
This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. We will replace this Accepted Manuscript with the edited 
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 

Accepted Manuscript

www.rsc.org/softmatter

Soft Matter

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/


“Methods to determine the pressure dependence of the molecular order parameter in 

(bio)macromolecular fibres” 

Combining FTIR spectroscopy and optical microscopy enables to correct the measured 

dichroism for the fibres’ macroscopic orientation, and hence, separating pressure effects on 

macroscopic and microscopic scales. 
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The experimental realization and an algorithm for analysing the pressure dependence of the molecular order parameter of specific
structural moieties in (bio)macromolecular fibres are described. By employing a diamond anvil cell (DAC) the polarization-
dependent IR-transmission and in parallel, using an integrated microscope, the macroscopic orientation of the fibres is deter-
mined. This enables one to separate between order and disorder at macroscopic and microscopic scales. Using the exampleof
spider silk the pressure dependence of the molecular order parameter of alanine groups being located within nano-crystalline
building blocks is deduced and found to decrease reversiblyby 0.01 GPa−1 when varying the external hydrostatic pressure be-
tween 0 and 3 GPa.

1 Introduction

Orientation on the molecular scale plays a fundamental rolein
materials science, for example anisotropic mechanical or op-
tical properties.1–3 This information can be obtained by per-
forming orientation-dependent measurements in combination
with externally applied mechanical fields as uniaxial stress or
hydrostatic pressure.4–6 In case of the latter, high pressure
experiments in spectroscopy are performed routinely, where-
fore a diamond anvil cell (DAC) is commonly employed.7–10

Due to its geometrical constraints, resulting from two dia-
monds pressing against a gasket containing the sample within
a small hole (< mm), which itself undergoes deformation dur-
ing pressure application, performing polarization-dependent
studies on a macroscopically oriented sample is a challenging
task. Materials, that ensure the sample alignment of the sam-
ple, may affect the measurement by their own (background)
signals, and furthermore could hamper hydrostaticity due to
their mechanical properties. Additionally, access to the sam-
ple compartment from outside is impossible after a first ap-
plication of pressure. Due to that reasons, Colombanet al.
used one thick fibre cut properly to fit into the gasket’s bore
instead of many thin ones to perform polarized Raman spec-

† Electronic Supplementary Information (ESI) available: The definition of the
molecular order parameter in general and in case of rotation symmetry (S1),
the conversion between the molecular order parameter and the dichroic ratio
(S2), the convolution of a Gaussian distribution function with a discrete dis-
tribution function (S3), and the convolution of two Gaussian functions (S4),
as well as, Equations S1 and S2. See DOI: 10.1039/b000000x/
aUniversiẗat Leipzig, Fakulẗat für Physik und Geowissenschaften, Institut für
Experimentelle Physik I, Abteilung Molekülphysik, Linńestraße 5, D-04103
Leipzig, Germany. E-mail: anton@physik.uni-leipzig.de
bUniversiẗat Leipzig, Medizinische Fakultät, Poliklinik für Zahnerhaltung und
Parodontologie, Liebigstraße 12, D-04103 Leipzig, Germany.

troscopy.11 Unfortunately, preparing a thicker, and hence less
flexible, sample is not possible in any cases. Recently, Ene
et al. published X-ray measurements on spider silk, where-
fore these highly flexible fibres exhibiting a diameter of 3
– 5 µm have to be aligned.12 For that, they used a home
build pressure cell employing water as pressure transmitting
medium being limited to 0.7 GPa.13 However, methods en-
abling measurements on aligned highly flexible fibres at ele-
vated or high hydrostatic pressures are rare. In the following,
we present two novel and easy to use approaches to transfer
gratings of aligned fibres into a DAC. Major ampullate spider
silk fibres are employed, because its inherent high anisotropy
of a β -sheet specific polyalanine vibration5 and the mate-
rial’s great flexibility, emphasize these fibres to an excellent
model system probing geometrical misalignment and evalu-
ating a method’s feasibility avoiding geometrical distortions.
The grating’s deformation upon the application of pressure
is detected through measuring the apparent dichroic ratio of
a specific IR absorption band, as well as, using optical mi-
croscopy. With the help of the latter we separate the influence
of the macroscopic deformation of the fibre grating from the
pressure-dependent microscopic distribution of transition mo-
ments, both having an effect on the IR measurement.

2 Experimental

Stainless steel gaskets (250 or 300µm thick) and synthetic
type 2a diamonds with a culet size of 1.0 mm are employed.
The gasket’s pre-indentation is kept at a minimum to over-
come any distortion of the grid; just enough to estimate the di-
amonds’ contact area. According to the culet size, a hole with
a diameter of 0.5 mm is drilled into the gasket at the middle of
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the diamonds’ contact area. The spider silk samples are made
from major ampullate (drageline) silk of the spiderNephila
edulis using the method of forced silking.5 The spiders are
reared on a diet of crickets.

To produce a grating of aligned fibres the following two
techniques are used: (A) For one approach a single thread is
reeled around two parallel rods5. Afterwards, one side of the
so produced double-sided grating is glued directly on the gas-
ket’s surface covering its bore (Method A, Figure 1a). For
that, two-component glue is employed, because this adhesive
provides high mechanical resistance while avoiding the effect
of solvents. The free standing side of the double-sided grating
is removed, enabling to mount the sample into the DAC and
eliminating additional absorption and scattering. Pleasenote
that the term grating is chosen in analogy to optical grating
and does not represent a crossed arrangement. Instead, the fi-
bres are aligned in a parallel fashion since its displacement is
controlled by a computer-operated stage.

(B) An other approach to produce a grating of aligned fi-
bres is winding the thread directly around the gasket covering
its hole (Method B, Figure 1b). For that reason, the edges of
the initially circular-shaped gasket are flattened. Nail polish is
used to fix the fibres on one side of the gasket before cutting
off the other side of the grating. This type of glue is employed,
because it exhibits excellent wettability. A gap of at least
1 mm is kept between contact site and sample compartment.
In addition, alternative approaches requiring enhanced tech-
nological efforts compared to the two afore-mentioned ones
are provided in the ESI.

After the hole within the gasket is covered with a grating of
aligned spider silk fibres, paraffin oil is added which reduces
light scattering of the fibres without affecting their mechanical
properties5 and also acts as pressure transmitting medium.6,14

Hydrostatic pressure is applied by means of aµScopeDAC-
HT(G) diamond anvil cell (easyLab) and determined in situ
from the pressure-dependent shift of the ruby R1 fluorescence
line.15 Infrared spectra are recorded in transmission mode on
a Fourier-transform-infrared(FTIR)-spectrometer (FTS 6000,
BioRad) equipped with an IR-microscope (UMA-500, Bio-
Rad) and a mercury-cadmium-telluride (MCT) detector (Kol-
mar Technologies) using a spectral resolution of 4 cm−1. The
IR-light is linearly polarized before entering the DAC (forde-
tails regarding the setup see the references5,6).

The difference of the vibrational absorption at̄ν =
965 cm−1 depending on the IR light’s polarization, typical
for major ampullate spider silk, is utilized to determine the
dichroic ration (cf. Equation 2 and molecular order parame-
ter ESI S2) of theβ -sheet polyalanine nanocrystals embedded
in an glycine-rich amorphous, glassy matrix.5,16 As long as
one employs a grating of parallel fibres the dichroic ratio of
this arrangement is identical to that of a single fibre and one
is able to extract information of the microscopic orientation of

Fig. 1 A grating of spider silk fibres wound around two stainless
steel rods and glued on a gasket (a). Alternatively, a thread is
directly wound around a gasket with flattened edges (b). Both
methods are convenient to produce a grating of aligned fibres as
evident in the micrograph (c).

the IR transition moments.1,5 In case the spider silk grating is
deformed and the fibres’ alignment is distorted, the outcome
of the IR measurement depends on the microscopic orienta-
tion of the IR transition moments, as before, but also on the
macroscopic geometrical orientation of the fibres. To evalu-
ate the latter and to separate its influence on the IR measure-
ments from the pressure-dependent microscopic orientation,
we make use of optical microscopy as independent technique
complimentary to IR spectroscopy.

3 Results and discussion

After producing a grating of aligned fibres and transferring
it into the DAC, the sample and the gasket are deformed as
the pressure is applied for the first time resulting in a loss
of the fibres’ alignment (Figure 2). Despite a clearly visible
deterioration, certain areas with fibres in parallel can still be
found. On expense of signal-to-noise ratio and measurement
time, the region of interest (ROI) of the focusing optics can
be reduced resulting in a more-pronounced spectral dichroism
and finally a larger order parameter. This argument is valid for
both method A and B described above.

Especially when using Method B, it is noteworthy that due
to the insufficient pre-indentation, the gasket’s boreexpands
with rising pressure10,17, causing an elliptical shape of the
hole. This deformation is a result of the gasket’s asymmetric
shape and affects the previously cut edges, because of a lack
of material at these sites. At(2.0 or 2.7±0.2) GPa (derived
from the externally applied membrane pressure) the hole en-
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Fig. 2 A scheme illustrating how to determine the macroscopic,
geometrical orientation of the spider silk fibres (here after
subsequent pressure cycles). A micrograph is divided up into
equally sized squares (50×50 pixel) in which the orientation angle
with respect to vertical orientation is estimated. The bright square
indicates the 250×250µm2 ROI of the IR microscope. A
histogram is compiled corrected for locating the mean at 0◦, as
automatically performed when applying Equation 1 on the measured
spectra. The solid line indicates an optional fit assuming a sum of
two Gaussian distribution functions. The obtained parameters can be
found in Table 1

larges as wide as the pressure is not preserved anymore. Large
expansion of the bore can lead to damage on the diamonds10,
however, in both of our experiments performed using Method
B, the diamonds remained intact.

For estimating the geometrical distribution of the fibres, a
micrograph of the sample compartment is divided into equal
square regions, where the fibres are in parallel and their ori-
entation angle relative to a fixed direction can be estimated
(Figure 2). Afterwards, a histogram of orientation angles mod-
elling the fibres arrangement within the image plane is com-
piled. The heights of the histogram bars are corrected to over-
come any deviation of the fibre length, and consequently the
sample volume, within a square region depending on the ori-
entation angle (h= h0/cos(θ)). Additionally, it is possible to
fit a Gaussian function (or a sum of those) to the histogram
enabling a continuous description of the fibres’ distribution.

Table 1Parameters as derived from fitting a sum of two Gaussian
functions onto the histogram of Figure 2, whereϑ represents the
mean value,ω the standard deviation, andB a scaling factor.

ϑ1 −22.7◦ ω1 14.4◦ B1 8434
ϑ2 15.7◦ ω2 7.7◦ B2 4070

To specify the alignment of the sample fibres in a more re-
fined way, polarization-dependent FTIR spectra are recorded
and corrected for the (also pressure-dependent) paraffin

absorption. For that a polarization-independent peak at
890 cm−1 is used as a measure for the sample’s paraffin con-
tent. Especially in case of this sample arrangement, the
volume of the pressure transmitting medium is significantly
higher than for other measurements (≈ 100× compared to
former experiments5,6), resulting in an enhanced background
signal. As a consequence of refractive index mismatch and
birefringent properties of spider silk, clear interference pat-
terns are evident in the paraffin background spectra which has
to be reassessed, while those are absent in case of the spi-
der silk measurements. After subtraction of a linear base-
line from the paraffin-corrected spectra, the well separated
polyalanine peak is modelled with a pseudo-Voigt function,
as proposed by Stancik and Brauns.18 Afterwards, the maxi-
mum absorbanceAmax appearing at a polarization angleΩ is
determined through fitting Equation 1 to the data:

A(φ) = − log10

[

10−Amaxcos2 (φ −Ω)

+10−Aminsin2 (φ −Ω)
]

, (1)

whereφ represents the polarization angle andAmin the ab-
sorbance value when the light is polarized perpendicular to
Ω.5 Subsequently, these measures are used to calculate the
apparent dichroic ratio

D =
Amax

Amin
. (2)

Note that we are focusing on the dichroic ratio as physical
quantity instead of the order parameter, because to calculate
the latter all three values of the absorbance strength relative
to the principle axes has to be known, but only two of them
can be measured directly when the sample is inside the DAC.
Consequently, assumptions has to be made to work out the
molecular order parameter based on the measured dichroic ra-
tio, which are well justified in case of rotational symmetric
fibres (see ESI S1).

In case the spider silk fibres are aligned and form a grat-
ing (reeled around two parallel rods) a dichroic ratio of
Dre f

A = 22.4± 0.5 or Dre f
B = 20.1± 0.5 (Sre f

A = 0.88± 0.01,

Sre f
B = 0.86± 0.01) can be found (Figure 3a). In case the

sample is prepared using Method A, a deteriorated dichroism
becomes evident (Figure 3b) and the dichroic ratio decreases
to DA = 5.5± 1.1 when closing the pressure cell, due to the
sample grating’s misalignment. A measurement uncertainty
for fitting the integrated absorbance of 5 % is estimated, re-
sulting in a total uncertainty of 20 % for the dichroic ratio of
samples under load. The reference samples are not concerned
here. During the application of hydrostatic pressureDA is re-
duced further, but the initial value is restored during relaxation
without any indication of hysteresis or persistent deterioration
(Figure 3g). Performing a second measurement cycle might
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detect additional plastic deformations, which are absent in our
study.

In case of Method B the dichroic ratio appears to be slightly
reduced when the thread is wound directly around the gasket
(Dre f

B = 17.3±0.5, Sre f
B = 0.84±0.02) compared to winding

around rods (see above). This reduction is caused by exchang-
ing rods exhibiting a circular cross section, where the thread
can cling to their smooth surface, by a flattened, 300µm thick
gasket with sharp edges. Despite the fact that the hole of the
gasket has a diameter of 500µm, whereas the microscope’s
ROI amounts to 250×250µm2, it is not possible to excluded
it as additional optical element deteriorating the measurement
conditions. However, similar to Method A,DB is reduced
upon closing the cell due to geometrical distortions of the grat-
ing to DB = 6.0±1.2, exhibiting a slightly larger value com-
pared toDA. A possible explanation might be found in the
sample preparation. In Method A the grating is glued on the
gasket’s surface resulting in a gap due to the adhesive, whereas
in Method B the thread is in direct contact to the gasket’s sur-
face. This gab may cause a stronger misalignment, and hence,
a lowered dichroism.

To estimate the reversible change of the dichrioc ratio in
the range form 0 to 2.98 GPa a linear function is fitted to
the measured values ofD which results in a slope ofaA =
(−0.07±0.14) GPa−1 and an intercept ofbA = 3.74±0.23.
In that way one is able to separate the decrease of the apparent
dichroic ratio, due to geometrical misalignment from closing
the DAC, and its variation as a result of hydrostatic pressure.

To model the molecular order parameter of a rotationally
symmetric fibre (or a grating of the fibres in parallel) we in-
troduce the second Legendre polynomial as a definition of the
molecular order parameter19

P2 (cosθ) =
1
2

(

3cos2 (θ)−1
)

, (3)

whereθ describes the angle between a principle axis (zdirec-
tion, the fibre axis) and the transition dipole moment vector. In
case of rotational symmetry its ensemble average value〈P2〉 is
identical with the molecular order parameterS.1

〈P2 (cosθ)〉=
1
2

(

3

∫ π
0 G(θ ,ω)cos2 (θ)sin(θ)dθ

∫ π
0 G(θ ,ω)sin(θ)dθ

−1

)

(4)

Note that averaging (〈. . .〉) over all illuminated molecules is
inherent in IR absorption measurements. Assuming a Gaus-
sian shaped dipole distribution densityG(θ) with its central
momentθ0 located at 0◦ (as derived from polarization mea-
surements on fibres in parallel5) and a certain distribution

width ω0,

G(θ) =
1

√

πω2
0






exp






−

(

θ −θ (1)
0

)2

2ω2
0







+exp






−

(

θ −θ (2)
0

)2

2ω2
0












, (5)

and takingD = 22.4, 20.1, and 17.3 while employing the re-
lation betweenS= 〈P2 (cosθ ,ω)〉 and D (ESI S2) one is
able to obtain the width of the microscopic dipole distribu-
tion asω0 = 12.0◦, 12.7◦, and 13.6◦.1 Note that the second
term (θ (2)

0 = θ (1)
0 +180◦) results from periodic boundary con-

ditions and has nothing to do with mathematical derivative.
Normalization to 1 is maintained when integratingG(θ) from
θ = 0◦ to 180◦.

Furthermore, to model the system composed of rotationally
symmetric fibres forming a disturbed grating it is useful to de-
scribe it through the microscopic distribution of the molecular
transition dipole moments within one fibreG(θ) convolved
with the geometrical (macroscopic) distribution of the fibres
Ḡ(ϑ ,φ). The microscopic dipole distribution is handled as
stated in the former paragraph. The geometrical distribution
of the fibres is deduced from a micrograph of the fibres’ ar-
rangement within the sample compartment as describe above.
Additionally, we assume that the grating’s deformation, and
hence geometrical distortion, mainly take place within a plane
parallel to the diamonds’ surfaces (xz plane). This is justi-
fied, because the grating is in direct contact to one diamond at
which it is supported. Due to the deformation, rotational sym-
metry, as in case of fibres in parallel orientation along thez
direction, is not adequate anymore. To handle the asymmetry,
Ḡ(ϑ ,φ) is separated into two terms: one describes the fibres’
orientation within thexz plane and is assigned to cos2 (φ) (x
direction), the other is assigned to sin2 (φ) and describes the
geometry in theyzplane (y direction). In case there would be
no difference between the dipole distributions in the two di-
rections (Ḡx = Ḡy) one is able to apply sin2 (φ)+cos2 (φ) = 1
with the result that̄G(θ ,φ) is independent ofφ and the system
exhibits rotational symmetry. Because the dipole distribution
within the yz plane is much less affected by geometrical dis-
tortions than within thexz plane, the former can be treated
analogously to the undisturbed case, whereforeḠy is mod-
elled by a Dirac delta functionδ (ϑ) resulting in 1 during the
convolution process. Thus, we define

Ḡ(ϑ ,φ) = Ḡx (ϑ ,) · cos2 (φ)+ Ḡy (ϑ) · sin2 (φ) (6)
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Fig. 3 Polarization-dependent spectra showing IR-dichroism of the band located at 965 cm−1 representing the alanine moiety (a) for a fresh,
native reference sample (wound around rods), (b) after closing theDAC at 0.00 GPa, and (c) recalculated by correcting for the geometrical
distortion of the grating. (d - f) Polar representation of (a), (b), and (c) normalized to 1 along with fits according to Equation 1. (g) Apparent
dichroic ratioD depending on the applied hydrostatic pressure. The blue line representsa linear fit, while the dashed lines correspond to
D±0.5.
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with

Ḡx (ϑ) =
Ñ(ϑi)

∑ j Ñ(ϑ j)
δ (ϑ −ϑi) (7)

Ḡy (ϑ) = δ (ϑ −0) . (8)

Ñ(ϑi) represents the counts of the histogramN(ϑi) according
to the fibre segment’s directionϑi ∈ [−30◦,−25◦, . . . ,+30◦]
corrected for the angle-dependent sample volume within one
square regioñN(ϑi) = N(ϑi)/cos(ϑi).

After equating the principle axes of the microscopic (fi-
bre fixed) and macroscopic (geometrical) coordinate systems
(θ = ϑ ) and performing the convolution (ESI S3) one obtains
the dipole distribution density of the geometrical disturbed
grating G̃(θ ,φ) which allows for the determination the ab-
sorbance strength with respect to the principle axes (Axx, Ayy,
andAzz) and, hence, the dichroic ratio, as well as, order pa-
rameter values.1

Axx = C
∫ 2π

0

∫ π

0
G̃(θ ,φ)sin3 (θ)cos2 (φ)dθdφ (9)

Ayy = C
∫ 2π

0

∫ π

0
G̃(θ ,φ)sin3 (θ)sin2 (φ)dθdφ (10)

Azz = C
∫ 2π

0

∫ π

0
G̃(θ ,φ)sin(θ)cos2 (θ)dθdφ (11)

The parameterC represents measurement-dependent values
(C = E2

0µ2
0N) as the electric field strength or the transi-

tion dipole moment, as well as a normalization constant
(
∫ 2π

0

∫ π
0 G̃(θ ,φ)sin(θ)dθdφ = 4π). When calculating the

dichroic ratio within thexzplane,

Dzx=
Azz

Axx
, (12)

which is identical to the experimentally determined valueD,
C is cancelled out.20 Using the asymmetric dipole distribu-
tion densityG̃(θ ,φ) deduced from the microscopic descrip-
tion G(θ |θ0 = 0◦,ω0 = 13.6◦) convolved with the fibre ori-
entationḠ(ϑ ,φ) as derived form the micrograph and the his-
togram, the apparent dichroic ratio can be obtained asDzx =
7.2. It is evident, that this value is higher than the ratio found
in case of the spectral measurements indicating a less oriented
sample as presumed. Alternatively, using the fitted Gaussian
function results inDzx= 4.5 underestimating the fibres align-
ment, as already evident in the not-matching wings of the dis-
tribution function (Figure 2 and ESI S4).

So far, we have demonstrated that the spectral dichroism as
derived from IR measurements can be treated as convolution
of the microscopic transition dipole distribution within asin-
gle fibre and the macroscopic, geometrical distribution of the
fibres inside the DAC in fair agreement (20 % accuracy) to the
measured values. The outcome of the IR experiment depends

on both, the microscopic and the macroscopic distribution,
whereas optical microscopy can only be used to determine the
macroscopic one. By comparing the IR and microscopy mea-
surements, information of the microscopic distribution can be
obtained. Hereafter we discuss possible factors that can influ-
ence the deviation ofD andDzx and derive the change of the
microscopic transition moment distribution in dependenceon
hydrostatic pressure.

Associated with recalculating the dichroic ratio we try to
correct the measured dichroism. For that purpose, we fix
the geometrical distributionḠ(ϑ ,φ) while comparing the
dichroic ratio depending on a variable microscopic distribu-
tion width ω0 with the measured values. Despite the integra-
tion during calculating the absorbance values (Equations 9, 10,
and 11) is limiting the determination of an analytical inverse
function, the dichroic ratio depending on the expectationθ0

and the widthω0 of the underlying microscopic distribution
shows a strict monotonic dependence. Thus, it is handled as
an injective transformation and an inverse function existson
a confined region, even when not expressible analytically.21

Hence, parametrisation of this dependence allows for back-
ward determination. Takingω0 = 18.1◦ a value ofD = 5.5
similar to the on deduced from the spectral measurements is
achieved (Figure 3f). In the former it is shown, that closing
the DAC while misaligning the gratingat ambient pressure
reduces the dichroic ration to a greater extend than the appli-
cation of hydrostatic pressure afterwards. Thus, an increase
of the microscopic distribution width of 33 % of the value of
the undisturbed cases is not reasonable. That is why, we be-
lieve the origin of the deviation between the calculated andthe
measured values lies solely in geometry.

Basing on the reasons that are reduce the dichroic ratio we
investigate the influence of the fibre orientation. For that pur-
pose, we introduce a model function representing the fibres’
(mis-)alignment within thexz plane by replacingḠx (Equa-
tion 7) with

Ḡx (ϑ) =
1

√

2πω2
1






exp






−

(

ϑ −ϑ (1)
1

)2

2ω2
1







+exp






−

(

ϑ −ϑ (2)
1

)2

2ω2
1












(13)

while assumingϑ1 = 0◦. When determining the dichroic ra-
tio depending on the distribution widthω1 it appears that the
valueDzx corresponds to a width ofω1 = 15.3◦, whereas the
experimentally derived value (D±20 %) is in accordance with
ω1 = (18.9±3.3) ◦. It seems that the geometrical distribu-
tion as derived from the micrograph is underestimating the
grating’s distortion. On the one hand, fibres beyond the fo-
cal plane of the camera can contribute to the IR measurement
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while they are not visible in the image. On the other hand,
the visual evaluation of the geometry depends on the image
contrast. Regions with fibres in parallel, as well as, highlyun-
ordered regions are underestimated, due to a lack of contrast,
whereas slightly unordered structure are clearly visible.

Assuming a geometrical distribution as described by Equa-
tions 6, 8, and 13 and usingω0 = 13.6◦ andω1 = 18.9◦ one
obtains a dichroic ratio ofD = 5.5, in accordance with our
measurements, and an apparent order parameter ofS= 0.68
(Equation S1). For comparison, the application of Equation
S2 would result inS= 0.60 clearly underestimating the or-
dering of the sample, because the separation betweenx andy
direction is not done.

Taking the parametersaA andbA as derived from fitting a
linear dependence on the apparent dichroic ratio under hydro-
static pressure (Figure 3g) we are able to correlate the vary-
ing dichroic ratio during pressure application with an altered
microscopic dipole distribution width. Note that for estimat-
ing the parameters of Table 2 we assume a preserved geome-
try during pressing and relaxing runs, as indicated by micro-
graphs, and a linear dependence betweenD andS which, in
fact, is not the case over the hole range of possible values, but
applicable for the limitted range of this experiment.

Table 2 Parameters as derived from fitting a linear dependence on
the apparent dichroic ratio and deduced distribution parameters

D ω0 ω1 S
3.74 13.6◦ 24.7◦ 0.68
3.52 16.0◦ 24.7◦ 0.35

∆ω0 = 0.8◦GPa−1 ∆S= 0.01GPa−1

The clear distinction between the microscopic, rotationally
symmetric transition dipole moment distribution density of a
single (spider silk) fibre and the asymmetric geometric dis-
tribution of the fibres within the DAC allows for correcting
the apparent (molecular) order parameter. Assuming a neg-
ligible misalignment of the grating within theyz plane (per-
pendicular to the diamonds’ surfaces) compared to the defor-
mation within thexz plane we are able to calculate the value
of the molecular order parameter without oversimplifying as-
sumptions, for instance macroscopic rotational symmetry.Al-
though the preserved orientation of the fibres iny direction
(along the optical axis) in the current study is well justified,
it is still an assumption. Remedy could be provided, for ex-
ample, by staining the fibres fluorescently and following their
trace employing a laser scanning confocal microscope.

4 Conclusion

A method and its experimental realization to carry out pres-
sure dependent measurements on the molecular order param-

eter of highly anisotropic samples, as fibres of spider silk for
instance, is described. When applying hydrostatic pressurethe
sample in the Diamond Anvil Cell (DAC) becomes unavoid-
ably misaligned. However, through employing image analysis
and an appropriate mathematical formalism, the macroscopic
disorder of the sample is quantitatively determined. Aftercor-
recting for the background signal of the pressure transmitting
medium (in this study paraffin oil), the pressure dependence
of the IR dichroism of a specific absorption band (polyalanine
vibration at 965 cm−1) is deduced.

In summary, order and disorder atmacroscopicandmicro-
scopicscales are separated enabling to determine the pressure
dependence of the molecular order parameter of the alanine
moieties being located within the nano-crystalline building
blocks of spider silk. The response of the molecular order
parameter to hydrostatic pressure up to a value of 3 GPa is
obtained as 0.01 GPa−1.
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