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Data Analysis 

Scripts for the programs used for data analysis are supplied as part of the supporting 
information. Three scripts are supplied. 

 Nano1_StretchedPolymers.m 
 Nano1_ThinFilmAngles.m 
 Nano1_OrientationTriangle.m 

The data is loaded as x: wavelength in nm; y: absorbance from e.g. CSV files in the first two 
programs in order to determine 𝜙௙௭ and 𝛼௙௓  (see main text). 

The last program plots the orientation triangles used in the main text Figure 4b and  
Figure S84–85. 
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Allura red BZK10 Hold 14 

Optical Microscopy 

 
Figure S1. Wide field optical microscopy images of the edge (top) and a central region (bottom) of a 
thin film. 

Atomic Force Microscopy 

 
Figure S2. Atomic force microscopy (AFM) micrograph of the central region of a thin film. Distances 
determined from AFM; No distinct heights found. 

Polarised Spectroscopy 

(A) (B) (C) 

Figure S3. (A) Raw data from polarized optical spectroscopy (tilt angles from 0° to 60° in steps of 
10). The spin coated films are represented with solid lines and the background from the glass with 
dashed lines. (B) Corrected spectra given by the constant 𝑘 times the absorption coefficient 𝐸ே. (C) 
Linear regression at the maximum of the emission to find 𝛼௙௓ . 
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Allura red BZK12 Hold 15 

Optical Microscopy 

 
Figure S4. Wide field optical microscopy image of the central region of a thin film. 

Atomic Force Microscopy 

 
Figure S5. AFM micrograph and height distribution (entire image) from the central region of a thin 
film. 

 
Figure S6. AFM micrograph and height distribution (entire image) from the central region of a thin 
film. 

 
Figure S7. Height distribution taken from a local area in the image given in Figure S6. 



 

7 

Polarized Spectroscopy 

 
Figure S8. (Left) Raw data from polarized optical spectroscopy (tilt angles from 0° to 60° in steps of 
10). The spin coated films are represented with solid lines and the background from the glass with 
dashed lines. (Center) Corrected spectra given by the constant 𝑘 times the absorption coefficient 𝐸ே. 
(Right) Linear regression at the maximum of the emission to find 𝛼௙௓ . 

Allura red BZK14 Hold 9 

Optical Microscopy 

 
Figure S9. Wide field optical microscopy image of the central region of a thin film. 

Atomic Force Microscopy 

 
Figure S10. AFM micrograph and height distribution (entire image) from the central region of a thin 
film. 

 
Figure S11. AFM micrograph and height distribution (entire image) from the central region of a thin 
film. 
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Figure S12. AFM micrograph and height distribution (entire image) from the central region of a thin 
film. 

 

Figure S13. AFM micrograph and height profile (see line in image) from the central region of a thin 
film. 

Polarized Spectroscopy 

 

Figure S14. (Left) Raw data from polarized optical spectroscopy (tilt angles from 0° to 60° in steps of 
10). The spin coated films are represented with solid lines and the background from the glass with 
dashed lines. (Center) Corrected spectra given by the constant 𝑘 times the absorption coefficient 𝐸ே. 
(Right) Linear regression at the maximum of the emission to find 𝛼௙௓ . 

Allura red BZK16 Hold 4 

Optical Microscopy 

 
Figure S15. Wide field optical microscopy image of the central region of a thin film 
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Atomic Force Microscopy. 

 
Figure S16. AFM micrograph and height distribution (entire image) from the central region of a thin 
film. 

 
Figure S17. AFM micrograph and height distribution (entire image) from the central region of a thin 
film. 

Polarized Spectroscopy 

 
Figure S18. (Left) Raw data from polarized optical spectroscopy (tilt angles from 0° to 60° in steps of 
10). The spin coated films are represented with solid lines and the background from the glass with 
dashed lines. (Center) Corrected spectra given by the constant 𝑘 times the absorption coefficient 𝐸ே. 
(Right) Linear regression at the maximum of the emission to find 𝛼௙௓ . 
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Allura red BZK18 Hold 10 

Optical Microscopy 

 
Figure S19. Wide field optical microscopy (top) and dark field microscopy (bottom) images of the 
edge of a thin film. 

Atomic Force Microscopy 

 
Figure S20. AFM micrograph and height distribution (entire image) from the central region of a thin 
film. 

 
Figure S21. AFM micrograph and height distribution (entire image) from the central region of a thin 
film. 

 
Figure S22. AFM micrograph and height distribution (entire image) from the central region of a thin 
film. 
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Figure S23. AFM micrograph and height distribution (entire image) from the central region of a thin 
film. 

Polarized Spectroscopy 

 
Figure S24. Left) Raw data from polarized optical spectroscopy (tilt angles from 0° to 60° in steps of 
10). The spin coated films are represented with solid lines and the background from the glass with 
dashed lines. Center) Corrected spectra given by the constant 𝑘 times the absorption coefficient 𝐸ே. 
Right) Linear regression at the maximum of the emission to find 𝛼௙௓ . 

Bordeaux red BZK10 Hold 12 

Optical Microscopy 

 
Figure S25. Wide field optical microscopy image of the edge of a thin film. 

Atomic Force Microscopy 

 
Figure S26. AFM micrograph and height distribution (entire image) from the central region of a thin 
film. 
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Figure S27. AFM micrograph and height distribution (entire image), and height profiles from the 
central region of a thin film. 

Polarized Spectroscopy 

 
Figure S28. Left) Raw data from polarized optical spectroscopy (tilt angles from 0° to 60° in steps of 
10). The spin coated films are represented with solid lines and the background from the glass with 
dashed lines. Center) Corrected spectra given by the constant 𝑘 times the absorption coefficient 𝐸ே. 
Right) Linear regression at the maximum of the emission to find 𝛼௙௓ . 

Bordeaux red BZK12 Hold 13 

Optical Microscopy 

 
Figure S29. Wide field optical microscopy images of the edge (top) and central region (bottom) of a 
thin film. 

Atomic Force Microscopy 

 
Figure S30. AFM micrograph from the central region of a thin film. 
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Figure S31. AFM micrograph and height distribution (entire image) from the central region of a thin 
film. 

Polarized Spectroscopy 

 
Figure S32. Left) Raw data from polarized optical spectroscopy (tilt angles from 0° to 60° in steps of 
10). The spin coated films are represented with solid lines and the background from the glass with 
dashed lines. Center) Corrected spectra given by the constant 𝑘 times the absorption coefficient 𝐸ே. 
Right) Linear regression at the maximum of the emission to find 𝛼௙௓ . 

Bordeaux red BZK14 Hold 8 

Optical Microscopy 

 
Figure S33. Wide field optical microscopy (top) and dark field microscopy (bottom) images of the 
edge of a thin film. 

Atomic Force Microscopy 

 
Figure S34. AFM micrograph from the central region of a thin film. 
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Figure S35. AFM micrograph from the central region of a thin film. 

Polarized Spectroscopy 

 
Figure S36. Left) Raw data from polarized optical spectroscopy (tilt angles from 0° to 60° in steps of 
10). The spin coated films are represented with solid lines and the background from the glass with 
dashed lines. Center) Corrected spectra given by the constant 𝑘 times the absorption coefficient 𝐸ே. 
Right) Linear regression at the maximum of the emission to find 𝛼௙௓ . 

Bordeaux red BZK16 Hold 11 

Optical Microscopy 

 
Figure S37. Wide field optical microscopy image of the central region of a thin film. 

Atomic Force Microscopy 

 
Figure S38. AFM micrograph and height distribution (entire image) from the central region of a thin 
film. 
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Figure S39. AFM micrograph and height distribution (entire image) from the central region of a thin 
film. 

 
Figure S40. AFM micrograph from the central region of a thin film. 

Polarized Spectroscopy 

 
Figure S41. Left) Raw data from polarized optical spectroscopy (tilt angles from 0° to 60° in steps of 
10). The spin coated films are represented with solid lines and the background from the glass with 
dashed lines. Center) Corrected spectra given by the constant 𝑘 times the absorption coefficient 𝐸ே. 
Right) Linear regression at the maximum of the emission to find 𝛼௙௓ . 

Bordeaux red BZK18 Hold 16 

Optical Microscopy 

 
Figure S42. Wide field optical microscopy (top) and dark field microscopy (bottom) images of the 
edge of a thin film. 
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Atomic Force Microscopy 

 
Figure S43. AFM micrograph and height distribution (entire image) from the edge of a thin film. 

 
Figure S44. AFM micrograph and height distribution (entire image) from the edge of a thin film. 

 
Figure S45. AFM micrograph and height distribution (entire image) from the central region of a thin 
film. 

 
Figure S46. AFM micrograph and height distribution (entire image) from the central region of a thin 
film. 
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Polarized Spectroscopy 

 
Figure S47. (Left) Raw data from polarized optical spectroscopy (tilt angles from 0° to 60° in steps of 
10). The spin coated films are represented with solid lines and the background from the glass with 
dashed lines. (Center) Corrected spectra given by the constant 𝑘 times the absorption coefficient 𝐸ே. 
(Right) Linear regression at the maximum of the emission to find 𝛼௙௓ . 

Amaranth BZK10 Hold 3 

Optical Microscopy 

 
Figure S48. Wide field optical microscopy image of the edge of a thin film. 

Atomic Force Microscopy 

 
Figure S49. AFM micrograph and height distribution (entire image) from the central region of a thin 
film. 
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Figure S50. AFM micrograph and height distribution (entire image) from the central region of a thin 
film. 

 
Figure S51 AFM micrograph and height distribution (entire image) from the central region of a thin 
film. 

 
Figure S52. AFM micrograph and height distribution (entire image) from the central region of a thin 
film. 

Polarized Spectroscopy 

 
Figure S53. Left) Raw data from polarized optical spectroscopy (tilt angles from 0° to 60° in steps of 
10). The spin coated films are represented with solid lines and the background from the glass with 
dashed lines. Center) Corrected spectra given by the constant 𝑘 times the absorption coefficient 𝐸ே. 
Right) Linear regression at the maximum of the emission to find 𝛼௙௓ . 
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Amaranth BZK12 Hold 1 

Optical Microscopy 

 
Figure S54. Wide field optical microscopy image of the central region of a thin film. 

Atomic Force Microscopy 

 
Figure S55. AFM micrograph from the central region of a thin film. 

 
Figure S56. AFM micrograph from the central region of a thin film. 

Polarized Spectroscopy 

 
Figure S57. Left) Raw data from polarized optical spectroscopy (tilt angles from 0° to 60° in steps of 
10). The spin coated films are represented with solid lines and the background from the glass with 
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dashed lines. Center) Corrected spectra given by the constant 𝑘 times the absorption coefficient 𝐸ே. 
Right) Linear regression at the maximum of the emission to find 𝛼௙௓ . 

Amaranth BZK14 Hold 6 

Optical Microscopy 

 
Figure S58. Wide field optical microscopy image of the edge of a thin film. 

Atomic Force Microscopy 

 
Figure S59. AFM micrograph and height distribution (entire image) from the central region of a thin 
film. 

Polarized Spectroscopy 

  
Figure S60. Left) Raw data from polarized optical spectroscopy (tilt angles from 0° to 60° in steps of 
10). The spin coated films are represented with solid lines and the background from the glass with 
dashed lines. Center) Corrected spectra given by the constant 𝑘 times the absorption coefficient 𝐸ே. 
Right) Linear regression at the maximum of the emission to find 𝛼௙௓ . 
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Amaranth BZK16 Hold 5 

Optical Microscopy 

 
Figure S61. Wide field optical microscopy images of the edge (top) and central region (bottom) of a 
thin film. 

Atomic Force Microscopy 

 
Figure S62. AFM micrograph and height profile (see line in image) from the central region of a thin 
film. 

 
Figure S63. AFM micrograph from the central region of a thin film. 

 
Figure S64. AFM micrograph from the central region of a thin film. 
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Figure S65. AFM micrograph and height profile from the central region of a thin film. 

 
Figure S66. AFM micrograph from the edge of a thin film. Polarized Spectroscopy. 

Polarized Spectroscopy 

 
Figure S67. Left) Raw data from polarized optical spectroscopy (tilt angles from 0° to 60° in steps of 
10). The spin coated films are represented with solid lines and the background from the glass with 
dashed lines. Center) Corrected spectra given by the constant 𝑘 times the absorption coefficient 𝐸ே. 
Right) Linear regression at the maximum of the emission to find 𝛼௙௓ . 

Amaranth BZK18 Hold 2 

Optical Microscopy 

 
Figure S68. Wide field optical microscopy images of the edge (top) and central region (bottom) of a 
thin film. 
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Atomic Force Microscopy 

 
Figure S69. AFM micrograph and height distribution (part of image) from the central region of a 
thin film. 

 
Figure S70. AFM micrograph and height distribution (entire image) from the central region of a thin 
film. 

 
Figure S71. AFM micrograph from the central region of a thin film. 

 
Figure S72. AFM micrograph from the central region of a thin film. 
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Polarized Spectroscopy 

 
Figure S73. Left) Raw data from polarized optical spectroscopy (tilt angles from 0° to 60° in steps of 
10). The spin coated films are represented with solid lines and the background from the glass with 
dashed lines. Center) Corrected spectra given by the constant 𝑘 times the absorption coefficient 𝐸ே. 
Right) Linear regression at the maximum of the emission to find 𝛼௙௓ . 

Trypan Blue BZK10 Hold 7 

Optical Microscopy 

 
Figure S74. Wide field optical microscopy image of the central region of a thin film. 

Atomic Force Microscopy 

. 
Figure S75. AFM micrograph from the central region of a thin film. 
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Figure S76. AFM micrograph from the central region of a thin film. 

 
Figure S77. AFM micrograph from the central region of a thin film. 

Polarized Spectroscopy 

 
Figure S78. Left) Raw data from polarized optical spectroscopy (tilt angles from 0° to 60° in steps of 
10). The spin coated films are represented with solid lines and the background from the glass with 
dashed lines. Center) Corrected spectra given by the constant 𝑘 times the absorption coefficient 𝐸ே. 
Right) Linear regression at the maximum of the emission to find 𝛼௙௓ . 
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Polarised Spectroscopy Analysis 

Figure 4 in the main text shows the data and the result from the modelling of the experimental 
data for Allura Red in stretched polymers. Here, the 𝛼௙௓ angle is well defined at 48°, while the 𝜙௙௭ 
angle can vary from ≈30° to ≈60° at the emission maximum, depending on the assumptions made 
regarding the overall shape of the dye molecule. The assumptions regarding the molecular shape 
correspond to assuming that the molecules at perfect alignment can be located at a specific point of 
the orientation triangle. The relation between 𝜙௙௭, the assumed shape of the molecule, and the 
orientation factor is plotted in Figure 4 in the main text and in Figure S79 below, using equation 5. If 
the molecule is considered to be rod-like it will follow the top line of the orientation triangle, while 
a flat-like molecule will be at the bottom edge of the orientation triangle. The numerical analysis 
allows us to determine the possible values 𝜙௙௭  can take as a function of the position in the 
orientation triangle.  

To analyse the data an assumption of the degree of alignment must be made. With 
intermediate limiting alignment (region R2) the angle between the transition moment and the 
stretch direction must be within the range 28°≤𝜙௙௭≤68°. If the limiting alignment with the stretch 
direction is better (R1) we can predict that the angle must be in the region 43°≤𝜙௙௭≤53, and if the 
molecule can be perfectly aligned we can determine that 𝜙௙௭ will be 48°. These considerations are 
compiled in Table S1 for all four dyes, while figure S79 shows the orientation triangles and 
corresponding 𝜙௙௭ vales for Allura Red and Trypan Blue. Note that the gray areas in figure S79 are 
excluded due to the experimentally determined values of kf.  

For the purpose of describing the direction of the transition moment in the molecular structure 
the data is not perfect. For the box-like molecules Allura Red, Bordeaux Red, and Amaranth we can 
estimate a ≈ 10° range where 𝜙௙௭ must lie within when we assume an alignment of 0.7≤kz≤1 (region 
R1, Figure S79). For the rod-shaped Trypan Blue a higher spread of 33° is found for that range of kz. 
A much narrower 4 degree range is found if we assume a higher degree of alignment 0.9≤kz≤1 
(region R1, Figure S79) than for the other molecules, due to the well-defined shape of the molecule. 
For the purpose of determining the molecular structure of thin films these results clearly show the 
orientation of the transition moments (Mf) with respect to the molecular long axis (z). The detailed 
data is compiled in Table S1. 

Trypan Blue provides a clear example. In stretched PVA the rod-like molecule is oriented with 
z and Z close to the same axis i.e. kz is close to 1. In the thin films, the Z axis is perpendicular to the 
lamellar, such that Trypan Blue is oriented with the long axis (z) roughly perpendicular to Z. The 
data shows that 𝛼௙௓ ,PVA  = 33° while 𝛼௙௓ ,thin film = 80° , which assuming ideal alignment 𝜔௭௓ ,PVA ≈ 0° 𝜙௙௭  

,PVA ≈ 33° corresponds to 𝜔௭௓ ,thin film at either ≈53° or ≈113°. From a fundamental standpoint a large 
different, but as can be seen in Figure 4, the molecular structure in the two materials that would 
give rise to the different angles is small. As for Trypan Blue 𝜙௙௭  ,PVA =33° is the maximum 𝜙௙௭  ,PVA 
angle, when considering 𝜔௭௓ ,PVA ≠ 0° we can provide the boundary 53°≤𝜔௭௓ ,thin ≤113°. 

 
Figure S79. Orientation triangles for Allura Red (left) and Trypan Blue (right) showing the relation 
between 𝜙௙௭ and the orientation factors is. 𝜙௙௭ angle (color) satisfies the requirement kz ≥ kf ≥ ky from 
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Equation 5. The area of orientation triangle shaded gray is excluded by the experimentally 
determined value of kf. 
Table S1. Summary of the results from the numerical analysis of polarized spectroscopy data 
obtained on azo-dyes in stretched PVA. The results are presented as a function of the orientation 
factor (kz) and the assumed shape of the molecular structure. The insert show the orientation of the 
transition moment (Mf) in the molecular structure of Allura Red, Bordeaux Red, Amaranth, and 
Trypan Blue in the case of perfect alignment (𝛼௙௓  = 𝜙௙௭) represented with black arrows. And in case 
of intermediate alignment assuming that the molecular shape is rod-like (blue arrows) or flat (red 
arrows).  

 
Allowed 

orientation 
factor range  

Alura Red 
𝝓𝒇𝒛,max 

Bordeux Red 
𝝓𝒇𝒛,max  

Amarant 
𝝓𝒇𝒛,max 

Trypan 
Blue 𝝓𝒇𝒛,max 

λ  514 nm 530 nm 534 nm 617 nm 
Experimental kfa  0.4441 0.4291 0.4593 0.6966 

Perfect alignment 𝜶𝒇𝒁 =𝝓𝒇𝒛 kz = 1 48 49 47 33 
Assuming intermediate 

alignment kz > 0.7 43–53 45–55 41–51 29–33b 

Possible orientation angles 0.5/0.6 > kz > 1c 28–62 32–68 24–57 4–33b 
a The number of decimals indicated does not represent the accuracy of calculating kf , however it is 
important to take all the decimals in order to calculate the angles consistently. Note that the angles 
are not presented with such a high accuracy. b The experimental kz is 0.6966 for trypan blue, the 
interval reported are for kz > 0.9 and kz > 0.7. c The region excluded by the experimental values of kf 
is asymmetric in kz. The interval is selected from kz = 0.5 in the rod-like limit and kz = 0.6 in the flat-
like limit. 
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Stretched polymer analysis 

 
Figure S80. Left: Angles respect the stretching direction of Alura Red in polyvinyl alcohol. Right: 
Orientation factor 𝑘௙ of the transition 𝑴௙ respect to the stretching direction 𝑍. 

 
Figure S81. Left: Angles respect the stretching direction of Bordeaux Red in polyvinyl alcohol. 
Right: Orientation factor 𝑘௙ of the transition 𝑴௙ respect to the stretching direction 𝑍. 

 
Figure S82. Left: Angles respect the stretching direction of Amarant in polyvinyl alcohol. Right: 
Orientation factor 𝑘௙ of the transition 𝑴௙ respect to the stretching direction 𝑍. 
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Figure S83. Left: Angles respect the stretching direction of Trypan Blue in polyvinyl alcohol. Right: 
Orientation factor 𝑘௙ of the transition 𝑴௙ respect to the stretching direction 𝑍. 

 
Figure S84. (a) Allura Red; (b) Bordeaux Red; (c) Amarant; (d) Tryphan Blue. 

 
Figure S85. a) kf=0.2b) kf=1/3 c) kf=0.5 d) kf=0.8. 
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Table S2. Angle between transition dipole and long molecule axes assuming planar molecules 
and/or rod-like orientation. 

kf 
𝝓𝒇𝒛min ≤𝝓𝒇𝒛≤𝝓𝒇𝒛max 

(all posible values in the orientation triangle) 
0.2 63.4°≤𝝓𝒇𝒛≤90° 

0.3333 54.7°≤𝝓𝒇𝒛≤90° 
0.5 0°≤𝝓𝒇𝒛≤45° 
0.8 0°≤𝝓𝒇𝒛≤26.6° 

0.4441 (Allura Red) 0°≤𝝓𝒇𝒛≤90° 
0.4291 (Bordeaux Red) 0°≤𝝓𝒇𝒛≤90° 

0.4593 (Amarant) 0°≤𝝓𝒇𝒛≤90° 
0.6966 (Tryphan Blue) 0°≤𝝓𝒇𝒛≤33° 

 
Figure S86. (a) Transition dipole angle respect to the uniaxial axes Z against kf; (b) Transition dipole 
angle respect to the uniaxial axes Z against the dichroic ratio df. 
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