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CHAPTER 1
Introduction



10

Latex
A latex is a stable dispersion of small pol mer particles in water and can originate from 
either a natural or s nthetic source  The s nthetic varieties can be obtained b  free radical 
pol meri ation of monomers containing a vin l (i e ethen l according to the formal I PAC 
rule) double bond  The structures of common commercial available monomers are given in 
Table 1 together with an indication of their area of application 1  

Table 1 T pical monomers used in common commercial emulsion pol meri ations 1
Monomer Structure Application area

* St rene S nthetic rubbers  Paper coating

* Butadiene S nthetic rubbers  Paper coating

* Tetra uoroeth lene Pol (tetra uoroeth lene) (e g Te on)
Fluoropol mers (e g  iton)

* in l acetate Adhesive  paint

* Meth l methacr late Surface coating

* Acr lic acid Paint

* Itaconic acid Paint

* Chloroprene Neoprene rubber

* But l acr late Surface coating

* But l methacr late Surface coating

* Meth l acr late Surface coating  Adhesive

* in l chloride Water  sewage and electrical tubing

The differences between the monomers (e g  reactivit  and water solubilit ) do not onl  have 
an impact on process characteristics but also in uence the properties of the nal pol mer 
(e g  glass transition temperature and h drophobicit )  Even combinations of monomers 
can be used to meet the desired molecular characteristics 2  Table 2 shows a number of 
methodologies in which these latexes can be produced  Emulsion pol meri ation is the most 
used techni ue for preparing latexes used as coatings and adhesive 1  
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Table 2:The different types of heterogeneous polymerization systems 1 .

Type
Particle 
radius 
(nm)

Droplet 
size
( m)

Initiator Continuous 
phase

Discrete phase 
(particles)

* Emulsion 50 - 300 ~1 - 10 Water 
soluble Water

Initially absent  
monomer swollen 
polymer particles 

* Precipitation 50 - 300
Water 
soluble 
monomer 

Water 
soluble Water

Emulsion but 
monomer does 
not swell polymer

* Suspension  1000 1 – 10 Oil 
soluble Water

Monomer + 
formed polymer 
in pre-existing 
droplets

* Dispersion  1000 - Water 
soluble

Organic (poor 
polymer 
solvent)

Initially absent  
monomer-
swollen polymer 
particles.

* Microemulsion 10 - 30 ~0.01 Water 
soluble Water

Monomer  co-
surfactant + 
formed polymer

* Inverse emulsion 100 - 1000 1 - 10
Water 
or oil 
soluble

Oil Monomer  water+ 
formed polymer

* mini-emulsion 30 - 100 ~0.03 Water 
soluble Water

Monomer  co-
surfactant + 
formed polymer

Emulsion polymerization re uires a proper distribution of the monomer in water during 
processing and this is usually achieved by adding a component with detergent or emulsi er 
characteristics. The actual synthesis is controlled by heterogeneously generated free radicals 
and the polymerization can be divided in three characteristical stages as shown in Figure 1.

Figure 1: A typical rate of polymerization as a function of the monomer conversion in combination with 
a schematic representation of the micelle nucleation model 3 .
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The dominating process during stage I is the formation and initiation of monomer- lled soap 
micelles. This stage corresponds with 10-20% of the monomer addition and determines the 
number of particles formed. This stage is also important for the properties of the latex since 
it (indirectly) determines the size of particles present in the nal product. The main process 
in stage II is the growth of particles and in stage III is a diminishing monomer concentration 
the most important variable. Stabilization of the hydrophobic particles is crucial in all three 
stages. This can be achieved by either electrostatic repulsion of ionic groups at the polymer/
water interface or steric stabilization by hydrophilic polymers (protective colloids)  which can 
generate a so-called protective water barrier around the latex particle (Figure 2). Electrostatic 
stabilization is complementary to steric stabilization and the two are therefore fre uently 
combined to achieve an optimum result 3 4 .

Figure 2:A latex particle covered with degraded starch fragments.

The global demand for emulsion polymers (i.e. latexes) is increasing and studies show that 
this will continue in the near future (Table 3). The Asia/Paci c region has become the leading 
regional latex market in the last decade due to the very fast growing economies in India 
and China. This considerable growth is believed to continue in the years to come whilst the 
markets in North America and Western Europe are believed to increase at a subpar pace. 
Positive prospects are also expected in the regions Africa and Middle East.
The predicted expansion of the latex market is partly based on the world wide desire to use 
more environmental benign products. The focus in developing nations is on the replacement 
of organic solvent-based products by their water-based counterparts whilst the industrialized 
world  due to the fact that waterborne products are already very common  is focusing on 
preparing them in a more sustainable way. 
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Table 3: World emulsion polymer demand 5 6 .

Years
Demand (metric tons) Growth (%)

2006 2011 2016 2021 06-11 11-16
* World demand (thousand metric tons) 9110 10330 13250 16450 2.5 5.1

By market
Coating 5370 6055 7890 9830 2.4 5.4
Adhesives 2235 2490 3175 3955 2.2 5.0
Other markets 1505 1785 2185 2665 3.5 4.1

By region:
North America 2757 2460 3010 3400 -2.3 4.1

nited States 2380 2105 2575 2900 -2.4 4.1
Canada & Mexico 377 355 435 500 -1.2 4.1

Western Europe 2664 2582 2870 3120 -0.6 2.1
Asia/Paci c 2748 4078 5760 7860 8.2 7.2

China 1045 2040 3160 4610 14.3 9.1
Japan 628 583 635 660 -1.5 1.7
Other 1075 1455 1965 2590 6.2 6.2

Other regions 941 1210 1610 2070 5.2 5.9
* Dollar / kg 2.23 2.52 2.74 2.98 2.5 1.7
* World demand (million dollar) 20350 26060 36350 49000 5.1 6.9

Green chemistry and engineering
The natural step  bio-mimicry  cradle to cradle  getting to zero waste  resilience engineering  
inherently safer design  ecological design  green chemistry and self-assembly  are ust a 
number of examples of the abundantly available philosophies for making chemical products in 
a more sustainable and safe way. The number of institutions and individuals converting these 
philosophies into workable principles and guidelines is e ually overwhelming. However  there 
are considerable overlaps between these principles and guidelines and some of them are 
not technically oriented. A selection based on their relevance to understand the fundamental 
idea of chemical engineering promoting sustainable development is very enlightening 7 . 
The design for the environment (DFE) appears to be an excellent guideline for all stages 
of sustainable development even if the proposed points of view appear to be of a more 
general nature 8 . The twelve principles of green chemistry and engineering are ready-to-use 
guidelines by which the impact of chemical products on the human and environmental health 
can be reduced signi cantly 9 10 . 
Petrochemical derived detergents  emulsi ers and protective colloids are fre uently re uired 
during polymerization to achieve the desired latex functionality 3 . Replacing these ingredients 
by renewable alternatives increases the degree of sustainability of these products according 
the twelve principles of green chemistry (Table 4). Moreover  the improvement is not always 
restricted to the actual replacement of this part of the formulation because the latexes obtained 
are in numerous cases blended with petrochemical based binders and other components 
to achieve optimal performance in the desired application. nfortunately  replacement 
of these blending ingredients by their renewable counterparts is fre uently limited due to 
compatibility issues. However  the risk of compatibility problems is reduced considerably if 
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this part of the formulation is made from similar raw materials as the additives used during the 
preparation of the latex. A total elimination of post-additions might be feasible with the use of 
a mixture of different protective colloids or a protective colloid that can be changed during the 
polymerization process. Different levels of emulsi er-like characteristics can be introduced 
to a (renewable) hydrophilic polymer by a hydrophobic derivatization before or during the 
preparation procedure 11 . The properties of the hydrophilic polymer can in some cases 
change considerably during the actual polymerization and reaction conditions can be used to 
ne tune the protective colloid characteristics (e.g. more or less degradation and grafting of 

monomer) during this part of the process. 
The example described above shows that the degree of sustainability of a synthetic latex can 
be improved according the twelve principles of green chemistry. However  an adaptation in 
the formulation can also have a considerable impact on the reaction conditions. Therefore  
a change in the polymerization system (i.e. procedure and/or e uipment) might be needed 
before the modi ed latex can be produced in an acceptable way.  It is recommended to 
use the twelve principles of green engineering if changes in the polymerization system are 
actually needed (Table 5).  Application of this guideline reduces the risk that the synthetic latex 
does not achieve its maximum level of sustainability possible.  
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Table 4:The Twelve Principles of Green Chemistry 9 .

Principle Description

* Prevention It is better to prevent waste than to treat or clean up waste after 
it has been created.

* Atom Economy Synthetic methods should be designed to maximize the 
incorporation of all materials used in the process into the nal 
product.

* Less Hazardous Syntheses Wherever practicable  synthetic methods should be designed to 
use and generate substances that possess little or no toxicity to 
human health and the environment.

* Designing Safer Chemicals Chemical products should be designed to affect their desired 
function while minimizing their toxicity.

* Safer Solvents and Auxiliaries The use of auxiliary substances (e.g.  solvents  separation 
agents  etc.) should be made unnecessary wherever possible 
and innocuous when used.

* Energy Ef ciency Energy re uirements of chemical processes should be 
recognized for their environmental and economic impacts and 
should be minimized. If possible  synthetic methods should be 
conducted at ambient temperature and pressure.

* Renewable Feedstocks A raw material or feedstock should be renewable rather than 
depleting whenever technically and economically practicable.

* Reduce Derivatives nnecessary derivatization (use of blocking groups  protection/ 
deprotection  temporary modi cation of physical/chemical 
processes) should be minimized or avoided if possible  because 
such steps re uire additional reagents and can generate waste.

* Catalysis Catalytic reagents (as selective as possible) are superior to 
stoichiometric reagents.

* Design for Degradation Chemical products should be designed so that at the end of 
their function they break down into innocuous degradation 
products and do not persist in the environment.

* Pollution Prevention Analytical methodologies need to be further developed to allow 
for real-time  in-process monitoring and control prior to the 
formation of hazardous substances.

* Accident Prevention Substances and the form of a substance used in a chemical 
process should be chosen to minimize the potential for chemical 
accidents  including releases  explosions  and res.
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Table 5:The Twelve Principles of Green Engineering 10 .
Principle Description
* Inherent Rather Than Circumstantial Designers need to strive to ensure that all materials 

and energy inputs and outputs are as inherently 
nonhazardous as possible.

* Prevention Instead of Treatment It is better to prevent waste than to treat or clean up 
waste after it is formed.

* Design for Separation Separation and puri cation operations should be 
designed to minimize energy consumption and 
materials use.

* Maximize Ef ciency Products  processes  and systems should be 
designed to maximize mass  energy  space  and 
time ef ciency.

* Output-Pulled ersus Input-Pushed Products  processes  and systems should be 
"output pulled" rather than "input pushed" through 
the use of energy and materials

* Conserve Complexity Embedded entropy and complexity must be viewed 
as an investment when making design choices on 
recycle  reuse  or bene cial disposition.

* Durability Rather Than Immortality Targeted durability  not immortality  should be a 
design goal.

* Meet Need  Minimize Excess Design for unnecessary capacity or capability (e.g.  
"one size ts all") solutions should be considered a 
design aw.

* Minimize Material Diversity Material diversity in multicomponent products 
should be minimized to promote disassembly and 
value retention.

* Integrate Material and Energy Flows Design of products  processes  and systems 
must include integration and interconnectivity with 
available energy and materials ows.

* Design for Commercial "Afterlife" Products  processes  and systems should be 
designed for performance in a commercial 
"afterlife."

* Renewable Rather Than Depleting Material and energy inputs should be renewable 
rather than depleting

Starch
Starch is a carbohydrate based polymer only exceeded by cellulose in natural abundance. 
Starch is easier to disperse in water  and more reactive than cellulose and this renders starch 
more suitable for different kinds and degrees of modi cation 12 . Starch is therefore not only 
a good raw material because of its renewable nature  but also for its modi cation possibilities. 
It offers a high level of exibility in order to design derivatives that t a given application 
properly. The main building unit of starch is the -D-glucopyranoside (D-glucose) molecule 
and the unit is called -D-glucopyranosyl ( -glucan) or anhydroglucose unit (AG ) once the 
polysaccharide is formed by glycosidic bonds. The polysaccharide generated can be present 
as either amylose or amylopectin (AP) polymers (Figure 3).
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Figure 3: The structure of amylose and AP.

Amylose is a mainly linear biopolymer and AP has a highly branched character. Linear 
segments originate from -D-(1 4) linked AG s and branches are introduced by -D-(1 6) 
linkages. Amylose and AP can differ considerably in chain length and number of -D-(1 6) 
branches depending on the botanical origin. -D-(1 4) AG s arrange into double helices (DH) 
and form tube like structures with a slightly hydrophobic interior which excludes the presence 
of water molecules. The inner size of the DH-tube is large enough to capture iodine molecules 
13 . The DH-tubes are packed in the starch granule in a hexagonal way and these DH-tubes 
form crystalline lamellae (domains) in AP if they have enough freedom to align. DH-tubes 
remain amorphous in the vicinity of -D-(1 6) linkages and in amylose. Two crystalline packing 
varieties are known which mainly differ in water content. The low water content packing (about 
4 water molecules on 12 AG s) is designated as type A and can be found in plants evolved 
in a dry environment (e.g. cereal grain). Plants evolved in a more humid environment (e.g. 
potato) display a type B packing of the DH-tubes which contains approximately 36 molecules 
of water on 12 AG s. Figure 4 shows schematic representations of both hexagonal packings 
14 15 .

Figure 4: Schematic representation of type A and B packing of DH-tubes.

Amylose 

Amylopectin 

D-Glucose 

Type - A Type - B

Double helices (DH) tube

Water
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The DH-tube packing has an effect on the dissolution characteristics. Type A is more dif cult 
to dissolve than type B. Starch usually contains either type A or B packing of the DH-tubes 
(with the exception of pea starches that contain both). Type B packing of DH-tubes in the 
starch granule can be transformed into type A but this re uires considerable dehydrative 
conditions. This conversion is irreversible even if the starch is stored with an amount of water 
above its original content 14-16 . 
The branches in AP can be classi ed as: A-chains  which are unsubstituted  B-chains  
substituted by other chains and a C-chain corresponding to the original chain carrying the 
reducing glucose molecule 14 . A substantial variation in the position and length of the 
branches is observed between the starches of different botanical origin  which can result in 
considerable differences in properties  such as rheological behaviour. This behaviour is also 
strongly in uenced by the amylose content of the starches and varieties without amylose are 
fre uently preferred in industrial applications. AP (commonly referred to as waxy) starches 
are usually less sensitive to retrogradation and complexation to other substances in the 
formulation and re uire therefore a lower degree of derivatization to achieve the desired 
functionality. Among many root (e.g. tapioca)  tuber (e.g potato) and cereal (e.g. maize) 
starches  the potato variety contains the lowest level of proteins and lipids. The structures of 
AP in root and tuber starches are very similar but differences can still be found. The AP part 
of potato starch contains  for example  more covalently bound phosphate groups than the 
tapioca counterpart and this helps to untangle potato AP during dissolution. This feature also 
reduces the occurence of partly dissolved starch granules for potato starch signi cantly and 
stabilizes the dissolved AP molecules 17 .
Native starch granules are insoluble in water because AP contains a considerable amount 
of crystalline domains. Enzymes involved in the synthesis of AP incorporate segments 
during synthesis which align to each other and form crystalline lamellae. These segments 
consist of double helices which have a tube like structure of more or less e ual length 14 . A 
temperature of 60 °C or more  depending on the botanic origin  is needed to initiate swelling of 
the starch granules as the crystalline domains destabilize. A considerable increase in viscosity 
is observed during this process. The generated viscosity at this point is a combination of true 
viscosity and structure generated by swollen granules. The viscosity reduces in time due to 
disintegration of the swollen starch granules.
A distinct increase in viscosity is observed during cooling. A continuous increase in viscosity  
followed by gelling or precipitation is commonly seen for amylose containing native starches  
a phenomenon called retrogradation. Each type of starch has a uni ue processing behaviour 
and this can be seen in the rapid visco analyzer (RVA) viscosity pro les of Figure 5. The 
viscosity behaviour of the native starches is not always desired and the starches are therefore 
fre uently physically or (bio)chemically modi ed (Figure 6) 17-22 .
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Figure 5: Rapid Visco Analyzer (160 RPM) viscosity pro les of commercial available native starches 
(5 wt % in water)

Figure 6: Starch after modi cation by physical  (bio) chemical treatments and combinations thereof.

Physical and (bio) chemical modi cation are applied if the size and structure of the amylose and 
AP molecules needs to be changed for optimal performance in the application. However  the 
hydrophilic character of the amylose and AP molecules still dominates after these treatments 
and this can be changed by applying a derivatization of the starch before  during or after the 
modi cation step. The degree of substitution (DS) is de ned as the number of substituted 
hydroxylic groups per AG . An AG  contains three hydroxylic groups that are available for 
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derivatization and the DS can therefore not exceed three. An actual DS of three is not feasible 
due to differences in reactivity between the three hydroxylic groups and steric hindrance. 
Fortunately  there is no need to go this high because distinct changes in characteristics can 
usually already be observed around a DS of 0.01. The maximum DS obtainable during a given 
modi cation reaction (DSmax) is de ned as the amount of reagent added with respect to the 
amount of AG  units present in the starch. The actual DS is lower than this value to an extent 
depending on the ef ciency of the reaction in uestion. Etheri cation and esteri cation are 
commonly applied derivatization reactions (Figure 7). 

Figure 7: The three reactive hydroxyl groups (R) of an AG  and three examples of possible 
derivatizations.

A hydroxyl group containing substituent (e.g. 2-hydroxylpropyl) competes with the hydroxyl 
groups of starch and makes the bonding of an increased amount of reagent to a AG  possible 
by the addition of reagent molecules to the subsituents already attached to the AG . This 
type of derivatization can also be described in molar substitution (MS). This parameter is 
calculated in the same way as DS but is not limited to the value of 3.0 14 .

Vinyl acetate based latexes are extensively used in adhesives and coatings and the 
corresponding commercial markets have considerable growth prospects for the coming years 
1 2 6 . A vinyl acetate polymerization reaction deviates signi cantly from the general rule 
of the Smith-Ewart theory that nucleation takes place mainly in monomer swollen micelles 
(in contrast to its styrene counterpart that is often used as reference system) 23-26 . This 
fundamental difference limits the applicability of the abundantly available information on 
Smith-Ewart  based polymerizations. The origin is a higher water solubility of the vinyl acetate 

monomer compared to styrene.The hydrophilic nature of vinyl acetate allows formation of 
oligomeric radicals with up to ~10 units of monomer before precipitation occurs from the 
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water phase. This kind of particle formation is called homogeneous nucleation (Figure 8). The 
addition of surfactants and/or non-ionic amphiphiles is therefore not a necessity for a vinyl 
acetate emulsion polymerization. Reaction conditions can even be tuned to generate enough 
oligomeric radicals to replace the ionic surfactants and non-ionic amphiphiles completely 27-
30 .

Figure 8: A schematic representation of the homogeneous nucleation mechanism.

The high reactivity of the vinyl acetate radicals result in various transfer reactions to other 
components in the reaction mixture. It is even possible that the radical is transferred to a 
monomer which results in a mobile and rather stable monomeric free radical. This process 
is called desorption when the generated radical migrates out of the latex particle 5 . Radical 
termination occurs when a radical collides with another radical or a molecule with radical 
scavenging properties 31 32 . Chain transfer to a polymer is also possible and involves an 
H-abstraction of a polymer chain. Branching of the polyvinyl acetate polymer nds its origin in 
this type of radical formation and also grafting of hydrocarbon or hydroxyl based ingredients. 
This behaviour offers an interesting possibility for introducing water-soluble material as part 
of the latex particle by turning them into amphiphilics during the actual polymerization 33-
35 . This process does rstly result in material that can replace the detergent and emulsi er 
part of the formulation and secondly in improved protective colloid characteristics. Vinyl 
acetate latexes that rely on this kind of stabilization have excellent freeze thaw properties and 
have viscosity levels and particle sizes which are out of reach with combinations of regular 
detergents and emulsi ers. 
The use of starch derivatives in vinyl acetate based polymerizations is known and fre uently 
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patented 36-47 . Examples of the use of undegraded starch in the formulation can be found  
but the application of smaller molecular size protective colloids is often favoured. The actual 
reason for this preference is not found in literature. 
The use of detergents and emulsi ers of petrochemical origin is almost allways claimed in 
these patents and products which re uire this type of additives rely on the combined effect 
of the starch and petrochemical based amphiphiles. Removing the petrochemical part of the 
formulation re uires a considerable redesign in the preparation procedure to compensate for 
the change in reaction conditions. This change also offers a chance to evaluate the actual 
need of breaking the starch down to oligosaccharide level before the polymerization is started.

Scope of this thesis
Modi ed potato starch appears to be a good choice to replace synthetic additives (i.e. 
detergents  emulsi ers and protective colloids) in products prepared by free radical 
polymerizations. These additives are usually present in the range of 1 to 15 wt % (with 
respect to the amount of polymer) and a typical vinyl acetate based formulation contains 
approximately 10 wt % of these synthetic additives 48 . Patents about the use of modi ed 
starch as protective colloid in free radical polymerizations are not dif cult to nd and can be 
dated back at least for half a century 36-47 . However  the general attitude towards chemical 
products and processes changed considerably in the past decade. Nowadays  consumers 
want to use environmental benign products and this has never been an important issue 
in the past. This will be a positive drive for industries to increase the level of sustainability 
of the current products and preparation processes. The principles of green chemistry and 
engineering appear to be  good guidelines to achieve this in an economical acceptable way.
Raw materials that re uire only minimal modi cations are preferred in green chemistry and 
the use of waxy (i.e. amylopectin) starch as raw material is therefore recommended. First 
of all  this type of starch is very low in amylose and re uires less (chemical) modi cation 
for dissolution in water than its amylose containing counterparts. Root (tapioca) and tuber 
(potato) starches are favoured over other types of starches due to their lower content of 
proteins and lipids. Waxy potato starch contains more bound phosphate groups than its tapioca 
counterpart and in general this is not only bene cial with respect to dissolution characteristics  
but to the stability of the solution as well. Potato starches are preferred as raw material in 
Europe over their tapioca based counterparts from a logistics point of view. Tapioca roots are 
grown in South America and Asia and need to be imported whilst potatoes are cultivated on 
a large scale in Europe. Furthermore  potatoes are cultivated and re ned in a very organized 
and systematic way whilst tapioca roots are not. The variation in uality between batches of 
tapioca starch is therefore most likely much larger than that of potato starch. Finally  waxy 
potato starch is commercially available on a large scale whilst waxy tapioca is not.

This thesis investigates the potentials and limitations of (waxy) potato based protective colloids 
as alternatives for the commonly used synthetic additives in free radical polymerization. 
Chapter 2 describes the selected polymerization system and characterization methods to 
investigate this aspect for vinyl acetate based latexes. This chapter also shows the impact 
of changes in level of agitation and pre-dosages of monomer and initiator on product and 
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process characteristics of a polymerization with an enzymatic converted starch (maltodextrin) 
as the only additive.
Pyrodextrinated starch is already available for decades and the protective colloid of choice if 
high dry matter latexes are desired with high starch content. Chapter 3 shows the impact of 
changes in reaction conditions (i.e. hydrochloric acid concentration  level of pre-drying and 
dextrination time) on the properties of the pyrodextrins obtained and their protective colloid 
characteristics. 
Vinyl acetate based polymerizations can vary considerably in energy consumption during 
processing. This is because vinyl acetate can form a (low boiling or positive) azeotrope 
with water and the fact that polymerizations are fre uently executed above the boiling point 
of this azeotrope. Monomer addition and radical formation therefore need to be carefully 
balanced to avoid excessive re uxing (c. . heat loss). Chapter 4 deals with the effect of 
reaction temperature and initiator concentration on the product and process characteristics of 
a maltodextrin stabilized polyvinyl acetate latex. Modi ed starches with hydrophobic groups 
in uence the particle formation process during the polymerization. 
The effect of different degrees of octenyl succinylation for both regular and waxy potato starch 
based derivatives is reported in chapter 5. The degree of octenyl succinylation of the starch 
is correlated with the viscosity of the latex and a number of the products prepared might be 
interesting for use as wood adhesives. 
The investigation described in chapter 6 is arranged around the standard wood adhesive test 
EN204 D2  and this test is representative for wood glue application in areas with only limited 

exposure to moist (e.g kitchen or bathroom). The evaluated latexes will give an impression of 
the in uence of an octenyl succinylation on wood bonding strength and the impact of using 
regular and waxy potato starch as raw material

Abbreviations
I PAC :  International union of pure and applied chemistry.
AG  :  Anhydroglucose unit.
AP :  Amylopectin.
DH :   Double helices.
A-packing : Hexagonal packing of DH-tubes with about 4 water molecules on 12   
  AG s
B-packing : Hexagonal packing of DH-tubes with about 36 water molecules on 12   
  AG s
A-chains : AP-chain without substitution.
B-chains : AP-chain substituted by other chains.
C-chains : AP-chain carrying the reducing glucose molecule.
DS :   Degree of substitution.
MS :   Molar substitution.
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