecular-sieve effect) and in the third (eqn. 7) the macromolecules are
not influenced by the porous st ructure of the ad sorbent and are distributed as if the
adsorbent co nsisted of one large cavi ty of volume Vp • Di Marzio'" conside rs that thi s
sta te when the macromolecule in which part of segments is in contact with the ad
sorbent surface is characterized by the same free energy, 11 F, as in solut ion, is related
to the seco nd-order phase tr an sit ion. D i Mar zio and Rubirr'" have show n that this
situa tion is observed in the adsorption of macrom olecul es both on a plane surface
and in pore s, i.e., in the system und er considerat ion ". The energy of interac t ion of a
macromolecular unit with the ab sorbtion surface, e = -II H M/N; kT (where N; is
the number of adsorbed units of the macromolecule), which corresponds to the phase
transition (at / I HM = TLJSM), was called the criti cal energy, f e r ' Fig. 10 shows the
dependence of -LJFM/Nk T (w here N is the number of seg ments in the macrom olecu le)
on e as calcul ated by Di Mar zio and Rubin". It can be seen that, in the adsorption of
macromolecules, when E cha nges the macromolecule passes through severa l sta tes,
which ca n be divided into states characteristic of the mole cular-sieve effect to the left
of fen where K d is less than unity, and adso rption sta tes to the right of Een where K, is
higher than un ity.

In the ran ge where the molecular-sieve effect applies, entro py changes predom 
ina te and - LJF is less than zero, whereas in the ad so rption range entha lpy changes
prevail and -LJ F is greater than zero. If E is changed, for exa mple by va rying the sol
vent composition or th e temperatu re, then the dependence of the RF valu e on MW ,
cha rac teristic of GPC in which the RF value increases with increasing MW , cha nges
into the adsorption M W dependence of R F , the R F value decreasing with increasing
MW . In thi s insta nce a sta te will occu r when the RF va lue of the polymer does not
depend on its MW; th is state corresponds to C c r i.e., to the phase transition of the ad
sorbed macromolecul e.

Hence, by ob serving the MW dep end ence of the R F value during cha nges in
the eluen t composit ion it is possible to determine Ce r (a t the point at which the RF

value is independent of MW) and, by using the RF value at Een to find the Vp / Vo rat io
beca use in thi s instance K, is unity and, conseq uently, acc ording to eqn . 3

(8)

The range of the molecular-sieve effect (to the left of E e r in Fig. 10) is interes t
ing in that here the influence of ad sorption energy (E) on the value of -/1FM/NkT is
very pr onounced, e.g., in GPC Kd depends not onl y on the rati o of the size of the
macromolecul e in the free state to the pore size but also on the inte raction of macro
molecular segments with the pore surface. Evidently, thi s sho uld lead to a chan ge in
the exclus ion limit of macromolecul es from the pores of the adsorbe nt, depending o n E

(the eluent composition).
The transition fro m molecul ar- sieve chro matog raphy to ad sorption chro mato

gra phy when the interaction energy, E, chan ges has been described in the literature,
including the literature on TLC35

•
47

• Nevertheless, man y peculi ar ities of thi s process,

* Phase tran sition of the first o rder in por es.
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Fig. 10. . /1FjNkT versus energy of interaction of the segment of macromolecule with the adsorbent
surface (E 1HjNakT) (M is the slit width in segment length units) .

in particular the fact that during changes in 8 a transition is observed through the
state characterized by the critical energy, have not been considered before.

These effects may be observed in the TLC of polymers (e.g., in the TLC of PS
with MW = I· 104-5' 105

) on KSK silica gel (the mean pore diameter of which is
100 A) in the Ch-Bz-Ac system (I40:16:y) (with preliminary saturation of plates in
solvent vapour, Fig. I I). For correct treatment of the results obtained, it should be
shown that in these experiments, when the plates are saturated with the solvent vapour,
adsorption chromatography takes place and that polymer desorption in the region of
the starting spot does not affect the chromatographic separation of polymers. If the
desoprtion time is represented by td , it follows that when the starting points of the
polymer are applied along the diagonal of the plate, their development time will be
t -td • Hence, during slow desorption, i.e., when td increases, the line of the end spots
will intersect the line of the solvent front and the line of starting spots at the same point.
As all of these three lines intersect precisely at one point in the TLC of PS in the Ch
Bz-Ac system (Fig. 12), it can be concluded that td tends to zero. It is clear from Fig.
11 that when the Ac content (y) decreases and, consequently, the adsorption energy
of a polymer segment, 8, increases, macromolecules of higher and higher MW enter
the pores (their RF value corresponds to MW = 2· 104

) . At Y = 1.7, the interaction
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Fig. 11. TL C o r PS sa mples 5- 9 (see Fig. 6) fro m left to right on KSK silica gel in Ch-Bz-Ac
(40: 16: )'). where )' ~ (A ) 1.5. (B) 1.8. (C) 2, (0) 2.2, (E) 2.5 a nd (F ) 2.8, with preliminary saturat io n
of the plate in solvent va pour for 2 h.

of PS with the adsorbent surface corresponds to the criti cal energy. F.c r ' When the Ac
content becomes lower than y = 1.7, TLGPC changes into ATLC, in which polymers
of the highest MW exhibit the lowest RF value.

The RF values in the chromatogr am can be co nverted int o the - / IF"tfk T
values accord ing to the eq uation obtained from eqn s. 3. 4 and 8 :

I IFM _ I (I - RF ) 1 ( V 0) --.1 (I - RF ) I (I - RF ')- - - - n - - - - + n - -'- n - n - - - -
kT RF Vp RF RF f =fc r

It follow s from Fig . II that

(9)

Fig. 13 shows the dependences of - i l FM/kT on I::obtained in th is manner. This
energy (e) was determ ined in kT units per elementary area of 8.5 A2as the value of
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Fig . 12. TL C of PS samples (a) 5 and (b) 6 (see Fig. 6) on KSK silica gel in Ch-Bz-Ac (40:16:2.5)
with prelim ina ry saturat ion of the plate in so lvent vapour for 2 h (samples were spotted along the
diagonal of the plate) .

I).F

kT
3.0

2.0

- 2 .0

f ig. 13. Exper imental dependence of . IFjkT on the energy of interaction of the segment with the
adsorben t surface obta ined by TLC (see Fig. II ). PS samples (see Fig. 6): r; 5 ; ~ , 6 ; D , 7; () ,
8; 0 , 9.
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LIe = e pa - Esa , where the subscripts pa and sa refer to polymer-adsorbent and the
solvent-adsorbent contacts, respecti vely. The value of f :sa' the adsorption potential of
the solvent, can be determined according to Snyder 's meth od", First, COa h is calculated
for the Ch (a}-Bz (b) binary system from the equ ation

(10 )

where N b is the molar fracti on , a is the adsorption potential of the adsorbent (for
silica gel it is unity in Snyder's unit s) and lib is the molecular area of Hz: li b = 6 (in the
8.5 A2 units). Then one calculates the value of C~hc = F."" where the subscript c
refers to Ac :

(11)

The values of EO used in these calculations were 0.4 for Ac, 0.25 for Hz and
0.04 for Ch; lie for Ac is 4.2.

As it is impossible to calculate t:pa (because the configurati on of the adsorbed
polymer unit is unknown), the value E.,a is used instead of e. It should be borne in
mind that the higher E.,a is, the lower is the value of c.

As can be seen from Fig. 13, the dependence of ··- / IF,..,/k T o n e obtained in ex
periments on the TLC of polymers is in good agreement with the theoretical depen
dence shown in Fig. 10. Fig. 13 shows that the dependences fo r polymers of ail molec
ular weights intersect the abscissa at one point, where C = Ce r (f:e r is 0.246 kT
unit s). It is note worthy that with PS of MW 5.105 a very slight change in e causes a
pronounced change in -Ll F,..,/k T near the critical point, Ce r ' Thi s effect result s from
the pha se transition during the adsorption of macromolecules. As can be seen, this
transition is distinctly observed from the experimental data ; it is much less pronounced
when the MW decreases.

It is not surprising th at the theoretical relationships obta ined for the adsorp
tion of single macromolecules and the experimental relati on ship s obtai ned by TL C are
in good agreement, as the concentration ran ge used in the TL C exper iments corre
sponds to dilute solutions of polymers in which macrom olecules beha ve as single
macromolecules.

In TLC, adsorption effects can be observed only at ad sorption energies close to
Een because when the energy increases further the adsorption capacity of the macro
molecules increases sharply and this effect prevents the ir migration up the plate .
(R p -7- 0).

Of particular interest is the influence of the mole cular- sieve effect on the ad
sorption of macromolecules in pore s in adsorption chromat ography, i.e., to the right
of Eer in Fig. 10. It has been reportedt'"? ' that the molecu lar- sieve effect limits the ad
sorpt ion of macromolecules in small pores. On the other hand, it follows directly from
the Di Marzi o-Rubin the ory' ? (see Fig. 10) that the ad sorption of macromolecules in
narrow pores is more pronoun ced ( - /1F,\,fkT is higher) than in large pores. It was
necessary to check the agreement between this theor y and the exper imental data as
the Oi Marzio-Rubin the ory was developed for a freely jointed chain (without takin g
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into account the excluded volume) and it was not clear whether it agreed with experi
mental data concerning absorption of macromolecules on adsorbents with a truly
porous structure. TLC was therefore carried out for PS of M W 600, 2000, 4000, 20.103

50.103, 100· 103 and 173.103 on silica gels of different porosity: KSM-6 (pore diam
eter 0 p = 30 A), KSK ( 0 p = 120 A) and Silochrome S-80 ( 0 p = 500 A). For an
adequate comparison of the adsorption of PS on these silica gels, it was necessary to
prepare silica gels of identical chemical structure. For this purpose, silica gels were
treated with dilute hydrochloric acid (I :1) in order to destroy the Lewis centres. The
number of Lewis centres is proportional to the aluminium content in the silica gel52

and can vary between batches, whereas the concentration of silanol hydroxyl groups
that remain after the acid treatment is the same for silica gels of all types (ca.
5 per 100 A)53. On the other hand , we could show that in the chromatographic system
under consideration even variations in the contents of Lewis adsorption centres do not
affect the adsorption of PS, as chromatograms of PS obtained on the Na form (with
out acid treatment) and on the H form of silica gel of the same type were identical.

TLC was carried out in cells with preliminary saturation of the plate with the
eluent vapour for 2 h in a Ch-Bz-Ac system (40:16:y). The composition of the system
was selected such that the adsorption interaction of PS segments with the surface of
the silica gel corresponded to the critical energy (y = 2.0) and to energy above the
critical energy (y = 1.7).

The chromatograms are shown in Fig. 14. It is clear that when the Kd of PS is
unity , irrespective of its MW , the critical energy (Ber) for KSK silica gel with large pores
and for S-80 macroporous silica gel is attained in eluents of the same composition and,
hence, its value is the same. Nevertheless, for the KSM microporous silica gel the
value of Be r is higher than for silica gels with large pores. This result is inexplicable
from the standpoint of the Oi Marzio-Rubin theory'? and is probably caused by the
excluded volume of the macromolecules, which is not taken into account in this

""t,'..,.",
--- - --- -=------,,'I1'1 ,
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Fig. 14. Effect of pore size of silica gels (a) KSM ( 0 . = 30 A), (b) KSK ( 0 . = 120 A) and (c) S-80
(0. = 500 A) (H form) on the R; value of PS with M; = (I) 600, (2) 2· 103, (3) 4· 103, (4) 1.96 · 10',
(5) 9.62 ·10', (6) 1.64-10' in TLC in Ch-Bz-Ac (40 :16:2).
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theory. If it is taken into account, it follows that the molecu lar-sieve effect should in
fluence ad sorption near E e r when the sizes of the polymer molecules and of the ad 

sorbent pores differ widely [the coil size, (hZ)+, exceeds IOZ A for PS with MW = 10:
and the pore size, 0 p, of KSM silica gel, is 30 A]. However, when the energy of inter
action, s, is relatively high (Fig. 15), PS macromolecu les enter the pores of KSM
silica gel up to MW = 1.73,105 and the result predicted by the theory is observed:
the smaller the pore size of the ad sorbent « (j n for KSM < 0 p for KSK < 0 n for
S-80) the greater is the ad sorption of macromolecules (the higher is -LJ FM/kT) .

"11 • ··e,." • •• -.
" .

I
• • •• . " " . " ,.
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Fig. 15. Effect of pore size of silica gels (a) KSM, (b) KSK and (c) S-80 on the R,· value of PS with
M ; values as in Fig. 14 in TLC in Ch-Bz-Ac (40 :16 :1.7).

Thi s ob servation makes it possible to formul ate the relationship between the
molecular-sieve effect (the effect of the ratio of the size of macromolecules to the pore
size upon their ad sorption) and the ad sorption in gel-permeation and ad sorption
chromatography. In GPC (E < ce r ; K, < I) Kd for silica gels with large po res is
higher than for those with narrow pores a nd adsorption favours the entrance of large
macromolecules into narrow pores and increases the limit of exclu sion from the pore
space of the adsorbent. In adsorption chromatography ( E > Ce r ; Kd > I), the molec
ular-sieve effect favou rs the adsorption of macromolecules in pores, and on ad sor
bents with narrow pores Kd is higher than on those with large pores. At E = Ce r the
molecular-sieve effect is a bsent and macromolecules a re not influenced by the porou s
structure of the adsorbent (K; is unity irre spect ive of the MW of the polymer). These
results show that the modern theory of adsorptio n of macromolecules is suitable for
describing adsorption chromatography and that the criti cal energy, the principal param
eter of thi s process, actuall y exists.

The above relat ion ships can be considered as fundamental relationships for
the ad sorption chromatography of polymers (GPC a nd adsorption chromatography
proper).
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Fig . 13 shows that the dependence of - I/ F/k T an d , hence, of K d, on energy (c)
when E > Ee r is linear. It should be noted that the dependence of - IJFM/kT on the
number of monomer units in a macromolecule, N, is also linear, as can be seen from
Fig. 16, which shows the dependence of - I/ FM/k T R:> In[(l -RF)/RFl on N.

-~
kT

3.0

2.0

1.0

2.? . 5 0 MW·10·
4

~--...---+--' -- --1'F-"--

-1.0

-2.0

Fig. 16. Experimental dependence of ·/1Flk T on the number of segments N (MW) of PS at various
interaction energies (to). Dependence ( ) , D , 6 , &, • and. correspond to so lvent systems A, B, C,
D, E and F, respectively, in Fig. II.

This experimental dependence follows from the dependence predicted by the
theory:

(12)

where - J" is the change in the free energy of the macromolecule per unit.
By using eqn. 12, one can write the expression for RF for the TLC of polymers

as

V" 11 + - -' exp ( -/I" N)
Va

(13)
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If eqn. 13 is differentiated with respect to N and liE, it becomes clear that the
sensitivity of RF to the MW of the polymer, aRF/aN, decreases with increasing N,
whereas the dependence of aRF/aN on AE is maximal near E c r' For each M W a partic
ular maximum exists for }'E (for a particular eluent composition). This dependence i~
confirmed experimentally in the TLC of PS (Fig. 6), which shows that for the
effective separation of these polymers according to M W it is necessary to select an
eluent of a specific composition. The value of AE is also determined by the chemical
composition of the polymer. 1n this instance, the dependence of aRF/aA E on N passes
through a maximum. It has been shown experimentally' that the sensitivity of RF to
the copolymer composition is retained at least up to an MW of ca. 5 .105•

Inagaki and co_workersJS.J6.54 and Kotaka and Whiten maintain that in ATLC,
polymers are readily fractionated according to their chemical composition rather than
according to MW, and the fractionation by MW proceeds only when binary solvents
that have components with similar dielectric permittivities are used. This conclusion
is based on experiments in which it was shown that PM MA samples with M; =
4.12 ,105 and 1.65· lOS, which are not separated in any pure solvent (Bz, isopropyl,
ethyl and methyl acetate, methyl formate and Ac; in the first three solvents R F = 0
for both polymers and in the last three solvents RF = I), are readily separated accord
ing to MW in binary mixtures of these solvents. The effectiveness of separation, zlRF ,

increases in a series of equi-e1uotropic mixtures (i.e., mixtures that give identical
mean RF values of samples) with decrease in the difference in dielectric permittivities
of the components: CHClrmethanol (29:71) < Bz-Ac (2:8) < isopropyl acetate
methyl formate (10 :6.2) < ethyl acetate-methyl acetate (10:2.3). As Inagaki justly
pointed out, these relationships do not follow from Snyder's theory of adsorption
chromatography", although this theory can be used to describe other peculiarities of
the adsorption chromatography of polymers if the adsorption potential of a polymer
is considered to be the sum of the adsorption potentials of monomer units.

Inagaki'" proved this as follows . According to Snyder's theory, Ku in TLC is
determined by the ratio of the volumes of the solvent in the stationary and the mobile
phases (Vp/Vo) and by the adsorption potentials of the adsorbent (a), of the substance
being investigated (SO) and of the solvent (EO), referred to the area of the component
being investigated (A s):

A number of polymers were subjected to TLC in CClcMEK mixtures of
various compositions selected in such a way that their RF values were identical. Ac
cording to the above equation, this can be accomplished only if there is a linear
relationship between So and A s for these solvents and polymers. In fact , the values of
SO and As calculated for monomer units" and the value of £0 obtained according to
the interpolation scheme for the CCI4-MEK system of an appropriate composition
showed the existence of a linear relationship between SO/A, and £ 0 in these experi 
ments.

It has been reported'" that the impossibility of separating polymers according to
their MW by using ATLC in a single solvent is caused by the difficulty of selecting a
solvent in which polymers of different MW would have a value of exp ( -LlF/kT) be
tween 0 and 3 (for example, for PS with MW from 2.104 to 5 '105, as shown in Fig. 14).
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In many instances it is imposs ible to find a so lvent th at would en sure the requi red value
of CO. The only sol ution to the problem is to use bin ary or ternary systems of solvents ,
among whic h it is not difficult to select a so lvent co mpositio n that exhibits a value of e
necessar y for pol ymer sepa rat io ns over the required range of MW. As Kamiyama a nd
In aga ki>' point ed out, the mo st su ita b le components for these mixtu res are sol vents
in whic h th e R F va lue fo r pol ymers of all MW is zero for o ne so lvent a nd un ity fo r the
other. Ne vertheless, simi la r diel ectric permittivities o f these so lvents a re of no impor
tance as a crit eri on for their se lectio n.

It sho uld be noted th at the ad sorpti on chromatography of polymers is also
co mplica ted by the slow kinet ics of the adsorptio n-desorptio n process.

It ca n be seen from Fig. 7, which shows chro mato gra ms of PS in the Ch(eO=

0.04)-Bz(eO = 0.25) system, tha t for PS o f MW > 105 the chro ma tog raphic process
does not occur because the ad sorpti on -desorption kinetics are too slow. Part of the
polymer remains at the start and ano ther part migrates with the solvent front. The
addition o f ad sorption-active acetone (eO= 0.40) to the system changes the situation
(Fig. 6) .

Hence, the most effective chromatographic sepa ratio n of substances can be
carried out over the range em > e > Ecr in which K, atta ins a value of ca. 2-3. At the
energy of interaction e > een chrom at ography doe s not proceed owing to stro ng ad
so rption of ma cromolecules. In th e region of eer chromatography is not effective for
polymer sepa ration acco rd ing to MW, whereas in the range e < eer its effecti veness
increases with decreasing e, a ttaining a maximum a t e = -00. As over the en ti re
ran ge of changes in e th e dependen ce of Kd o n the MW of th e pol ymer is o f the char
acte r described by eqn . 12, th is dependence can be suggested as a cal ibration depen
den ce fo r a ll chro ma tographic systems :

Kd = exp (-y MW) (14)

The parameter y, determined for a ny polymer of a given homologous series,
characterizes the who le series if th e so lvents used and the temperature co ndit ions are
identical. This permits the determinati on of the M WD of pol yme rs under cond it ions
o f adsorptio n chromatogra phy wit h more effective sepa ra tio n of the components of a
polymer sa mple acc ord ing to M W than , for example, in GPc.

III . THIN-LAYER C H RO MATOG RA PHY BAS ED ON DIF FER EN CE S IN POLYM ER
SOLUBILITIES

Inagaki and co-workers '5.Jfi proposed precipitation TLC as the principal
method for polymer separations based on MW. PTLC has been used success fully
by Inagaki and other workers for th e foll owing processes: fractionation of homo
polymers1 2.15.20.J6 a nd ra ndom co po lymers" by MW, sepa ra tion o f atactic and syn
d iot actic PMMAl fi , frac tionation of block copolymers of St-MMA20 and separation
of .block copo lymers of thi s type a nd PMMA22.

1. Peculiarities of precipitation and ex traction TLC of polym ers

The elementar y process of PTLC is related to the sepa ra t io n of a pol ymer



34 B. G . BEL ENKII , E. S. GANKI NA

solution into a dilute phase and a concentrated gel pha se that is precip itated on the
surface of the adso rbent grain s. The dilute phase is tr an sported with the so lvent flow
and thus chromatography is effected . In orde r to carry out PTLC, polymer adso rption
sho uld be suppressed and the eluents used sho uld ther efore meet two requirements :
they should be adsorption-ac tive (they should exhibit a comparatively high adsorb
ability, i.e., the ad sorbability cha racterized by e" according to Snyder") and sho uld be
poor solvents for the polymer. The latter property can be eva luated by using the
Flory-Huggins interaction parameter" , X, which is the cha nge in the free energy (in k T
unit s) observed when the solvent molecules a re tran sported from the pure so lvent to
the polymer. At X > 0.5 the solubility of the polymer decre ases and the gel phase
begins to be for med.

According to the Flory-H uggins theory" ; the phase separation of the polymer
solution (if the temperature is kept cons ta nt) ca n occur in two cases (at X > 0.5 and at
X ~ 0.5), when the volume concentratio n of the polymer in so lution increases. The
increase in X ca n be ach ieved by increasing the content of the precipitant in the eluent
and the increase in 'lfJp by cha nging the phase ratio, r (the ratio of the volume of
eluent to the weight of ad sorbent). A simple equation can be written cha racterizing
the phase sepa ra tion of the polymer solution. If the fraction of molecul es (with a
degree of polymerization N) in the gel phase in designated byF(N) and in the dilute
phase byJ(N ) and if the vo lume rat io of these phases is R = V'II', then the following
expression for the distr ibuti on coefficient, Kd = F(N)IJ(N), is obtained :

(15)

where a~ is the fractionation factor, which is a function of volume fractions of the
polymer and the solvent and also a functi on of the interaction parameter, X.

As the value of a~ is positive and its dependence on MW (or N) is very slight, it
follows th at when the MW increases the polymer will pass into the concentrated
pha se. Th e distribution coefficient a lso increases with increasing volume concentra
tion of the polymer , 'lfJp. Eqn . 15 can easily be transformed into a dependence for
TLC:

In ( I ~f.R.!.-) = R + a~ N (16)

In prin ciple , the PTLC of polymers can be carried out under non-gradient
conditions (Fig. 25). Nevertheless, when polymers with widely different solubilit ies
a re to be separated , gradient TLC should be used. It can be carried out by mixing a
solvent and a precipitant for the polymer ; both compounds, or at least one, should be
more ad sorption-active than the polymer. The eluent sho uld co nta in the adso rption
active component at a concentration that precludes polymer adsorpt ion.

In PTLC, the polymer can be either selectively dissolved at the sta rting zone or
selectively prec ipit ated during its migration up the plate. In the first instance, the com
po sition of the eluent introduced on to the plate should be varied by the gra dua l add i
tion of solvent to the precipitan t. In the second instance, the concentration of the pre
cipitant in the eluting solution moving up the plate should be increa sed, e.g., by evap
orat ing the solvent near the eluent front when TLC is carried out in a non-saturated
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S-chamber. In both instan ces the precipitant gradient in the direction of development
will be positive. Co nseq uently, the correspo ndi ng distr ibution of polymer zones sho uld
be observed on the plate when the most so lu ble polymer fraction s, such as th ose which
contai n polymer hom ologues of the lowest MW, have the highest R F values.

The first meth od for obtai ning a gradient is related to select ive dissolution of
the polymer in the zone of the sta rting spot, a nd should be ca lled the extraction type
of PTLC. The seco nd meth od , in which a grad ient of pol ymer sol ub ility appears on
the plate owing to so lvent evap oration and to a decre asing phase ratio , r, may be
called precipita tio n TLC proper. Examples of the extract ion type of PTLC are the
separation of PS acco rding to MW by adding Ac-C HCI3 and Ac- toluene mixtures
to the precipit ant , Ac'" . The sepa ra tion of PMM A in the meth anol-Cl-lCl, system
(7 1:29) with meth an ol as precipitan t (Fig. 17) and the sepa ration of PS in the benzene
ME K-Ac- etha nol system (5:3:6:4) a re examples of precipitat ion TLC prope r. The
first two co mpo nents in the last system are solvents for PS and the last two are precipi
tant s. A distin ct ion should be made between the type of PTLC in which a solvent
precipitant gradient is applied to the plate and fine fracti on ation of the polymer ac
co rding to MW is possible , and the extraction TLC proper ca rried out according to
the "a ll or nothing" pr inciple (a non- gradient system). In the latter instance, selective
separa tions ca n be ac hieved of polymer fraction s that differ widely in solubility, such
as isotac tic and atac tic PS (Fig. 18) or St-PEO block co po lymer from PS an d PEO
hom opolymers (F ig. 19).

I
io c-n

~- ... ": j ..
" ,

4 3 '2

Fig. 17. TL C of PMM A with M ", -- ( I) 4.3 - 10" (2) 1.14 -105, (3 ) 1.65 . 105 and (4) 4.12 .105 on silica
gel in C HC I,-methano l (29: 71).
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Fig . 18. TL C of (I) isotac tic PS, (2) atactic PS and (3) their mixt ure in Hz on KSK silica gel.

F ig. 19. Two-dimensiona l TL C of St- EO block copolymer (BI) (50 :50) on KSK silica gel in
Ch- Bz-Ac (12 :4 :2) in directio n A and in pyridi ne-w ater (3 :7) in directio n H.

Fig. 20 shows the MW (M) dependence of RF for PS ob ta ined in the benzene
MEK- acetone--ethanol system (curve b). Th is depend ence obeys the linear equati on
RF = A + Bl ogM , where A and B are consta nts. If this dependence is co mpared with
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F ig. 20. R r versus log M of PS in TLC on silica gel in the following systems: (a) po lar and non-polar
solvent (MEK-Ch); (b) good solvent and preci pitant (Bz-M EK-Ac-ethano l).
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a similar dependence for the ATLC of PS in the cyclohexane-MEK system (curve a), it
is clear that at M W < 105 the MW dependence of adsorption is stronger and at
MW > 105 it is weaker than the precipitation dependence. However, when an appro
priat e solvent is used in ATLC on silica gel with large pore s, a relati vely strong MW
dependence of RF can also be ob served for polymers with MW > 105 (Fig. 21).
Otocka and Hellman'? also observed a high effi ciency of ATLC in polyme r separa
tions accord ing to MW when the ATLC ofPS in a tetrachl oromethane-TH F system
was compared with PTLC in acetone-toluene and acetone- Cl-lCl, systems . Accord
ing to the se relationship s, Kotaka and White" used PTLC in a TH F-methanol sys
tem for the determination of the MWD of random copolymer s of St an d DVB and
ATLC in a CHClrCCl 4 system for the dete rmination of the inh om ogeneity of compo
sition of these polymers.

'-- - --- _ . _ . . ._-
Fig. 21. T LC of PS sam ples 6 II (sceFig.6) on MSA-l silica gel ( 0 p ~•. 500 A)in Ch-Bz- Ac (13:3 :1.1).

As already mentioned, the phase sepa ration of the polymer solution occurs not
only with increasing X but also with increasing volume concentrati on of the polymer,
'ljJp, relat ed to a decrea se in the phase ratio, r. A peculiar mechanism is known to exist
on a thin-l ayer plate, decrea sing r close to the eluent front ; it is related to the finite
rate of wetting of the adso rbent with a liqu id. Kami yama and Inagaki" measured the
distribution of r alon g the plate (Fig. 22) and determined the volume concentration
of the polymer in the chromatographic zone (precipit ation zone), 'ljJ p, to be 0.01. Thi s
corre sponds approximately to the beginning of the phase sepa ration in similar experi
ments without an adsorbent ( 'ljJp = 0,03). On the other hand, Otock a et al/" calcul ated
that the limit of the solubility of PS of MW of 160,000 is 'ljJ p = 0.007, whereas in
turbidimetri c titration the precipitation of PS cannot be detected even at 'ljJp = 0.02. It
was concluded that in PTLC the adso rbent plays a certain role in decre asing the con
centration threshold of the polymer precipitation .

A characteristic pecul iar ity of PTL C is th at the porous structure of the ad
sorbent is of minor importance in polymer separa tions. Thus, Otocka et at ,3Dshowed
that in a O-solvent (dioxan-metha no l, 72 :28) the R F values for PS on ad sorbents with
different chemica l natures and porosities a re approximatel y equal. It can be concluded
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Fi g. 22. Profile (r) of th e so lvent ( D MF) on a plate in asce ndi ng (r ) and descen d ing (.) TL C on
silica gel. z = length of the pla te .

that the pre cipit ati on of the gel phase of the polymer occ urs on the oute r surface of
the adsorbe nt grai ns .

2. Formation of artificial chromat ographic zones in the precipitation TLC ofpo lymers

Dependin g on the so lvent-precipita nt rati o, either ATLC or PTL C of polymers
may be observed when the precip itan t exhibits adsorption activity and the solvent does
not. Fig. 23 shows that in the TL C of PM MA in a system of thi s type (C HCI3

meth an ol at two con centration ran ges in which the methanol content is below 5 %and
above 70 %), the Rp value changes fro m °to I. Th e first ran ge co rresponds to the
AT LC and the seco nd to the PTLC of PMMA. Th is peculi arit y makes it possible to
explain the for mation of art ificial chromatogra phic spots in the T LC of PM MA in

0.5f-- -

I
0 .2 0 .4

I

0 .6 0 .8

Fig. 23. R F va lue of PM MA with M .. ,= 4.1 ·1 0' versus composition of the C HCI..-methano l mixture
in TLC on silica gel.
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Cl-lCk- methanol (3.5 : J6). Th e nature of this phenom en on becom es understandable
when the starting spo ts of PM MA are applied a long th e diagon al of th e plate. Fig. 24
shows that und er these con ditio ns, as the height of the sta rti ng zon e increases, the
substa nce seems to be redi st ribu ted from t he lower spot (at the start ing po int) to the
higher spot, migrating with the eluent fron t. Th is phe nomenon can be explained as
follows. When the mixture of C HC IJ and meth an ol moves up the plat e, fro ntal separa 
tion of the eluent int o the CHCIJ a nd the methanol zones occ urs (when meth anol is
present in excess, the fronts of these zo nes should be relativ ely close to each other). As
a result, th e spread ing eluent fro nt with a low methanol co ncent ration co ming into
contact with the spo t dissolves a certai n part of the polyme r which, at th is ran ge of
meth an ol co ncentra tio ns, will migrate up the plate according to the condition s of
adsor ption chro matog ra phy.

r- -- - -- - --
~_~<:l

I ' · • • •• < e •
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•

o
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L _
Fig. 24. TL C of PMM A with M ... -= 5 - 10' in C HClrmethanol (3.5 :16) on KSK silica gel in an S
chamber (samples were spotted a long the d iagonal of the plate ).

Hence, the back edge of the polymer zo ne becomes sha rper. This effect is in
duced by the concentration gradi ent at th e fro nt of the meth an ol zo ne, the rate of
which determines the rate of migrati on of the polymer zone. As gradient condition s
of chro ma tog ra phy exist , the upper polymer spo ts are located par allel to the eluent
front (to the line of immersion of the plate in the eluent). If the rate of the eluent move
ment is grea ter than the rate at which the polymer dissolves, the polymer will dissolve
(desorb) in the zo ne of the starting spot until the spo t is reached by th at part of th e
eluent fro nt in which the meth anol co ncentra tio n is high er than 70 %a nd the PMMA
that. has not yet d issolved will be unable to dissolve further. As a result, th e polymer
zone is div ided into two parts, one of which migrates close to the eluent fro nt and th e
other remain s at the start. Hence, the formation of two spots is an artefact due to
specific condition s of the chromat ography of the polymer in a binary so lvent system
in which the adso rpt ion-ac tive polar component at high co ncentratio ns is a precipi-



40 B. G . BELENKII , E. S. GANK INA

tant for the pol ymer. Evidently, the higher the sta rting spo t on the plate, the slower is
the movement of the solvent front in this region and the greater is the amount o f the
polymer th at is desorbed from the silica gel and passes into the moving chrom ato-
graphic zo ne. .

An interestin g result is obtained in the TL C of PM MA ca rried out in a cell
saturated with the solvent vapo ur when the same chromatog ra phic system is used, i.e;
Cl-IClj- metha nol (4.5 :16) (Fig. 25). Here the upper spots of the polymer are loca ted
at an an gle to the eluent front ; thi s result indicates that gradient conditio ns in the plate
do not exist . Hence, it is observed that in a non -gradient eluent a part of the polymer
remains at the start while the other part migrates up the plate according to the condi
tion s of eluti on chromat ography. Thi s situation can occu r if the concentration of
methanol in the eluent ensur ing the PTLC of PM MA is too high and does not permit
the transition of the polymer from the solid phase adsorbed on the plate into solut ion .
The first stage of polymer dissolution requires a th ermodynamically " bette r" sol
vent (contai ning a sma ller amount o f methanol) than the seco nd stage, which
corresponds to the elementary act of PTLC. Thi s requirements agrees with the ob 
servation of Otocka and co-workersr'-" that the threshold of the polymer solubility
becomes lower in the presence of the adso rbent and th at the quality of the solvent
affects the desorption rate. If the eluent contains methanol in an am ount that prevent s
the transition of the polymer from the solid state into the gel phase, the dissolu tion of
the polymer in the start ing zone occurs only when the eluent front in which the meth 
an ol concentrat ion is low passes th rou gh it. In thi s instan ce, as in TL C in an un
sa turated S-chamber (Fig. 24), the longer the time of contact between the solvent
front and the start ing spot, the greater is the proportion of the polymer that passes into
so lution and is developed under conditions of non-gradient PTLC.

1- - - - -- -

•• •• •
t •

•
•
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•

Fig . 25. TL C of PM MA (M .. ~ 5 · 10' ) in C HCI,-methanol (4.5 :16) in a chamber with prel iminary
sa tura tio n of the plate in so lvent vapour (samples were spotted a long the diago nal of the plat e).

IV. DEPENDENCE OF SPOT SHAPE ON CO NC ENT RAT ION IN THE TL C OF POLYM ERS

The sha pe of the spo t is determined by the type of adsorption isotherm. Weak
ad sorption (RF --7- I) is cha racterized by a concave ad sorption isotherm. ln this in-



Fig. 26. Concent ration dependence of the spot sha pe in TLC. (A) PS with M w C~ 2· 10' in Ch-Bz- Ac:
(a ) 12:4 :0.25 ; (b) 12:4 :0.5 ; (c) 12:4 :1. (B) PS with M w - 4 . 105 in Ch -Bz-Ac : (d ) 12 :4 :0.25 ; (e)
12:4 :0.5; (f) 12:4 :1. Amounts of PS (left to right) : 2, 5, 10,20 a nd 40 /lg.

stance, when the concentration increases the spot becomes elongated. A convex ad
sorption isotherm is characteristic of high adsorption capacity (R F -+ 0). In this in
stance , when the concentration increases the spot becomes elongated upwards. At
R F ~ 0.5, the ad sorption isotherm is close to the linear isotherm and the concentra
tion dependence of the sha pe of the spot is very slight (Fig. 26). Two-dimensional
spreading in TLC leads to additional concentration effects. In the side parts of the
chromatographic zone the concentration of the substa nce decreases and the rate of
its migration is therefore determined by a distribution coefficient different from that
in the centra l zone. As a result, the spot becomes tapered at the front when the ad
sorption isotherm is convex and at the rear when it is concave (Fi g. 27).

The re are other concentration effects that are specific to polymers and deter
mine the shape of the spot. One effect is related to the precipitation of polymer that
takes place if an eluent gradient exists on the plate with a gradual decrease in the
solvent- precipitant ratio. As a result , the higher the concentration of the polymer in
the spot, the lower is the concentration of the precipitant correspond ing to the thres
hold of the pol ymer solubility and the more elon gated the spot becomes in the direc
tion opposite to th at of migrati on of the polymer up the plate (Fig. 28). Thi s
effect is similar to the influence of the concave adsorption isotherm on the shape of
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Fig. 27. TL C of PS on KSK silica gel. Spot shape : (a) adsorption TL C (co nvex adsorpt ion isotherm)
in Ch- Bz- Ac (12:4:0.7) ; (b) precipitat ion TLC (convex adsorption isoth erm) in Ac-Bz (15 :15).
Sampl es from right to left: (a) PS samples 3-11 ; (b) PS samples 2- 5 (see Fig. 6).

I
3cm

1 • •
Fig. 28. Concentra t ion dependence of the spo t shape in the precipit at ion T LC of PS (M .. = 5.1. 104

)

in Bz- Ac (3 :40). Amo unts of PS (left to right) : 40, 30, 20 and 10 Itg.

the spo t, although it result s from other ca uses related to precipit ati on of the polymer
under conditions of grad ient TLC.

The spo t shape in the TLC of polymers also depends on th e pecul iar ities of the
visco us flow of a polymer so lution up a plat e. In the centre of the spot, where the poly
mer concentrat ion is high , the eluent rate is at a minimum. At the periphery it in
creases and att ains a maximum in the spaces between th e spo ts, a nd the spot acquires
a drop-like sha pe (Fig. 29) th at is char acteristic of st rea ms formed when a viscou s
liquid flows past obstacles". In th is instance the rear ed ge of the spot is additionally
sharpened by the liquid flow, wh ich prevents the diffu sion spread ing of the spot,
while in the front part of the zone the velocity of diffusing molecule s a nd the flow veloc
ity are co mbined": These pr ocesses lead to instability of the chromatographic zone ,
which may acquire an irregular sha pe or may even be divided into severa l spots that
mo ve separately.

V. INV ESTIG ATIONS OF TH E MICROSTR UCTURE OF POLYMERS BY T LC

I. Investigations oj the stereoregularity of polymers

As Inagaki and Kamiyam a show ed"; the separat ion of stereo regular polymer s
may be ba sed on differences in their solubility which increase if the dissolution of the
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Fig. 29. Viscosity shape of the spot of PS (M'; . ~ 8.7'105
) in TLC on KSK silica gel in Bz. Amounts

of PS (left to right): 40, 30, 20 and 10 flg .

polymer is combined with its desorption from the adsorbent surface. Thus, by using
ETLC with ethyl acetate as the eluent, it has been possible to separate isotactic (i)
PM MA , which remains at the start, from syndi otactic (s) and atactic (a) PMMA,
which migrate with the solvent front!". If the elution is carried out in acetone",
i-PMMA is also desorbed but the stereo-co mplex of i-PMMA and s-PMMA (I :1)
remains at the start and mixtures of these polymers in the proportions of 2: 1 and 1: 2
are developed as two spots, at the start and close to the solvent front. The lower spot
is a stereo-complex (I : I ) and the upper spot is either i-PM MA or s-PM MA . It sho uld
be noted th at if the starting spot ha s not been previously wetted with a drop of CHCI3 ,

the stereo-complex is not formed . TLC also permits the separa tion of stereo-block
PMMA with a high content of isotactic and syndiotactic triads'" .

Simil ar results have been obtained in the TLC of PS3
• Crystalline isotactic PS

does not dissolve in Ch-Bz-Ac (12:4:1.5) in which sa mples of atactic PS of the highe st
molecular weight migrate with the solvent front , whereas samples of isotactic PS
remain at the start (Fig. 18). a-PMMA and s-PMMA can be separated'" by ATLC in
ethyl acetate-isopropyl acetate (Fig. 30a) and by PTLC in acetonitrile-methanol
(Fig. 30b). In this instance, if single solvents are used it is not po ssible to obtain an
R F value intermediate between 0 and I for i-PMMA, a-PMMA and s-PMMA. Thus,
for TLC in pure ethyl acetate, RAi) ~ 0, RF(s) ~ I and RF(a) ~ J. However, when
the less pol ar isopropyl acetate is added, these PM MA samples are separated:
o~ RF(i) < Rf.(s) < RF(a) < I .

When these systems are used, the RF value depend s not only on the content of
syndiotactic triads (Ts) but also on the MW. Thus, for the acetronitrile-rnethanol system:

RF = 1.731'., - 0.51 log MW - 2.2 (17)
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and for the ethyl acetate-isopropyl aceta te system :

R, = 1.74 T, - 0.08 log MW 1- 6.0

B. G. BELENKII , E. S. GA NKI NA

( 18)

Hence, in the TLC of PM MA in the se systems of solvents it is possible to determine
the T" and MW values of the polymers being investigated to within 10% by substi
tuting the RF values into eqns. 17 and 18.

MW10·
3 Ts- 186 0.74- 285

a ) 633 0.71
279 0.66
200-- 5 14 0.53- 12 4 0

~10cm--l

.. 186- 285
6 3 3

b) - 27 9- 20 0- 5 14- 124 0

1--10cm ---J

- 79 5
c) - 500- 279.- 795

d ) - 500- 279

1--10cm--j

0 .74

0 .7 1
0 .6 6

0. 5 3

0 .6 1
0 .6 6
0 .74
0 .61
0.55
0.74

Fig . 30. TL C of stereoregula r PMMA. (a) s-PM MA and a-PM MA of various M; a nd T, in isopropyl
acetate -ethyl aceta te (8 :25); (b) the same samples in gradient TLC in the aceto nitri le- methanol
system; (c) a nd (d) TL C of PMMA in systems (a) and (b) , respectively.

As the MW dependence of R p in both systems of solvents is direct whereas the
dependence of RF on T, is inverse , both systems sho uld be used to investigate the stereo
regul arity of PMMA samples of unknown but differing MW . Thi s is show n in Fig.
30c and 30d, in which PMMA 74M B (MW = 7.95 '105

; T, = 0.61) and MB20
(MW = 2.79 ' 105

; Ts = 0.74) could be separated only in acetonitr ile-methanol. In
thi s instance it was found that sample 74MB20 (MW = 5.00,103 ; T, = 0.66) pre
pared by varying the pol ymerization condit ions during the experiment consisted of
two components".

2. Investigat ions of the regularity and isomerism of polyb utadienes

With the aid of T LC, trans-I,4-, cis- I,4- and 1,2-polybutad ienes (PBD) co uld
be sepa rated!". Table 3 gives the R; values of isomeric PBD in var ious solvents.

Table 3 shows that trans-I ,4- and cis- I,4-P BD can be separated by using TLC
on silica gel and aluminium oxide with CCI4 and am yl chloride. In the first solvent,
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TABLE 3

RF VALUES OF ISOMERI C PBD IN TL C ON SILICA GEL AND ALUMINIUM OXIDE
_._-- - - - - --- - - - - - - - _ .. _ -

So/vent Dielectric cO ( A/,O , ) RF

constant according
10 Snyder SiD, A/,Ol

. _ - - _._- - -
Trans- Cis- 1,2- Trans- Cis- 1,2-
1,4- 1,4- PBD 1,4- 1,4- PBD
PBD PBD PBD PBD

~ --- - -- - - _ .•
Cyclohexane 2.0 0.04 0 0 0 0 0 0
CS, 2.64 0.15 0 0 0 0 0 0
CCI. 2.2 0.18 0.8-0.9 0 1 1 0-0.1 1
Amyl chloride 6.6 0.26 0 I I 0 1 I
p-Xylene 2.27 0.26 I 1 1 I 1 1
Benzene 2.28 0.32 I 1 I I 1 1
C HCb 4.8 0.40 I I I I 1 I
THF 7.42 0.45 I 1 I I 1 1

--_ ._ - - _.

cis- IA-PBD remains at the start and trans-I ,4-PBD and 1,2-PBD migrate together,
wherea s in the second trans-I,4-PBD remains at the start and 1,2-PBD and cis-I ,4
PBD migrate together.

The separation ofPBD in CCI4 and amyl chloride is based on different mecha
nisms. As CCI4 is a good solvent for all types of PBD , when it is used they are separated
on the basis of ATLC. In am yl chloride, only cis- l ,4- and I,2-PBD dissolve at tempera
ture s below 40° ; hence in th is instance PBD is separated according to the mechanism
of ETLC.

On thi s basis, it is po ssible to separate by one-dimensional TLC any binary
mixture of PBD by using both solvents and passing them various distances up the
plate (Fig. 31). For the separa tion of a tern ary mixture of cis- I,4-, tralls- I,4- and 1,2
PBD , two-dimensional TLC in these solvents sho uld be used (Fig . 32).

Thi s method can be used to investigate the homogeneity of the so-called
"equibinary" PBD in which units of cis-I,4- and I,2-butadiene are present. In TLC
with CCI4 , equibinary PBD migrate with the solvent front just as cis- I,4-PBD, and
when the polymer is a mixture of cis-I ,4- and I,2-PBD, they are separated on the plate
into the corresponding zone s.

3. TL C of block copolymers

On the basis of hydrodynamic investigations of block copolymer s in solvents
of different thermodynamic strength , Kami yam a et al." , established that ATLC is very
sensitive to conformational changes of St and MMA block copolymers of the A-B
and A-B-A types. Thus, in a solvent poor for PS and good for PMMA (e.g., nitro
ethane- acetone), the PS block collapses with the formation of a dense helix-like PS
domain sur rounded by the PM MA " coating". Owin g to th is intramolecular phase
separation, as the MW and , therefore, the ability for intramolecular aggregation to
occur increase, the ad sorption properties of the block copolymer approach those of
pure PMMA. On the other hand , PMMA and the block copolymer containing a
small percentage of St differ widely in their adsorption characteristics in a solvent
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Fig. 31. Sepa ratio n of PBD by two-stage TLC in CCI. and amyl chloride. (I ) trulIJ- I ,4-PB D; (2)
cis- I,4-PBD; (3) 1,2-PBD.
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Fig. 32. Separation of (I ) trans- I,4· PBD, (2) cis-l ,4-PBD an d (3) 1,2-PBD by two-dim ensional 1 LC
in CCI, (direct ion I) and amyl chloride (direction II).
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equ ally goo d for PS and PM MA , such as benzene-MEK, in which these polymers
exhibit the rand om-coil conformation.

Proceed ing from th is concept, it might be suggested that the greatest changes in
the adsorpt ion properties of PM MA and block copolymers with a low content of St
(in particular , for a block copolymer of high MW ) should be observed in a solvent
which, being a weak displacer , is thermodynamically " good" for PS and " poor" for
PMMA .

The possibility of separating two- and three-block copolyme rs of St and BO
and two- a nd three-block copolymer s of St and M MA by ATL C has been demon
stra ted28 •29 •

In order to separate block co polymers of St and MMA , the CCI4-MEK system
is used, in which ran do m two- and three-block copolyme rs of St and M MA are sep
arated on silica gel plates. For th is pu rpose, as the so lvent front rises to a height of 10
ern, 125 ml of M EK are gradually added to 50 ml of CCI4 • The rate of addition is
varied and thu s gradients of three types, as shown in Fig. 33, are obta ined. In this
instance , the MW of copolymers does not affect their chromatographi c behaviour
(RF values). Und er these conditions, it is possible to separate random and block AB
and ABA copolymers of the same composition (Fig. 34). As seen from Fig. 34, the
RF values for St and M MA cop olymer s of the same composit ion increase in the order
random < three-block < two-block co polymers.

I'

2 .5

2 .0

1.5

1.0

0 .5

0
0 2 4 6 8 10

h,cm

Fig. 33. M EK- CCI. gradients used to separa te block copolymers of St-MM A by TL C. e =

MEK :CCI. (v(v) rati o; h = distance from the front.

T LC was used to investigate block cop olymer s ofSt and BO. In the Ch- CHCI3

system, the RF values ofSt-BD copolymers increase in the order two-block (St-BO) <
three-block (St- BD-St) co polymers (i .e., two- and thre e-blo ck copolymers of St and
BD migrate up the plate in an orde r which differs from that of ana logo us copolymers
of St and M MA). In th is chro matographic system (AT LC), the R F values of St-BO
copolymers do not depend on their MW . When PTLC was used in the CHCI3

methanol system (3 :2) with addi tion of meth an ol, St-BD cop olymer s co uld be sepa
rated acco rding to their MW . Two-d imensional TLC with the use of both systems
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Fig. 34. Separation of (A) random, (8) three-hlock MMA -St-MMA and (C) two-block St-MMA
copolymers by using gradients (a) I, (b) 2 and (c) 3 shown in Fig. 33. X ~ Fraction in the
copolymer.

made it possible to establish that the commercial St-BD copolymer Kraton 1101
contains two three-block copolymers of St-BD-St with similar compositions but
different MW and an admixture of PS of MW = 104

•

These conditions for the TLC of St-MMA copolymers, under which the R F

value depends only on the composition of the copolymer and not on its MW, permitted
Kotaka et al.27 to propose a method for the determination of the heterogeneity of the
composition of copolymers (see p. 59) based on the densitometry of thin-layer chro
matograms at two wavelengths: 225 nm, where both St and MMA units absorb, and
265 nm , where only St units absorb. In this instance, for the determination of the
composition it is not necessary to calibrate plates by using copolymers of known com
position (the "absolute" method for the determination of the heterogeneity of com
position). The distribution of composition for two- and three-block copolymers of
St and M MA found by this method was in complete agreement with the distribution
obtained by cross-fractionation and calculated with the assumption of a random
mechanism of block coupling in anionic polymerization.
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In the TLC of block copolymers, the precipitation mechanism can be used
instead of the adsorption mechanism. In this instance, in a solvent poor for one of the
blocks, selective precipitation of the block copolymer rich in this block is observed.
Under these conditions, it is possible to separate the homopolymer and the block
copolymer with a low content of the second component.

In this instance, if gradient chromatography is used, in which the content of
the solvent selective for the homopolymer decreases as the eluting liquid moves up the
plate, the block copolymer remains at the start and PMMA migrates with the eluent.
For this purpose, the chloroform-methanol system can be used in the S-chamber, in
which chloroform, the solvent selective for PMMA, is more volatile and evaporates
from the plate. As can be seen from Fig. 35, as the methanol content in this system
increases, PS is precipitated before PMMA. Hence, at a certain methanol concentra
tion, it is possible to carry out ETLC and to separate PMMA from the block copoly
mer. In this instance, as the MW of PMMA increases, the percentage of methanol
in the solvent should be decreased from 80 to 72 %.

M=5'104

M=1.7·105

M = 2'10 6

r

a b

Fig. 35. R, values of (a) PMMA and (b) PS versus composition of the Cl-lClj-methanol system in
the TLC of polymers of various M w (M).

In investigations of block copolymers, the determination of admixtures of the
corresponding homopolymers is very important. For this determination two-dimen
sional TLC can be used" (Fig. 19), permitting the separation of PS and PEO from the
PS-PEO block copolymer. The PS admixture is separated in benzene and thatof
PEO in a 10% aqueous pyridine solution, whereas the block copolymer remains at
the start. The separation of a block copolymer of PS-PEO and corresponding homo
polymers on microcrystalline cellulose by one-dimensional TLC in ethyl acetate
methanol has been described by Wesslen and Nansson-',

Under these conditions, PS migrates with the solvent front, the block copoly
mer is located in the centre of the plate and PEO remains at the start. On this basis,
Wesslen and Nansson" developed a preparative method for the separation of the
block copolymer by column chromatography. PS was separated by elution with ethyl
acetate, while the block copolymer was eluted with a mixture of ethyl acetate and
methanol. The column chromatography was controlled by TLC. The block copolymer
and PS were detected from the extinction of luminescence of a luminophore intro
duced into the cellulose after the plate had been irradiated with UV light at 254 nm and
PEO was detected in iodine vapour.
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VI. THIN-LAYER CHROMATOGRAPHY OF OLIGOMERS

1. Principal relationships in the TLC of oligomers

The thin-layer chromatography of oligomers is of great interest both in their
analysis and from the standpoint of peculiarities of the adsorption chromatography of
polyfunctional compounds with different chemical structures of the central and end
units of the chain. The TLC of many classes of oligomers has been described:
polyols34.58-67, polyesters?":", polyolefins" and polyamides?". In most papers the pos
sibility was demonstrated of separating oligomers with different numbers and structure
of the end-groups. Many workers34.63,64 ,67 .7o have demonstrated that the chromato
graphic behaviour of oligomers is independent of their MW when the differences in
R F values are determined only by the number of functional groups present in these
oligomers. Thus, it becomes possible to carry out a very important type of polymer
analysis: the analysis of their functionality", which is responsible for the quality of
high polymers obtained from these oligomers, such as polyurethanes. On the other
hand, substituted polyoxyethylenes can be separated on the basis of their MW with
the isolation of single-polymer homologues of up to 12-15-mers, as has been reported
by Favretto et al.66

• They showed that the efficiency of the separation of polyols on
the basis of the MW depends on the type of substituent blocking the hydroxyl group
of the end-units. The more hydrophobic the substituent (probably, the more bulky its
hydrocarbon radical and, hence, the lower the adsorption of the end-units), the
greater is the efficiency of the separation of the oligomer into single-polymer homo
logues.

Peculiarities of the adsorption of oligomers are related to the presence of
functional end-groups. As a rule , the adsorption activity of these end-groups exceeds
that of the central oligomer units and the change in the free energy of the oligomer in
adsorption is mainly induced by the change in the free energy of the adsorbed end
groups. It is clear that the greater the difference in the adsorption activity of central
and end-units, the smaller is the contribution of the central units to the change in
the free energy of adsorption and, hence, the less pronounced is the MW dependence
of the RF values of the oligomer in ATLC.

We shall now consider these relationships in the TLC of oligomers in greater
detail.

The change in the free energy (ilF) in oligomer adsorption, as in the adsorp
tion of high polymers (see above), is related to an increase in the enthalpy of the
system when oligomer units come into contact with the adsorbent surface and to a
decrease in the entropy caused by a decreasing number of possible conformations of
the oligomer in adsorption. This change in the free energy of the system (ilF), equal to
the change in the configurational entropy of the oligomer solution in the mobile phase
(-TilSJ, is equivalent to a change in LI H M and I1SM in the adsorption of oligomer
molecules passing from the mobile into the stationary phase:

(19)

The change in enthalpy in the adsorption of the oligomer (the N-mer) is de
termined by the formation of N, contacts of end-units of oligomers with energy kT Fe
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and of N - Ne central units with energy kT Ce , where Ce and Ce are the energies of inter
action of the central and end-units, respectively, of the oligomer with the adsorption
surface in kT units . If the concept of critical energy (c er) in oligomer adsorption is
used and it is assumed that at this energy L1 HM = T LlSM and hence the contact of
an oligomer unit with the adsorption surface is not related to changes in the free
energy, then / IF in oligomer adsorption is given by

(20)

where LI(LlSe) is the change in the configurational entropy of solution from the state
l ISe = 0 (at K, = I) to ASe in adsorption (at K, > 1). In eqn. 20, a term describing
the entropy change (-TLlSM ) has been omitted as it is lower than LI H,',{ . Here we con
sider the ca se when e, is greater than Ce ; hence, in oligomer adsorption Ce is always
greater than Ce r and Ce may be greater or less than eer' Depending on the ratio of ee to
CCr> the following three cases of the dependence of Lj F on the number of oligomer
units (N) may be observed;

(1) e;:» Cer ; -/IF ~ NAkT(ee-cer) N; + NAkT(ce-cer)N
(2) e; < Cer ; - il F ~ NAkT(t;e- cer) Ne-NAkT(ce-cer)N
(3) Ce = Ce r ; -I1F ~ NAkT(ce- cer)Ne

I (21)

Three types of dependence of the distribution coefficient K, ~ exp (-iJF/kT)
corresponding to eqn . 21 can be written;

(I) Ce > Cer; Kd ~ exp] - [(ce- cer)Ne + (ce-cer)N])
(2) e; < eer; Kd ~ exp { - [(ee- t:er)Ne- (ee- eer)N ])
(3) ee = eer; Kd ~ exp { - [(ee-eer)Ne])

I (22)

Thus, in the first case the dependence of Kd on N is positive, in the second case
it is negative and in the third case K, is independent of N and is determined only by
the number of functional groups in the oligomer, Ne • In accordance with this, in the
first case the RF value of the oligomer decreases with increasing MW, in the second
case it increases with increasing MW and in the third case the RF value is independent
of MW and is determined by the functionality of the oligomer.

These relationships in the adsorption chromatography of oligomers can also
be obtained by using the correlation theory of Snyder":

where Va is the volume of the adsorption layer, W is the adsorption weight, VO is the
volume of the mobile phase, Q? is the adsorbability of the functional group of the
oligomer, a, is their molecular area (in 8.5 A2 units) and e" represents the eluent
strength. As the oligomer consists of N units of adsorbability Q~ and of N, end-groups
of adsorbability Q~, the above equation becomes



52 B. G. BEL ENKII , E. S. GANKI NA

It follo ws from this equ at ion that, depending on the rati o of Q~ to a~ (m is a lways
grea ter than aeeO), the following three cases of the dependence of R m on N can be
ob served :

( I) at Q~ > aN s'' ; R m = A + B N, + CN

(2) at Q~ < aN eO; R m = A + B N; - e N

(3) at Q~ = aN eO ; R m = A + B N;

It should be noted that although these result s follow from the Snyder theory,
the y are not form ally strict as this theory does not consider negat ive and zero adso rp
tion (types 2 and 3).

It is noteworthy that in the ab sence of functional gro ups (N, = 0), onl y the
first type of dependence can occur as in the second type of dependence all oligome rs
move with the solvent front .

Fig . 36 shows chromatograms of these functionless oligomers of PS and of
poly(a-methylstyrene) in which the MW dependences of the first type can be clearl y
seen.

b

a

314.418-•• •

• •• •

,• •

iI I
600 900 4 3 2

Fig. 36. TLC of o ligomers : (a) PS with M n = 314, 4 18, 600, 900 and 2000 in Ch- Bz (14:3); (b)
poly(u-meth ylstyrene) fract ion s [(I ) tetrarner, (2) hexarner , (3) oc ta rner, (4) deca rner] in CCI.- Jl
hept ane (2: 1) on KSK silica gel.
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It is evide nt that with functio nless ol igomers the MW dependence of R F (type I
depe nde nce) is the strongest. When the oligorner s con tai n a functional group, as the
difference between Be and Be increases the MW dependence of RF becomes weaker. This
becomes clear if we consides eqn . 22 (case I). In order to obtain a strong MW (N) de
pendence of R F, the multip lier of N ( fe - E e,) should be relative ly high . However,
differences in R F value depending on MW may be observed on the plate on ly at Kd <
3-5, and for this it is necessary that the first term, ( Be - Be,)Ne, should be as small as
possible. This can be accomplished on ly at Be R:! e. , When the difference between Be

and e; is great, it follows that when the value of the multiplier ( Ee - f er) is decreased
(in order to decrease the value of K, to < 3-5), Be can become smaller than Be' and the
second type of MW dependence of the R F value of the oligomer will be observed.

It is possible to obtain experimentally all th ree types of the above MW depen
dences of R F values for oligomers containing functional groups, such as polyols.

Fig. 37 shows the TLC of PEO with M: = 300, 400 and 600 in chromato
graphic systems in which MW dependences of RF values of the first, second and third
types are observed. It is noteworthy that R F values of po lymer homologues in PEO of
various M W correspond to each other. The MW dependence of the RF value for PEO
shown in Fig. 37b is characterist ic of the molecular-sieve effect. However, in thi s in
stance the TLC mechanism is different as it has been established that in G PC the
oligomers under investigation begin to be excluded from the pore volume of silica gel
and aluminium oxide when their MW exceeds 10,000, i.e., at a much higher MW than
for PEO in the experiment described . The moon-like shape of the spots is related to a
peculiar man ifestation of the inn uence of concentration on the adsorption of po lyols in
TLC which is characterized by a convex adsorption isotherm. With a convex adsorp
tion isotherm, the R F value increases with concentration (see p. 41). Consequently, the
RF value will be lower for the sides of the spot in which the concentration of the sub
stance decre ases than for the central part of the polymer zo ne, and the spot acquires
a peculiar shape with a sharp "nose" . The difference between the R f · value for the

600 300
400

,,,300

•400 •• •
600

.. •.. • •,. • •A

" • •A • •

f
.- •
••

• • •

300

• • •
ab c

Fig. 37. TL C of PEO with M n • 300, 400 and 600 : (a) on KSK silica gel in pyridine-water
(0.1 :10); (b) on aluminium oxide in C HClr etha no l (10 : I) ; (c) on KSK silica gel in CH CI,- pyrid ine
(5:7).
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"nose" of a spot and th at of its sides, or the RF value for a spot with a low polyol
content, can be used to dete rmine the amount of polyols present in the spot.

H is noteworthy that when the hydroxyl end-groups of PEO are replaced with
less adsorption-active groups, it is easier to obtain a positive MW depen dence of ad
sorption ( -11F) and, hence, a negative MW dependence of the RF value.

If oligomers with weak adsorption activity of the central units such as poly
dimethylsiloxanediols, are investigated, it is impossible to achieve a highly effective
separation of these oligorners according to MW unless the end -groups are blocked
(Fig. 38). Nevertheless, even after blocking hydroxyl end-groups, e.g ., with a residue
of dinitrobenzoic acid, only an MW dependence of the RF value of the second type can
be obtained: the RF value of the oligomer increases with increasing number of weakly
adsorbed siloxane units .

..

;If .r -
".-;..
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',-1 '
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j{~
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:1 %.~ :, tI

• • •
iI••

~• •0 20 9 5 0

Fig. 38. TLC of 3,5-dinitrobe nzoa te poly(dim ethylsilox ane) diols with n ~ 0, 5, 9 and 20 on KSK
silica gel containing 0.007 % of fluoresceine in Bz-ethyl acetate (10 :0.\) . TLC was performed twice
(luminescent photography).

The above results indicate that the peculiarities of the TLC of oligomers are
related to the ratio of the adsorption activities of the central and end -units. Hence it
is possible to carry out various types of TLC with positive and negative MW depen
dences of the RF value or, in the abse nce of an MW depen dence of the RF value, with
oligomer separation by functionality. The last two types of TLC can be used to de
termine the MWD of oligomers.

2. Separation of oligomers according to functionality

The separation of oligomers according to functionality III the absence of an
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MW dep endence of th e R F value is of great practical interest. The po ssibil ities of
using TLC for the det ermination of functi onality ca n be shown by taking as an example
poly(propylene oxide) polyols (PO PP). It is clear from Fig. 39 that the TLC of papp
in ethyl ace ta te satura ted with water, with the addit ion of 5-1 0 %of M EK , perm its th e
separat ion of mon ools, diols, tri ols and pentaols over a wide range of MW . A slight
MW dep endence of RF va lues of the first type is ob served, which is not superimposed
on the effect of the functiona lity of POPP on R F • It is inte resting that the MW depen
dence of POPP can be suppressed or changed when the ad sorption acti vity of silica gel
decreases. Fig. 40 compares ch romatogram s of diols and tri ols on standard KSK silica
gel a nd on KSK silica gel with a low specific ad sorption act ivity induced by its treat
ment with NaO H a nd NaCl s3• ln the latter insta nce, the RF va lue increases with in
creasi ng M W of the polyol, which is cha rac teristic of an M W dependence of the seco nd
type . Ho wever , even in th is instanc e the chro ma tog ra phic behaviours of polyols of
d ifferent functionali ty remain very d ifferent. Hen ce, these cond itions of TLC permit
th e det erminat ion of the fun ct ion alit y of POPP irr espective of MW 7

5 . Th is meth od for
the determination of oligomer funct ional ity mak es it pos sible to separ ate linea r and
branched-ch ain oligomers that differ in the number of function al end-groups. Thus, in
benzene-ethan ol (3: I), co mplete sepa ra tio n is possible of linear and branched-chain
complex oligoeste r polyols of the same MW (F ig. 41). In thi s system, th e MW de
pend ence on RF va lue is very slight but it increases with decreasing eth an ol content in
the eluen t. Th e system con sist ing of benzene a nd TH F ( I : I) was a lso found to be
suitable for the separ at ion of linear and branched-chain o ligoester polyols. TLC with
thi s system can be used to an alyse olig oesters that co nta in, in addition to linear macro-

1.0

Diel s
0.4

["tr---IC>---l:>----<:>-.-- """'""ti--' rr- tot s

0.2

t--i=}---- - - ---D-- Pen t aels

2 3 4 5
M n ' 10 - 3

Fig. 39. T LC of po ly(propy lene oxide) po lyols (PPO P) o n KSK silica gel in ethyl ace ta te sat ura ted
with water con tain ing 5- 10% of ME K.
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Fig. 40. TLC of PPOP of various M; on (a) KSK silica gel and (b) KSK-2 silica gel treated with
NaOH and NaCI in the so lvent (as in Fig. 39).
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Fig . 41. TLC of linear poly(propylene oxide) adip ates (PPOA) and bran ched-chain poly(glycerol)
adipates (PGA) of polyest ers of similar MW in Bz-ethanol (3 : I) on KSK-2 silica gel.

molecules, 10% of branched chains (Fig. 42). These differences between linear and
branched-chain oligoesters of the same M W are of great analytical interest because, as
we have found '" in GPC, the y are eluted from the column at the same retenti on vol
ume . Hence, data on the MWD of oligoesters obtained from GPC can be usefully
supplemented by information on the MW dependence of the di stribution of branched
chain polyfunctional oligoesters in the sample.
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Fig. 42. Separation of branched-chain polyesters (PGA) on KSK-2 silica gel in Bz-ethanol (85 :15).

VII. DETERMINATION OF MOLECULAR WEIGHT AND COMPOSITIONAL DISTRIBU
TION OF POLYMERS FROM TLC DATA

1. Photometric method for the quantitative TLC of polymers

In order to plot the MW or the compositional distribution from TLC data, the
following steps are necessary:

(a) To render visible (to stain) the polymer zone on the chromatogram. The
most common procedures involve the use of a I % solution of iodine in methanoF, a
saturated solution of thymol blue with subsequent treatment with 3N HZS04

11
, a Sit;

solution of KMn04 in concentrated HZS043 and the Dragendorff reagent for oxyge n
containing polymers'.

(b) To determine the dependence of RF value or the fractionating factor, Z,
on MW or the polymer composition.

(c) To measure the sensitivity of detection as a function of RF : (dQ/dI)RF •

(d) To measure the distribution of the substance stained, J(RF ) , in the spot.
(e) By using (dQ/dI)R F and J(RF ) , to determine the polymer distribution in

the spot:

Q (RF) = J (Rr.) ( ~; )R
F

(23)

(f) Knowing the dependence RF(Z), to obtain the MWD or the compositional
distribution, P(Z) :

d~ )p (Z) = Q (R F) dZ (24
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Wh en na rro w-d isperse pol ymers are invest igated, it is a lso necessa ry to correct
the distribution Q(RF ) for ch romatographic spread ing, e.g., by using two- dimensional
chromat ography (Fi g. 43)3. In this instance , th e ch romatogram of the polymer obtain
ed by elut ion in the first di rect ion shows the MWD o r the co mpositiona l di stribut i o~ .
This spo t is then used as a start ing zone for development in the second direct ion.
The di fference between the d ispersion s of the zon es obta ined after th e first (aD and
second (aD developments is the di sper sion of the chromatogra phic spreading (a~h r) '

A correcti on fo r the spread ing of polymer (a2) can be made simply by subtracting the
d ispersio n (a~h r) , or by a more co mplex but more accu rate procedure, as in the
ana lysis of th e MWD of polymers by GPC77

•

1
a

a,

I
I
I
I I
\ I
\ ...

L
b

Fig. 43. Determination of chro matographic spread ing in T LC : (a) chro matogram in the first direc
tion ; (b) two-dimension al chroma tog ram. a~h ' ~ ai - a~ ; a 2 at -- a~h"

The chromatographic distribution is usually determined by photometric
scanni ng of the spot along the direction of development (x) with a high slit, the
height of whi ch co rresponds to th e width of the spot5.12. 13.32. This densitometric
method is not precise a nd suffers from errors du e to irregula r filling of the high slit
with light.

1n order to ob tain accurate photometric results, multi-step scanning should be
used with po int-l ight detect ion and with inte gra tion of the signal in the y-direct ion
normal to th e axis of devel opment. These integra l values represent th e distri bution
I(RF) , which is calculated with a precision inversely proporti onal to the ste p value !lx.

A simple but pre cise method for meas uring the polymer distribution in the
chromatographic zon e is ba sed on the preparation of images of polymer chromato
gra ms with equal den sity (see below). Kn ow ing the polymer distribution by weight,
P(x), it is possible to derive the normalized integral distribution :

z ' 00

f P (Z) = f dP (Z)I f dP (Z)
o 0

(25)
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the corresponding differential distribution:

dP(Z) = P(Z)/ r dP (Z)
o

and the weight-average value of Z:

z = rZdP(Z)
o

59

(26)

(27)

A method has been proposed for the determination of the compositional dis
tribution of copolymers (under the condition that the R F value of the copolymer is
independent of its MW) based on scanning the plate at two wavelengths" at which
the molar extinctions of the components of the copolymer differ greatly. For thi s
purpose, a dual-wavelength scanning spectrodensitometer (CS-900, Shim adzu Seisa
kusho Co., Tokyo, Japan), which is similar to the Schoeffel SO 3000 scanning spectro
densitometer (Schoeffel Instrument Co ., Westwood, N .J. , U.S .A.), can be used . The
adsorption, J, at a point x corresponding to the content, Z , of St in the copolymer is
given by the following equations:

at AI = 265 nm : I' (x) = Z e~ l . W (x)

at Az = 225 nm: I" (x) = [Z e~; + (I - Z) E~MA] W (x)

(28)

(29)

(30)

where W(x) is the amount of the polymer in the range x ± dxl2 and 10 is the molar
extinction. If the area under the chromatogram of the copolymer, A, is determined ,
then by obtaining I'(x) and I"(x) and knowing relative extinctions e"StIE"MMA and
e'stle" M MA, it is possible to calculate the following characteristics of the copolymer:

(a) the weight distribution of the copolymer, P(Z) :

P (Z) = W (x) = [1 - (e~;lt;~MA)] I' (x) + (E~t IE~MA) I" (x)
WI [l - ( E~;IE~MA)] A' + (E~I/E~MA) A"

(b) the dependence of the composition (Z) on the position on the chromato
gram (x):

(c) the average composition of the copolymer, Z:

- 1
Z = [1 ("I" )] A' + ( , I " ) A"- eSt EMMA ES1 EMMA

(31)

(32)

Thus, by using eqn s, 30-32, TLC makes it possible to determine the values of W(x)1
WI' Z(x) and Z without using reference samples of copolymers. When dual-wave
length photometry is used to determine the heterogeneity of the composition of co
polymers in which one of the components does not absorb UV light in the spectral
range of the spectrodensitometer (e.g., a copolymer of St-Bd), it is possible to stain
the polymer zones on the plate. However, in this instance it is difficult to determine
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(33)

(34)

(35)

e'St/e" M M A owing to the poor reproducib ility of chemical staining. Thi s parameter can
be obtained from eqn . 32 if the va lue of e"s J e" MMA and the average copolymer com
position, Z (which is determined by an independent meth od ), are known.

2. Analysis of distribution of polydisperse polymers throughout the width of the chro
matographic zone

In TLC, the distribution of a substance along the y-axis norm al to the eluent
movement along the x-axis always has a Gaussian shape. Therefore, by measuring the
width of the zone at a certai n limiting (lowest detectable) co ncentra tion, C" it is
possible to determine the amo unt of substance in thi s (the ith) sect ion of the polymer
zone on the plate. Let C, be given by

[
(Lly;)2 ]

C1 = Cm;exp - ~
Y,I

where C m • i is the polymer co ncentra tion at the maximum , (J2 y • i is the dispe rsion of
distribution in the ith (along the x-axis) section of the zone and I1Yi is the distance along
the y-axis between the points of C1 (the width of the B zo ne in the ith section). Then,
the amount of the substance, qi ' in the ith section of width I lx is expressed by the dis
tribution parameters (eqn. 33) as follows:

_ _ _ ._ _ [ (Jy~)2 ]
q l = y 2n Cm . i (fy ; zlx = y2n C, (fY .i zlx exp 8a2~

j ' "

where the zone width, 11Yl> and the dispersion , a y. 1> were selected ave rages over / lx .
In ph otographic recording of chromatograms, a certa in optical den sity, D"

sho uld co rrespond to C" Cl = kD, where k is a coe ffi cien t that is co nstant for the
hom opolymer and dep ends on the com posi tio n in the case of a copolymer :

-- _ [(iJyy]
qi = y 2n k , D1 (fy .i zlx exp 8a2 .

Y,'

In order to use eqn. 35, it is necessary to determine the value of a".j,express ing

it in terms of the width of the chroma tog ra phic zone, I ly ;, measured experi menta lly.
Thi s can be accomplished by two methods:

(a) by the separati on of two chromatograms of the polymer co ntai ning dif
ferent amounts of the sub stance, QI and Q2; then in each section of these two chro
matographic zon es the ratio of the amounts of the sub stance, q ; /q ; ' , will be equal to
the known ratio QdQ2; and

(b) by taking the photograph of the chromatogram of the polymer at two ex
posure s in order that the contour of the spot will correspond to different C1( D 1)

values and determining the ratio D' ,j D" I '

By using eqn. 34, the first method permits the following equat ions to be written :

q;= y2-n C, ay . ; zlx exp [ (~~t;)2] II
(36)

• • /- _ A [ (Liy; 2)2] r
q i = v 2n C1 (fy . i L.J X exp -8a; . 1

Y.'
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By combining eqns. 36, the expression for ay " can be obtained:

61

(37)

By using eq n. 35, the second method permits the following eq uations to be
written:

(38)

. /2 k D" - A [ (Ay ;)2 ]q = v it . ,a . 1'J X exp - - -
t Y.' . • 80'2 .

Y,' .

Eqns. 38 yie ld an expression for cry,, :

(39)

By subst itut ion of eqns. 37 and 39 into eqn . 35, it is pos sible to obtain equations
for the pol ymer di stribution, Wj = qi/J;q j, expressed in terms of the width of the chro-

•
matographic zone, l.1yj, and of the known ratios QI/Q2 or D'IID ", and k i :

(40)

(41)

If method (a) is adopted for obtaining Wi' it is convenient to use chro mato
grams in which the polymer is appl ied at the Q./Q2 = e ratio, then the expression for
Wi (eqn. 41) is simplified.
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As already mentioned, in the TLC of homopolymers or copolymers of narrow
dispe rse composition, k , is con stant , and it is then possible to omit the se coefficients
in eqn s. 40 and 41. When co po lymers of a polydisperse composition are ana lyzed, it
is necessary to take into acco unt the dependence of k , on the composition of the C0~

pol ymer (or on the RF value) and the va lues of WI should be found from eqns. 40
and 41.

Of the above equ ations fo r W;, eqn . 41 is of the grea test interest as only one
chromatogram is necessary for it to be used . Hence , no err or s arise due to the in
accurate application to the plate of calcul ated am ounts of the polymer ( Q I and Qz)
or to concentration effects distorting the shape of the spot. In order to use eqn . 41
it is neces sary to know DI • For thi s purpose, the "equidensity" meth od was develop ed
for obtaining images of the spot. Thi s method is based on the well known Sabatier
phenomenon in photography" , which consi sts of total or partial rever sion of an image
developed for a short time under the effect of seconda ry illuminati on . Thi s method ,
which allows the preparation of a system of iso-photes of an elongated obj ect
without complicated equ ipment?", has been widely used in astronomy''"?". An
"equidensity" image ("equidensity" mean s a curve joining points on the negative with
the same density of darkening) is obtained if a print from an object (a negative, i.e.
a TLC plate) is made on a contrasting photographic material at an expo sure tho Thi s
print is developed for a short tim e and, without fixing , is expo sed for a second time
under uniform lighting. After the second exposure, the zones of the image (the equ i
den sities corresponding to the den sity of the object, D +- / 1D, become light on a dark
background. The optical den sity of the object, D, distinguished by thi s equidensity is
determined by the time of the first expo sure. By varyi ng thi s time it is possible to ob
tain equiden sities corre spond ing to various optical den sities, D" which can easi ly be
determined if a photograph of a graduated optical wedge is taken together with the
photogra ph of the object. Jn order to increase the contrast of the image, it is ad visabl e
to take a photographic copy of the equidensity image on a super-co ntrasting material,
obtainin g a black equidensity on a light background. Th e value of the equidensity
method based on the Sabat ier effect lies in the possibility of taking photographic
copies. If a photograph of th e chro mato gram is taken in such a way that the image is
a continuous spot, the dimension s of the photographic cop y of thi s image depend
on the exposure made when obtaining the copies and, hence, ca nnot be used to deter
mine WI from the size of the chromatographic zone .

The preci sion of thi s eq uidensity method of quantitative analysis was checked
by determining from the chromatogram (Fig. 44) the ratio of the amounts of two
polymers in a mixture that was applied to the plate in the ratio Q'IQ". The ratios
attained (2.48 and 0.592) are in good agreement with the ratio (Q'IQ") of these poly
mers in the sample (2.5 and 0.6).

Fig . 45 shows an example of the analysis of polymer distribution according to
MW by the equidensity method .

It should be noted that thi s meth od is less precise than meth ods of quantitative
an alysis based on den sitometric sca nning becau se the width of the spot is not very
sensitive to the amount of the substa nce present in it. Th e precision of the equidensity
method can be increased if the determinati on of D' I and of the spot width, y (i .e.,

'of the qual ity of iso-photo graphs) is more preci se and if the amo unt of the measured
equ iden sity images of the spot is increased becau se the mean squa re error of the dis-
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o 2 3 4

Fig. 44. "Equidensity" image of chromatograms of a mixture of P3 with M n = 2· 104 and 3.3' 104 in
the ratios (I) 0.1 :1, (2) 0.6:1, (3) 2.5:1 and (4) 1:1 and reference PS (left) in Ch-Bz-Ac (12:4:0.7).
Below: image of the optical wedge.

tribution obtained is inversely proportional to the square root of the number of mea
surements. On the other hand, as the dependence of y on q is characteristic of a
Gaussian distribution, this method is very sensitive in determinations of micro
impurities. This can be seen if eqn. 34 is differentiated:

d (Ily)
---

dq
(42)

Eqn. 42 shows that the sensitivity of the method is inversely proportional to
the amount of substance present in a spot section. Actually, it can be seen from Fig.
46 that the spot is detected with the greatest sensitivity when small amounts of a sub
stance are present.

3. Determination of molecular-weight distribution of oligomers by using equidensity
images of thin-layer chromatograms

A peculiarity of the TLC of oligomers is the discrete character of the chro
matographic zones of single polymer homologues up to N ~ 10-12. Polymer ho
mologues of higher MW are developed as a continuous zone, which can be analyzed
by the same method as for chromatograms of polymers. When the amount of a sub
stance present in discrete zones is determined, it is necessary to take into account its
distribution along both the y- and x-axes'", which can be effected as follows. The
equation of the ellipse forming the boundary of the spot (x, y,) is given by

(43)
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Fig. 45. Determination of MWD of PS by the "equidens ity" method. (a) "Equidensity" image of
chromatogram of the PS sample at two concentrations in Ch-Bz-Ac (12:4 :0.9) : left , chromatograms
of reference PS; above, image of the optical wedge. (b) Distan ce from the front (Ix) versus MW (M )

of PS in TLC under the sa me conditions as in (a). (c) MW D of PS. It was found that M; = 2.18
10', M'; = 2.39- 10' and M w/Mn ~ 1.10_
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Fig. 46. Equidensity images (with printed optica l wedge , below) of thin-layer chromatogram of PS
with M . = 600 on KSK silica gel in Ch- Bz (14:3) .

where C m is the concentration at the spot maximum. If we designate the semi-axes
of this ellipse by Xo and Yo, eqn. 43 gives

and, hence,

Xo Yo

(44)

(45)

The amount of a substance present in the chromatographic zone, q, can be
determined by integrating eqn. 43:

(46)

Substitution into eqn . 46 of the expressions for C m (eqn, 43) and ay (eqn . 45) gives

2

q = 2n Cl a~ ~o exp (+ ~. ;n
o x

(47)

If C, is replaced with the optical de nsity , Df, of the contour of the equiden sity
image of the chromatographic zone, C, = kD, where k is a constant, we can write

q = 2n k o, a~ ~ exp (! .~)
Xo 2 Xo

(48)

If two eq uidensity images of the chromatogram with densities D; and D;' are
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used to calculate the chromatogram , then it is possible to write two equ at ions of the
type of eqn . 48:

2 k D" 2 y~ (I y~)q = n . a - - exp - ' - -
I x x~ 2 x~

It follo ws that

The final expression for q has the following form:

( ' i )'

= 2n k D'~2 - (~. y~' .(!li-.y~!x~ \)("";; ) ' -=-~)2
q I (D' .'j ,) x'~ D;' y~'jx~'

I Yo Xo
2 In -D'" .----'-'--j "

I Yo X o

I(49)

(50)

(51)

The weight-average MWD (differential MWD, dj; , and integra l MWD , Ij;)
are found from the equations

df 1 =-t-
l: q,

; =1
j

l: s.
I i=\
fl = ---,,- -

l: qj
i =1

(52)

where i is the degree of polymerization and N is the maximum degree of polymer iza
tion of the separated spo ts.

The number-average MWD (dg, and IgJ is calcul ated from the equations

dg 1 = q.]!

1
N

l: qd i
; = 1

J (53)2: q;/i

jIgi _ 1= 1
- - N - -

s q;/i
1= 1
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It is a lso possible to find the amount of the substa nce in these spots which is not
separated on the chromatogram (with i:» N). By using the calibrating dependence
RAi) as a polynomial of the second power :

where the a, band c a re obtained by the least-squares method , it is possible to find
the value s of RF at i > N . Further, by the method of linear extrapolation (valid at
RF 1/3) one obtains the values of x;, x; ', y; and y;' at i > N by using their values at
i = Nand i = N - I.

F ig. 46 shows equidensity images of a th in-layer chromatogram of PS with
M n = 600. The result s of measurements of X~.i a nd X~: i arc given in Table 4.

Fig. 47 shows differential MWD of the PS investigated. M'; was found to be
574.

TABLE 4

RESULTS O F MEASUREMENTS OF EQUID ENSITY IMAGES OF THIN·LAYER CHRO
MATOGRAMS FOR PS WITH M " c. 600

Parameter

3 4 5 6 7 8 9

R, 0.73 0.60 0.49 0.36 0. 25 0.16 0.1
X~ , i 1.28 3.04 2.69 2.43 2.27 1.75 1.35
Y~ ./ 2.45 3.24 3.93 4.1 6 3.53 3.30 2.68
X~· .I 5.37 4.8 4.27 3.57 3.27 2.67 2.40
)'~',j 5.17 5.48 5.60 6.05 5.30 4.75 3.75

._- - - - _ .-

9 j
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b
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456 789i
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45 6 78 9 i

Fig. 47. Diffe rential MWD of PS with M" 600 accordi ng to number (a) and weight (b) obtained
fro:n the chromatogram in Fig . 46.

4. Quantitati ve determination by TLC of impurities of lowfunctionality in poly(propyl
ene oxide) polyols

It is possible to carry out quantitative determinations of components with low
functionality in poly(propylene oxide) polyols (PPOP) by a method based on the de
pendence of the mobility of the spot on the content of the oligomer?' . Fig. 48 shows
that the spo ts of POPP ha ve a "nose" with a sharp edge tapered to the front, whereas
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6, .
2 3 4 5 6 7

Fig. 48. TLC of poly(propylene oxide) diols (1'1'00) with M" ~ - 1000 in ethyl acetate saturated
with water containing 2 % of MEK. Amounts of PPOD: (I) 6; (2) 20 ; (3) 30; (4) 35; (5) 50; (6) 65;
(7) 100 fig .

(55)
1+ me

c

the rear part of the spot is spread out. As mentioned above, this shape of the chroma
tographic zone is caused by specific concentration effects in oligomer adsorption due
to the convex adsorption isotherm. It is natural to use the chromatographic mobility
of the "nose" of the spot related to the polymer concentration because the Rf value
of the nose can be measured preci sely in order to determine the amount of POPP
present in it. The chromatographic homogeneity of the substance being investigated
is an indispensable condition for using this method of quantitative analysis. Under
our experimental conditions, the R, value of the oligomer does not depend on its
MW (MW dependence of the third type) and therefore POPP samples ofthe same func
tionality are chromatographically homogeneous. Experimental checking showed that
this dependence exist s, is linear and remains constant over a concentration range of
two orders of magnitude. The slope of this dependence is related to the M W of PO PP
and to the length of development (Fig. 49). This dependence can be obtained from the
following simplified model of the ATLC of oligomers.

It is known that the RF value of the spot maximum containing an amount q
of the substance, RF q , is related to its concentration at the spot maximum by

t,
R F q = -I-

s

where Iq and Is are the lengths of development of the maximum of the spot and of the
solvent front on the plate, respectively, and c and m e are the concentrations of the
substance at the spot maximum for the mobile and the stationary phase (throughout
the thickness of the whole chromatographic layer) .

The ratio of m e to c can be determined by using the Freundlich equation which ,
in many instances, adequately describes polymer adsorption'":

(56)
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Fig. 49. Spot length (I) versus am ount of PPOD with M" = ( I) 1000 , (2) 425 (the sa me system as in
Fig. 48) and (3) 10JO (with 40 % o f M EK ).

where a and {f are consta nts ({f < I).
The co ncentration of the polymer in the mobile phase, c, can be related to the

amo unt of the substa nce in the spo t, q, by the eq uat ion

(57)

(58)

where k is a co nsta nt (k « 1). Substitut ion of eqns. 56 and 57 into eqn. 55 gives

I
RF = ~

'I I + (1 (k RFq (1)(3-1

For a limiti ngly small but still detectable a mo unt of the substa nce, qo ( RFqo = Iqp s),
we have

(60)

Assuming th at k RFqq and k RFq/lo <t: I, after simple tran sformation s the desired
dependence is obta ined :

II I = yq (61)

where III = 1'1 - 1'1
0

and y = a( 1 - (f)2k llloRF'Io/{l - a).
Eqn . 61 shows that th e value of II I is linearly related to q, as follo ws from the

experimental data . It shows a lso that the sen sitivity of quantitative an alysi s based on
measurements of the spot length (111) increases as fJ decreases and RFq increases. In
this instance, the slope of the dependence LJ I/q = y increa ses.

. The proposed method fo r the qu an tit ati ve a nalysis o f thin-layer chroma to 
grams is very simple and fai rly accurate (aq/q = 2-3 %), and can be recommended
for practical use. It permits the det erminati on of admixtures of monool an d diol in
popp samples (present in a mo unts of 1-:2 %) with thi s precision.
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VIII. COMBINED CHROMATOGRAPHIC METHODS OF ANALYSIS OF COMPLEX
POLYMER SYSTEMS INVOLVING THIN-LAYER CHROM ATOGRAPHY

In the synthesis of complex polymer systems, such as block and graft copol
ymers and branched homopolymers, apart from the main products characterized by
the polydispersity of the MW and composition (the type of branching), corresponding
linear homopolymers are also formed . So far, the investigation of these polydisperse
systems has been very complicated and laborious and often could not be carried out
by classical methods of polymer analysis. Important results can be obtained by using
combined chromatographic methods of pol ymer analysis, such as GPC for the micro
preparative fractionation of polymers with determination of the hydrodynamic radius
(R ,) of the fractions obtained, TLC for the qualitative and quantitative analysis of the
structural and chemical heterogeneity of fractions and pyrolytic gas chromatography
(PGC) for the determination of their overall composition . PGC is the mo st sensitive
(only several micrograms of sample are required) and preci se meth od for the deter
mination of the composition of copolymers with proportions of the components of
less than 1/20-1 /5085. It can also be used to determine the average MW of some ho
mopolymers (such as PM MA) 86, the stereoregula rity of polymers (polypropylene)"?
and their short-chain branching (polyethylene)":

l . investigations of mixtures of linear and branched-chain polymers by gel-permeation
and thin-layer chromatography

Classical methods for the fractionat ion of macromolecules, as well as GPC,
do not permit the effective separation of linear and branched-chain macromolecules
with similar dimension s. This problem can be solved by using ATLC, which permits
the fractionation of linear and branched-chain PS of the same hydr od ynamic size.

(a) TLC of linear and branched-chain polystyrene
It has been established" that the dependence of RF on y, the content of acetone

(the ad sorption-active component) in the eluent, is more pronounced for linear than
for branched-chain PS ". As a result, linear and branched-chain PS with simila r RF

values are well separated on the plate (Fig. 50) and can be identified by comparing
them with reference samples of linear PS with respect to the Rry dependence
(Fig. 51).

Although the theory of adsorption of linear polymers is well developed '"':",
the adsorption of branched-chain macromolecules has not been considered theoret
ically. However, it might be suggested that differences in the adsorption capacity of
linear and branched-chain PS are related to the following peculi arities of their ad
sorption behav iour. At high interaction energies (at low acetone contents in the
eluent), linear polymers become much flatter than branched-chain polymers and there
fore more of their units come into contact with the ad sorbent. As a result, their ad
sorption ca paci ty is higher than that of branched-chain polymers. On the other hand,

* It cannot be ruled out that the branched-chain PS investigated in this work bear , at the end
of branches, adso rption-active functi onal groups (such as 01-1) that cannot be detected spec trosco pically
because of the ir low content.
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Fig. 50. TLC of PS (samples I, l l, "I and IV) conta inin g linear and bran ched-chain compon ents
and sta ndard PS sampl es 4-11 (see Fig. 6) in Ch-Bz-Ac (l2 :4:y) where y = (a) 0.4, (b) 0.8 and
(c) 1.5.
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Fig. 51. RF versus acetone content (y) in TLC in Ch-Bz-Ac (l2:4: y) for linea r and branched-chain
components of sample I (full lines) a nd linear standa rd PS samples of va rio us M w (br oken lines).

with weak interactions (when the acetone co ntent in the eluent is high ; y > 0.1) ,
branched-chain macromolecules in which the segment den sity per unit area is greater
than for linear cha ins are ad sorbed more stro ngly. If thi s hypothesis is assumed, it
can"be concluded that the dependence of - /JF/k T on e should be more pronounced
for linear than for bran ched-ch ain PS and differences in the adsorption capacities of
linear and branched-chain macromolecules sho uld increase with increase in the degree
of branching. If the experimental results (Fig. 50) are evaluated from this standpoint,
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it can be inferred that components I and 2 of the samples being analysed are branched ,
component I being branched to a greater extent, and components 4 and 5 are linear .
Although the chromatographic behaviour of component 3 is similar to that of the cor
responding linear PS with an MW of 19,750, there is some difference between them ,
possibly associated with a slight branching of component 3.

(b) Micro-fractionation of polym er samples by GPC and subsequent TL C of
the fra ctions obtained

The analysis of pol ymer samples con sisted in their sepa rat ion into 12-14
fraction s by GPC with a KhZh 1302 chro matograph (Special Design Office of Ana
lytical In struments, Academy of Sciences, Leningrad , U.S.S.R.) by using a system of
Styragel columns. These fract ion s were investigated by TLC, including densi tometry
of the chromatograms.

Fig . 52 shows the den sitogr am s obtained from fraction s of one sample. In
the upper part, a densitogram of an unfractionated polymer sample is shown and a
method for the separation of den sitometric peaks into co mponents is illustrated.
These data made it possible to represent the gel chromatogram of a polymer sample
as a superposition of elution cu rves of linear and branched-chain PS constituting the se
samples (Fi g. 53). By using thi s procedure, it was po ssible to determine the content of
linea r and branched-chain compo nents in a PS sample and, by mean s of calibration
agai nst PS standards, to obtain the MW of linear compo nents by GPC or TLC. Th e

Fig. 52. Densitogr ams of thin-layer chromatog rams of sample I and its fractions obt a ined by G PC
(3- 12).
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Fract io n , N

Fig. 53. Elut ion curve of GPC a na lysis of sample I a nd distribution of com ponents 1- 5 in this
sample (fro m T LC data) . Numbe rs o n the upper curve refer to eluti on volumes (cou nts).

results obt a ined by both meth ods are in goo d ag reement. A combination of OPC
and TLC made it possible to detect and cha rac terize a minor component in linear PS
(component 5), the content of which was 1-4 %.

(c ) Determination of the molecular weight of branched-chain polystyr ene
According to Co1l89

, chromatographic columns for OPC were calibrated In

values of the hydrodynamic radius, R ,:

R.= (---.!_. (1)] M)It
S IOn N A

where NA is Avogadro's number, [1]] is intrinsic viscos ity and M is molecular weight.
Fig . 54 perm its the det ermination of the va lue of R, corresponding to the maxi

mum of each component. As the components are very narrow pol ymer fraction s
(MwiM n < 1.1 ), these values correspond to thei r average hydrodynamic radii , R;
According to Tsvetk ov et al?", the hydrodynamic radius is related to the number of
statistical segments, N, the segment length , b, and the branching factor , h, and in thi s
instance, for PS, to h and M, by the follo wing equation :

(63)

where h = (Rsh /( RJ, is the ratio of the hydrodynamic radii of branched-chain and
linear macromolecules with the same number of segments. On the ba sis of the se data,
the distribution of components 1-5 in sample I of PS is plotted again st R, (F ig. 54).
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F ig. 54. Co ncentra tio n curves of d istribut ion of sa mple I (broken line) and its components (so lid
lines) as a function of the logarithm of the hydrodynamic rad ius (log g ,). C = co ncentration.

Hence, if R , is known and an assumption is made co ncern ing the value of h,
it is possible to determine the MW of branched-chain PS. When polystyryl-lithium
is used as initiator in the synthesis of PS9!, a comb-like structure of the polymer chain
with various numbers of branches is possible. Con sequentl y, it is possible to ascribe
to the components of the se PS samples the structures show n in Table 5, where the h
values for these samples are selected in accordance with Grechanovsk y'?" . It is as
sumed that component 5 was formed from an unreacted initiat or of polystyryl
lith ium .

The data in Table 5 permit the determination of the MW of the branched
chain component by using eqn. 63 and also (assuming that the linea r component 5
is the backbone of the macromolecule) the determination of the length of the branch .
It is clear that in this instance the M W of the polymer exhibits only a slight dependence
on the selected model of branching, whereas the length of its branches exhibits a strong
dependence.

Table 6 shows as an example the results of a complete an alysis of one of the PS
samples.

Thi s investigation shows that , by using a combination of GPC and TLC, it is
possible to characterize in detail a complex narrow-disper se polymer system containing
linear and branched-chain PS. Thus, for a sample with a weight of 2 mg it was possible
to obtain the following cha racteristics: to determine the percent age of components,
th eir branching, MW and MWD of linear components and, within the scope of the

• Calculations in the pa per by G rechanovsk y" are made fo r O·solvents, but in accordance with
other workers?"?", for polymer s with MW 5.105 they can be extended to good solvents.
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TABL E 5

MODELS OF BRANCHI NG O F CO MB· Ll KE T YPE FOR COM PON ENTS O F PS IN
SAM PLE 2 A N D CO R RES PON DING VALUES OF THE BRANCHI NG FACTO R, h

Component Type of branching Models 0/ h
according to branching

Statistical distribution Fixed branchTLC data
of branch length length

Branc hed ~ 0.9 16 0.888

2 Branchcd ~ 0.93 1 0.903

Slight ly branched !}J 0.950 0.922

4 Linea r «: 0.972 0.947

5 Linear / 1.0 1.0

TABLE 6

RESULTS O F ANALYSIS O F SAMPLE 2 OF PS (CO M B-LIKE MODEL)

Parameters 0/ the component Compo nent

Branched-elwin Linear

2 J 4 5

R, (h.) 20.5 21.5 32.5 22.5 16.5
MW of the polyme r 10,500 10,600 19,500 10,500 5500
MW of the backbone 5000 5000
MW of branches 1400 1900
Content of the component ( %) 23 15 16 42 4
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theory used, to determine the parameters of branched-chain macromolecules (their
MW, MW of the backbone and branches). A component present in an amount of
1-4% was detected and characterized .

2. Determination of the polydispersity of block copolymers of styrene and methyl
methacrylate by gel-permeation, thin-layer and pyrolytic gas chromatography

The determination of the polydispersity of block copolymers includes the anal
ysis of their distribution according to MW, composition and content of the corre
sponding homopolymers. Classical methods for the determination of the polydis
persity of block copolymers by fractionation based on the different solubilities of poly
mers of different chemical composition do not permit the preparation of distinct
fractions that are homogeneous in one or several properties, in particular, for a sample
polydisperse according to MW98

. Methods of sedimentation, diffusion and turbi
dimetric titration are complicated and are also insufficiently effective for the deter
mination of the continuous distribution of copolymers". The polydispersity of block
copolymers can be investigated effectively by using a combination of several chromato
graphic methods with the following sequence of chromatographic operations. After
a preliminary fractionation of macromolecules according to size by GPC, a second
separation of the fractions according to composition is carried out by TLC, with
separation of the block copolymer from admixtures of homopolymers. Finally, the
compositions of the GPC and TLC fractions are determined by PGC85

. This method
was used to investigate a block copolymer of the A-B-A type synthesized by using
a triperoxide'?", in which A is PMMA and B is PS .

(a) Gel-permeation chromatography of block copolymers
Fig. 55 shows gel chromatograms obtained with a Kh Zh-1302 chromato

graph . A 40-mg amount of the block copolymer was subjected to micro-preparative
fractionation and was separation into 34 fractions . A comparison with an analytical
chromatogram of this block copolymer (a sample of 6 mg) shows the absence of con
centration distortions on the chromatogram in micro-preparative fractionation of
narrow-disperse fractions (M sfM n < 1.4 accordi ng to BlyIOI).

On the basis of the universal calibration graph and the values of the Mark
Kuhn constants (Kr}, a) for PS and DMF:

(64)

the retention volumes dependence VR = VR(R,) was found from eqn. 62 . The PMMA
fractions were also obtained by GPC in order to compare their R; values with those
of GPC fractions of block copolymers obtained at the same elution volume. This
method permitted the accurate identification of the PM MA admixtures in the block
copolymer and the selection of optimal systems for the chromatographic separation
of PMMA and block copolymers of different MW.

(b) Pyrolytic gas chromatography
Fig. 56 shows pyrograms of a block copolymer obtained (a) with a Tsvet-4

gas chromatograph equipped with a pyrolytic cell described previously" and (b)
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55

a

Fig. 55. Gel chromatogram of block copolymer PMMA-PS-PMMA in DMF on columns with
Styragel 5· 102

, 10" 10', 3· 10' and 105 A. (a) Preparative chromatography (40 mg of polymer); (b)
analytical chromatogram (6 mg of polymer). The numbers under the curve are fraction numbers, the
numbers above the curves are elution volume counts.

a

2
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Fig. 56. Pyrograms of the PMMA-PS-PMMA block copolymer obtained with (a) a Tsvet-4 and (b)
a Pye Series 104 chromatograph on columns packed with 2%of 1,2,3-tris-(2-cyanethoxy)propane on
Chromosorb P at a pyrolysis temperature of (a) 5000 and (b) 610°. 1 = MMA; 2 = St.
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with a Pye Series 104 chromatograph equipped with a cell in which the pyrolysi s tem
perature is controlled by a Curie-point control unit. The reproducibility of the pyro
grams obtained with both instruments is 1-3 %. However, the sensitivity of analysis
is higher with the Pye chromatograph , which permits the determination of the corn
position of a copolymer by using 0.2 mg of sample.

It is known85.I02 that, depending on the structura l properties of polymers
(MW, composition , etc.), their pyrolysi s proceeds differently . Nevertheless, it is
possible to select conditions of pyrolysis under which these differences do not affect
the chromatogram'", It is clear that only under these conditions is PG C suitable for
determining the overall compositio n of block copol ymer fraction s. Fig. 57 shows
the ratio of the are as under the chromatographic peaks for St and MMA in
the pyrogram versus the rati o of the weights of PS and PM MA in the sample. It is
clear that, irrespecti ve of the MW of PM MA and the type of sample being analysed
(a mixture of homopolymer s, rand om or block cop olymer s) under these conditions of
pyroly sis, all experimental points fall on the same stra ight line and the dependence
obtained can therefore be used to determ ine the overall composition of the block
copolymer (if the instrument is cali brated against a mixtu re of PS and PM MA).

r--- ,-----,-- - - --,-- - - r----.-.

3

2

4 5

Fig. 57. Ratios of peak a reas for St and M MA (S " IS" " A) versus weight ra tios of the se mon omers
(qS,/qMMA) in polymers of vari ou s type s. I , Random cop olymer of St-M MA ; . , block cop olym er
of St-MMA; mixtures of PS with MW ~ 5. \ ·10 ' and PM MA of MW - « j ) 3 · 10\ ( /: ) 6 '10\ ( D )
lOS and ( l',) 2 ' 10'.

(c) Separation ofpoly(methyl methacrylate) and the block copolymer of poly
styren e-poly(methyl methacrylate ) by TLC and determination of their ratios and of the
block copolymer composition by PC C

Prec ipitation TLC as described on p. 49 was used to separate the ST- PMMA
block copolymer and the accompanying PM MA. The plate s were chr omatographed
in a mixture of CHCI3 and methanol , the co mposition of which was varied (Table 7),
depending on the MW of the block copolymer and PM MA (PGC fraction number) .
Fractions obtained with a gel chromatograph at the same retention volumes as the
block copolymer fractions were used as reference PM MA. Th e relati ve contents of
PMMA and the block copolymer were determined from the overall composition of
GPC fractions conta ining the block copolymer and PMMA and of TLC fraction s
extracted from the plate with acetone. The overall composition of the fract ions was
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determined by POC under conditions excluding the effect of the micro-structure of the
copolymer on the character of pyrol ysis (Fig. 57). It can easily be shown that if the
chemical compositions (the ratio of monomer units) of two polymer components of
TLC fractions of the block copolymer (x) and of the PMMA admixture (y):

(65)

and the chemical composition of their mixture (OPC fraction) (z):

(66)

are known, it is possible to determine the ratio of these components in the mixture
(w = qllq2) from the equation

ql (z - x) (1 + I /y)
W = - - = --- - - - - - =

q2 (x + I) ( I - zjy)

(z - x) (I + y)

(l + x) (y - z)
(67)

When the first component is a pure or almost pure homopolymer (m~ ---'>- 0, x ---'>- 0),
eqn. 67 is simplified to

W = Z (1 + y) (68)
y - z

Hence, in order to determine the weight rat io of components in the mixture, it is
sufficient to analyse by POC its chemical composition, z, and also the composition
of the separated components, x and y, and to use the corresponding equations for
calculating OJ. The precision of these determinations is 5-10 %.

The results obtained for the composition of the ope fractions (the contents
of PMMA and the block copolymer) and the composition of the block copolymer are
given in Table 7.

(d) Compositional distribution of the block copolym er depending on R.,
As a result of investigat ions of 0 PC fra ctions of the block copolymer (Fig. 55)

by POC and TLC, it is possible to determine from eqns. 66 and 68 and values of x,
y and z and the weight ratio of the block copolymer to PM MA (m = qPMMAjqblock)
in each fraction. Now, knowing the increments of the refractive index [(anjac)ps =

0.173 mllg and (anjac) = 0.064 mljg] and by using for copolymers the rule of the ad
ditivity of increments of refractive index in solution'?", it is easy to obtain from the gel
chromatogram LIn = / In( VR ) , the ratio of PS, PMMA and the block copolymer in
GPC fractions.

The result s of the calculations are given in Fig. 58, which shows the distribu
tion of the overall composition of the polymer sample, the amount of the block co
polymer in it and its composition versus hydrodynamic radius (R ,) calculated from
that for PS according to eqn . 62.

Fig. 58 show s that as R, (MW) of the block copolymer increases, the content
of PS in it decreases while that of PM MA increases. This result becomes understand
able if one takes into account that the synthesis of the A-B-A block copolymer pro-
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ceeds in two stages when a triperoxide is used as init iator'?": PMMA is bonded to the
PS backbone. It is natural that under the se conditions an increase in the MW of the
polymer takes place owing to its increasing PMMA content.
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Fig. 58. Distr ibuti on of the PMMA- PS-PMM A block co po lyme r as a function of R , according to
GPC, TL C and PG C data . e, Unfract ionated polym er ; 0 , PMMA ; /:" PS; D , block copolymer ;
6.. PMMA content in the block copolymer.

The distributions obtained for the block copolymer of St and MMA are con
tinuous and, moreover, the y are not ba sed on any arbit rary assumptions. Their basis
is provided by such reliable ph ysical relationships and proce sses as fractionat ion of
macromolecule s according to size by GPC, the Benoit universal calibration graph
and fractionation of copolymers according to composition by TLC with qu antitative
determination of the composition of the copolymer by PGc.

3. Investigations of graf t copolymers of cellulose by gel-permeation and thin-layer
chromatography

Usually, in investigations of graft copolymers it is necessary to establish the
presence of the corresponding homopolymers, and methods of fractionation involving
extraction, precipitation'P:'?' , and centrifugation in den sity gradient ha ve been used
for this purpose. The solubility of the graft copolymer of cellul ose ha s been ensured
by chemical mod ification of the cellulose backbone or by a special selection or
solvents'?". In prin ciple , TLC can be used for the separation of the graft copolymef
and corresponding homopolymers, as was shown by Stannett and co-workers' P'"'?",
taking as an example the graft copolymer of PS-PM MA.

Another trend in studies of cellulose gra ft copolymers is based on the decom
position of the cellulose ba ckbone by acid hydrolysis' P''<'!' or acetol ysis'P and the
determination of the molecular characteristics of the liberated graft copolymer. How
ever, it is difficult to separate the products obtained.
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Taga and Inagaki":' proposed a variation of this method for investigations of
the cellulose-styrene graft copolymer, involving acid hydrolysis of the copolymer, sepa
ration of free and grafted PS by adsorption TLC and determination of the MWD
of this PS by GPc. The polystyrene chain s that are split off by acid hydrolysis bear
polysaccharide end- residues, the presence of which in PS in confirmed by the bending
vibrations at 3620 cm- 1 in the IR spectra. PS with polysaccharide end-residues ex
hibits a high adsorption activity, which correlates with an increase in the adsorption
capacity of PS with an MW of 105 when carboxyli c end-groups are introduced into
it114 • On this basis, free and grafted PS can be separated by TLC on silica gel plates
in THF. Grafted PS is located in the lower (starting) spot and free PS moves with the
solvent front. If the chromatogram is developed by spraying successively with a satu
rated solution of thymol blue in 50 %aqueous ethanol and 3 N sulphuric acid, the
intensity of blacking of the upper and lower spot s allow s the determination of the
fraction of grafted PS-Pg , in the total amount of PS.

The upper and lower spots of PS were extracted from the plate and their MWD
determined by GPC on Styragel columns (107 + 10" +- 104 A). The values of M';
and M'; for PS found by this method are given in Table 8.

Taga and Inagaki'P reported that the value of M w obtained by GPC is higher
than its value determined by sedimentation and viscometry. The data in Table 8
permit the checking of the material balance of fractionation of PS by TLC:

Mn(PS,o,) = Mn(PSg , ) X MIl(PSr,) X [Pg , X Mn(PSr,) + (I - Pg , ) x
Mn(PS g,)]- 1 (70)

where P is the molar fraction, and the subscripts tot, gr and fr refer to the total
amounts of PS, graft and free PS, respectively. The values of M w = 12.4.105 and
M n = 2.9 ' 105 for PSI OI are in good agreement with experimental values (Table 8) for
this PS.

TABLE 8

RESULTS OF ANALYSIS OF PS BY GPC

Sample

PS after hydrolysis - PSI OI

Grafted PS-PSgr (lower spot in TLCj
Free PS-PS" (upper spot in TLC)

M n,1O-
5

2.8
1.9
4.9

M .,' /0- 5

13.0
5.8

17.0

4. ';
3.0
3.5

This method of analysis permits the determination of the index of the degree
of grafting (Fg) for the graft copolymer:

F = average number of PS chains in the graft copolymer
9 average number of cellulose chains in the graft copolymer

(
A , P ) ( 100 ) - I

= M
n
(P~g,) . M

n
(cellulo se) (71)

where A ( %) is the increa se in the weight of cellulose during grafting.
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IX. CONCLUSIONS

83

Thin-layer chromatography was de veloped later than gel-permeation c hro
mato graphy and attention was drawn to thi s method primarily because it provided
the possibility of studying the compositional homogeneity of copolymers and other
types of polydi spersity of polymers not related to differences in the hydrodynamic
radii of macromolecules on which GPC analysis is based .

Later, TLC was used to investigate other polymers and at present it permits
the investigat ion of virtually all types of polydispersity of pol ymers: in molecular
weight, chemical composition , regul arity and stereoregula rity. It is also used to deter
mine the MWD and functionality of oligomers and admixtures of homopolymers in
blcck and graft copolymers. Simple qualitative methods have been developed for the
determination of all of the se peculiarities of chemical structure of polymers, including
the characterization of such hardly distinguishable pol ymers as two- and three-block
copolymers with the sa me composition s. Quantitative methods for the TLC of poly
mers are more complicated. In th is instance, quantitative analysis based on dual
wavelength densitometry requires expensive instrumentation. Nevertheless, when
computers are used in this method , its efficienc y permits the mass a nalysis of the MWD
and compositional homogeneity of pol ymers. The sa me problems can be solved , but
with lower accuracy, by methods related to the determination of the dimensions of
the chromatographic zones on a th in-layer plate, including the method based on the
equidensity technique. The advantage of these methods is that they do not require
complex instrumentation .

In the TLC of polymers, all advantages of this type of chromatography are
combined: simple instrumentation, high sens itivity, speed of analysis and relative
simplicity of the selectio n of sepa ra t ing systems. However, the TLC of polymers has
certain limitations. Fir st, it requires reference samples of the polymers being analysed
and, secondly, its reproducibility is not high and it is neces sary to develop on the sa me
plate reference sa mples for comparison in each experiment. Nevertheless, the high
sensitivity of TLC makes it possible to use only a few micrograms of the polymer for
the anal ysis and hence only sma ll a mo unts of reference samples are con sumed.

Virtually all types of mechanisms of the distr ibution of polymers between liquid
and solid phases have been used in the TLC of polymers. Consequently, further de
velopment of these methods will be related to the use of new types of adsorbents, such
as cellulose and inorganic ad sorbents with adsorption characteri stics that differ fun
damentally from those of silica gel (such as magnesium oxide or silicate).

Further progress in the TLC of polymers will also be related to the standardiza
tion of the analytical technique, primarily in quantitative analysis. TLC should also
be more widely applied to different classes of polymers and different types of poly
dispersity.

The application of a combination of TLC a nd G PC to polymers is particularly
promising, as GPC permits the fractionation of macromolecules according to their
hydrodynamic size and TLC allows the investigation of the chemical structures and
compositions of the fracti on s obtained . It is also possible to obtain by GPC polymer
samples characterized according to MW a nd to use them as reference polymers in
TLC.

The current state of development of the TLC of pol ymers makes it possible to
use this technique effectively both in the analysis of newly synthesized polymers and
in the indu strial control of commercial pol ymer materials .
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XI. SUMMARY

The thin-layer chromatography (TLC) of polymers is based on the use of
virtually all kinds of polymer distribution: adsorption (adsorption TLC), molecular;
sieve effect (thin-layer gel-permeation chromatography) and dissolution-precipitation
(precipitation and extraction TLC). The method permits the investigation of all
types of polymers polydispersity: polydispersity according to molecular weight ,
chemical composition, geometrical and stereo-isomerization and the number and
nature of functional groups. TLC is particularly effective for determining the molec
ular weight distribution of homopolymers, the composition heterogeneity of copoly
mers, the degree of blocking of block copolymers, the functionality of oligomers and
the admixtures of homopolymers in block and graft copolymers. By combining
various TLC methods, such as precipitation and adsorption TLC, it is possible to
determine the composition and the molecular weight of random copolymers.

The use of TLC in combination with other chromatograph ic methods (gel
permeation and pyrolysis gas chromatography) provides great possibilities for the
investigations of complex polymer systems.

Quantitative TLC methods based on double-wave densitometry, the determina
tion of the size of chromatographic zones and the use of flame-ionization detectors
make it possible to obtain numerical characteristics of polymer polydispersity.

The TLC of polymers presents all the advantages of this type of chromatogra
phy: simple instruments, high sensitivity and speed of analysis and a relatively easy
choice of separating systems. The method has the following disadvantage: in each
experiment it is necessary to carry out simultaneous chromatography of reference
samples of the investigated polymers due to a relatively low reproducibility of this
method.
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The contribution s of diffusion and convection to the dispersion of solutes by
fluid flow through packed bed s are the mo st fundamental and genera lly important.
Whereas other contributions to dispersion are limited to some special types or
applications of packed beds (e.g., distribution of the sol utes over moving and stagnant
domains of the fluid is limited to beds of porous particles, and distribution over the
moving fluid and the surface of the particles is limited to catalysis and ad sorption
chromatography), diffusi on and convection are important in such diverse fields as
hydrology, petroleum engineering, chemical reactor technology and all typ es of
chromatography.

The amount of convective dispersion depends greatly on the packing charac
teristics of the bed . Therefore, the importance of thi s phenomenon increased con
siderably after the introduction of high-performance liquid chromatography. Whereas
"good" packings, showing a small amount of longitudinal convective dispersion , can
be easily prepared from the relatively large particles th at are used in gas chromato
graphy and low-pressure liquid chroma tographic techniques (e.g., gel-permeation
chromatography and ion-exchange chro matography with soft materials) , the prepa
ration of good packings from the very small particles that are used in high-performance
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liquid chromatography is difficult. Knowledge of the laws that govern convective
dispersion enables one to judge the quality of packings in columns for liquid chro
matography, and to compare the merits of different packing techniques. This is one
of the aims of the present paper. Another aim is to discuss some new aspects of
diffusive and convective dispersion that have been revealed by the painstaking
investigations by workers in the fields of chromatography and chemical engineering
during the last few years.

2. THEORY

When an amount of solute is injected into a packed bed and transported
through it by a moving fluid, the solute is dispersed in both longitudinal and radial
directions by diffusion and con vection .

For longitudinal dispersiori, Giddings ', in 1959, deri ved the equation

(I)

where
a = standard deviation of the concentration profile of the solute;
L = migration distance in the bed ;
H = plate height;
y, A, C = dimensionless coefficients, depending on the geometry of the packing

and the dynamics of flow;
dp = particle diameter ;
D = diffusion coefficient:
u = mean fluid velocity".
An analogous equation had been suggested 2 years earlier by Beran ? on a

semi-theoretical argument. In the field of chemical engineering, eqn. I has been used
by Edwards and Richardson",

The influence of the ratio of the column diameter to particle diameter, (!, on
the geometry of the packing was realized at a very early stage". As a consequence of
this influence, y, A. and C may be functions of e. H uyten et al? and Sie and Rijnders"
introduced the column diameter, d., explicitly as a variable:

(2)

where K and AR are dimensionless coefficients, depending on the geometry of the
packing and the dynamics of flow.

It can be shown easily that eqn s. I and 2 are equivalent, by introducing the

• II is equal to Lit , where t is the mean time spent by the molecules of an unsorbed sample in
traversing a distance L.



DISPERSION IN CH ROMATOG RA I' H Y 93

reduced plate height, h = Hid,., and the reduced velocity, v ~ , ud. ]D . In terms of
these variables, eqn s. I and 2 are, respecti vely:

Ii , -~- +~- (3)
I' I I ct-

and

(4)

These equat ion s show that }, is equal to K(/ f}.R and C is equal to yl }'R'
Eqn . 3 is suita ble for use in co mparing experimental data obtained for different

values of d. , de and D. Accord ing to this equation, h depends only on the variable v.
However, it must be remembered th at the coefficients y, }, a nd C may depend o n the
geometry of the pack ing ii .e., o n (!> a nd o n whether th e particles are spherica l or
irregular) and o n the dynamics o f flow.

Some recent resu Its on the longitud inal and radial disper sion of argon in
packed beds of glass spheres? are shown in Fig. 1 as a fun ct ion of 1'. The resemblance
of the two sets of data points is st riking, and suggests that radial di spersion can also
be described by a n eq ua tion of the type of eq n. 3. A uni fied theory of longitudinal
and radial dispersion was given by De Lign y". As thi s wo rk was published in a journal
that is not fam iliar to mo st chroma tog ra phers, th e ma in po int s of the derivati on a re
given here for the sa ke of conv enience. The theory resembles Giddings" random walk
treatment.

When the molecule s of a sam ple mu st choose a number of times, 11, between
two equally pr obable sit ua tions P and Q, in the former of which the y make a ste p p
backward s a nd in the latter of which the y ma ke a step q for ward s relat ive to the
mean position of the sample, a di str ibution is gen erated? with a va riance

(5)

•
•

• • •o
e

• til· •
•

• •
e

1000100

o

10

-,

0 .1 L- ....l.- .......L ...l..- ........--.J

, OJ
v

Fig. I. Data on longitudina l and rad ial d ispersion of argon in packed beds of glass sp he res. _,
Experimenta l da ta on lon gitudinal dis pers ion"; ' ), exper imenta l da ta on radi al dispersion ", Sol id
line, pred icted curve for longitudi nal dispers ion (eq n. 3, see Table I) ; bro ken line, pred icted curve
for radial dispersion (eqn . 3, see Table I) .
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Suppose that the bed is an arrangement of equal numbers of nearly cylindrical volumes
P and Q that are passed by the sample molecules in a random way. The volumes P
and Q are characterized by longitudial velocities 1I( I - - CL) and 1I(I -t Cd, respectively;
radial velocities - liCRand lIC R , respectively; tan gential veloc ities v-vr"T and lIC1-,

respectively ; length C,(I -CjJdp and C1(I -+ C/.)dp , respectively ; and a radius Csd;
(the symbol C denotes a dimensionless coefficient).

The mean longitudinal, radial and tangential velocities are then 1I,0 and 0,
respectively, and the mean length ofa volume is Cid; *. Hence the number of volumes
that a molecule would pass (in the ab sence of radial and tangential velocity com
ponents and in the a bsence of diffusion) when it tr averses a length L of the bed, i.e. ,
the number of times that the components of its veloc ity may cha nge, is

L
n, = CT

1 p

(6)

The mean time, Tf , required to reach a neighbouring volume by radial and tangential
flow is

(7)

(8)

The time t spent in traversing the bed length L is equal to L lu. The number of vo lumes
th at the molecule passes in thi s time , i.e., the number of times that its velocity com
ponents may cha nge, is

t L
nz = - = - - -

Tf C3 d;

The mean time, Td' required to reach a neighbouring volume by rad ial and tangent ial
diffus ion is

(9)

The number of volumes th at the diffusing molecule passes in the time t or l. lu, i.e. ,
the number of times that its velocity components may cha nge, is

t LD
n3 = - - = - - - -

Td C4 d; Zu
(10)

Hence the total number of time s that the velocity components of a m olecule may
change is

n = n, -+ nz + n, = L (---'--- + --.!?_ -) (II)c, dp C4 dp Zu

* It is immate rial whether or not the long itud inal , rad ial and tan gent ial velocities are cor related,
as assumed here fo r ease of formulation. The condi tion that the volumes P and Q be passed by the
sample molecules in a random way can be met only if the volum es P and Q are placed in the bed in
a nearly random way. Th is means that the co rrelati on between the velocity profiles in different cross
sections of the bed is th ought to be lost after a mean bed length C1d".



DISPERSION IN CH ROM ATOG RA PH Y 95

The mean residence ti me in a vo lume is till or Llun. The mean backward and forward
steps p and q during thi s residen ce time are L CL!II in the lon gitudinal direction a nd
LCRill in the rad ial d irecti on . Thus, in both direction s the result ing variance is of the
form

It follows that the red uced plate height for co nvec tive d ispersion is

(12I L. R
l L .R( c o n v) _. L~T: (13)

where 2A is equ al to C' and C is eq ua l to Co' Addi tion of the red uced plate height for
diffusive disp ersion , 2yI I', yields cqn . 3.

The model is, admittedly, an over-simpli fication. However , it predicts co rrect ly
the shape of graphs of h as a func tion of I', for both rad ial and lon gitudinal di sper sion.
Identical equation s for radi al a nd lon gitudinal di sper sion ha ve been obtai ned by the
application of the spectral theo ry of the ra ndom co ncentrat ion field of dis perse
systems!".

From a large amo unt of literature dat a on di spersion in well packed beds,
mostly cons isting of lar ge particles with a narro w size distribu tion , the va lues of the
coefficients y, i. and C ha ve been evaluated''-" as fun ction s of (j. The va lues of these
coefficients appeared to depend o n the sha pe of the particles a nd o n the ph ysical sta te
of the moving flu id (Ta ble I). G raphs of A and C for lon gitud inal dispersion as a
function of (j are shown in Fig. 2, and graphs of h for lon gitudinal disper sion as a
function of I', calculated by eq n. 3, are shown in Fig. 3. G raphs of this type can be
applied to judge the qu ality of packings a nd the importan ce of ext ra-c olumn and
injection effects. Th is ha s been do ne in Fig. I, where recen t ex per imenta l dat a? a re

TABLE 1

VALUES OF y, A AN D C AS A FUNCT ION OF e":"
Parameter Liquk! fluid

Spherical
p art icles

Irregular
particles

Gaseous fluid

Spherical
particles

Irregular
par ticles

0.73 0.64
0.67 (8(/ -1 155)/(2u2 -I- 125)
(16'.." -1 3 10)/3e 2

0.12
80

0.64
i 5)
I 55)/U'

0.73
5'.}/(2'.}
( 8~l j

0.08
a (ref. 13)

y'
,\ (longitudinal dispersion)
C (longitud ina l dispersion) "
J, (radial d ispers ion)'"
C (radia l dispersion ) '"

• Y is abo ut equal for beds consisting of ma ssive par ticles an d for beds consisting of wide -po re
porous par ticles such as Chromosorb" . For beds cons ist ing of na rro w-po re, irregu la rly shaped
particles (broken CuO ' ZnO ca talyst part icles , mea n pore d iameter 350 A) , Suzu ki and Smith !'
found y ~ 0.58 .

•• In the calc ulatio n of C for lon gitud inal dispersion fro m the da ta in ref. II , y was put equal to
0.67 as an ap proximat ion fo r both sp heri ca l and irregula r pa rticl es .

... Values hold ing for U "?' 10.
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P
Fig. 2. Coefficients A and C in eqn. 3 as a funct ion of Q, for lon gitud inal dispersion . J.: Solid line,
liquid fluid, spherica l a nd irregular part icles ; broken line, gaseo us fluid, irregular par ticles. C : Solid
line, liquid fluid , spherica l and irregular pa rt icles; broken line, gaseo us fluid, sp herica l and irregular
particles.
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Fig. 3. (a) Redu ced plate height, II, as a function of the reduced velocity, I' , for lon gitud inal dispersion
and a liqu id fluid a nd for I! = 3, 10 an d 100 (fo r both spher ical and irregu lar particles). (b) Redu ced
plate height , h, as a funct ion of the reduc ed velocity, v, for lon gitud inal dispersion and a gaseo us
fluid and for I! = 3, 10 and 100. Sol id line , spherical par t icles ; bro ken line , irreg ular part icles.
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compared with the theoretical graphs of h for longitudinal and radial dispersion as
a function of \', The experimental data appear to be in good agreement with the
theoretical curves,

There are several reasons why experimental data on unsorbed solutes and
massive particles may deviate from the theoretical curves of Fig. 3: microscopic
packing irregularities, a wide particle size distribution, and the occurrence of turbu
lence ':'. In porous media, there are no sharp transitions from laminar to turbulent
flow, but rather there is a gradual transition from laminar flow to fully developed
turbulence in the range of Reynolds numbers 10 < Re < 103 (Re = ud.jv, where v is
the kinematic viscosity of the moving fluid). This transition occurs, for a solute such
as benzene, in gaseous fluids in the range of reduced velocities 10 < v < 103

, and in
liquid fluids in the range 103 < I' < 105

. The theoretical values':' of h for fully
developed turbulence are h -c I for longitudinal dispersion and h = 0.18 for radial
dispersion. The limiting value of the right-hand side of eqn. 3 is equal to 2,1, Com
parison of the values of A in Table I with the above estimates of h for fully developed
turbulence shows that the occurrence of turbulence has only a minor influence on
radial dispersion, whereas it decreases h for longitudinal dispersion. As a result, a
maximum may occur in graphs of h for longitudinal dispersion as a function of v.
According to Perkins and Johnston 13, in the transition region h should be between the
value for laminar flow and the value for fully developed turbulence, as there are
probably both types of flow in different pore spaces. They proposed the following
equation:

l /Il = (I ---W)/hlaminar flow -+-- IV/h,urbulence (14)

where IV is the turbulence weighing factor. A graph of IV as a function of Reynolds
number is shown in Fig. 4.

It is obvious that additional contributions to peak dispersion occur if the
solute is distributed over the moving inter-particle fluid and either the stagnant intra-

1

08

w 06

0.4

Re
Fig. 4. Turbulence weighing factor, w, as a function of the Reynolds number, Re = ud.]v, after
ref. 13.
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particle fluid in porous particles, or a liquid coating, or the adsorbing surface of the
particles. These contributions are beyond the scope of this paper.

It follows from the gradual change of A and C with j. in Fig. 2 that the change
of h with (! is also gradual; h tends to a limiting value that is attained at IJ R:; 100
(see also Fig. 3). Thus, properly designed and carefully packed preparative columns,
for which e is very large, have h values that are comparable to those of analytical
columns. Godbille and Devaux" reported a minimum value of h equal to 2.5 for a
1.8-cm 1.0. column, packed with particles of diameter 10- 3 em, for which p = 1800,
with a liquid eluent. Earlier", they had obtained a minimum value of h equal to 4
for an 8-cm J.D. column, packed with particles of diameter 35 .10- 4 cm (IJ C 2300).
The theoretical minimum value of h for massive particles and unsorbed solutes, from
Fig. 3a, is equal to 1.6.

3. DISCUSSION OF SOME RECENT STUDIES

(A) Empirical correlations

Recently, Cluff and Hawkes!" presented a statistical correlation of750 literature
data on dispersion of non-sorbed solutes in packings of impermeable spheres. The
data were fitted to a linear equation involving the variables I', 1'2, 1,3, Re, Re2

, Re3
,

E, li E, d., d.; dcldp , L, J/I', 1/1'2, liRe, J/Re2
, log L, log I', log d., log dp , and log Re

(e is the porosity of the packing). They were forced to divide the data into two groups,
obtained at low and at high reduced velocity. Although eight and four of the above
variables, respectively, were retained, the correlation coefficients obtained are not
impressive, being 0.855 and 0.955, respectively. A strange result, from the theoretical
point of view, is the absence of a diffusion term, proportional to III', in the low velocity
data.

(B) Theory

Gunn'? applied probability theory to the study of longitudinal dispersion. He
returned to a more simple physical model than that underlying eqn. 3, viz ., a model
wherein the interaction of radial convection with longitudinal dispersion is neglected.
As a result, he obtained a complicated equation containing only two parameters :
the analogue of the C parameter in eqn . 3 is missing.

One of these parameters (the probability of axial displacement, p) is a function
of Reynolds number. In a later paper", the effect of variations in the fluid velocity
over the cross-section of a packed bed was taken into account by the introduction
of a third parameter, a~. This parameter is assumed to depend on the quality of the
packed bed and on Reynolds number. It follows from the introduction in this paper
that the fluid velocity profile, and thus the parameter a~, depends also on (}, but Gunn
has not, as yet, assessed this relationship. Thus, while his equation is suitable for
describing experimental data, it is, as yet, less suitable for predicting the amount of
dispersion for varying values of IJ.

Miyauchi and Kikuchi", following the classical Van Deemter approach,
started from the equations for the material balance in rapidly and slowly moving
parts of the streaming fluid . The resulting equation can be formulated as follows, in
our symbols:
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11 = 2 I 1l(collv) -y
I'
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(15)

The reduced plate height for con vective dispersion , l1( con v ) , is a function of Reynolds
number. The coefficient y is a function of a specia l type of Peclet num ber, PeM II , that
is equal to 0.67 e I ' pI(1 ---pl. Thi s simple equ ati on , conta ining only three parameters,
gives good correlatio ns with experiment al dat a in both the lam inar and turbulent
flow regimes. Possibly the correlations will become even better when the dependence
of y on (j and on the physical sta te of the fluid (as stro ngly suggested by the data on
;, and C in Table I) is taken into acco unt.

( C) Diffusive dispersion

Altho ugh it has been recogn ized that the value of the " to rtuosi ty factor", y ,
depends on the sha pe of the particles, i.e., on the geometry of the packing (see Table I),
until recent ly any dependence of y on the dynamics of flow had no t been demon
strated. Hawkes" was able to show that the value of y increases from 0.60 at zero
flow-rate to a limiting value of 0.75 at a reduced velocity \' ~ 0.1, in a bed of glass
spheres, and with a gaseous fluid. As the limitin g value of y is attained at a low value
of the redu ced velocity, it is understandable that the value encountered in practice is
y = 0.73. Hawkes suggested that for radial diffusion the sta tic value y = 0.60 should
hold. However, experi menta l dat a point to a larger value 13, ' 7 , 19 .

(D) Turbu lence

A careful investigation of turbulence in gas and liquid ch rom atography was
made by Kaizum a et al:", The ir results a re show n in Figs. 5 and 6 as graphs of h as
a function of r and as a fun ction of Re, respectively. Deta ils of their columns are
given in Tabl e 2. Fo r comparison, dat a from an analogo us investigat ion by Knox-'
have been includ ed in Table 2 and Figs. 5 and 6. It follo ws from these figures that
the amount of dispersion in the column pack ings prepared by Knox is less than in
those prepared by Kaizuma et al. Th is may be the result of one or more of the follow
ing differences in experimenta l cond itions : (i) Knox applied a slurry packin g tech
nique, Kaizuma et al. a dry packing techn ique : (ii) Knox used columns of length
11 5 ern, Kaizuma et al. of length 300 crn ; it is well kno wn that it is eas ier to prepare
good packin gs in sho rt than in lon g columns; (iii) the values of dJ aR in the columns
investigated by Knox are larger than in those investigated by Kaizum a et al.; there
fore, the favourable "infinite diam eter effect" is a lso larger (see the next section).

Figs. 5 and 6 clearly show the maximum of h that has been pred icted in the
introductory section, as a result of the gradua l increase of turbulence.

In Table 3 the differences in the experimental values of h, obtained by Kaizuma
et al., and the theoreti cal va lues for lamin ar flow, from Fig. 3, are given for various
values of 1'. If the columns were perfectly packed, these differences should be about
zero in the laminar flow ran ge, a nd beco me negati ve at the onset of tu rbul ence.
Instead, a ll of the differences a re pos itive, which indicates that the qualit y of these
columns is inferior to that of the packed beds that pro vided the dat a on which Fig. 3
is based. The differences are slightly greater for the wider co lumn r, and they are
about equal for liquid and gaseo us fluids up to I' = 5 . 102

• Thi s mean s that the effect
of turbulen ce on the redu ced plate height is of little concern up to this value of the
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F ig. 5. Turbulence-induced maxim a in plot s of It as a fun ction o f v. Solid line, liquid fluid; broken
line, gase ous fluid . I, II : Co lumns I an d II of ref. 21, with r! - 9.91 a nd 3.74, respecti vely (see Ta ble
2). 1, 2: columns 1 and 2 of ref. 22, with e = 11.6 and 3. 1, respectivel y (see Table 2).
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Fig. 6. Turbulence-induced maxima in plot s of Iz as a functi on of Re, Lines and numbers as in Fig. 5.

TABLE 2

DETAILS OF THE COLUMNS, USED BY KAIZUMA et al ." (I, II) AND BY KNOX" (I , 2)
- _ . -- - --

Paramet er J {[ 2
._. ._ ..- _. - -

Length (ern) 300 300 115 11 5
Internal diam eter (ern) 0.498 0.188 0.57 0.30
Glass bead diameter (ern) 0.050 0.050 0.049 0.097
e 9.91 3.74 11.6 3.1
Packing density (g 'cm- 3) 1.552 1.436
Porosity 0.375 0.42 3
d, lrrR (v > 100, liquid fluid) 0.32 0.12 0.60 0.22-_. .- --_. --~----- - .._-- --- - ~-_ . -- -. .-

TABLE 3

DIFFERENCES OF EXPERIMENTAL VALUESZI OF It AND THEORETICAL VALUES FOR
LAMINAR FLOW (FROM F IG. 3) FOR VARIOUS VALUES OF v

v Liquid flu id Gaseous fluid

Column J Column lJ Column J Column II

\0
102

5·\02
5.103

5 ·10'

0.5
1.4
2.5
7.0
2.0

0.1
0.7
2.1
6.8
5.3

0.8
1.7
2.1
1.7

0.1
0.8
1.5
1.3
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reduced velocity . At higher values of the latter, h decreases for gaseo us fluids owing
to the development of stro ng tu rbul ence. Fo r liqui d fluids, the decrease in h does not
start until a red uced veloc ity of 5 . 103 is reached, co rrespo ndi ng to a Reyn old s number
of 5. Altho ugh the only reason able explana t ion of the decrease in h seems to be the
development of turbulence, it is unexpec ted that this phen omen on is a lready mani
fested at such a low Reyn old s number (Knox -' o bserved the maxima at higher
values of Re).

In Fig. 6 the curves for liqu id fluid s a ppea r to mer ge int o those for gase ous
fluids at high Reynolds number s, as expec ted, and to lead to th e the oret ical limit
h = I for fully developed tu rbulence .

(E) The " infinite diameter effect"

Kn ox and Par cher-' pointed o ut that a n increase in the column diam eter, under
otherwise constant experimenta l con ditions, may ha ve a favou rable effect on plat e
height if the so lute is introduced in the ce ntre of the cross-secti on of the co lumn. If
the column is very wide , onl y a small fra ction of the solute reaches the wall layer of
the packin g. Thus, the main frac tion of the so lute moves through the hom ogeneou sly
packed centra l part o f th e pac king, and the app ropriat e value of j, to be used in
eqn. 3 will be sma ller than that given in Tabl e I. The parameter th at governs thi s
effect is the ra tio o f the co lumn d iameter , d.; to the sta nda rd deviat ion for rad ial
dispersion , aR ' If thi s ratio is less than 0.12 , more than 95 %of the solute reaches the
wall layer. If it is greater th an 4, less th an 5 % of the so lute reaches the wall layer.
Hence, the effect of th is phe nom enon wiII be manifested in the range 0.12 < dj aR < 4.
According to eqn. 3, th is rati o can be calc ula ted fro m

at = (~ -I- _~~_) !!y_~
d: v I + CR/v d/

The term within parentheses is o f th e sa me o rde r of magn itude in gas a nd liquid
chromatog raphy, whereas d" an d L are usually much sma ller in liqu id chro mato
graphy. It follows th at «J «. is usually much sma ller in liqu id chroma tography, and
consequently the "in finite di ameter effect" is more likely to show up in liquid than
in gas chroma tog ra phy. Accord ing to Tab le I, eqn . 16 ca n be simplified as follows
for liquid chromatography:

aR
2

= (~ + 0.16)' !!J._~ (\7 )
d/ v d/

Knox and Parcher" did not verify their pred ict ion s exp erimentally ; instead, the y
demonstrated the favourable effect o n plate heigh t o f sam pling o nly the centra l part
of the co lumn.

Coq et 01.24 observed a decre ase in plate heigh t in liquid chromatogra phy when
the column diameter increased from 0.21, thro ugh 0.3, to 0.4 6 cm. They could not
establish whether thi s effect was du e to th e "infinite diam eter effect" or to extra
column effects.

Th e favourable effect of a lar ge column diameter in liqu id chrom atography
was also dem on strated by De Stefano and Beachell" , who compa red two co lumns of
length 49 cm and J.D. 0.21 a nd 1.09 cm that were filled with 5.10 - 3 cm d iameter
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spherica l porous silica (Porasil A). The valu es of dC/aR were 1.0 and 5.4, respecti vely.
Beachell a nd De Stefano:" inves tiga ted pea k di spersion in liqu id chro ma to

graphy , using spherica l 30- 68 ·\0 -4 em diameter particles with contro lled surface
porosity. They used precisio n-bore co lumns of 50 em len gth a nd 0.79 ern 1.0. a nd
applied a dr y packing technique. A ll o f their column s were of " infinite dia meter",
dc/a R ra nging from 3.5 to 5. Their results on the unso rbed solute benzene are com
pared with the the oretical curve in Fig. 7. At low red uced velocity, the exp er imenta l
data are clearly belo w the the oretical curve, presum abl y owi ng to the "in finit e
d iam eter effect ". At high red uced velocity, the ex perime nta l dat a are above the
theoretical cu rve, probably beca use ex tra-co lumn co ntri but io ns to peak d ispersion
occur.

1 0~---.-.......-r""""'''''''''TT""""-...................,......,--r-r....,.,

h] v - -- -- ~~
2 3

v
100 1000

----,-,--~

1 L----''--................................u..._...J-...................~u..u
10

r-ig. 7. Co mparison of exper imenta l da ta on longitud inal d ispers ion in liqu id chro matography with
theor et ical estimat es. Sol id lines, exper imen tal data. I, d, 30- 10- 4 em ; 2, d, 40· 10- 4 ern : 3,
d; = 48 . 10- 4 em ; 4, d; ~ 58 .10- 4 em ; 5, d,, - 6R· IO- 4 em. Bro ken line, theo ret ical estimates
(F ig.3a) .

Recently, Knox et al.n dem on strat ed co nvi ncing ly the beneficial influence on
plate height in liqu id chrom at ography of a decrease in co lumn length (from 28 to
8.2 em) and a n increase in co lumn diameter (from 0.23 to 0.7 ern), using spherical
porou s a lumina (Spheriso rb X). Th ey a rgued that the region of di sturbed pack ing
extends much farther from the wall than was pre viou sly th ou ght : a t least 15 a nd
more probabl y 30 particle diam eters.

( F) Peak dispersion in gas chromatography

With the a im of ac hievi ng high plat e num ber s with relat ively sho rt co lumns,
Huber et al .28 filled a column of 150 ern length and 0.1 em J.D . with 3 · \0 - 3 ern
spherica l porou s silica (Spher osil) using a dry packin g techniq ue. Th is co lum n had
a maximum plate number of 15,000 for krypton (capacity ra tio k --- 0), pentane
(k = I) and hexane (k = 2.2). Thi s value of the maximum plate number co rresponds
with a va lue of 3 for the minimum reduced plat e height. Accordi ng to Fig. 3b, the
mini mum reduced plat e height fo r a gaseou s fluid , spherica l massive particles a nd
(} = 30 is eq ua l to I.

(G) Peak dispersion in liquid chromatography

Majors' ? investiga ted the influence of the co lumn len gth for 0.24-cm wide
co lumns, packed with irre gularl y shaped 13 .1 0 - 4 cm diameter silica particles (Li
Chrosor b SI-60), by the balan ced den sity technique. For co lumn lengths ran ging fro m
15 to 100 cm (the latter co lumn cons isting of two indi vidu ally packed co lum ns con-
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nected in series), he could not detect any influence of column length on plate height.
Thi s result is unexpected , as it can be estimated that his plate height data (ref. 29,
Table 111) pertain to a reduced velocity of about 103 so that, according to eqn. 17,
0.6 < dc/aR < 104. This is just the range of dC/aR in which the "infinite diameter
effect" sho uld occur. The explanation may be that the difference in the geometry of
the packing of the wall and central parts is less in pack ings of irregular particles than
in packings of spherical part icles.

For 23 · 10- 4 em silica particles the plate height increases with increasing
retentio n of the solutes, as expected. However, for very small particles (6' 10- 4 ern) ,
the rever se is observed, probably as a result of the importance of extra-column and
inject ion effects when the capacity ratio k; the particle diameter a nd the column
length are small. Nevertheless, for 6· 10- 4 em particles and k = 20, the high-velocity
limit of h is only 10, which is reasonable compared with the theoretical value of 5.
For larger particles (9 ' 10-4, 13.10- 4 and 23· 10- 4 ern) and k = 1.2, the high
velocity limit of h is ab out 50, and for 45 · 10- 4 cm particles it is as high as ca. 100,
probably owing to the increas ing importance of the ma ss transfer contribution to
plate height.

The mass transfer cont ribut ion was separated from the contribution of con
vection by Endele et al.30

• They used spherical porous silica particles* and drilled
columns (30 x 004 ern) that were re-polished after some use, and applied the balanced
density packing technique. They pointed out (in agreement with Table I and Fig. 3a)
that "if all other parameters are identical, the peak broadening in co lumns packed
with spherical silica is very similar to that obtained with irregular silica . The spherical
silica supports, however, have some advantage s compared with the " bro ken" sup
ports :

(I) because of the regular shape, the sieve fractions are narrower if a cen
trifugal air particle classifier is used;

(2) the reproducib ility of the column packing is better".
Endele et 01.30 applied the equation

h ~.. A + Cv (18)

where A is the high-velocity limit of the contribut ion of convective dispersion (and
of any extra-column and injection effects) to the plate height and CI' is the mass
transfer contribution . For five sieve fractions , with number-averaged particle diam
eters ranging from 6.10 - 4 to 33 .10- 4 ern, they observed A values between 6.1 and
4.7,equal to the theoretical limit. Only for a sixth sieve fraction with dp = 16· 10- 4 ern,
an unexplainable high A value of 1104 was found . The A values were independent of
the capacity ratio of the solute, as expected.

In an effort to reach the ultimate limits in liquid chromatography, Halasz ez al,"
investigated the performance of columns packed with 4-5' 10- 4 em diameter spherical
silica, prepared as described in ref. 30. They used drilled columns of 004 cm LD.
A very small A value (about 3) was observed . The va lue of A was indepencent of the

• The spherica l silica part icles were prepa red by emulsion polycondensati on of pol y(ethoxy
siloxane), using a centrifugal air particle classifier. The particle size distribution s appeared to be
excellent approximations to the normal distribution, with standard deviat ion s of 10 % for dp ~

33'\0- 4 and 24· 10- 4 ern , 20 % for dp 10' 10- 4 and 11.10- 4 ern and 25 % fo r d, = 6· 10- 4 cm.
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column length (between 7.5 and 29 em) and of the capacity ratio of the solute (be
tween 0 and 15). The observed value of A is below the theoretical value, A 0= 5. This
result is probably due to the "infinite diameter effect", as for most of the measure
ments made by Halasz et al. it holds that d. lo« > 4. .

4. CONCLUSIONS

Coupling between diffusion and convection occurs both in longitudinal and
radial dispersion of matter by fluid flow through packed beds.

The reduced plate heights, h, for longitudinal and radial dispersion increase
gradually with increasing values of dc/dp , and attain a limiting value at d. jd; ~ 100.
Thus properly designed and carefully packed preparative columns, for which d.jd; is
very large, have h values that are comparable to those of analytical columns.

For the correlation of dispersion data in both the laminar and the turbulent
flow regime, Miyauchi and Kikuchi's approach'? is promising.

The tortuosity factor, y, for longitudinal diffusion depends slightly on the
flow-rate of the moving fluid.

Turbulence has little effect on plate height at reduced velocities, v, below 500.
At higher values of I', turbulence causes a maximum to occur in graphs of h versus v.

The " infinite diameter effect" has been demonstrated clearly, and can be used
to obtain small plate heights by employing wide columns (0.4-0.6 cm).

Column packings that give about the theoretical amount of diffusive and
convective dispersion can be prepared even with particles as small as 4.10 - 4 ern, if
drilled or polished columns are used and the balanced density slurry packing technique
is applied . With larger particles (3·[0-3 ern), good results have also been obtained
with the dry packing technique when precision-bore columns of large diameter
(0.8 ern) were used.

5. SUMMARY

Recent developments in diffusive and convective dispersion in chromatography
are discussed. The topics considered are empirical correlations, theoretical develop
ments, the flow-dependence of the tortuosity factor for diffusion, turbulence, the
"infinite diameter effect" and column efficiency in gas and liquid chromatography.
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In the past few years the use of derivatisation procedures in high-performance
liquid chromatography (HPLC) has expanded rapidly. Frei and Santi' have defined
two sorts of derivatisation HPLC, namely pre- and post-column. Post-column
derivatisation, which consists of mixing the column effluent with a suitable chromo
genic agent before detection , is a logical development from amino acid analysis
techniques relying on the use of ninhydrin as a chromogenic agent.

Frei and Santi ' include ion-pair sepa rat ions as examples of pre-column deriva
tisation. We intend to consider pre-column derivatisation only in the more commonly
accepted sense of the actual conversion of one chemical entity to another for the
purpose of H PLC separation and detection. It is felt that this is more in line with the
current usage of the phrase and is already well established in derivatisation for gas
liquid chromatography.

The major purpose of derivati sation in H PLC is to overcome the lack of
universally sensitive detectors . Refractive index (RI) detectors are renowned for their
insensitivity and there are no reports of the use of derivatives designed to increase
the .response of such detectors . Ultraviolet (UV) spectrophotometers are the most
common detectors coupled to HPLC systems and here the main function of derivati
sation is to increase the UV ad sorbing properties of the compounds under investi
gation. It is also convenient that so doing normally results in UV maxima above
254nm, thu s increasing the choice of suitable eluents.
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The use of fixed-wavelength detectors opera ting at 254 nm is a disadvantage
in this work as most derivatives have UV maxima above this wavel ength and, although
monitoring at 254 nm may be adequate, some degree of sensitivity must be sacrificed.
The greater availability of commercial chromatographs equipped with variable
wavelength detectors may well stimulate more interest in the use ofderivatising agents.

The use of spectrofluorimetric detectors in conjunction with HPLC is increasing,
and fluorescent derivatives may give an appreciable improvement in sensitivity over
UV detection although there is some indication that correct selection of the UV
monitoring wavelength rather than the arbitrary selection of 254 nm may rival
spectrofluorimetric detection in some cases.

Specificity may be an advantage where a complex mixture is to be analysed,
only some of the components of which react with a specific derivatisation agent. It
may be even possible to adopt a functional group analysis approach with a suitable
range of reagents.

In addition to their function in increasing the sensitivity of detection, deriva
tising agents may be used to alter the chromatographic character of compounds.
This may be a gross effect for example to allow separation on underivatised silica
instead of ion-exchange columns, or, in a minor way, to increase the separation of
previously unresolved compounds.

Chemically the ideal derivatisation agent should be rapid and quantitative in
reaction, there should be no side products and excess derivatising agent should be
easily removed. Although the ideal is rarely met, suitable procedures may be adopted
including the use of internal standards, sealed reaction vials , appropriate HPLC con
ditions which separate product from reactant, etc .

The derivatisation procedures are discussed on the basis of the functional
group of the parent compound which is involved in the derivatisation reaction.

2. HYDROXYL DERIVATISATION

Although most reports deal with derivatives designed to increase the levels of
detection ofhydroxylated compounds there are a number of accounts of derivatisation
for the prime purpose of improving the chromatographic characteristics of com
pounds. The methylation of hydroxyanthrene-9-ones does not enhance their detection
at 254 nm but does allow their efficient separation on Micropak-CN or -N Hz columns'.
The free hydroxyanthrene-9-ones produce badly tailing peaks under similar operating
conditions. In a similar manner, the separation of the triacetyl derivatives ofadrenaline
and noradrenaline can be seen as an attempt to improve their chromatographic
properties (and presumably stability) rather than detectability'.

Rees et al," compared the HPLC characteristics of sterols and their acetates
and, in an attempt to separate cholesterol, sitosterol and carnpesterol, found that
separation of the acetates on reverse-phase columns was better than separation of the
free sterols. They also reported that reverse-phase separation was more promising
than the use of argentised columns. Detection was by differential refractometry. The
use of steryl benzoates allowed more sensitive monitoring by UV at 254 nrn, but
campesterol and stigmasterol benzoates could not be resolved. lkekawa and Koizurni'
reported the separation of a number of vitamin 0 3 metabolites, most of which were
resolvable under ordinary conditions. However the 24-R and 24-S epimers of both
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24-hydroxy and 24,25-d ihyd roxy vita min DJ had iden tical retent ion times. Conversion
to their trimethylsilyl deri vat ives a llowed sepa ration of the epirners on Zo rbax-Sil
columns. Ikekawa and Koizum i also repo rt the separation of the C-24 epimers of a
number of hydroxylated ch olesterol benzoates and related compounds.

Fitzpatric a nd Siggia" descr ibed the sepa ra tion, on Corasil C l 8 and Permaphase
ODS , of seven stero ids as the ir benzoyl este rs. Th ey also describe the use of p-nitro
benzoate s as deri vat ives giving detect ion levels of I ng. Attempts to produce steryl
3,5-dinitrobenzoates were unsuccessful a lthough Carey and Persinger? used 3,5-d ini
trobenzoate der ivative s for the determinati on of diethylene glycol s in va rio us poly
ethylene glycols. Higgins?" rep orts the sepa ra t ion of the benzoate ester s of sa pogenins
isolated from A~OI'e species.

Benzoylat ion was also used by Lehrfeld" to produce perbenzoxylated carbo
hydrates. Gradient elut ion with ether in hexane on Corasil II a llowed the sepa ra tion
of glucose, rha mnose, ma nnose, maltose a nd galactos e. It was importa nt, with th ese
compo unds, to co ntro l the reac tio n ca refull y as isom er isati on could occur if the
sample was allo wed to sta nd in pyridine before the deri vat ising agent, benzoyl
chloride, was added. Thus «-u-glycopyra nose could produce a mixture of a- and
P-D-glucopyra nose pentabenzoate s.

Ani soyl chloride ha s been used as a deri vati sati on age nt for two pharmaceutical
produ cts. Hexachlorophene forms a di-p-methoxybenzoate derivati ve detectable at
less than 40-ng levels? (Fig. I) and pentaerythritol form s a tetra-p-methoxybenzoate
derivati ve ca pa ble of detection at 12 ng' ". Both deri vat isation products were separated
on silica and detected at 254 nm.

Cl

Cl
Cl

C l

OH

OH

p-Methoxyb enzoy l
cn to r-ice ..

Cl

O-C-o-'OCHII _ 3

o

Fig. I. Hexachlorophene dcrivat isa tion .

Th e fact that polyhydroxy co mpo und s will form polysubstituted deri vati ves
was found particularly useful by Nachtmann et a/. I I in their examina tion of ca rdiac
glycosides by H PLC. The ca rd iac glycosides from Digitalis species all possess an
unsaturated lactone moiet y which gives an adsorption maximum aro und 230 nm .
Reaction with p- nitro benzyl chloride a llows the formation of polyni trobenzoates of
the sugars attached to the 3-pos itio n of the aglyco ne. As there are 1-4 sugar units so
attached th e an alysis is obvi ously co mplicated but it is gre atly helped by the fact that
in the rep orted sepa ra tion the mon o-sugar deri vati ves elute first progressing in
sequence to the tetrasaccharide de rivati ves. Conventiona lly the later peak s eluted
from a co lumn a re broader a nd less easy to determine but in this case these peaks
are precisely the one s due to the compounds with the greatest number of chromo
phoric gro ups and hen ce the grea test detector response factor (Fig. 2).
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Fig. 2. HPLC of so me p-nit ro benzoate deri vat ives of ca rdiac glycosi des" . I c· Digoxigenin ; 2 = dr
goxigenin rnon od igito xoside ; 3 ~ d igoxigen in bisdigitoxoside ; 4 0 • • acety ldigoxi n; 5 ~~ d igoxin ; 6 ~
unknown ; 7 = lanatoside C; 8 = desacetyl lanatoside C. Solvent system : n-hexane-mcthylenc
chl oride- aceton itrile (10:3 :3). Co lumn : 51 60, 5 /1m. UV detect ion at 254 nm.

A number of fluorescent derivatives have a lso been inves tigated, in a ll cases
in an attempt to further incre ase limits of detection in biologi cal situations. For
example the HPLC of catecholamines as their aceta tes has already been described:'
but much greater sens itivity can be obtai ned by forming the dan syl (I-dimethylam ino
naphthalene-5-sulphonyl) deri vati ves of adrena line, norad renaline and dopami ne
which can be detected at levels below 50 pg after sepa ra tion on Lichrosorb S1'2.

Cassidy et al.13 prepared the dansyl derivati ves of a number of hydroxy
biphenyls (of impo rta nce as fung icides used in the pre ser vat ion of citrus fru its during
sto rage). Separation on silica was goo d and sensitive detect ion was possible with UV
monitoring at 254 nm. They reported that the use of a fluorescence dete ctor increased
sensitivit y 8-fold over UV detection at 254 nm , but were hampered by design problem s
in the spectro fiuo rimeter flow cell. Th e meth od was a lso used for the dete ct ion of
phenolic compounds in ur ine.

F rei et al.14 report the use ofdan syl deri vatives of alkalo ids including morph ine
and ephedrine and apply this deriv atisation procedure to the analysis of a cou gh
syrup containing ephedrine, cephaeline and emetine. The meth od is only applicabl e
to those alk aloid s co ntaining free hydroxyl gro ups. Alk aloids such as narcot ine and
codeine did not form dansyl de rivat ives but were still easily detectable by UV moni
to ring as opposed to spectrofluorimetry. Similarly fiuorogenic labelling of organo
phosphorus pesticide s is reported , the pesticide being hydrolysed to the free phen ol
before deri vatisati on with dansyl chloride '?".

M ore complex molecules have also been subjec ted to deri vati sat ion H PLC.
McCluer and Evan s" describe the use of benzyl chloride to derivati se cerebrosides
which were analysed on Zipax columns with UV monitor ing at 254 nm . Thi s paper
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indicates that earlier work!" which assumed only O-acylation was incorrect in that
cerebrosides containing non-hydroxy fatty acids undergo amide acylation in addition
to O-acylation. This N-acylation is avoidable by using benzoic anhydride as the
derivatising agent".

3. CARBONYL DERIVATISATION

Carey and Persinger? report the analysis of a number of simple aldehydes and
ketones as their 2,4-d initrophenylhydrazine (2,4-0NP) derivatives using Corasil II
and UV monitoring at 254 nm. Papa and Turner' ? use Permaphase ETH or 1%
tris(2-cyanoethoxy)propane stationary phase on Zipax for the separation of the 2,4
DNP derivatives of thirteen carbonyl compounds including pyruvic acid, pyruvalde
hyde and salicaldehyde. They report detectable limits of 5 ng and apply the method
to the analysis of carbonyl constituents of car exhaust gases. Steroidal ketones have
been studied as their 2,4-0NP derivatives by two groups of workers. Henry et al. ls

showed that a great increase in detection limits could be obtained by converting
steroidal ketones to their 2,4-0NP derivatives although those steroidal ketones
possessing an a,fi-unsaturated carbonyl moiety could be detected at 254 nm. They
quote I fig detection for androsterone and I ng for its 2,4-0NP derivative. Fitzpatrick
et al." separated the 2,4-0N P derivatives of four epimeric form s of androsterone and
dehydroepiandrosterone by reverse-phase HPLC on Corasil CIS or using 1.5 %oxydi
propionitrile (ODPN) on Zipax. This procedure was succes sfully used for the analysis
of steroids in urine.

A preliminary report by Frei and Lawrence'? indicates the possibility of
f1uorogenic labelling for ketones and aldehydes using dansyl hydrazine.

4. CARBOXYLIC ACID DERIVATISATION

Commonly, carboxylic acids are converted to their methyl esters before
analysis by GLC. A similar derivatisation has been used for HPLC by both Pei et al."
and Scholfield ": In both cases separation was by reverse-phase HPLC using an RI
detector. Fan et al.23 analysed 11- and 12-hydroxylauric acid, produced by microsomal
metabolism of sodi urn laurate, by reverse-phase HPLC of their methyl esters. Refrac
tometry was again used as the detection method . Mikes et al.24 also investigated the
separation of fatty acid methyl esters using Corasil II with a stationary phase of silver
nitrate-ethylene glycol. In all these cases detection levels are poor although such
derivatives are certainly useful for preparative work".

Where improved detectability is required,· esterification with aromatic deriva
tisation agents is an obvious approach and numerous methods have been designed
for producing suitable derivatives for HPLC analysis . Phenacyl esters, prepared by
reaction with 2-bromoacetophenone and triethylamine as base, have been investigated
by Berch" using fiBondapak CIS with UV detection at 254 nm . Cooper and Anders"
chose 2-naphthacyl bromide to produce the naphthacyl esters of fatty acids which
were also separated on reverse-phase material (Corasil CIS) with UV monitoring. At
254nm they report the detection of 4--90 ng depending on the chain length of the
fatty acid. Cooper and Anders" have also reviewed general aspects of the HPLC of
fatty acids and other lipids.
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Benzyl esters, prepared using l-benzyl-3-p-to Iyltriazine as derivatising agent,
have been separated on Corasilll with detection at 254 nm by Politzer et a/.19

• They
report the detection of 1-2 f-lg benzyl stea rate and suggest that nitrobenzoates would
give enhanced detection but would result in less efficient separation. This parallels our
findings on benzoate and p-nitrobenzoate derivatives of phytosterols-". Politzer et a/.
also point out that as the UV characteristics of the derivatives are entirely due to the
derivatising agent there is no need to determine individual response factors for each
acid. Thi s will, of course, hold true for any simple fatty acid derivative detected in
the UV mode.

Nitrobenzoates have been reported in an application note where fatty acids
were derivatised using l-p-nitrobenzyl-3-tolytriazine giving detectability of 1-10 ng
depending on molecular weight". Knapp and Krueger' ! prefer the use of O-p-nitro
benzyl-N ,N'-diisopropylurea to produce the same p-nitrobenzyl esters on the basis of
convenience (the triazine reaction liberates nitrogen, thus precluding the use of sea led
reaction vials) and safety (a number of triazines have been reported as carcinogenic).
Separation of their fatty acid derivatives was carried out on Micropak 5 zzrn silica
with UV detection at 254 nm allowing determination in the picomole range for
stearic acid.

p -Nitrophenacyl esters of ten series F prostaglandins, eight series E pro sta
glandins and a number of related compounds were produced by reaction with p-nitro
phenacyl bromide in the presence of N,N-diisopropylethylam ine as base". The
reaction occurred quantitatively in under 15 min . Compounds were separated on
Zorbax-Sil and, with UV detection at 254 nm, it was possible to detect certain of
these derivatives at the l-ng level. The same procedure has recently been reported
for the quality control of the [5- epimer of prostaglandin Fw in pure F 1U

J 4
• Dunham

and Anders" determined prostaglandin B1 directly by UV detection at 280 nm and
prostaglandins E and A, after conversion by treatment with base, to B1•

Durst et a/. J6 and Grushka et a/. J 7 report the use of crown ethers as catalysts
for producing phenacyl derivatives to enhance the UV detection of fatty acids. Both
reports use a Corasil II column with a C9 chemically bonded pha se and UV detection
at 254 nm. Durst et a/. J 6 report the preparation and detection of the p-bromophenacyl
derivatives of simple fatty acids, and Grushka et a/. J 7 discuss the use of a-bromo
acetophenone, a ,p-dibromoacetophenone and p-nitrobenzyl chloride with crown
catalysts to produce derivatives of some important dicarboxylic acid s and report their
detection at nanogram levels and below. Fatty acid derivatisation agents are sum
marised in Table I.

Scott et a/ .J 8 resolve some optically active isoprenoidal acids by the production
of diastereoisomeric derivatives of isoprenoidal acid enantiomers by reaction with
R- or S-a-methyl-p-nitrobenzylamine. Separation was on 1O-f-lm Partisil with UV
detection.

5. AMINE DERIVATISATION

Mo st derivatisation HPLC studies of simple amines have been concerned with
aliphatic amines and the production of derivatives that are easily detected by UV
or spectrophotometric detectors. Aromatic amines are normally adequately examined
without derivatisation. Roder and Merzhauser" do report the use of acetate deriva-
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TABLE I

CARBOXYLIC ACID DERIV ATISATION AGENTS

113

Reagent R

H
Br
NO,

H
NO ,

Reference

26, 36, 37
37
33, 34

27

,- /

29
31

32

tives of some biogenically important amines to give better chromatographic properties
but they required a wavelength of 225 nm for detection. p-Nitrobenzoyl chloride is
used as a derivatising agent for ketarnine (a parenteral anaesthetic) (Fig. 3) and two
of its derivatives". These compounds are poor chromophores. The formation of the
p-nitrobenzamide derivatives greatly enhances detectability at 254 nrn after sepa ra tion
on ,uBondapak C 18 •

Dopamine, noradrenaline and related compounds ha ve been converted to
fluorescent derivatives both by the reaction with dansyl chloride." and by the use of

Fig. 3. Ketam ine dcri vatisation.
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(~0:>N N
H

f1uorescamine. Fluorescamine has been used for some time as a post-derivatisation
agent as a substitute for ninhydrin and has attracted considerable attention as a
pre-column derivatising agent. Irnai'" reports the detection of lO-nmoles/ml cate
cholamines by fluorescence detection of the f1uorescamine derivatives. Schwedr"
reports lower detectable limits for dopamine and noradrenaline but demonstrates that
noradrenaline derivatisation produces a mixture of two compounds.

Yoshioku and Tarnura'" report the use of chloroacetaldehyde as a means of
producing fluorescent derivatives of adenine, adenosine and some nucleotides (Fig. 4).
Separation on Hitachi gel No. 3010 with Ac x = 233.7 and Ae m > 410 nrn allowed the
detection of I pmole of derivative.

NH2

CrN>
N N

I
H

Fig. 4. Adenine derivatisation with chloroacetaldehyde.

The optical purity of amines has been investigated using HPLC for the sepa
ration of diastereoisomeric derivatives produced by reaction with (S)-O-methyl
mandeloyl chloride". The derivatives of R- and S-a-methylbenzylamine were ade
quately resolved on Merkosorb Si60.

Diamines and polyamines have received special attention in that they are
biochemically important and difficult to analyse by the majority of chromatographic
procedures. Satisfactory analyses have been reported of compounds such as spermi
dine, spermine and putrescine as their p-toluenesulphonyl derivatives with UV
monitoring", as their dansyl derivatives with both UV monitoring" and spectro
fluorimetry", and as their f1uorescamine derivatives by spectrofluorimetry".

Nitrogenous compounds related to amines have also been subjected to
derivatisation HPLC by reaction involving the nitrogen atom. Frei and Lawrence
mention the possibility of producing the dansyl derivatives of N-methyl carbarnates -"
and Frei et ai/" use this technique for the examination of carbamate insecticides,
detecting between 2 and 10 ng of most of the insecticides studied. Dansyl chloride is
also used as a derivatising agent for barbiturates allowing, after separation on 30-,um
pellicular silica C1S, the detection of 2-ng quantities by fluorimetry with Ac x = 360
and Ae m = 520 nm (ref. 50).

NH NH

II II
CH C C
~/"-.... /"-....

N N NH2
I I
H H

Fig. 5. Tr iazine formation from metformin .
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5 1 report s the use of p-nitrobenzoyl chloride for the derivatisation of

metforim (a hypogl ycaemic biguanide). In this case the derivative is formed by
acylation followed by cyclisation to yield a substituted triazine (Fig. 5) which is
detected in urine by UV monitoring at 280 nm after separation on Corasil C phenyl.
Evans et 01. 51 report a method for estimating the amount of ethylenimine in poly
ethylenimine by the use of Foliri's reagent (1,2-naphthaquinone-4-sulponate) which
reacts to produce 4-(I-aziridinyl)-1 ,2-naphthaquinone which is separated on 1O-,um
Micropak with detection at 254 nm.

6. AMINO ACID AND PEPTIDE DERIVATISATION

Amino acid autoanalysers using post-column derivatisation have been in use
for a number of years and transfer from low-pressure LC to HPLC using ion
exchange columns ha s resulted in a decrease of overall analysis times. Post-column
derivatisation is still applicable to H PLC analysi s but a number of reports have
appeared concerning pre-column derivatisation.

There are several reports on the separation of amino acids as their phenyl
thiohydantoin derivatives. The popularity of this derivative is due to its production
during the Edman degradative method for sequential analysis of peptides and pro
teins. The Edman method cleaves the N-terminal residue as its anilinothiazolinone
derivative which forms the phenylthiohydantoin derivative on treatment with aqueous
acid. Separation conditions vary to include silica53

-
57

, chemically bonded reversed
phase silica58

, 59 , Micropak CN 59
a and polystyrene gel'" as column packings. All

reports describe the use of UV for monitoring the eluent. Muramoto et al," report
the separation of Fluorescein-thiohydantoin deri vatives of amino acids on Jascorex
SY-02-500 (octadecylsilyl groups bonded to glass).

The use of dansyl amino acid derivatives as products of the Edman procedure
is described by Engelhardt et 01.6 2 and Yamabe et 01. 63

• This derivati sation procedure
allows the use of f1uorimetric detection as does the use of 5-dibutylaminonaphthalene
I-sulphonyl chloride which is suggested by Seiler et 01. 6 4 as a replacement for dansyl
chloride in the fluorescence labelling of amines, amino acids and peptides. Although
essentially the same derivative it does allow the detection of methylamine which is
not possible with dansyl chloride as methylamine is liberated during the derivatisation
procedure.

The use of f1uorescamine as a derivatisation agent for pol yamines has already
been mentioned'" and it has also been used for po st-column derivatisation of amino
acids and peptide hormone hydrolysates. Its use as a pre-column derivatisation agent
for amino acid s has been inve stigated by McHugh et 01.65 who found that HPLC of
the derivatives gave two peaks. This was shown to be due to an equilibrium reaction
involving lactone formation between the free carboxylic acid group of the a mino acid
derivative and a proximal hydroxyl group (Fig. 6). It was found that this reagent was
suitable for derivatisation of peptides where the free carboxylic acid is far enough
away from the nitrogen which is derivatised. In this case lactonisation cannot occur.

. Optical activity of amino acids has been investigated by Furukawa et 01.66

using alanine, isoleucine and phenylalanine as models . The production of diastereo
isomers by using an optically active derivati sing agent wa s used in a similar fashion
to the method of Helrnchen and Struberr" except that, in this case, a double derivati-
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Fig. 6. Lactonisation of fluore scamine amino acid derivatives.

sation was undertaken. The amino acids were first reacted with d-IO-camphor
sulphonyl chloride to introduce the second asymmetric carbon centre and then
derivatised with p-nitrobenzyl chloride to allow UV detection . Separation was
carried out on Micropak Si5 with detection at 254 nm .

More specialist application of derivatisation is found in the reaction of 4
biphenylcarbonyl chloride to produce the N-acyl derivatives of t.-c-distearoyl , L-a
dipalmitoyl and L-a-dioleoyl phosphatidylethanolarnines'", These were separated by
HPLC on Micropak Si 10with UV monitoring at 280 nm. Naturally occurring mixtures
from microsomal fractions and myelin from rat brain and liver were also examined.
Serine-containing phosphoglycerides could also be analysed by this procedure.

7. MIS CELLANEOUS

Certain pre-column treatments which are specific to particular compounds
rather than methods of general applicability have been reported.

Benomyl, a systemic fungicide, has been the subject of two derivatisation
procedures. Kirkland et al .68 described the controlled acid hydrolysis of benomyl to
afford methyl benzimidazol-2-yl carbamate which is separated on Zip ax SCX with
UV detection at 254 nm allowing the determination of 0.05 ppm from soil and plant
tissues. Maeda and Tsuji69 described the more vigorous hydrolysis of carbaryl to
afford 2-aminobenzimidazole. Separation on Hit achi gel no. 3010 (a porous poly
styrene polymer) allows detection of 25 ng of derivative at 277 nm . An alternative
approach is described ba sed on the fact that, in base, 2-aminobenzimidazole fl uoresces .
Thus detection is po ssible by mixing the column effluent with base and monitoring at
Ae x = 285 and Ae m = 315 nm .

Diphenylhydantoin, on oxidation with alkaline permanganate, affords benzo
phenone which is chromatographed on Merkosorb Si 60 with naphthalene as an
internal standard": The method serves to detect phenyl hydantoin at plasma levels of
1.0 mg /l, The non-barbiturate sedative, ethchlorovynol, is an a-hydroxyvinyl chloride
which, on treatment with acid , gives an a ,f1-unsatura ted aldehyde. Needham and
Kochhar" utilise this reaction , which is followed by formation of the semicarbazide,
to detect 0.05,ug/ml by UV monitoring at 280 nrn after sepa rat ion on p-Bondapak
Ci 8 (Fig. 7).

Isocyanates (found as air pollutants) have been estim ated by passing air more
through a solution of 4-nitro-N-propylbenzylamine72

• The isocy anates are converted
into urea derivatives which are chromatographed on Pellosil. By UV monitoring,
isocyanotoluene was detected at a level of 0.2 ppb ' in 20 I of air.

• The American billion (109
) is meant here .
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/
Fig. 7. Ethc hlorov yno l dcrivat isat ion .

N

I
CH3

Fig. 8. Pscud omorphinc.

A unique deri vat isa tion procedu re has been ado pted by Jan e and Taylor73 for
the sensitive fluore scence detecti on of morphine in urin e. Morphine, on oxidatio n
with ferricyan ide, affords a fluorescent d imer termed " pseudo rnorphine" (Fig. 8).
Dihydromorphine is added to the sample before dimerisation, as a n internal sta ndard ,
producing three compounds in toto, " pseudo rno rphine", dih ydromorphine dim er a nd
morphine-dihydr om orphine di mer. Th ese are eas ily sepa rated o n 7-,um Pa rtisil a nd
the morphine co nte nt ca lculated fro m relati ve peak height s. Wi th fluorescence detec
tion at J. e • = 320 a nd }'em cc 436 nm it was possible to det erm ine 4 ng of morphine
accura tely.

Hayashi et al." use naph th alene-2,3-di amin e sulphate, in the presence of an
antioxida nt, to derivat ise phenylpyruvic ac id . The product , 3-benzy l-2-hyd roxybenzo
quinoxaline (Fig . 9), is sepa rated on Permaphase El H , a nd UV detect ion at 254 nm
allows the assay of phe ny lpyruvic acid at microgram levels. Chloro thioxa nthren-9-one
is used as an int ern al standard.

OH
I
I

o=c

I
o = c

o
Fig. 9. Phenylp yru vic ac id derivatisa tion.
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8. CONCLUSION

M . S. F. ROSS

It would appear that the increasing use of pre-column derivati sation in HPLC
is closely following the use of HPLC per se. Most of the applications at this time are
designed to circumvent problems with detection rather than difficulties in separation.
It is therefore predictable that interest in derivatisation HPLC will increase as variable
wavelength UV detectors and spectrofluorimeters become standard additions to
commercial equipment.

As yet, little use has been made of the selectivity of derivatisation to simplify
the analysis of complex mixtures. It is likely that such an approach will be of value in
disciplines such as chemotaxonomy and phytochemistry, particularly as the method
ology developed for analysis should be directly convertible to preparative scale. The
advantages of selectivity will become more evident when satisfactory universal detec
tion systems are available.

9. SUMMARY

Pre-column derivatisation in high-performance liquid chromatography is
mainly used to increase the detectability of compounds requiring analysis . This
normally involves reaction with chromogenic or fluorogenic reagents , and thus the use
of the more commonly available HPLC detectors . Derivatisation is more rarely used
to alter chromatographic properties of compounds or to allow the resolution of optical
isomers. Applications of pre-column der ivatisation are discussed by reference to the
functional group of the substrate involved in the derivatisation reaction.
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