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Examples of slow dynamics 

L. Hong et al., Biophysical Journal 2014  
https://doi.org/10.1016/j.bpj.2014.06.013 

e/er = 2.8, respectively). The shape of the potential is displayed in the
inset in Fig. 2A. In addition, results for pure hard sphere fluids are
shown as a benchmark to demonstrate the quantitative agreement be-
tween simulations and available theoretical predictions (23) for such
systems. Evidently, the attractive interactions result in a short-time dy-
namics that is significantly slower than that of hard spheres. However,
the centrosymmetric attractive interactions are obviously not able to
even qualitatively reproduce the experimentally observed difference
between a- and gB-crystallin. Moreover, a variation of the range and
strength of the attraction (while maintaining a similar distance to the
critical temperature, that is, a similar DB2*) has only a minor effect on
the resulting value of the short-time diffusion coefficient. It thus seems
clear that a simple centrosymmetric short-range attraction consistent
with the overall phase diagram is not able to account for the marked
slowing down of the short-time diffusion experimentally observed for
gB-crystallin. Here, note that attempting to use a centrosymmetric
potential compatible with the phase diagram of gB-crystallin represents
a considerable constraint on the choice of the potential, since for short-
range attractive particles, the critical concentration for liquid-liquid
phase separation depends on the range of the attraction.

It has previously been suggested that interactions between gB-
crystallins should not be described by a simple centrosymmetric pair
potential, but a certain degree of patchiness should be included, simi-
lar to that found for other globular proteins (20, 29). There are a num-
ber of structural features that can result in more directional or patchy
attractions, such as a nonuniform charge distribution or hydrophobic

patches on the protein surface. To elucidate the influence of such
patchy interactions on the short-time diffusion of proteins, we apply
the simple patchy colloid model mentioned above. We did not at-
tempt to extract specific orientation-dependent interaction potentials
or parameters using the known protein structure of gB-crystallins and
to develop a coarse-grained, near-atomistic protein model. The model
and the corresponding potentials are illustrated in the inset of Fig. 2B.
To capture the characteristic features of directional patch-like interac-
tions between proteins, the attraction between two patches is much
stronger than the additional centrosymmetric potential. The diameter
ratio of the colloid and patch “particle” is set to s/sp = 6. The values of
the full set of parameters are then fixed again such as to guarantee that
the system is in the one-phase fluid regime.

Figure 2B shows that anisotropic, patchy, short-range attractions
lead to a much stronger slowing down of the protein short-time dy-
namics than in the purely centrosymmetric case. The diffusion coeffi-
cients from the simulation are still larger than those extracted from the
experiment, indicating that future work will be required to use the
known molecular structure of gB-crystallin to arrive at a more refined
model of the interaction potential. Nevertheless, Fig. 2B clearly dem-
onstrates the importance of patchy attractions on the Ds of proteins in
crowded solutions.

We obtain a qualitative understanding of the marked slowing down
of short-time diffusion in the case of attractive patches from an inspec-
tion of the particle configurations found in the simulations. The
snapshots of the colloid configurations shown in Fig. 3 illustrate that
both types of attraction lead to the formation of temporary protein
clusters (movies S1 and S2). However, they strongly differ in their av-
erage size and structure. For particles with isotropic attractions, the typ-
ical density fluctuations lead to the formation of rather compact
clusters, where the largest cluster comprises only a small fraction of
the colloids. Moreover, the cluster lifetime is relatively short, which is
also in agreement with a simple estimate of the lifetime of temporary
bonds (or particle escape time from the attractive well) created by the
weak short-range attraction. An estimate of the escape time from the
well using Kramer’s theory [namely, tb ≈ (D2/D0)exp(−e/kBT), where
D is the width of the potential] leads to 5 ns≲ tb≲ 20 ns for the range
of parameter values of the centrosymmetric potential. The addition
of patchy attractions and the corresponding formation of much

Table 1. Values of the second viral coefficient B2*, B2,cr*, and the relative
distance to the critical point for the models used in the simulations.

b e/er ep/er B2* B2,cr* DB2* = (B2* − B2,cr*)/|B2,cr*|

9 2.8 0 −1.23 −1.38 0.11

15 3.45 0 −1.12 −1.29 0.13

30 3.95 0 −0.93 −1.20 0.23

15 2.5 9.5 −2.60 −2.87 0.09

BA

Fig. 3. Formation of transient clusters due to weak short-range attractions. Snapshots showing the configurations of particles at f = 0.1 for centrosymmetric
attraction (A), and with two additional attractive patches (B). The color code corresponds to the size of the cluster, Nc/N, to which the particle belongs. Here, Nc is the
number of particles in a cluster, and N is the total number of particles in the system. Note that clusters are only transient and that the cluster size fluctuates in time. See
movies S1 and S2 for the two simulations.
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ABSTRACT: Intrinsically disordered proteins lack a well-
defined folded structure and contain a high degree of structural
freedom and conformational flexibility, which is expected to
enhance binding to their physiological targets. In solution and
in the lipid-free state, myelin basic protein belongs to that class
of proteins. Using small-angle scattering, the protein was found
to be structurally disordered similar to Gaussian chains. The
combination of structural and hydrodynamic information
revealed an intermediary compactness of the protein between
globular proteins and random coil polymers. Modeling by a
coarse-grained structural ensemble gave indications for a
compact core with flexible ends. Neutron spin−echo spec-
troscopy measurements revealed a large contribution of
internal dynamics to the overall diffusion. The experimental results showed a high flexibility of the structural ensemble.
Displacement patterns along the first two normal modes demonstrated that collective stretching and bending motions dominate
the internal modes. The observed dynamics represent nanosecond conformational fluctuations within the reconstructed coarse-
grained structural ensemble, allowing the exploration of a large configurational space. In an alternative approach, we investigated
if models from polymer theory, recently used for the interpretation of fluorescence spectroscopy experiments on disordered
proteins, are suitable for the interpretation of the observed motions. Within the framework of the Zimm model with internal
friction (ZIF), a large offset of 81.6 ns is needed as an addition to all relaxation times due to intrachain friction sources. The ZIF
model, however, shows small but systematic deviations from the measured data. The large value of the internal friction leads to
the breakdown of the Zimm model.

1. INTRODUCTION

The expected structural and dynamic properties of intrinsically
disordered proteins (IDPs) reach from very soft structures,
over folded elements connected by extended and flexible loops,
to fully disordered polypeptide chains.1,2 The biological role of
IDPs is believed to be highly conformationally adaptive, which
would be important for association with binding partners, or to
respond rapidly to different environmental conditions.3−5 IDPs
that are involved in molecular recognition processes can even
fold into different structures when bound to their different
physiological target proteins, reviewed for example by Wright
and Dyson.6 The dynamics of unfolded peptide chains are
essential for protein folding. Specifically, the sampling of the
energy landscape and the exploration of a large conformational
space prior to the collapse into a folded structure are strongly
driven by conformational motions of the unfolded peptide

chain. Concerning IDP involved in molecular binding, two
extreme scenarios of folding and binding are discussed: on one
hand, the “induced folding” mechanism, where folding of the
IDP occurs after binding of the disordered protein to its
physiological target;7 on the other hand, the case of
“conformational selection”, where specific prefolded conforma-
tions are sampled in the accessible conformational space of the
IDP, which are then selected by binding of the target protein.8

In both scenarios, the exploration of a large conformational
space of the IDP is the crucial point of the folding process. A
characteristic physicochemical property of IDP, as pointed out
by Uversky et al.,9 is the combination of a low hydrophobicity
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Bending elastic properties of a block copolymer-
rich lamellar phase doped by a surfactant: a
neutron spin-echo study†

H. Egger,‡a G. H. Findenegg,*a O. Holderer,b R. Biehl,c M. Monkenbuschc

and T. Hellweg*d

The influence of the short alkyl-chain ionic surfactant OTAB on the dynamic behavior of an inverse block

copolymer-rich lamellar phase was investigated by neutron spin-echo spectroscopy (NSE). The observed

intermediate scattering function can be described by a sum of two contributions. For high scattering

vectors the model of Zilman–Granek plus a slow diffusional mode can be used to describe the

experimental data and the bending elastic modulus k for a polymer-rich membrane is calculated. At low

scattering vectors the relaxation curves are strongly influenced by de Gennes narrowing arising from the

structure factor of the La phase. Hence, the computed relaxation rates in this q-range are inversely

proportional to the static structure factor. The present study demonstrates the necessity to directly

investigate the dynamic behavior of lamellar phases and that an analysis of the width of the Bragg peaks

can be insufficient to derive information about the single membrane elasticity, especially when both k

and !B depend on the composition of the membrane.

1 Introduction
In systems containing assemblies of amphiphiles the shape
uctuations of the internal interfaces are of great interest, since
they can be directly related to the thermodynamics of such self-
organizing systems. Especially in the case of microemulsions
neutron spin-echo (NSE) spectroscopy was found to be a useful
tool to study the elastic moduli of such interfacial lms.1,2 In this
context layered structures formed by amphiphilic block copoly-
mers and surfactants also received much attention in recent
years3–5 as polymer–lipid interactions play a key role in biological
membranes and as mixtures of amphiphilic polymers and
surfactants are found ina growingnumberof technical products.6

The dynamic properties of these membranes are of particular
interest and can be studied by NSE.7–9 In the past such studies
wereconcentratedon the inuenceofpolymersonsurfactant-rich
membranes.10 Three types of polymers have been considered:

hydrophobically modied polymers like PAA or PEG;4,11–14

amphiphilicpoly(ethylenepropylene)–poly(ethyleneoxide)added
to bicontinuous microemulsions;10,15,16 and a triblock-peptide
added to a lamellar phase.17 An important conclusion of these
studies has been that the bending elasticmodulus k,18which is of
the order of kBT in such systems, increases with the amount of
added block copolymer. For lamellar phasesmainly consisting of
amphiphilic block copolymers, on the other hand, no NSE
measurements have been performed so far and only results
obtained by other techniques can be found in the literature. One
example is a triblock copolymer from the Pluronics group19which
wasmixed with small amounts of lipids to produce giant vesicles.
These systems were studied using optical microscopy.20

In the present work we investigate the effect of a short alkyl-
chain cationic surfactant on the bending elasticity of a block
copolymer based lamellar phase in the quaternary system with
oil, water and surfactant. Here, the short alkyl-chain cationic
surfactant is expected to act in a similar way on the polymer
membrane as co-surfactants do in a microemulsion.19

2 Theoretical background
The width of the Bragg peaks of lamellar phases can be related
to the bilayer elasticity21–23 in terms of the Caillé-constant

h ¼ q0
2kBT

8p
ffiffiffiffiffiffiffiffiffiffiffi
kB=d

q ; (1)

where q0 represents the position of the Bragg peak, !B
the compressibility modulus of the layer stack (layer
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Figure 4: Snapshots taken from simulations of swollen, collapsed, CCSS and SCCS microgels.

The structure of the microgels is further investigated by determining the spherically

averaged static structure factor according to:

S(q) =

1

N

NX

i,j=1

h

sin(qrij)

qrij
i (6)

where q is the magnitude of the scattering vector. The sharper drop of S(q) in the low q

regime for swollen microgel compared to the collapsed and coreshell microgel corresponds to

its larger Rg according to Guinier approximation (see Fig. 5). The scattering profile of the

swollen microgel in the q-range of 0.8 < ql < 3.0 is corresponding to q

�1/⌫ , with ⌫ = 0.62

which is slightly larger than the theoretical prediction for a polymer in good solvent ⌫ = 0.59.

For the collapsed microgel in the q-range between 0.3 < ql < 1.5, S(q) is proportional to

q

�4.2, in close agreement with Porod’s approximation for systems with sharp boundaries.

The scattering profiles for coreshell microgels show a somewhat different behavior. In the

low q-regime, coreshell microgels show the characteristics of collapsed microgel, while in the

high q values the slope of the scattering functions is closer to that of the swollen microgel.

11

S. Maccarrone et al., Macromolecules (2016)  

performed, come from the interfacial mixing region. At lower Q,

central in the SANS investigation on h-PI-d-PDMS (‘‘bulk

contrast’’), we observe the effect of the contrast between the

mesoscopic domains, which renders the structure factor peaks

visible and reveals the crystal structure. This is illustrated in

Fig. 3 (a) showing the SANS results at three different tempera-

tures for the two contrast situations.

As seen in Fig. 3, the structure factor and Bragg reflections

visible for the h-PI-d-PDMS polymer (‘‘bulk contrast’’) is largely

suppressed in the single-chain-contrast sample and gradually

disappears for the diblock copolymer mixture (single chain

contrast) at increasing temperature until complete matching is

reached at 120 !C. This was already anticipated from the

calculations given in section 2.3 where there should be some

residual contrast between the hPI/d-PI and d-PDMS at 30 and

80 !C, but crossing zero at 120 !C. This is indeed seen and at this

temperature only the scattering from single polymer coils

distributed inside the domains is visible. A preliminary analysis

of the bulk contrast shows that the main two peaks and

a shoulder of a third peak appear at the positions 1,
ffiffiffi
3
p

and 2

relative to the main peak. This suggest a hexagonally ordered

cylindrical structure. In order to gain some further insight,

a more detailed fit comparison employing a complete structure

factor and form factor analysis along the lines of F€orster et al.23

was performed (solid line in Fig. 3 (a)). The result demonstrates

a consistent agreement with a hexagonally-ordered cylindrical

structure with a typical cylinder radius z 64 "A and a unit cell

spacing z 270 "A. The cylinder length is not resolved in this

Q-range, and we can only conclude the length must be at least

1000 "A to be compatible with the SANS data.

In Fig. 3 (b), we have compared the corresponding absolute

normalized scattering cross sections of the PI chains in the

diblock block copolymer state, and the same PI block in the

corresponding homopolymer state mixed with d-PI (25.6% h-PI:

Sample VII). As expected, the data coincides perfectly at low Q

reflecting that the PI component is the same. However at inter-

mediate Q values we see slight but significant differences between

the two data sets. The PI data in the homopolymer state show

a shift to higher Q indicating a smaller radius of gyration, Rg. At

higher Q, both data sets display parallel lines, which approach

a slope of about Q"2. The difference between the two data sets is

more easily seen in the inset plot of Fig. 3 (b), where the inverse

intensity is plotted towards Q2 in a ‘‘Zimm plot’’. From this

simple analysis we obtain an Rg of 25.4 # 1.5 and 29.5 # 5 "A, for

PI in the homopolymer and in the diblock copolymer respec-

tively. However as this type of analysis is limited to a small range

of data points only (QRg < 1), we also performed a full form

factor analysis over the entire Q-range.

A power-law at high Q with exponent 2 is expected for ‘‘ideal’’

chains, i.e. polymers where the segment distribution follows

Gaussian statistics. Then the form factor is given by the classical

Debye equation and the scattered intensity can be formulated as:

dS

dU
ðQÞ ¼ fh"PI fh"PIð1" fh"PIÞVh"PI

ðrh"PI " rd"PIÞ
2

NA

2

x2
ðexpð "xÞ " 1þ xÞ

(2)

Fig. 2 An illustration of the contrast conditions. (a) ‘‘Single chain

contrast’’ or ‘‘polymer contrast’’, where the domains are matched out and

only single chains are visible in the scattering experiment. (b) ‘‘bulk

contrast’’ where the scattering from the domains of h-PI and d-PDMS are

visible.

Fig. 3 Contrast matching and small angle neutron scattering (SANS)

results. (a) A comparison of the results from the ‘‘bulk contrast’’ and

‘‘single chain contrast’’ at different temperatures. The upper set of data

display the results corresponding to the bulk contrast situation, where the

strong structure factor peaks of the ordered structure are visible. The

solid line displays a comparison with a model fit of a hexagonally-ordered

cylindrical structure at 120 !C. The lower set of data display the results

corresponding to the single chain contrast. Note how the structure factor

peaks gradually decrease as the temperature is increased and completely

disappear in the single chain contrast data at 120 !C. (b) Comparison

between the PI block conformation in the homopolymer and diblock

state. The solid lines here display fits using a Debye form factor for ideal

polymeric chains with only the radius of gyration, Rg, as a free parameter.

Inset: the same data in a ‘‘Zimm plot’’ where the inverse normalized

intensity is plotted towards Q2.

This journal is ª The Royal Society of Chemistry 2010 Soft Matter, 2010, 6, 1559–1570 | 1563

L. Willner, et al., Soft Matter (2010)  
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Time- and lengthscales 
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Instrument State of the Art 

5 
Häußler W. et al. 
Neutron News (2011) Willner L. et al. 

Soft Matter (2010) 

•  High stability 
•  Low background 
•  Large dynamic range (more than 4 decades) 

5 

h-PI-d-PDMS cylindrical micelles 

Polymer in solution  
(PEP in d-decane) 
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Neutron Guide System schematically 

NL 2 

Selector 

m=3 Fe/Si supermirror  
large λ                                                    small λ 

FRM-II 



         Juli 3, 2017         Jülich Centre for Neutron Science  (JCNS)                 Folie 7 

J-NSE: Polarization 

Old: m=3 
Bend polarizing section (λ<8Å) 

 second polarizer (λ>8Å) 

New:  
Only 1 m=5 polarizer for all λ (5Å<λ<17Å) 
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New all wavelength polarizer: 

A-A ( 1 : 1 )

B ( 1 : 1 )
top view

C ( 1 : 1 )
bottom view D-D ( 1 : 1 )

SwissNeutronics29747-Approved:   

Checked:   

Prepared: 15.12.2011  Nico Schaepper

1.51 kg

A2  1 /1 

SN11017 NSE post polarizer

JCNS @ FRM2

ppppoooosssstttt    ppppoooollllaaaarrrriiiizzzzeeeerrrr

Revision: - Date: Name:

Revision comment: 

A

A

B

C

D D

No. Notes

01 All dimensions are in millimeter

02 General tolerances ISO 2768-mK

03 Coating Si-Wafer
 m=5 Fe/Si (Frontside)
 m=0 TiGd  (Backside)

BEAM
120

(1
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)

assembling aid
(SNAG internal)

N

S

(n17)

(3
0)

(6
0)

(3
0)

(5)

(1
0)

4,3 (16,4) 4,3

62

(6
2)

62(0
,5
)

ca
. 
12
4 

x 

m=0 TiGd  0.5µm
 
substrate (silicon)
 
m=5 FeSi

(0
.5
)

2 x 33802

1 x 33804

1 x 33803

124 x 33806

8 x Socket head capo screw M5x12 BN610

4 x 33805

1 x 33807

(12,5) (12,5)

(25)
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Figure of merit 

Old config: 
J-NSE has been rotated by  

4°for λ>8Å à single  
reflection at  
second polarizer 

New: 
Same instrument setting for all λ.

à Easier handling 
à Slightly better  

FOM around main wavelengt (λ=8Å)  
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J-NSE upgrade 2017 à S. Pasini 

Optimized field shape coils 
S Pasini and M Monkenbusch 

8

the proposed NSE at ESS we simulated a slightly longer sec-
ondary spectrometer than that at MLZ and at SNS: a total 
distance of about 4.1  m from the sample to the π/2 flipper 
was considered. A divergence of the neutron paths of ± 1.4° 
and a radius of the π/2 flipper of 0.1 m have been considered. 

As a comparison, the geometrical divergence for the J-NSE 
is  ±  1.7°. However, the correcting elements limit the diver-
gence for a longer τ to ± 1.3°.

The number of segment coils is an issue of practical impor-
tance. On the one hand, a many-coil discretization facilitates 
the modelling of the magnetic field to become close to the 
shape suggested by the semi-analytical analysis, but, on the 
other hand, a large number of segments increases the com-
plexity of the system. Thinking of the realization of the spec-
trometer, the most simple geometry with good performance is 
to be preferred. We will present here solutions with a number 
of (main precession) segment coils equal to or smaller than six 
(without counting the concentric compensating coils).

5.2. Solutions, field shapes and scaling relations

Figure 5 compares two solutions characterized by the smallest 
inhomogeneity we obtained during the optimization pro-
cess with two existing spectrometers. The picture relates the 
changing of the intrinsic inhomogeneity ∆J with the shape 
of the magnetic field along the axis. The first two examples 
are the configurations of the NSE at MLZ and at SNS, with 
a profile of B not optimized to minimize the inhomogeneity, 
here ∆J ≃ 900 ppm. The next solutions are characterized by 
a different shape of the magnetic field, i.e. the profile is more 
peaked and resembles very much the asymmetric shape of the 
analytical solution. It can be clearly seen that the change of 
the profile is accompanied by a significant improvement of 
the homogeneity.

In order to arrive at as practical a solution as possible 
without getting trapped in an unfavourable minimum, we fol-
lowed the strategy to begin with a small number of coils and 

Figure 5. The correlation between the profile of the magnetic field along the axis (of both the arms) and the value of the intrinsic 
inhomogeneity is shown for some selected configurations, differing in the number of segment coils. From bottom to top: a solution with 
two and three segments, the one for the NSE at SNS and, at the top, the spectrometer J-NSE at MLZ.

Figure 6. The ratio between the volume of the main precession 
coils and the volume occupied by all the simulated neutron 
trajectories inside the main precession coils influences the relative, 
intrinsic inhomogeneity δJ = ∆inhom/J0 (equation (28)): the larger 
this value the lower δJ. The stars correspond to configurations that 
are solutions of the optimization process. The label NSE for ESS 
refers to the configuration underlying the ESSENSE proposal for 
the spectrometer at ESS while the other labels correspond to the 
existing instruments at MLZ and SNS. The configurations with two 
and three segment coils are those shown in figure 5 and the triangle 
in orange is a version of the NSE solution for ESS rescaled to fit the 
dimensions of the NSE at MLZ. The dashed region represents the 
theoretical lower limit to 〈∆J〉RMS/J0 (equation (25)) set by the semi-
analytical solution whereas the dashed line in light blue is simply a 
guide to the eye obtained from a quadratic fit of the data points.

Meas. Sci. Technol. 26 (2015) 035501
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Required homogeneity 

1 ns    10 ns (=25% of J) 

10 ns  
without 
CC3‘s 

Correction coils 
CC3 

CC3 
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Correction Coils 
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The upgrade 

•  Optimized field shape  
à Stefano Pasini 

 

 
•  Superconducting coils 

(Manufacturer: Babcock Noell) 
 

0

1000

2000

3000

4000

0 0.02 0.04 0.06 0.08 0.10

r3/m

δJ
/J
0
x
10

6



         Juli 3, 2017         Jülich Centre for Neutron Science  (JCNS)                 Folie 14 

J-NSE science example:  
The „hidden“ interface dynamics 

•  Solid liquid interface 
 
•  Difficult to access: Advantage of neutrons 
 
•  Structure GISANS 
 
•  Dynamics? Modified by rigid boundary condition? 
 
•  à intensity issue 
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Scattering geometry 

       Penetration depth can be varied: 
• Critical angle 

• Penetration depth 
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Structure: GISANS 

Structure from Computer Simulations: 

Kerscher M. et al., Phys. Rev. E (2011) 
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Extend to near interface dynamics à GINSENG 
(Grazing Incidence NSE Near Garching) 

π/2

Polarized 
neutron beam 

Sample 

π/2

π

Silicon 
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Count rate direct geometry 

Very low background due to new PE-shielding of TofTof- 
neutron guide. 

Count rate: 3-8 cps 
Background: 3 cps 
 
Q=0.08 A^-1 
Leads to reasonable echos 
(acquisition time 395 sec./point, 
Displayed sum of  
middle ¼ area  
of detector (show3-command)) 
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Near interface dynamics 

bulk 

Λ = 45.3 nm 

Frielinghaus H. et al., Phys. Rev. E (2012) 

à Modified dispersion relation at the interface (Seifert) 
à Long wavelength undulations modified:   

Bulk:   ω(k) ~  k3   

Interface:  ω(k) ~  k2  
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GINSES at a spallation source: SNS-NSE 

• Pulsed source  
à Varying incident angle 

• Intensity – weaker scattering samples 

Silicon 
Cd Cd 

n 
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GINSES at Spallation Sources 

λ1 > λ2 > λ3

Frielinghaus H. et al., Nucl. Instr. Meth. A (2012) 
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Prism corrected GINSES 

•  Pulsed source:  
Constant penetration depth 

•  Continuous source: change wavelength setting without 
readjustment of sample (ease of operation/reliability) 

Rates:  
Bulk: 152 ns 
Interf.: 99 ns 



         Juli 3, 2017         Jülich Centre for Neutron Science  (JCNS)                 Folie 24 

Intensity? 

Towards other samples than strongly scattering 
microemulsions... 

 
e.g. polymers at interfaces 
 
 
 
 
Phospholipid membranes 

Bulk Phase and Surface Dynamics of PEG Microgel Particles
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ABSTRACT: The adsorption of ethylene glycol (EG) based
microgel particles at silicon surfaces was studied. Monodisperse
p-MeO2MA-co-OEGMA microgel particles were synthesized
by precipitation polymerization. Translational and inner
dynamics of p-ME3O5 and p-ME3O26 microgels in bulk were
investigated by dynamic light scattering (DLS) and neutron
spin echo spectroscopy in transmission geometry (NSE). Here,
cooperative diffusion and Zimm type dynamics were observed.
The inner dynamics of these microgel particles in adsorbed
state was explored by neutron spin echo spectroscopy under
grazing incidence (GINSES). The reported GINSES experi-
ments demonstrate the feasibility of these surface sensitive
measurements. It indicates a slowing down of the inner dynamics in the vicinity of the substrate. At increasing distance from the
substrate, the relaxation is comparable to the bulk.

1. INTRODUCTION

Microgels are colloidal particles with an inner polymer network
structure based on chemical cross-linking. In a good solvent
these particles are highly swollen. Poly(N-isopropylacrylamide)
(PNIPAM) cross-linked with N,N′-methylenebis(acrylamide)
(MBA) is the most intensively studied group of aqueous
thermoresponsive microgels.1 They show a temperature-
dependent swelling behavior. It originates from the lower
critical solution temperature (LCST) of the oligomers of the
monomer NIPAM. At a temperature of around 32 °C, the
microgel particles exhibit a volume phase transition (VPT).
The swelling/deswelling behavior, the particle structure, and
the morphology of neutral and charged PNIPAM microgels
have been investigated extensively.2−6

Beside bulk phase studies, the formation of stimuli-
responsive surface structures using these microgel particles as
colloidal building blocks is an active field of research. In this
respect it is essential to achieve detailed knowledge about the
properties of single adsorbed microgel particles and layers of
adsorbed microgel particles and the control of the layer
formation. In such studies usually AFM and ellipsometry
measurements are performed. For example, the conservation of
the thermoresponsivity in the adsorbed state was demonstrated
as well as the influence of the microgel composition in terms of
cross-linker content and comonomer addition on particle
homogeneity, swelling ability, size and adsorption behav-
ior.4,7−10

Among other potential applications microgel layers at solid
interfaces are discussed as new biomaterials and coatings.11

Research efforts aim to link protection from biofilm formation
and microbial surface colonization with stimulus controlled
drug release. Such coatings could support implant integration
into its physiological environment by minimization of
infections and inflammation. Unfortunately, for drug delivery
systems inside the human body NIPAM containing microgels
are of limited applicability.12,13 The NIPAM monomer is
carcinogenic or teratogenic. This is an essential drawback in
long-term applications. Because of its low cytotoxicity and
immunogenicity, ethylene glycol (EG) is a potential alternative
for the synthesis of biocompatible microgels.
Microgel particles made of the monomer 2-(2-

methoxyethoxy)ethyl methacrylate and the comonomer poly-
(ethylene glycol)methyl ether methacrylate (p-MeO2MA-co-
OEGMA) have been successfully synthesized by precipitation
polymerization.14−16 A temperature dependent swelling/
deswelling behavior was found. The LCST of the oligomers
of the monomer MeO2MA in water is at ≈20 °C which is
significantly below the body temperature. The LCST of the
oligomers of the comonomer OEGMA at ≈90 °C is clearly
above it. The combination of appropriate amounts of both
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FIG. 6. (Color) (a) Representative reflectometry data with fits. Data sets are shifted for better visibility. Concentrations of ibuprofen (bottom
to top) are 0, 13.6, and 25.0 mol %. (b) Depiction of the layer model used by the Parratt algorithm. For better visibility, the hydrophobic parts
of SoyPC are in red, and those of ibuprofen are in black.

is always present, but decreasing in volume with increasing
ibuprofen content. For pure SoyPC and low concentrations
of ibuprofen, nearly the complete volume is made up from
lamellae parallel to the surface. The disordered lamellae start
appearing at 13.6 mol % of ibuprofen and increase to a relative
scattering contribution of about 0.35 at 34.5 mol %. They
scatter around this value for all higher concentrations. All
three lattices, both hexagonal and the primitive tetragonal
lattice, appear simultaneously at 34.5 mol %. After this, at
higher ibuprofen concentrations, the volume fraction of the
hexagonal lattice standing on edge decreases together with the
volume fraction of the primitive tetragonal lattice. This can be
understood if you regard the primitive tetragonal lattice as a
filler between the two hexagonal lattices, which is necessary
wherever these two meet. As the hexagonal lattice standing on
edge vanishes, this filler is no longer needed, and the favored
hexagonal lattice with a parallel axis to the surface is the only
lattice remaining at high concentrations.

2. Neutron reflectometry

Representative results with fits according to the Parratt
algorithm are shown in Fig. 6(a). All major features of the
reflectivity curves could be reproduced. The initially assumed
distribution of the layers is depicted in Fig. 6(b). In all systems,
about 35–40 repetitions of these layers were found. In addition
to these repeating units, a water layer directly on the substrate
with a thickness of ≈2−15 Å was found that corresponds with
similar systems [26]. The existence of this water layer was
corroborated by the fits. The critical angle vanishes in these
systems. MARIA uses an elliptically curved focusing guide
on the vertical direction, which ensures a vertical beam size of
about 1 cm on the sample position. In the horizontal direction,
the opening of the two collimation slits (S1,S2), which are 4 m
apart, was equal to 1 mm for S1 and 1 mm S2, resulting in a
collimated beam of 0.5 mrad (θ = 2 tan−1([S1 + S2]/2L)).

Discrepancies between the fit, especially in the width of the
peaks, and the data can be explained by the fact that at higher
concentrations, instead of investigating a purely lamellar
system, which is ordered parallel to the substrate surface,
additional ordering occurs. If one considers the size of the

footprint of approximately (≈12 cm × 1.6 cm = 19.2 cm2),
it becomes apparent that the reflected intensity is comprised
of intensity reflected from a lamellar structure as well as the
ordered lattice structures. As a perfectly parallel lamellar stack
is assumed in the Parratt model, concentrations above 25.0
mol % are not accurately described anymore, and at 25.0 mol %
the fit is already challenging. However, we still performed the
same analysis of the reflectometry for all concentrations in
order to obtain information about the layer structure itself,
which is embedded in the sample for all concentrations. To
account for the smaller side maxima, which we attribute to
the emerging 3D structure, we chose a phenomenological
approach and fitted weighted Gaussians to the peaks. The
results of these fits reveal the smaller peaks to increase in
relative intensity from about 10−3 at 13.6 mol % to 0.1 at
43.1 mol %. This is consistent with the idea that the emerging
3D structure is induced by the ibuprofen and thus the relative
scattering contribution of the attributed peak increases.

The values for the SLDs of the different layers are given in
Table II. Another problem in the accurate description may be
that the layers may have an initial disorder already at very low
concentrations, and that is not accounted for by our analysis.

Calculated SLD profiles from Eq. (5) are shown in Fig. 7(a).
These profiles show that for the pure SoyPC layers, the pure
hydrocarbon layer, which was used to model the tail region of
SoyPC, is about 40 Å wide (for comparison of the respective
SLDs used, see Table II). After the introduction of ibuprofen

TABLE II. SLDs used for the fitting of the reflectometry data
with the Parratt algorithm. All values except for SoyPC are calculated
using tabulated values published by NIST [27]. SLD for SoyPC was
determined using contrast variation analysis with D2O/H2O mixtures.

Component SLD (10−6 Å−2)

Silicon 2.08
D2O 6.38
SoyPC 0.24
Decane − 0.49
Ibuprofen 0.92

022716-5

Jaksch S., et al, Phys. Rev. E (2015) 
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GINSES with a Resonator 
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Waves at interfaces 

Lamellar structure 
at interfaces 
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SoyPC 

@sns-nse, S. Jaksch, H. Frielinghaus, M. Gvaramia, O. Holderer, M. Ohl, Sci Rep. 2017 

www.nature.com/scientificreports/

2Scientific RepoRts | 7: 4417  | DOI:10.1038/s41598-017-04294-4

membrane that have not been directly accessible until now. We demonstrate this measurement with a 
L-α-phosphatidylcholin (SoyPC) membrane that shows surface modes, which previously could not be observed 
by other methods. The structure of the above membrane close to the surface has been studied previously20 where 
the system was shown to develop a multilayer structure. Apart from indicating a promising novel method offering 
insight into the dynamics of complex fluids at solid/liquid interfaces, the results are also of immediate interest for 
the understanding of bio-lubrication in joints, where phospholipid membranes at interfaces contribute to the 
lubrication of joints1.

Results
GINSES. We performed a GINSES measurement on a stack of phospholipid layers at maximum swelling in 
D2O prepared on a silicon substrate. The structure of this system has been studied before using neutron grazing 
incidence small angle scattering (GISANS) and reflectometry20. The pure SoyPC in contact with liquid D2O at 
T = 35 °C forms double layers with a repeat distance of d = 68.4 Å. That repeat interval gives rise to the pseudo 
Bragg-peaks at . −�Q 0 092 Å 1.

In order to avoid influences on the dynamic measurement, such as de Gennes narrowing, the measurement 
was performed at = . −Q 0 11 Å 1 with an in-plane component of α α= × − = . × −Q Q sin([ ]/2) 6 7 10in out

3 Å−1 
(see method section for details). Here the difference between incoming and outgoing angle of reflection was 7°.

This yielded the intermediate scattering function as shown in Fig. 1. We repeated the measurement with iden-
tical results (and better statistics) to confirm the results.

When compared to conventional NSE experiments on soft matter systems the most striking feature of the data 
presented in Fig. 1 is the apparent oscillation with a minimum at around 2 ns and a shallow (first) maximum at 
about 4 ns. For soft-matter samples on the typical NSE time- and length scales observation of underdamped 
motions is unexpected and very unusual due to the overwhelming dominance of friction compared to inertial 
forces on the low nm scale. These undulations only become visible on the longer in-plane length scale investigated 
here ( = . × − −Q 6 7 10 Å3 1 corresponding to ≈100 nm in real space).

We attribute these oscillations to undulation modes of the SoyPC membrane stack close to a solid substrate, 
which is corroborated by a model computation (solid line in Fig. 1) with values of = . ×B 3 4 106 Pa for the com-
pression modulus and η = .0 00753  Pa · s for the in-plane viscosity of the membrane.

Comparison with Simulations. In order to identify the nature of the undulations as observed in Fig. 1 we 
performed computations of the GINSES experiment based on the theory of Romanov et al.23. The corresponding 
results are shown in Fig. 2.

The model computations follow a membrane stack dynamics model by Romanov et al. applied to the present 
scattering situation of a soft-matter membrane adjacent to a solid substrate. Although the model in that publi-
cation was developed for use in liquid crystal multilayers, there is no restriction to its applicability to soft matter 
membranes using the correct parameters; indeed it has already been applied by Rheinstädter et al. to a similar 
system16.

Looking at the simulated data in Fig. 2 is obvious that such oscillations occur only for certain values of Q|| in 
the intermediate scattering function S(Q, t). We attribute this to the fact that for extremely small Q|| the mem-
brane is seen on a larger scale, where only movements of the complete membrane would be visible. Similarly for 
large Q|| the local over-damped motion of a few phospholipid molecules is dominant. Thus, only in a certain range 
of Q|| are the undulations visible.

Discussion
All modes observed here occur at solid-liquid interfaces, where a membrane is parallel and in close proximity to 
a solid substrate. Although very similar in nature, they must not be confused with capillary modes on free sur-
faces24 for freely supported films25, which have been observed in X-ray photocorrelation experiments.

A theoretical model to describe the dynamics of a finite lamellar system on a solid support in terms of layer 
undulation modes has been formulated by Romanov et al.23 applying the basic equation to describe smectic sys-
tems by Poniewierski26.

Figure 1. GINSES data of SoyPC membranes in aqueous solution at Q|| = 6.7 × 10−3Å−1. The solid line is a fit 
with the model from Romanov et al. as described in the text with B = 3.4 × 106 Pa and η = .0 00753  Pa · s.
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Summary/Outlook 

•  J-NSE: The past and the future 
•  Access to interface dynamics 
•  Polymers/Gels/Membranes 
•  Intensity 1 : Good (cold) source 
•  Intensity 2 : advanced neutron optics 

+ Prism 
+ Resonator 

Si n 


