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Poly(ethylene glycol) is used for coating of colloidal particles and other surfaces for gaining biocompatibility.
Particularly, it can be introduced into magnetic fluids. The aim of the current study was to reveal the structural
characteristics of poly(ethylene glycol) in neat D2 O using small-angle neutron scattering technique. Solutions of
poly(ethylene glycol) (at temperature of 37 ◦C) with different molecular weights in an interval of 400–20000 were
investigated. It is concluded that at low concentrations (less than 2% of mass fraction) poly(ethylene glycol)
molecules behave as Gaussian coils.
PACS numbers: 36.20.−r, 61.05.fg

1. Introduction
Hydrophilic poly(ethylene glycol) (PEG) is used for
coating of colloidal particles for gaining biocompatibility.
Its introduction into magnetic fluids (liquid dispersions
of magnetic nanoparticles) may increase the circulation
time of magnetic particles in organisms by hindering the
action of the mononuclear phagocyte system (reticuloendothelial system), which is a part of the immune system. This is because nanoparticles, or surfaces in general, coated with PEG show enhanced resistance against
protein adsorption, see e.g. [1] and references therein. An
increase in biocompatibility of a given magnetic fluid is
expected even by the simple addition of PEG, i.e. without
a covalent bond between PEG and the magnetic particle.
The goal of this study was to understand the structural
characteristics of PEG molecules in water, which give
some basic knowledge useful for further investigations of
complex systems comprising PEG.
In the given work the solutions of PEG in deuterated
water (D2 O) with different molecular weights in a range
of Mn = 400–20000 were investigated using small-angle
neutron scattering (SANS) technique. Recently [2, 3],
SANS was successfully applied for PEG in D2 O within
a narrow range of Mn = 2000–8000 at different solution ion strength. Together with the compressibility and
intermolecular distance as a function of PEG concentration [2], two possible structures (Gaussian coils and flat
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“plates”) of PEG were discussed [3] with respect to the
scaling in the scattering as a function of Mn . Here, SANS
characterization of PEG covers wider Mn -interval. Additionally, the measurements were performed at the physiological temperature of 37 ◦C taking into account a specific
interest for using PEG in biocompatible ferrofluids.
2. Materials and methods
PEG with four different molar masses was purchased from Sigma-Aldrich (“average mol wt. 400”,
“typical Mn 1000”, and “16000–24000”) and Merck
(“9000–11250 g/mol”). PEG with Mn = 400, 1000,
10000, 20000 was dissolved in pure D2 O (D-content
99.9%) with the mass fractions within an interval of
0.5–10%. D2 O was used to achieve a sufficient scattering contrast between PEG and the liquid carrier, as well
as for reduction of the incoherent scattering background
from hydrogen. SANS experiments were performed using
the SANS-1 instrument located at the Neutron Facility
at GKSS Research Centre, Geesthacht, Germany. Measurements were done at the temperature of 37 ◦C. For
solutions of PEG with Mn = 400, the 5 mm thick quartz
cells were used. In other cases the thickness of the cells
was 2 mm. In all cases pure D2 O was used as a buffer
(blank, background sample). To obtain the differential
cross-section per sample volume (hereafter referred to as
scattered intensity) in the absolute scale (cm−1 ) the standard calibration [4] using the scattering from 1 mm water
sample was made after the background, buffer (D2 O) and
empty cell corrections.
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3. Results and discussion
Changes in the experimental SANS intensities are followed in Fig. 1 (examples are given for PEG 1000 and
PEG 10000). One can see that at the PEG concentrations of less than 3% the scattering shows a pronounced
Guinier-type behaviour corresponding to a form factor of
the polymer coils. At higher concentrations the correlations between coils results in the structure-factor effect
at small q-values, which is rather different for masses below 1000 and above 10000. Our interest in this study was
the analysis of the coil form factor. For this purpose the
scattering data from low-concentrated (< 3%) solutions
were first approached by the Guinier law to reveal the
radius of gyration of the coil, Rg , at sufficiently small
q-values (qRg ≤ 1). For low Mn (400 and 1000) the
Guinier approximation is valid over the whole q-range
covered in the experiments. This made possible to fit
additionally the residual incoherent background caused
by non-compensated hydrogen in PEG. It is important
that this background was consistent for solutions with
the same PEG concentrations independently of Mn .
The Guinier approximations for 1% solutions of PEG
with different masses are shown in Fig. 2. The dependence of the obtained radius of gyration on the PEG
molecular mass in this case (inset to Fig. 2) reveals
a power-law behaviour (line in the double logarithmic
scale) with an exponent of 0.48 ± 0.02. This corresponds
well to Gaussian coils (exponent 1/2) and coincides with
the result for PEG with Mn = 2000–8000 in ionic solutions [3].

Fig. 2. Guinier plots of SANS intensity (dots) for
1% PEG solutions in D2 O with different Mn and
corresponding linear approximations (lines) to regions
qRg < 1. Non-compensated incoherent background is
subtracted. Several points with very low statistics in
beginning parts of plots for Mn = 400 and 1000 are removed from treatment. Inset shows dependence of obtained radius of gyration on polymer molecular weight.
Experimental errors do not exceed the size of dots.

Hence, the Debye formula for the scattering from non-interacting Gaussian coils can be used at low PEG concentrations for any Mn . This is demonstrated in Fig. 1,
where for diluted PEG solutions the fits are based on the
formula
£
¤
I(q) = 2I0 e−x − (1 − x) /x2 + B , x = (qRg )2 . (1)
Here, I0 = I(q → 0) is the forward scattering intensity
and B is the residual background. The same fit quality takes place for similar solutions with Mn of 400 and
20000. It should be noted that the relative difference in
the values of the radius of gyration from the fit of the Debye formula (Eq. (1)) and from the Guinier approximation is below 5%, and the Guinier approximation almost
coincides with (1) in the overlapping region (qRg < 1).
Additionally, dependence of q 2 I(q) vs. q reveals a typical
behaviour for Gaussian polymer chains (not shown).
4. Conclusion
The observed scaling law Rg ∼ Mn0.5 in a wide polymer
mass interval (400–20000) strongly confirms the Gaussian
coil structure of PEG in water solutions. The scattering
form factor of the coils is well described by the Debye
formula over the whole measured q-interval at the PEG
concentration below 2%. High adsorption properties of
PEG for various substrates [5–7] and nanoparticles [8]
also suggest a developed structure of this polymer.

Fig. 1. Changes in SANS intensity (dots) with variation in mass fraction of PEG dissolved in D2 O, Mn is
1000 (a) and 10000 (b). Solid lines show fits in accordance with the Debye formula (1) for non-interacting
Gaussian coils.
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