Review of the PhD Dissertation of MEng. Petr Lebeda

Application of Field-Flow Fractionation Method for Polymer
Characterization

The aim of Dissertation was to demonstrate applicability of asymmetric
cross-flow field flow fractionation (A4F) to separation and molecular
characterization of selected synthetic polymers and to separation of polymer
dispersion according to particle size. Performance of A4F method was compared
with size exclusion chromatography (SEC) with the aim to show advantages of A4F
and to persuade potential users to switch — at least for the selected applications -
from SEC to A4F. This was a rather difficult task because A4F has been so far almost
unknown to researchers active in the field of synthetic macromolecules and also
because SEC is enormously popular for its robustness, universality, speed, economy
and repeatability. The only possibility is to precisely define the shortages of SEC and
to fill the resulting niches left for other methods. The SEC drawbacks include not
only shear degradation of ultra-high molar mass (UHMM) polymers and additional
retention due to enthalpic interactions with the column packing but also for
example reduced sample recovery of interacting macromolecules, band broadening
phenomena, limited selectivity of separation and low sample capacity. Above
problems of SEC should be either demonstrated experimentally or discussed more
in detail quoting relevant literature. General problem with the wider application of
new methods for molecular characterization of polymers — including the field-flow
fractionation (FFF) procedures - is mainly the reluctance of most polymer scientists
and also of some industrial researchers to invest time and means into introduction
of novel approaches in order to provide more exact, comprehensive
characterization of their polymers. A simple survey of literature devoted to polymer
synthesis shows immediately that though SEC is very widely used (and misused...)
method, only few researchers utilize universal calibration and multi-angle light
scattering (MALS) detection - even for homopolymers where application of MALS is
relatively easy and straightforward. Most authors directly apply polystyrene
calibration and even fail to name the resulting values “polystyrene equivalent molar
masses” (IUPAC terminology). Hydrodynamic chromatography (HDC) is another
competitor of A4F method, especially for both ultra-high molar mass polymers and
polymer dispersions. Therefore, HDC would deserve more attention in the
Theoretical Part, and especially a discussion of its drawbacks and limitations.

An important application of A4F might be removal of macromolecules such
as proteins from biological samples before HPLC analysis.



p. 9, 10 Degradation ot UHMM macromolecules in SEC is mainly induced by
shearing and not by high pressure itself. In SEC, swelled gels are practically no more
used and gel bleeding problem was practically all over removed.

p. 23 The linear decrease of both flow and elution velocities within A4F
channel necessitates a fully homogeneous and stable membrane. The semi-
permeable membrane is generally considered a very important weak-point of A4F.
It is supposed that with organic solvents the permeability of membranes for
macromolecules of rather high molar mass, as well as macroscopic inhomogeneity
and serviceable life span of membrane may represent even crucial problem of A4F,
similar to those encountered in membrane osmometry. In the course of separation
the pores of membrane can also be successively blocked by macromolecules. It is a
pity that the discussion of membrane problems is practically absent. Specification,
properties and even source of membrane(s) used are missing. The description “10
kD regenerated cellulose” is insufficient.

It would be helpful to give a list of all present producers of FFF and especially
of A4F instruments and components including membranes.

Similarly as SEC suffers from degradation of ultra high molar mass fractions
contained in polymer samples with medium high mean molar masses, A4F may
produce wrong results for polymers medium high molar mass that contain oligomer
fractions. The latter case is quite common in many industrial polymers — and SEC
affords reliable data for such samples. Therefore, the effort to extend the applicable
molar mass range of A4F to lower molar mass area is hardly comprehensible. This
matter is mentioned in Conclusions but only little discussed in Thesis itself.
Measurements with samples spiked with oligomers would allow quantification of
this problem. Refractive index detector (RID) is the most important concentration
detector in SEC. Evidently, MALS cannot manage without it, either. The application
of RID brings about numerous problem; their discussion is missing. For some
solvents, degassing represents a difficult problem. The two step eluent degassing is
an interesting approach. If the mobile phase is degassed, air (oxygen) dissolved in
sample will be monitored with RID as an extra “solvent peak”. A blank experiment
will exactly identify its position.

The process of focusing in A4F and its control should be carefully described.
The text on p. 77 could hardly suffice for the potential A4F method users.

p. 56 The conclusion about “very simple and straightforward” correction of
base line drift by subtraction of RID signal for blank experiment from the sample
eluogram is rather surprising and contradicts the experience of numerous
researchers involved in eluent and temperature gradient procedures of polymer
liquid chromatography. Would you comment?

Selectivity of A4F separation is very high when calculated from the peak
apexes. However, the peak fronting for some samples is remarkable (see for



example Figure 4-6). The peak tronting prevents the base line separation of some
polymers with molar masses differing 10 times, where SEC gives unproblematic
separations. It is a pity that the peak fronting increases with rising polymer molar
mass and it is substantial for UHMM polymers, that is in the area where A4F may
exhibit important advantages compared with SEC.

Efficiency of a liquid chromatographic system is based on measurements of
retention volumes and peak widths of low-molecular model substances. This is not
possible in A4F. As shown be several authors, the correlation between SEC column
efficiency data assessed from low-molecular substances and polymers is not well
defined.

Data in Table 4-7 indicate a very narrow molar mass distribution of PS
standards; their dispersities determined with help of A4F are much lower than these
determined by SEC. Can be the SEC band broadening responsible for the difference?
Explanation of differences in shapes of eluograms by the chemical changes
(oxidization) of THF definitively needs an independent proof. Testing and
presentation of a rather new method should be accompanied with careful study of
repeatability of measurements. The Thesis should contain clear recommendations.

In the opinion of reviewer, present Chapter 4.1 should follow present
Chapter 4.2 because the optimized experimental conditions determined in Chapter
4.2 were applied in Chapter 4.1.

The improvements of performance of A4F apparatus accomplished in the
course of work on Thesis are very valuable. They should be demonstrated with help
of appropriate examples in the text. They should not be included into conclusions if
not previous quantification.

When preparing publication(s) of results, please, substitute terms
“polydispersity” by “dispersity” (new IUPAC recommendation), and “monodisperse”
by “uniform” (IUPAC), substitute term “solvent” on p. 98 by “mobile phase” or
eluent”, and “butylated hydroxytoluene” by “2 6-di-terc-butyl-4-methyl phenol”.
“Larger”, not “higher” width. The names of Journals should be abbreviated
according to SCI.

Thesis brings numerous interesting results. They show the strong and weak
features of the A4F method. Thesis demonstrates the qualification of Candidate for
independent scientific work. | do recommend accepting Thesis for the defense, and as a
basis for granting the PhD degree. oy
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Bratislava, June 1, 2010 MAN,
Dusan Berek
Polymer Institute
Slovak Academy of Sciences
Bratislava



Recenzni posudek disertaéni prace Ing. Petra Lebedy Application of
Field-Flow Fractionation Metod for Polymer Characterization.

Tématem disertaéni prace je vyuziti FFF (Field-Flow Fractionaton) separa¢ni techniky pro
charakterizaci polymernich materialf.. Struktura prace odpovida standardnimu pojeti.
V tvodni teoretické &4sti jsou uvedeny stru¢né princip metody, jeji matematicky a fyzikalni
popis. Deklarované cile prace jsou zaméfeny na feSeni uspofadani experimentu a studium
podminek na priib&h a vysledky méfeni. Pfedmétem studia byly polymery s velmi vysokou
molekulovou hmotnosti. Dal§im komplikujicim faktorem bylo vétveni polymernich fetézct.

V priibéhu studia proved! doktorand spousty naro¢né experimentalni prace a shromazdil
velky objem dat, ktera také velmi peclivé vyhodnotil. Po formalni strance je préce
vypracovana velmi pe¢livé. Co poné€kud postradam, je hlubsi analyza ziskanych
frakcionaénich dat (vypocet distribuénich funkci).

K praci mam nékolik poznamek a dotazd.

1) Na zdkladg &eho déli pouzita frakcionagni technika polymerni molekuly?Je to
hmotnost &astic a jejich hydrodynamicky primér, nebo pouze hydrodynamicky
pramér?

2) V Zimmové grafu je nesprivné vynesena hodnota 1/My. Spravna hodnota
odpovida priseéiku extrapolovanych koncentracnich a uhlovych zavislosti.

3) Nejsem si zcela jisty, zda dobfe rozumim co reprezentuji zavislosti MALS na

eluénim &ase nebo objemu. Je to smérnice zéavislosti Kc/Re na uhlu méfeni

v Debyeové grafu (obr. 1-17, str. 39)pro jednotlive elucni Casy za predpokladu, Ze
je koncentrace polymeru zanedbatelna? Je-1i tomu tak, pak je MALS ~ <rg2> a
nerozumim proé je jeho zavislost na eluénim Case jina nez zavislost RMS.

4) Je obecné znamo, Ze thlové zavislosti svétla rozptyleného polymerem s vysokou
molekulovou hmotnosti, §irokou distribuci jejich velikosti a vétvenim jsou siln€
zak¥ivené. Zimmuv diagram je siln& deformovan. To vede ke znaéné
nespolehlivosti stanovenych hodnot <rg2>. Uhlova zéavislost v obr. 1-17 je témé&f
dokonal4 primka. Bylo tomu tak ve vech ptipadech? JestliZe ano, ¢im si to
vysvétlujete?

5) Podle prezentovanych grafl usuzuji, Ze separace, prakticky ve vSech studovanych
pfipadech, probihala normalnim mechanismem. Jedinou prezentovanou vyjimkou
je akrylova disperze v obr. 4-21 na stran€ 77. Pro¢ dochézi ke zméné separacniho
mechanismu v pritbéhu méfeni? V po&ateéni fazi probihd déleni normalnim
mechanismem a pak v zdvérené fazi se mechanismus méni na stéricky.

6) Na strané 97 je naznaceno, ze hodnota exponentu zavislosti rozméru poly(fenylen
acetylenového) fetézce na jeho hmotnosti by mohla naznacovat, Ze je tento fetézec
tuhy. Teoretickd hodnota tohoto exponentu pro ohebné polymerni fetézce
v dobrych rozpoustédlech se pohybuje mezi 0,5 aZ 0,8. Limitni hodnota pro tuhé
tyéinky je 2.

7 Proé se v obr. 4-54 a 4-61 objevuji diskontinuity v zavislosti molekulové
hmotnosti na eluénim objemu?

Doktorand Ing. Petr Lebeda prokéazal, Ze je schopen samostatné fesit naroéné védecké

experimenty. Praci jsem prostudoval a prohlasuji, Ze splituje vSechny pozadavky kladené na
disertadni préci studijnim fadem University Pardubice. Doporuduji ji k obhajobé.

V Praze 6.6.201

<ﬁ.,; QC\{J‘\ Q

Doc. Ing. Antonin Sikora, CSc.



Oponentni posudek disertaéni prace Ing. Petra Lebedy na téma
,,Application of field-flow fractionation method for polymer
characterization”

Predlozena disertatni prace se nejen zabyva velmi aktualni tematikou v oblasti
charakterizace riznorodych polymernich materiald pomoci nové techniky, ale navic, nad
ramec obecné odekavanych zavérd, predstavuje a jednozna&né potvrzuje moznost vyuZiti této
techniky v chemicko-technologické praxi. Vystizné porovnavé standardné uzivanou techniku
GPC a jeji omezeni s prokazanou moznosti uziti A4F jako alternativy a pro mnohé polymery
jedine¢né techniky pro charakterizaci molekularné hmotnostnich distribuci 1 stupiii vétveni.
Uspé&$né navazuje na prace a laboratorni praxi v tomto oboru, zv145t8 pak posunuje moZnosti
vyuZiti této techniky do oblasti komer&né uzivanych polymert a potvrzuje moznost pouZiti
pro standardni organicke mobilni faze, kterou byva v soucasnosti ve vétsing pfipadt THF.

Je tedy bezpochyby velkou zasluhou této prace, Ze prostiednictvim jednoznaénych
zavert vnadi nové poznatky do tohoto sméru polymerni chemie. Vlastni prace ma typické
uspotadani pozadované pro tento typ publikaci a je logicky délena do obvyklych Casti
pocinaje tvodem, teoretickym pfehledem, experimentalni &asti, zakondena diskusi a zavérem.
V samotném zavéru jsou shrnuty dfive neptekonané problémy, které neumoziiovaly plné
vyuziti této techniky pro rutinni analyzy. Pfinosem této prace je, e tato uskali nejen
pojmenovava, ale ve v&t§ing pripadd i fesi. VEfim, ¥e i omezena schopnost separace v oblasti
oligomert bude v budoucnu uspokojivé vyfeSena. Prace predstavuje prvni ucelenou studii
tohoto typu v oblasti asymetrické tokove frakcionace A4F s aplikaci na roztoky polymerl
v THF.

Z vyse uvedeného vyctu je patrné, Ze se jedna o praci velmi rozsahlou, naro¢nou na
provadéni experimentil i naslednou interpretaci shroméazdénych dat. Vysledky byly né€kolikrat
publikovany v renomovanych asopisech a prezentovany na odbornych konferencich, coz
potvrzuje aktualnost problematiky i zodpovédné zpracovani a presentaci shromazdénych
vysledkil.

Po obsahové strance nemam k praci zasadnich pfipominek. Me poznamky a
ptipominky se tykaji spiSe formalniho provedeni. Véfim, e tyto nejasnosti budou béhem
obhajoby vyjasnény:

1. Na strané 12 se piSe, Ze separace S€ odehrava v ,jinherently inert device*“. Tato
inertnost je uvazovana pro vSechny typy rozpoustédel a polymert, nebo pouze pro

systémy, které byly studovany v této praci?



10.

11.

12.

13.

Na strand 29 v tietim odstavci ma byt pravdépodobné _considered material misto
,,consider material®.

Na strané 32 je v druhém odstavcl zmifiovana nutnost uZiti riznych soli, pokud je A4F
uivan pro vodnou mobilni fazi. V konvenéni chromatografii tyto soli zabraiiuji
adsorbei vzorku na pevnou fazi nebo upravuji pH. Jak je tomu v tomto piipadé, kdy
stacionarni faze neexistuje a piesto analyza tento ptidavek vyZaduje?

Na zatatku kapitoly 1.2.5 se pise ,,..a lot of publications are based on experiments ...“.
Zde by mél byt uveden odkaz na tyto zmifiované publikace.

Na strané 36 se v odstavci 1.4.1 pise, ye ,MALLS measurements produced weight
average molar mass™. Patrné se myslelo, Ze tato mé&feni My, poskytuji nebo umoziiuji
stanovit, urit€ ho neprodukuji.

Na strané 42 je v poslednim odstavci nesrozumitelnd formulace ,, branching is
compensated for by the increase of RMS“. Patrné se jedna o pieklep v pripadé ,.for
by“.

Na strané 43 ve tfetim odstavci vypadlo ,,of* mezi slovy ,, comprises of monomer,
water,...“

Na strané 47 je nesrozumitelna formulace na konci prvniho odstavce 1.6.3, kde se pise
..... PS calibration 2 priori provides incorrect results for any polymer but
polystyrene”. Misto _but“ mélo byt asi jiné slovo.

Na stran& 50 byl ,,polymer solutions filtered by filters™ a ne _with filters®.

Je spravna hodnota v tabulce 3-4 na strané SS ve druhém sloupku na prvnim fadku?
210 mikrometri se zda byt pili§ vysokou hodnotou v kontextu popisovanych
vlastnosti?

Na strané 63 by bylo vhodné&jsi uvést, ye ,, difference between isocratic and gradient
measurements is in time of analysis“ misto ,, analysis time®.

Na strané 70 je popisovan vliv rychlosti toku na separaci. Pro tento udel byl vybran
,,spacer 350 mikrometrt silny. Pro¢ pravé tato tloustka?

V kapitolach 4.2.8 a 4.2.9 se popisuje vztah nastiikovaného objemu a mnoZstvi
vzorku. Jako zavér se uvadi, Ze separace neni nastfikovanym objemem ovlivnéna, viiv
miZe mit pouze nastfikované mno¥stvi polymeru. Dalo by se uvazovat O vyuziti této
techniky v semipreparativnim, nebo preparativnim uspofadani po piistuSné modifikaci
kanalu? Zejména ,volny prachod™ nizkomolekularnich frakci by mohl byt pro

purifikaci polymert ve v€tsim méfitku jedineSnym.



14. Na strané 89 je potvrzena vytecna reprodukovatelnost separaci. Pfesto se dovoluji

15.
16.

17.

18.

19.
20.

zeptat, pro¢ nejsou v zakrytu i vrcholky fraktogramd. Nejnize se zda byt prvni nastiik.
Mii¥e dochazet k _zakoncentrovani systému“?

Na strané 95 by posledni véta méla zatinat , However as is seenl ... «“

Na strané 99 je pro akrylatove disperze pouze Kkonstatovano, ze byly pfipraveny. Zcela
schazi popis toho, kdo a jak je pfipravil.

Na stejné strané 99 by druha véta predposledniho odstavce méla zaginat ,, Conditions
of separation were as follows: ...

Na strand 106 Je uprostied odstavce véta. It means that behavior of smaple
MMA25/BA75 must indicate something different. Co se mysli tim ,, something
different“? V dalsi v&t& by mélo byt ,, ... acrylate was prepared and separated both by
A4F and SEC methods™.

Na strané 107 by posledni véta méla za¢inat ,, To demonstrate this ability...“.

Popis zobrazovaci techniky pro stanoveni velikosti €astic pomoci elektronove
skenovaci mikroskopie na strané 108 je dosti kuri6zni, Mam na mysli vétu, ze vzorek

byl odeslan.... .

Ziavérem chei konstatovat, Ze prace je dostatené kvalitni a posouva kupfedu naSe

poznani Vv dané oblasti. Pfinosné bude nepochybné vyuziti jejich vysledkt

v chemickotechnologické praxi. Timto doporucuji tuto praci bez dalsich pripominek

piijmout k obhajobg.
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V Pardubicich 20.5. 2010 Ing. Martin Kaska Ph.D.



