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Polarized attenuated total reflection (ATR) 
infrared spectroscopy is an efficient technique to 
determine the orientation and conformation of a 
large variety of samples, but it is more difficult to 
apply to very small specimens such as silk fibers. 
The Golden Gate single-reflection ATR accessory 
that uses diamond as an ATR element and a 
focalized beam turns out to be highly efficient to 
study quantitatively the orientation and 
conformation of a single silk fibroin filament of 
the silkworm Bombyx mori that is about 10 µm in 
diameter. For orientation measurements, rotating 
the sample instead of the electric field greatly 
simplifies the theoretical analysis and keeps the 
penetration depth of the infrared radiation 
constant. A sample holder that can be fitted on 
the ATR accessory has thus been developed to 
allow accurate rotation of the sample and to 
obtain spectra with a low, non-damaging, and 
reproducible pressure on the fiber. To validate 
the method, spectra have been recorded as a 
function of the angle θ between the fiber axis and 

the polarization of the incident radiation. The 
data have been fitted following the cosine square 
dependency of the absorbance with respect to the 
angle θ. The procedure has been applied to the 
spectral components of the amide I bands, as 
determined from spectral decomposition. 
Multiple angle measurements turn out to be quite 
useful to correct systematic angle errors and 
validate the accuracy of the curve-fitting 
parameters of the band decomposition. By using 
the calculated dichroic ratio, a parameter <P2> of 
-0.46 ± 0.01 has been calculated for the 
antiparallel β-sheets and -0.04 ± 0.02 for the 
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remaining structures. From the orientation-
insensitive spectrum A0, the amount of β-sheets 
has been estimated to 49 ± 3%. The results 
obtained from only two measurements with the 
electric field of the incident radiation parallel and 
perpendicular to the fiber axis has demonstrated 
that ATR spectroscopy can be used routinely in 
quantitative studies of the molecular orientation 
and conformation of macromolecules. 
 
Introduction 
Fourier transform infrared (FT-IR) spectroscopy 
is a valuable technique to characterize the 
molecular conformation and orientation of 
natural and synthetic macromolecular systems 
since it can provide high quality spectra of minute 
amounts of material. In addition, because of the 
wide variety of available sampling techniques, 
samples of different size, shape, and physical 
state can be investigated. Although thin films and 
solutions can be easily be studied by transmission 
infrared spectroscopy, it is more difficult to 
obtain quantitative information about the 
conformation and orientation of small single 
fibers such as silkworm and spider silk fibers 
because their size is often below the diffraction 
limit of most infrared microscopes. Arrays of 
tightly packed fibres can be used for transmission 
experiments, but this method rarely provides 
high quality spectra because of spectral artifacts 
due to sample heterogeneities and appreciable 
leakage of incident radiation through the 
sample.1,2 Finely cut fibers can also be studied by 
diffuse reflection infrared spectroscopy or by 
transmission spectroscopy when dispersed in 
KBr pellets.3 Unfortunately, the microstructure of 
the fibers is not necessarily preserved with these 
methods and the information on the molecular 
orientation is completely lost. Since molecular 
orientation strongly affects the mechanical 
properties of natural and synthetic fibers, it is 
important to develop techniques that allow the 

efficient and quantitative determination of 
molecular orientation in situ in single fibers. One 
of the most efficient techniques to study fiber 
microstructure by infrared spectroscopy is 
undoubtedly attenuated total reflection (ATR). 
The main limitation of most conventional ATR 
accessories is that several filaments are often 
necessary to obtain spectra with a sufficiently 
high signal-to-noise ratio. This strategy has been 
implemented to examine the conformation of hair 
fibrous proteins4,5 and textile polymers.6-8 
 
Three methods have been used to determine 
molecular orientation by ATR infrared 
spectroscopy. The most common one is to keep 
the sample fixed on the ATR element and to 
rotate the electric field of the incident radiation. 
This method is simple to implement since the 
sample does not have to be moved, but it requires 
complete knowledge of the components of the 
electric field in every direction at the surface of 
the ATR crystal.9-11 Depending on the thickness of 
the sample, the ATR element, and the sample, the 
determination of the electric fields requires the 
knowledge of the optical properties of the 
multilayer system.12 A second method consists of 
rotating the sample and ATR crystal as a whole,13 
thus ensuring a constant contact between the 
sample and the ATR crystal. However, it has been 
demonstrated that a slight change in the beam 
path has an important effect on the 
reproducibility of the measurements.14 The third 
method consists of rotating the sample while 
keeping the beam path and polarization 
unchanged. The main limitation of this technique 
is that the contact between the sample and the 
ATR element can change when the sample is 
rotated, which strongly affects the intensity of the 
polarized spectra. To minimize this effect, 
normalization of the spectra is necessary and can 
be performed using an orientation-independent 
band. When such a band is not present, a dye 
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molecule can be incorporated in the sample to 
normalize the spectra. Such a procedure has been 
used to determine qualitatively the orientation of 
an array of Bombyx mori (B. mori) silk fibers.15,16  
 
In the present paper, we have taken advantage of 
the high sensitivity of the Golden Gate single-
reflection ATR accessory (Specac Ltd., London, 
UK) that uses diamond as an ATR element and a 
focalized beam to study the conformation and 
orientation of a single silk fibroin filament 
obtained after degumming cocoon silk produced 
by the silk worm B. mori. This silk fibroin is 
composed of tyrosine-rich amorphous domains 
and quasi-crystalline domains formed with the 
pattern of (Ala-Gly-Ser-Gly-Ala-Gly)n sequences 
that are organized into antiparallel pleated β-
sheets aligned parallel to the fiber axis.17,18 The 
use of the diamond ATR accessory has allowed 
the recording of spectra with high signal-to-noise 
ratios of single B. mori silk filaments of about 
10µm in diameter in a few minutes. To measure 

quantitatively the degree of orientation of the 
proteins, we have developed a new sample holder 
that allows the precise rotation of the fiber and 
the application of a low and reproducible 
pressure on the fiber. With this sample holder, we 
have successfully determined quantitatively and 
with a good accuracy the orientation and the 
secondary structure content of B. mori silk 
fibroin. Although the proposed method was 
applied to silk fibers, it can be used to study the 
molecular conformation and orientation of other 
natural and synthetic fibers as well. 
 
Experimental 
Sample Preparation 
Cocoons from the silkworm B. mori were 
obtained from the Insects Production Unit of the 
Canadian Forest Service (Sault Ste. Marie, 
Ontario, Canada). Raw B. mori silk is composed of 
two fibroin filaments held together by a 
cementing layer of the protein sericin. To remove 
the sericin layer, the cocoon silk was degummed 

Fig. 1. Coordinate system and mechanical setup used for the sample rotation and dichroism measurements 
showing the angular wheel (A), the support bridge (B),the shaft (Z) and the elevation stopper (F). 
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in boiling water containing sodium bicarbonate 
(0.05% w/v) for 15min. The resulting fibroin 
filaments were rinsed thoroughly with deionized 
water and dried under vacuum for a few minutes 
to remove the excess water. Samples were then 
stored at 22 ± 1 °C and 65 ± 5% relative humidity. 
 
Mechanical Setup for Sample Mounting and 
Rotation 
Polarized ATR spectra were recorded for 
different angles between the electric field of the 
incident radiation and the fiber axis by rotating 
the sample. In order to repeatedly have an almost 
identical contact between the sample and the ATR 
element for all spectra, the shaft of the Golden 
Gate ATR accessory was modified to 
accommodate the sample holder shown in Fig. 1. 
Another requirement for these experiments was 
the ability to apply the minimum pressure on the 
fiber with this setup to obtain spectra with a high 
enough signal-to-noise ratio without damaging 
the fiber. The sample holder basically consists of 
an anvil formed by a barium fluoride (BaF2) disk 
attached to a plastic holder of the same diameter 
with double sided adhesive tape. BaF2 was 
chosen for its transparency over the wavenumber 
domain of interest and for its low refractive index 
that preserves total internal reflection conditions. 
Each silk fiber (about 4 cm in length) was 
positioned as much as possible in the center of 
the BaF2 substrate and was gently attached at 
both ends with adhesive tape on the side of the 
plastic holder by applying the minimal tension on 
the fiber to keep it straight and to avoid shrinking 
of the fiber. 
 
The sample holder was then attached to the shaft 
of the bridge (B) of the ATR accessory using a 
circular aluminium flange. To ensure the 
application of a reproducible low pressure on the 
sample, a piece of soft low-density polyurethane 
foam was inserted between the plastic holder and 

the aluminium flange. The height of the sample 
holder was controlled with a screw (Z) embedded 
in the bridge. A stopper (F) ensures that the shaft 
is lowered down at exactly the same vertical 
position each time, which is essential for contact 
pressure reproducibility. To make sure that the 
fiber was always perfectly aligned in the center of 
the ATR crystal, a screw was used for fine lateral 
adjustments. To prevent baseline deviations due 
to signal variations over the acquisition time, a 
background was acquired immediately after each 
measurement by raising the sample from the ATR 
crystal. Once the sample was raised, it could be 
rotated around the shaft and lowered again to 
acquire a new spectrum at a different angle. A 
graduated wheel (A) was used to measure the 
angle between the fiber axis and the electric field 
of the infrared radiation. 
 
Spectral Acquisition and Treatment 
Spectra were recorded using a Nicolet Magna 850 
Fourier transform infrared spectrometer 
(Thermo Scientific, Madison, WI) with a liquid 
nitrogen cooled narrow-band mercury cadmium 
telluride (MCT) detector and a Golden Gate ATR 
accessory. In this apparatus, the infrared beam is 
focused to a diameter of about 750 µm on the 
diamond crystal with ZnSe lenses (4X 
magnification). The electrical field of the infrared 
beam was polarized perpendicular to the plane of 
incidence (s-polarized or transverse electric) 
using a ZnSe wire-grid polarizer (Specac Ltd., 
London, UK). Each spectrum was obtained from 
128 scans at a resolution of 4 cm-1 using a Happ-
Genzel apodization. All spectral operations were 
performed using GRAMS/AI 8.0 (Thermo Galactic, 
Salem, NH). The spectra were not smoothed and 
the only applied baseline correction was an offset 
at 1730 cm-1. In addition, the spectra were 
normalized to account for the intensity 
fluctuations (approximately 10%) due to fiber 
rotation. This normalization was performed using 
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the intensity at 1335 cm-1 since the absorbance 
at this wavenumber was found to be almost 
insensitive to the orientation. 
 
All spectra were corrected for wavelength 
dependency of the penetration depth of the 
infrared radiation. The band fitting iteration 
routine used in GRAMS is based on a nonlinear 
algorithm known as the Levenberg-Marquardt 
method.19 Pure Gaussian band shapes were 
chosen for the decomposition. The band 
positions, determined by a second-derivative, 
were fixed to ±0.5 cm-1 and the bandwidths were 
allowed to vary to ±5 cm-1. The initial bandwidths 
of the different components were estimated by 
manual fitting of the most appropriate spectrum 
recorded at 0° or 90°, whereas the initial 
intensities were set to 0. To ensure reliable band 
decomposition of a set of spectra recorded for 
different orientations of the fiber, all curve-
fittings were done using the same set of initial 
parameters and limits. 
 
Results and Discussion 
Figure 2 shows the ATR spectra between 950 and 
1750 cm-1 of a single fibroin filament of 
degummed B. mori cocoon silk obtained with the  

Position (cm-1) Assignmenta Preferential 

Orientation 

References 

1698 Amide I, β-sheets ║ 15,22,45,46 

1649 Amide I, unordered  24-26,47 

1615 Amide I, β-sheets ⊥ 15,22,28,32 

1594 N(C-C) ring, tyrosine  30,48 

1555 Amide II, β-sheets ⊥ 22,24 

1527 Amide II, unordered  24,26,27,29 

1515 v(C-C) and δ(CH), tyrosine  30,31 

1505 Amide II, β-sheets ║ 24-29 

1469 δas(CH3), alanine, β-sheets ║ 22,30 

1447 δ(CH2), (AG)n  22 

1437 δ(CH2), (AG)n β-sheets ⊥ 22 

1406 w(C αH2), (AG)n ║ 22,49 

1369 δs(CH3), (AG)n  22 

1335 δs(CH3), (AG)n  22 

1260 Amide III, β-sheets  22,29,32-34 

1225 Amide III, unordered  29,32,33 

1161 v(N-C α) and δ(Hα), (AG)n ║ 22 

1103 Tyrosine  32 

1070 v(C-C)  32 

1055 v(C-C)  32 

1014 r(CH2), tyrosine  32 

996 r(CH2), (AG)n β-sheets ║ 22,32 

973 r(CH2), (AG)n β-sheets ║ 22,32 

a  Abbreviations used: v, stretching; δ, bending; w, wagging; r, rocking; as, asymmetric; 

s, symmetric. 

s-polarized light parallel and aligned at different 
angles from 0° (parallel spectrum. A║, and along 
the y-axis) to 90° (perpendicular spectrum, A⊥ , 
along the x-axis). As can be seen, the use of the 
Golden Gate accessory allows the recording of 
spectra of a 10 µm fiber with a very high signal-
to-noise ratio in a few minutes. The spectra at 0° 
and 90° are in good agreement with those of 
Garside et al. obtained on an array of B. mori silk 
fibers.15 The most intense bands are due to the 

 

Fig. 2. ATR spectra of a single B. mori silk fiber 
obtained with s-polarized light at different rotation 
angles of the fiber from 0° (fiber parallel to the electric 
field) to 90° (fiber perpendicular to the electric field). 

 

 
Table I. Assignment and orientation dependence of the 
observed bands in the polarized ATR spectra of B. mori 
silk. 
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amide I, II, and III vibrations and are observed in 
the 1600-1700, 1500-1560, and 1200-1300 cm-1 
spectral regions, respectively. The assignment of 
the major bands of B. mori silk is given in Table I. 
Figure 2 clearly shows that the sample is 
anisotropic and that the silk fibroin is highly 
oriented, as reported  previously by various 
techniques.17,18,20 In the amide I region, it is 
acknowledged that the coupling between the four 
peptide bonds in the unit cell of the antiparallel 
pleated β-sheet results in four normal modes 
labelled v(0,0), v║(0,π), v⊥(π,0) and v⊥(π,π).21,22 
The first character in the parentheses indicates 
whether the vibrations of two adjacent amide 
groups in the same chain are in-phase (0) or out-
of-phase (π), while the second character indicates 
the phase between two amide groups located in 
adjacent chains.21 The v(0,0) mode is infrared 
inactive, whereas the v⊥(π,π) is too weak to be 
observed. The v⊥(π,0) is found at 1615 cm-1 in 
Fig. 2, and the transition moment associated with 
this vibration is perpendicular to the peptide 
chain. The v║(0,π) mode is observed at 1698 cm-1 
and is parallel to the chain axis. The frequency of 
the perpendicular component is quite sensitive to 
the strength of the hydrogen bonding and can 
appear between 1615 to 1637 cm-1.23 However, 
the low wavenumber position found in this study 
is essentially due to an optical effect occurring in 
ATR spectroscopy with a diamond crystal when 

the refractive index of the sample is too high 
(unpublished results). The broad component at 
1649 cm-1 is assigned to the protein chains 
present in the amorphous phase of silk and is due 
to other secondary structures such as 31-helices, 
β-turns, or unordered structures that are not 
resolved in the spectra. 
 
As for the amide I vibration, the amide II band 
clearly shows components with parallel and 
perpendicular dichroism due to coupled modes in 
the β-sheets. The perpendicular component 
arises at 1555 cm-1 while the parallel component 
is located at 1505 cm-1, in agreement with the 
results obtained using regenerated films.22,24-29 An 
amide II component due to the amorphous phase 
is also observed at 1527 cm-1 by Fourier self-
deconvolution (data not shown), as observed for 
regenerated fibroin films.24,26,27,29 Its intensity is 
basically independent of orientation of the fiber 
(data not shown). The small shoulder at 1515cm-1 
is typical of the C-C stretching vibration of 
tyrosine residues.30,31 The amide III band can be 
decomposed into two components, one due to the 
β-sheet conformation at 1260 cm-1 and one to the 
other secondary structures at 1225 cm-1.22,29,32-34 

The 1161 cm-1 band can be assigned to the N-Cα 
stretching vibration, which is consistent with its 
parallel dichroism.22 The 972 and 993 cm-1 bands 
due to the CH2 rocking modes are typical of (Ala-

Fig. 3. Spectral decomposition of the experimental spectra of a single B. mori silk fiber recorded at 0° and 90° 
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Gly)n sequences in a β-sheet conformation and 
exhibit a parallel dichroism.22 the relative 
intensity between the 973-996 cm-1 bands and 
the 1014 cm-1 one due to tyrosine has been used 
as a marker for the (AG)n sequence 
conformation.32 
 
To obtain more quantitative information about 
the degree of orientation of the secondary 
structures, the amide I region of the polarized 
spectra obtained at various rotation angles (Fig. 
2) was decomposed into three components as 
shown in Fig. 3. To ensure an accurate band 
fitting, it was necessary to add components at 
lower wavenumbers due to tyrosine side-chain 
and amide II vibrations. 
 
Figure 3 shows typical decomposed spectra for a 
fiber aligned at 0° and 90°. These spectra clearly 
confirm that the β-sheets are highly oriented in B. 
mori silk since the 1615 and 1698 cm-1 
components almost completely disappear in the 
0° and 90° spectra, respectively. On the other 
hand, the amorphous phase appears to be almost 
randomly oriented since the 1649 cm-1 
component does not display any significant 
dichoism. Since for a given vibration, the 
absorbance is proportional to the square of the 
scalar product between the transition moment 
(M) and the electric field of the infrared radiation 
(E), the absorbance should follow a cosine square 
function of the angle, θ, between the fiber axis 
and the electric field such that21 
 
(1)                       A(θ) = A║cos2(θ – δ) + A⊥sin2(θ-δ) 

 
where A║ and A⊥  are absorbances measured 
when the infrared radiation is polarized parallel 
(0°) and perpendicular (90°) to the fiber axis, 
respectively, and δ is a phase factor that accounts 
for the error in the angular positioning of the 
fiber. The experimental absorbances of the 

components at 1615, 1649, and 1698 cm-1 are 
plotted as a function of θ in Fig. 4. As can be seen, 
the data follow Eq. 1 with very good correlation 
coefficients, even for the weakest β-sheet 
component at 1698 cm-1. In addition, the small 
value of the phase factor, which is not absolutely 
necessary to obtain reliable correlations, reveals 
that the fiber can be positioned quite accurately. 
These excellent results clearly demonstrate that, 
even though the absorbance of the amide band is 
lower than 0.004 for a single B. mori silk fiber, the 
use of a diamond ATR accessory is very effective 

 
Fig. 4. Integrated absorbance of the 1615, 1649, and 1698 
cm-1 band components as a function of the angle θ 
between the fiber axis and the electric field of the infrared 
radiation. The correlation with Eq. 1 is also shown. 
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to study protein orientation in silk and that the 
designed sample holder ensures a reproducible 
and non-damaged contact between the fiber and 
the ATR crystal. It is important to mention here 
that curve-fittings of the polarized spectra using 
the same set of spectra but with unlocked band 
parameters (shapes, widths, and positions) lead 
to better adjustments of the experimental spectra 
but did not yield as good results in terms of 
intensity variation of the components as a 
function of θ. The most relevant criterion to 
assess the validity of the band decomposition is 
not the quality of the curve-fitting of the 
experimental spectra, but rather the fact that the 
intensity of each component of the amide I band 
follows Eq. 1 as much as possible. As a matter of 
fact, band fitting could easily lead to wrong 
results (bad correlations with Eq. 1) if band 
parameters are not rigorously constrained.  Table 
II shows the values of A║ and A⊥  determind from 
fitting Eq. 1. The errors given in this table come 
from the quality of the fit of Eq. 1 and thus take 
into account the error on the fiber positioning, 
and the validity of the normalization of the 
spectra, and the band fitting of the spectra. 
Although the resulting A║ and A⊥ are more 
accurate because they were obtained from 36 
measurements (at 18 angles), the recording of 
only two spectra with the incident electric field 
oriented parallel and perpendicular to the fiber 
axis also leads to satisfactory determination of A║ 
and A⊥  (see below). 
 
For a system such as silk showing uniaxial 
symmetry of orientation around the fiber axis , it 

is possible to quantify the degree of orientation of 
the transmission moment of a given vibration 
from the above values of A║ and A⊥ . The dichroic 
ratio R is obtained using Eq. 2 allows the 
calculation of the second moment <P2(cos γ)> or 
<P2> of the orientation distribution function  
expressed as a sum of Legendre polynomials in 
cos γ, where γ is the angle between M and E (Eq. 
3):35 
 
(2)  
 
 
 
(3) 
 
 
The parameter <P2> is often called the order 
parameter. For an isotropic sample, <P2> = 0. For 
an orientated sample, <P2> = 1 if all the transition 
moments are perfectly orientated parallel to the 
fiber axis,  while <P2> is -0.5 and 0 for perfect 
orientation at 90° and 54.7°, respectively. The 
values of R and <P2> calculated for the 1615, 
1649, and 1698 cm-1 bands are given in Table II. 
The transmission moment of the 1615 cm-1 
component of the antiparallel β-sheets shows a 
high degree of orientation perpendicular to the 
fiber axis with a <P2> value of -0.46 ± 0.01, which 
is close to the value of -0.45 ± 0.02 obtained by 
the Raman spectromicroscopy.36 For the parallel 
component of the β-sheets at 1698 cm-1, a <P2> 
value of 0.56 ± 0.04 is calculated. Assuming that 
the parallel and perpendicular components of the 
β-sheets are perfectly orthogonal, the <P2> value 

Position (cm-1) Width (cm-1) A║ A⊥ R <P2> Integrated absorbance (A0) Relative Area 

1698 15 0.0114 ± 0.0002 0.0024 ± 0.0002 4.7 ± 0.05 0.56 ± 0.04 0.0056 ± 0.0006 3 ± 1% 

1649 64 0.080 ± 0.001 0.092 ± 0.001 0.87 ± 0.03 -0.04 ± 0.02 0.088 ± 0.003 51 ± 2% 

1615 35 0.0052 ± 0.0007 0.1178 ± 0.0004 0.04 ± 0.01 -0.46 ± 0.01 0.082 ± 0.001 46 ± 2% 

⊥
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Table II. Polarized absorbances (A║ and A⊥), dichroic ration (R), order parameter (<P2>), and relative area of the 
major components of the amide I band obtained from the fit of Eq. 1. 
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of the 1698 cm-1 component can in theory be 
calculated from that of the 1615 cm-1 component. 
According to the Legendre addition theorem and 
providing that the symmetry is perfectly uniaxial 
around the fiber axis, the value of <P2> for the 
1698 cm-1 component should be 0.92 instead of 
0.56.37 This discrepancy might be due to the fact 
that the β-sheets in silk may be distorted or 
twisted, as is often found in proteins.38 In 
addition, the error on the dichroic ratio is higher 
for this component since it is quite weak, 
especially in the perpendicular spectrum. The 
transmission moments associated with the amide 
I component at 1649 cm-1 appear to be almost 
randomly orientated since <P2> value for this 
band is near 0 at -0.04 ± 0.02, which suggests that 
the amorphous phase is almost unorientated. 
 
The above results obtained at several rotation 
angles of the fiber are very useful to validate both 
the efficiency of the sample holder and the band-
fitting procedure of the polarized spectra. 
However, it is well known that only the A║ and A⊥ 
spectra are necessary to calculate the order 
parameter <P2> (see Eqs. 2 and 3). Consequently, 
in routine analysis, only two spectra have to be 
recorded. The reproducibility of the method was 
thus estimated on different cocoon fibers for two 
polarized spectra only. Figure 5 shows the A║ and 
A⊥  spectra of five different cocoon 
monofilaments. For comparison purposes, the 

spectra have been normalized at 1335 cm-1, 
which allows differences in the sample specimens 
and experimental errors to be taken into account. 
As judged from the variation of the absorbance, 
the reproducibility of the measurement is very 
good, the dichroic ratio R and order parameter 
<P2>calculated for the 1615 cm-1 band being 0.06 
± 0.01 and -0.46 ± 0.01, respectively. 
 
To obtain more insights into the conformation of 
the silk fibroins, an orientation-independent or  
structural absorbance spectrum (A0) can be 
calculated from the parallel and perpendicular 
polarized spectra using Eq. 4.39 Since the <P2> 
value is 0 at 54.7°, the spectrum recorded at this 
angle should be equivalent to A0: 
 
(4) 
 
 
The structural spectrum recorded at 54.7° and 
the one calculated from  A║ (0°) and A⊥  (90°) of 
Fig. 2 are shown in Fig. 6. As can be seen, the 
agreement between the two spectra is very good, 
confirming again the accuracy of the values of A║ 
and A⊥  obtained from the fit of Eq. 1 and the 
presence of a cylindrical isotropy around the fiber 
axis. The small deviation between the two spectra 
is due to the small uncertainty on A║ and A⊥  in 
addition to the error on fiber position. 
 

 
Fig. 5. Normalized spectra of five different B. mori silk 
fibers recorded at 0° and 90°. 

 
Fig. 6. ATR spectrum of a single fiber recorded at 55° 
and the orientation-independent spectrum A0 
calculated from the 0° and 90° spectra. 

A║ + 2A⊥ 
 

3 
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The spectrum A0 can be used to estimate the 
relative amount of each component of the amide I 
band. Assuming that all components have the 
same molar absorptivity,40-42 the proportion of 
each secondary structure can be estimated from 
the relative integrated intensity of the different 
components in the A0 spectrum. The results 
obtained for the three components of the amide I 
band are given in Table II. By adding the 
integrated absorbance of the 1615 and 1698 cm-1 
components, the content of β-sheets is found to 
be 49 ± 3%. If the isotropic spectrum is calculated 
from the spectra of Fig. 5, the average value for β-
sheet content is 48 ± 3%. The content  of β-sheets 
found by infrared spectroscopy then appears 
close to the values of 50 ± 3% and 56 ± 5% 
determined from Raman measurements by 
Lefèvre at al.36 and Gillespie et al.,43 respectively. 
On the other hand, Asakura and co-workers have 
shown from solid-state nuclear magnetic 
resonance (NMR) measurements that the amount 
of β-sheets is 38%.44 Overall, the level of 
orientation and the content of the β-sheets 
presented in this work are in fairly good 
agreement with the literature. 
 
Conclusion 
This work presents a convenient approach for 
routine analysis of small single fibers that can 
overcome the experimental limitations of 
conventional ATR and transmission experiments. 
The only requirement is to assure that the contact 
between the sample and the ATR crystal is 

perfectly reproducible, which can be achieved by 
using the sample holder developed in our 
laboratory. Although two spectra are sufficient to 
calculate the orientation order parameter and the 
isotropic spectrum, the robustness of the 
reproducibility can be ascertained from 
measurements at different angles as described in 
this study. Multiple angle measurements is also 
advantageous for validating the band-fitting 
procedure, which is a necessary step to extract 
quantitative information relative to the different 
vibrational amide I modes. This approach, which 
makes use of diamond as the ATR element 
accessory, can even be used on smaller fibers 
such as spider silk. Therefore, it is anticipated 
that the textile industry, for example, could take 
advantage of this technique. Further studies on 
the comparison of the conformation and 
orientation of different types of silk as well as the 
effect of humidity and mechanical drawing are in 
progress in our laboratory.  
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