
1 Introduction

Colloidal plasma substitutes are aqueous solutions of 
colloids and electrolytes isotonic with blood, which are used
to replace lost blood. They stabilise the circulation, dilute the
blood (haemodilution) and improve the microcirculation.

The best way to replace a lost volume of blood still in-
volves supplying stored blood. However, there is a conti-
nuously growing market for man-made colloidal plasma
substitutes because they exclude the risk of disease being
transmitted and ensure sterility of the product. The polymer
solutions have a long shelf life, are easy to store, are avail-
able in any quantity and are cheap to produce [1].

Plasma substitutes need to have the same colloid-osmotic
pressure as the original blood plasma. Therefore, polymeric
substances such as polyvinylpyrrolidone, gelatine, dextran
or hydroxyethyl starch have been or still are used. As a func-
tion of the concentration, these substances are not only able
to make up the lost volume, but also increase the osmotic
pressure and make interstitial water move into the blood-
stream. These are the so called plasma volume expanders
[2].

Today hydroxyethyl starch (HES) is one of the most com-
monly used plasma substitutes: in 1996 its share of the Ger-
man market was 81 %, that of gelatine 17 % and dextran 2 %
[3]. Polyvinylpyrrolidone is no longer used because it accu-
mulates in the human body [2]. But even a highly developed

product such as HES can result in anaphylactoid reactions,
and also has persistent fractions which accumulate in the
reticulo-endothelial system [1]. In addition it has been
reported that HES may cause a long-lasting itching, which is
resistant to therapy. Other side-effects of HES may include
influences on the function of the kidneys and on blood
clotting [1, 4].

In recent years a lot of research has been aimed at cor-
relating the molecular structure of HES with the unwanted
side-effects. It has been shown that the degree of substitution
by hydroxyethyl groups, especially their distribution over
the various different positions, has a significant effect on 
the retention time in the human body. Substitution at position
C-2 means that cleavage of the α-glycosidic bond by α-amy-
lase is subject to strong steric hindrance, whereas this effect
is only weak when substitution is at position C-6 [5].

The molar mass and molar mass distributions were deter-
mined for laboratory and commercial products. The results
showed very different distributions with respect to the high
molar mass tail. For instance, a commercially available HES
sample with a mean molar mass of 40,000 g/mol had molar
masses up to several million g/mol [6]. The high molar mass
tail is said to be responsible for side-effects such as anaphy-
lactoid reactions.

Recent research activities have looked at acetyl starch as a
substitute for common HES products [7]. Since starch is
retained as the starting material, the products are expected to
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The properties of starch derivatives which may be used as plasma 
substitutes, are dependent upon the molecular structure. Seven acetyl
starch (AS) samples were determined and compared with results from
hydroxyethyl starch (HES) samples.
The molar masses and their distributions were determined with the
combination of size exclusion chromatography and light scattering.
Slightly asymmetric distributions were determined with a polydisper-
sity Mw/Mn ≅ 2.4 and weight-average molar masses of Mw = 250,000–
300,000 g/mol for six AS samples and Mw/Mn ≅ 3.6 and a weight-aver-
age molar mass of 766,000 g/mol for one AS sample.
The average degrees of substitution (DS) and the substitution pattern
were determined by high resolution NMR spectroscopy. The AS sam-
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ples investigated had a DS of 0.42 to 0.81, comparable to HES, but the
regioselective substitution pattern revealed differences. While for HES
the position C-2 is preferred and the position C-3 has nearly no substi-
tuent, for AS both positions, C-2 and C-3, are substituted likewise.
Degradability by α-amylase was tested in the laboratory for AS as well
as for HES having nearly the same degree of substitution and molar
mass, but C-2/C-6 = 2 for AS and C-2/C-6 = 1.4 for HES. An exponen-
tial decrease in the molar mass was observed over time, down to a
limiting molar mass Mw ≅ 50,000 g/mol for AS and Mw ≅ 30,000 g/mol
for HES, the degradation of AS occurred more slowly.



have comparable colloid-osmotic properties. Taking the
acetyl group as a substituent should lead to a more homo-
geneous functionalization because a second substitution at
the same atom is ruled out (see formula in Figure 1, n > 1 in
the formula of HES indicates multiple substitution).

In addition, it has been reported that degradation of HES
is slow and incomplete because etherification hinders the
attack of the α-amylase [7]. Prolonged application of HES
may lead to accumulation in the human body which is said to
be responsible for long-lasting itching. Changing the ether
bond to an ester bond increases the biological degradability
of the polymeric backbone because the ester bond, which
would otherwise hinder the attack of the α-amylase, is split
by esterases [7].

A set of these novel products is investigated by methods 
of polymer analysis. The parameters of interest include the
chemical and solution structures as determined by the degree
of substitution, the substitution pattern, molar mass distribu-
tions and root mean square radii. The aim is to gain a first
impression of the expected properties, based on the known
structure-property-relationships for common HES products.
Furthermore, interest also focuses on whether the enzymatic
degradation of the acetyl group has different kinetics to that
of HES.

2 Experimental Section
13C NMR spectroscopy

The {1H}- 13C NMR spectra were recorded by means of a
MSL 300 spectrometer (Bruker, Germany) with a 10 mm
probehead. Deuterium oxide solutions, 10 % with respect to
the polymer, were used. To enable the proton decoupled
spectra to be quantitatively evaluated, the inverse gated
decoupling technique (IGATED) for complete suppression
of the nuclear Overhausereffect (nOe) was applied. The
spectra were recorded at room temperature with a minimum
of 2,500 scans. The operating parameters were as follows:
frequency 75.47 MHz, sweep width 17.2 kHz, relaxation
delay 10 s, pulse angle 60 degrees, reference trimethylsilyl-
propionic acid-d4 sodium salt (δ = –2.78 ppm). Quantitative
evaluation of the spectra was carried out by fitting a set of
Lorentzian lines to the spectra with the aid of the Bruker
software WinNMR on a PC.

SEC/MALLS

A schematic diagram of the system used in this study can
be found in ref [6]. Four TSK-columns (Toso Haas, Stuttgart,
Germany) with decreasing exclusion limit were coupled to a
DAWN-F light scattering photometer (Wyatt Technology
Corp., Santa Barbara, CA, USA) and from there the eluent

was routed into a differential refractive index detector (DRI)
Shodex RI SE-51 (Showa Denko, Tokyo, Japan). The carrier
solution was deionized, double distilled water containing
0.1M sodium nitrate or sodium acetate/acetic acid was used
as a polyelectrolyte and 0.02 % (w/w) of sodium azide as a
bactericide. The solutions were purified by filtration
(0.1µm) and degassed on-line (Knauer, Bad Homburg, 
Germany). The samples were dissolved in the carrier solu-
tion overnight without stirring. The injection volumes were
100µL and 250µL with an amount of 0.002 mg and 0.05 mg
for each sample. The DAWN-F was calibrated with ultra-
pure toluene and eighteen fixed scattering angles were nor-
malized with a dispersed solution of gold having a known
diameter. The “spider” plot method [8] was used for deter-
mination of the interdetector volume. The signal of the DRI
detector was routed to the DAWN-F, which was interfaced to
an AT computer.

Refractive index increment

All samples were measured in acetate buffer and no 
evidence was found of the refractive index increment being
dependent upon molar mass (as known from other polymer
solvent systems). The measurements were performed with a
Wood RF-600 (Wood Co., PA, USA) and a Shodex RI SE-51
(Showa Denko K.K., Tokyo, Japan). On the basis of the
above results only two samples were measured in sodium
nitrate to obtain the corresponding refractive index incre-
ment.

Materials

The acetyl starches investigated were a set of samples
with differing degrees of substitution. Apart from sample
AS/e 7 which had a nominal molar mass of 400,000 g/mol,
all the remaining samples had a nominal molar mass of
200,000 g/mol. The hydroxyethyl starch sample had a nomi-
nal molar mass of 200,000 g/mol. All acetyl starch samples
are abbreviated to AS, and the hydroxyethyl starch sample 
to HES. During synthesis natural starch has to be degraded 
to obtain the appropriate molar mass range. Some of the
samples were degraded by acid (indicated by an “a” after the
letters) instead of the usual enzymatic process (indicated by
an “e”). The moisture content of the samples was measured
thermogravimetrically.

Enzymatic degradation

Enzymatic degradation was carried out under conditions
resembling those in the bloodstream (phosphate buffer, 
pH = 7.4, T = 310 K, 2.5 mmol/L Ca2+) with an amylase
activity of 144 units/L. The samples were dissolved in
double distilled water (3 % w/w) and poured into the condi-
tioned amylase solution. After a defined time, the enzymatic
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Fig. 1. Schematic representation of a section from
the chain of the starch derivatives.



degradation was stopped by heating the mixture up to 358 K
for five min.

3 Determination of the Chemical
Structure

The starch derivatives investigated are the reaction pro-
duct of an etherification or esterification. The backbone of
this class of polymers is starch, a branched polymer con-
sisting of α-(1,4) glycosidic-linked anhydroglucose units
(AGU), the chain branchings are formed by α-(1,6) glyco-
sidic bonds. Each AGU has three remaining hydroxyl groups
at positions two, three and six, which are available for 
chemical modification, see Figure 1. The so-called average
degree of substitution (DS) is a value representing the total
number of substituted hydroxyl functions per AGU. Unsub-
stituted starch has a DS value of zero and completely sub-
stituted starch is identified by a DS of three.

A more detailed description has to differentiate between
three possible substitution positions on the AGU: the partial
degree of substitution xi,. The subscript “i” indicates the
position two, three or six. The partial degrees of substitution
range from zero to one and their sum is the DS.

DS = x2 + x3 + x6 (1)

The hydroxyethyl substituent enables multiple substitution
to take place at one position of the AGU, as shown in
Figure 1 for n > 0. As a result the production of HES can lead
to a most complicated substitution pattern.

The use of quantitatively evaluable carbon NMR spec-
troscopy leads to the determination of the DS and the three
partial degrees of substitution. Figure 2 shows the spectrum
of the acetyl starch AS/a 2 (without the carboxyl region). The
signal assignment has not yet been published so it was car-
ried out by comparing the spectrum of acetyl starch with
another well-known acetyl derivative, the cellulose acetate
(similar to the starch derivative, differing only in the glyco-
sidic linkage, β-(1,4) instead of α-(1,4). The chemical shifts
of the signals of a cellulose acetate with a DS = 2.0 in
Me2SO-d6 [9] and of the acetyl starch AS/a 2 are presented in
Table 1.

Equation 2 below enables the DS to be determined. The
three partial degrees of substitution are calculated with equa-
tions 3–5. The determined chemical structure parameters
(DS and xi) of the investigated AS-samples are summarized
in Table 2. For comparison a set of HES data from published
sources had been added [6].

(2)

(3)

(4)

x3 = DS – x2 – x6 (5)

A significant difference in the molecular structure of these
two plasma substitutes can be clearly seen. The preferred
position for substitution in HES is position two, with the sub-
stituent located nearest to the glycosidic linkage. In contrast,
position three is preferred in the AS-samples investigated
here.

4 Characterization of the Solution
Structure

The properties of polymer solutions are influenced by 
the chemical structure of the polymer chain as well as by the
distributions of molar mass and hydrodynamic radius. The
mean molar mass is often used to estimate the intravascular
retention time in the human circulatory system. However,
knowledge of the mean molar mass alone is not sufficient for
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Fig. 2. { 1H}- 13C-NMR spectrum of the acetyl starch AS/a 2 (DS = 0.5)
in deuterium oxide with signal assignments (subst. = substituted; un-
subst. = unsubstituted). The region of the carboxyl signal at 175.6 ppm
is not shown.

Tab. 1. 13C-NMR chemical shifts of cellulose acetate referenced
against TMS (= 0 ppm) [9] and chemical shifts of acetyl starch referen-
ced against TSP (= – 2.78 ppm) in ppm.

Sample Cellulose acetate Acetyl starch AS/a 2
(DS = 2.5)

in Me2SO-d6 in D2O

C-1 unsubstituted 102.6 102.1

C-1 at 2 substituted 99.6 98.9

C-2, 3, 4, 5 80.2–72.0 79.0–73.6

C-6 substituted 62.6 66.1

C-6 unsubstituted 59.4 62.8

C-7 171.3–170.1 175.6

C-8 20.4/20.1 22.8

Tab. 2. Summary of the chemical structural data of the seven different
acetyl starches investigated, the hydroxyethyl starch HES/e 1 and, for
comparison, three hydroxyethyl starches taken from the literature [6].

Sample DS x2 x3 x6

Acetyl starches
AS/e 1 0.42 0.17 0.15 0.10
AS/a 2 0.50 0.18 0.27 0.05
AS/e 3 0.58 0.18 0.31 0.09
AS/a 4 0.50 0.16 0.27 0.07
AS/e 5 0.78 0.23 0.42 0.13
AS/a 6 0.81 0.29 0.43 0.09
AS/e 7 0.48 0.21 0.19 0.08

Hydroxyethyl starches
HES/e 1 0.53 0.28 0.05 0.20
200/0.38 0.34 0.25 0.03 0.06
200/0.47 0.42 0.32 0.04 0.06
200/0.64 0.65 0.42 0.09 0.14



controlling the quality of the product. An acceptable charac-
terization has to include the complete molar mass distri-
bution. Components with low molar mass will be promptly
excreted via the kidneys so that the volume effect decreases.
High molar mass components are said to give a persistent
fraction or to lead to a delayed volume effect [10].

A complete determination of the molar mass distribution
is therefore of great interest for the evaluation of these sub-
stances. Coupling a fractionation unit, such as size exclusion
chromatography (SEC), with a tandem system of a multi-
angle laser light-scattering photometer (MALLS), which
allows the molar mass to be determined absolutely for each
fraction, and a concentration detector (e.g. a differential
refractive index detector (DRI)) gives an analytical tool
(SEC/MALLS/DRI) for the absolute determination of molar
mass distributions. [6, 11].

Formulations of the theory of light scattering were put
forward by Einstein [12], Raman [13], Debye [14] and Zimm
[15], and concise, well-presented summaries of their work
can be found in any modern textbook (e.g. reference [16]).
MALLS involves measuring the intensity of the scattered
light emitted by the sample molecules at different scattering
angles, ϑ . For each eluted fraction a molar mass M and a root
mean square radius (RMS) can be calculated using the follo-
wing equations:

(6)

and

(7)

where K is a light scattering constant, containing the wave-
length λo of the incident light, the refractive index no of the
pure eluent and the refractive index increment dn/dc; c is the
concentration, Rϑ is the excess Rayleigh ratio and P(ϑ) a
general form of a scattering function. A2 is the second virial
coefficient. For very low concentrations, the second and 
higher order terms of equation 6 can usually be neglected.
Plotting Kc/R(ϑ) against sin2(ϑ /2) gives M from the inter-
cept with the ordinate. In addition to this a RMS (< RG

2 >0.5)
can be derived from the angular dependence of the intensity
of the scattered light, which is included in a1 and higher
order terms of equation 7. For molecules below 10 nm
(~λ/20) the precision of the root mean square radius derived
from light scattering at λ0 = 633 nm begins to deteriorate
rapidly.

In equation 6 all the constants are given except the refrac-
tive index increment, which has to be measured for each
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polymer solvent pair. All samples were measured in acetate
buffer and no evidence was found of the refractive index
increment being dependent upon molar mass. On the basis of
this results only two samples were measured in sodium
nitrate to obtain the corresponding refractive index in-
crement. The results are compiled in Table 3 and used for 
the calculation of the SEC/MALLS/DRI measurements.
Figure 3 shows such a result for an SEC/MALLS/DRI mea-
surement. The polymer concentration is given by the signal
of the DRI-detector. In addition to the concentration signal,
the corresponding molar masses calculated from the light
scattering intensities are also shown. According to the elu-
tion mechanism (size exclusion) the molecules with the
highest molar mass (and the largest hydrodynamic radius)
elute first followed by the smaller ones. Because the light
scattering intensity is proportional to the square of the molar
mass, the detectability decreases on the “right hand side” of
the elution profile, where the smallest molecules elute. The
detectable molar masses of the sample AS/a 2 range from 3 ·
106g/mol down to about 6 · 103g/mol. Weighting the molar
mass values with their frequency (concentration signal)
gives the absolutely determined molar mass distribution
(MMD). Knowing the MMD enables the usual mean values
to be calculated. All samples were investigated in 0.1M
NaNO3 solution and in acetate buffer. The values obtained
from measurements in acetate buffer were slightly higher
than those in 0.1M NaNO3 solution. The collated values for
the acetyl starch samples in Table 3 are the arithmetical mean
values of both experimental blocks. Natural starch has molar
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Tab. 3. Compilation of the values of refractive index increment in acetate buffer and in 0.1M NaNO3, molar mass and polydispersity of the inve-
stigated acetyl starch samples. The molar mass distributions were measured by SEC/MALLS/DRI.

Sample dn/dc* dn/dc** Mn Mw Mz Mw/Mn < R2
G>z,exp

0.5

(mL/g) (mL/g) (g/mol) (g/mol) (g/mol) (–) (nm)

AS/e 1 0.135 – 130,000 295,000 660,000 2.4 17

AS/a 2 0.139 – 124,000 302,000 876,000 2.5 18

AS/e 3 0.139 0.133 126,000 288,000 678,000 2.3 17

AS/a 4 0.139 0.133 103,000 252,000 789,000 2.5 18

AS/e 5 0.139 – 126,000 301,000 759,000 2.5 18

AS/a 6 0.135 – 117,000 275,000 773,000 2.4 18

AS/e 7 0.139 – 227,000 766,000 2,619,000 3.6 27

* Refractive index increment in acetate buffer.
**Refractive index increment in 0.1M NaNO3 – 0.02 % w/w NaN3.

Fig. 3. Elution profile and molar mass obtained by SEC/MALLS/DRI
for sample AS/a 2. (T = 298 K, in 0.1M sodium nitrate solution con-
taining 0.02 % (w/w) sodium azide, λ = 632.8 nm, ϑ = 3°–160°).



masses of up to several million; for clinical applications
molar masses in the range of ten thousand to one million are
needed. In technical applications various different degrada-
tion methods are used to obtain starch samples with the “cor-
rect” molar masses: for example using enzymatic or ultraso-
nic degradation, or subjecting the sample to acid hydrolysis.
The samples investigated were degraded by enzymes and by
acid. From the theoretical point of view two totally different
types of distribution might have been obtained. Acid hydro-
lysis is a random process whereas enzymatic degradation is
systematic. But when the cumulative molar mass distributi-
ons in Figure 4 were compared, no significant differences in
“appearance” and polydispersity were found (see also calcu-
lated polydispersities Mw/Mn, Table 3).

As mentioned above, a correct determination of the RMS
by MALLS is only possible for the large molecules of the
distribution (high molar mass tail), but these values can be
used to extrapolate the whole distribution. The results are
given in Table 3.

Another way to gain information about the molecular
dimensions of the acetyl starch samples is to use the intrinsic
viscosity or a hydrodynamic radius of an equivalent sphere
for approximation. Equation 8 correlates the mean molar
mass with the intrinsic viscosity.

(8)

Geometric aspects and Equation 8 link the molar mass to
a hydrodynamic diameter deq(η)

(9)

Using the parameters a and k[η] for HES in 0.1M sodium
nitrate solution [17] (equation 10) gives representive values
for two of the samples included in Table 4.

(10)

From the theoretical point of view it is incorrect to use the
HES parameters but it can be shown that there is only a slight
difference in the solution structure between HES and AS.
The calculated [η] value can be transformed into a root mean
square radius by applying the theory of Flory and Fox [18]
(equations 11–13).

(11)

(12)

(13)

These data can be compared with RMS values measured
during the light scattering experiments. As can be seen in
Table 4, there is a good agreement between the measured and
the calculated RMS values, which proves the assumption
that the solution structures of HES and AS are equivalent.
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5 Enzymatic Degradation

Plasma substitutes should have a defined retention time
after which they are completely eliminated. HES is degraded
by α-amylase and is excreted via the kidneys.

The degradation behaviour of HES and AS in blood is of
fundamental interest. Therefore the sample AS/e 3 and a
hydroxyethyl starch sample (HES/e 1) with a comparable
molar mass and molar mass distribution (see Figure 4) and a
comparable degree of substitution were both treated with α-
amylase. The reduction in molar mass was measured by
SEC/MALLS/DRI. The results are compiled in Table 5. The
alteration of the molar mass distribution of acetyl starch is
shown in Figure 5. It can be seen that the width of the molar
mass distribution decreases which corresponds to the poly-
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Fig. 4. Cumulative distributions of the molar mass for the AS samples
investigated (left) and the hydroxyethyl starch sample investigated,
HES/e 1, (right).

Tab. 4. Molecular dimensions of two acetyl starch samples with different molar masses calculated using the theory of Flory and Fox [18] on the
basis of hydroxyethyl starch relationships [17].

Sample Mw [η] deq(η)w deq(η)z <R2
G>z,calc

0.5 <R2
G>z,exp

0.5

(g/mol) (mL/g) (nm) (nm) (nm) (nm)

AS/a 4 252,000 23 19 32 18 18

AS/e 7 766,000 33 32 55 30 27

Fig. 5. Enzymatic degradation of the acetyl starch AS/e 3 by α-amy-
lase.
Differential distribution curves determined absolutely by SEC/MALLS/
DRI of the non-degraded acetyl starch (0) and after different degrada-
tion times (1: 38 min 2: 90 min, 3: 417 min, 4: 1367 min).



mer becoming more homogeneous. The decrease in molar
mass over time is shown in Figure 6. The molar masses at the
ordinate were standardized over the measured undegraded
molar masses. HES/e 1 and AS/e 3 show an exponential
decrease over time. The decrease in the molar mass of acetyl
starch is less than that of hydroxyethyl starch.

The degradability of the starch derivatives by α-amylase
depends on the degree of substitution. Besides the degree of
substitution, the substitution pattern is also a very important
factor in degradation by α-amylase. It has been shown for
HES that substitution at position C-2 causes a pronounced
steric hindrance effect for the α-amylase, whereas this effect
is only weak for substitution at position C-6. The C-2/C-6-
ratio is therefore a simplified description of the substitution
pattern [19], and hence of the biological degradability.

The hydroxyethyl starch sample HES/e 1 has a C-2/C-6-
ratio of 1.4. The acetyl starch sample investigated, AS/e 3,
has a C-2/C-6-ratio of 2.0. Based on this model of strong 
and weak hindrance of the substitution at C-2 and C-6,
hydroxyethyl starch would thus be expected to undergo
faster enzymatic fragmentation.

The sample HES/e 1 is a specially prepared laboratory
product. However, when HES/e 1 is compared with the com-
mercially available products (as listed in Table 2), then it can
be seen that the latter have a ratio of C-2/C-6 ≅ 4. It may
therefore be assumed that the AS (even without any additio-
nal cleavage of the substituents by esterase) is broken down
in the body better than the customary HES.

6 Symbols and Abbreviations

A2 second virial coefficient in the Zimm-Debye-
equation

a exponent of Mark-Houwink ([η]M) equation
a1, a2, … virial coefficients
AGU anhydroglucose unit
c concentration
deq(η) hydrodynamic diameter
deq(η)w,z hydrodynamic diameter calculated from Mw,z

dn/dc refractive index increment
DRI differential refractive index
DS degree of substitution
K light scattering constant, equal to 

k[η] ν constant in [η]M-/RM-relationship
k 2πn0/λ0

M molar mass
Mn/w/z number/weight/z- average molar mass
MALLS multi-angle laser light scattering
n0 refractive index of pure solvent
NA Avogadro number
P(ϑ) scattering function
< R2

G>0.5
Z z-average root mean square radius

Rϑ excess Rayleighratio
RMS root mean square
xi partial degree of substitution

Greek Characters
ϑ scattering angle
ε expansion coefficient (ε = 2ν – 1)
φ Flory-Fox constant (φ= φ0 · (1 – 2.63ε + 2.86ε2))
φ° Flory-Fox constant for the unperturbed state 

(φ0 = 3.69 · 1024 mol–1) [20]
[η] intrinsic viscosity
ν exponent of RM equation (ν = (a + 1)/3)
λ0 vacuum wavelength of incident light

7 Acknowledgements
The samples were kindly provided by Laevosan GmbH, Linz, 

Austria.

4 2
2

0
2

0
4

π

λ

dn
dc

n

NA







436 Starch/Stärke 50 (1998) Nr. 10, S. 431–437

Fig. 6.Enzymatic degradation by α-amylase of the acetyl starch AS/e 3
(rhombus) and the hydroxyethyl starch HES/e 1 (square).
Standardised weight-average molar mass: MW,norm= MW/MW,t=0.

Tab. 5. Compilation of the molar mass and polydispersity values of the natural and the enzymatically degraded acetyl and hydroxyethyl starch
(control) samples (AS/e 3 and HES/e 1). The molar mass distributions were measured by SEC/MALLS/DRI.

Acetyl starch Hydroxyethyl starch

time Mn Mw Mz Mw/Mn time Mn Mw Mz Mw/Mn

(min) (g/mol) (g/mol) (g/mol) (–) (min) (g/mol) (g/mol) (g/mol) (–)

0 101,000 282,000 709,000 2.8 0 99,000 237,000 540,000 2.4

5 86,000 245,000 548,000 2.8 5 78,000 187,000 407,000 2.4

10 93,000 233,000 512,000 2.5 10 70,000 165,000 337,000 2.4

20 77,000 208,000 506,000 2.7 20 68,000 148,000 300,000 2.2

38 75,000 181,000 413,000 2.4 40 57,000 116,000 230,000 2.0

90 60,000 138,000 324,000 2.3 90 43,000 85,000 173,000 2.0

183 51,000 114,000 259,000 2.2 180 35,000 63,000 115,000 1.8

417 36,000 79,000 167,000 2.2 385 25,000 47,000 87,000 1.9

1367 25,000 50,000 101,000 2.0 1335 17,000 29,000 49,000 1.7
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