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Experimental methods 

Materials 

All reagents were used as received except where noted. Toluene and copper (II) bromide (CuBr2) 
were purchased from Sigma Aldrich.* Dodecyl acrylate (DDA), 2,2,2-trifluoroethyl acrylate 
(TFEA), and 2,2,2-trifluoroethanol (TFE) were purchased from TCI chemicals. Tris[2-
(dimethylamino)ethyl]amine (Me6Tren) was obtained from Alfa Aesar. Tin(II) 2-ethylhexanoate 
(Sn(Oct)2, Aldrich) was fractionally distilled 3× under reduced pressure (6.7 Pa, 150 °C) and 
stored in a nitrogen filled glovebox before use. 4-methylcaprolactone (4MCL) was prepared 
according to literature, purified by fractional distillation 3× from calcium hydride (CaH2, Fisher 
Scientific, 93%), from Sn(Oct)2 under reduced pressure (6.7 Pa, 50 °C), and stored in a nitrogen 
filled glovebox before use.1 Monomers were passed through a column of basic alumina to 
remove inhibitor prior to use.  

Molecular characterization 

1H nuclear magnetic resonance (NMR) spectra were recorded on a Varian VNMRS 600 MHz 
spectrometer and a Bruker 500 MHz spectrometer. Chemical shifts (δ) are reported in parts per 
million (ppm) relative to residual CHCl3 (7.26 ppm). The photo-induced atom-transfer radical 
polymerization (ATRP)  light source (UV: λmax ≈ 360 nm) was a commercial nail curing lamp 
(Thermal Spa, obtained online from Amazon) equipped with 3 × 16 W bulbs.  

  

Scheme S1. Synthesis of P4MCL homopolymer (1), P4MCL-b-PTFEA diblock copolymer (2), 
and P4MCL-b-PTFEA-b-PDDA triblock terpolymer (3). 

Synthesis of poly(4-methyl caprolactone) (P4MCL) homopolymer 

Synthesis of the initiator, 2-hydroxyethyl 2-bromoisobutyrate (HEBIB), was implemented 
according to a reported literature procedure.2 In a nitrogen filled glovebox, 4-methyl 
caprolactone (5.0 g, 39 mmol), HEBIB (7.4 mg, 35 mmol), and Sn(Oct)2 (7.9 mg, 0.020 mmol) 
were added to a microwave vial. The vial was sealed, taken out of the glovebox, and placed in a 
105 °C oil bath until 70% conversion was achieved, as monitored by 1H NMR. The vial was 
quenched in an ice bath to stop the reaction. The viscous mixture was dissolved in a minimal 
amount of dichloromethane and precipitated into cold methanol (500 mL x 3). The final product 
was obtained by drying the precipitate under vacuum for 12 h. 1H NMR (600 MHz, CDCl3) δ 
4.13 – 4.04 (m, 216H), 2.35 – 2.23 (m, 218H), 1.92 (s, 6H), 1.66 (m, 218H), 1.59 – 1.53 (m, 
109H), 1.45 (m, 219H), 0.90 (d, J = 6.6 Hz, 330H). 
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Synthesis of poly(4-methyl caprolactone)-b-poly(2,2,2-trifluoroethyl acrylate) (P4MCL-b-
PTFEA) diblock copolymer 

A solution of CuBr2 (2.4 mg, 0.011 mmol) and Me6Tren (17 μL, 0.063 mmol) was prepared in 2 
mL of TFE and sonicated for thirty minutes. In a scintillation vial, previously prepared P4MCL 
homopolymer (0.51 g, 0.04 mmol) was added and dissolved in 2.1 mL of toluene. TFEA (0.78 g, 
3.7 mmol) and 0.49 mL of the TFE stock solution were added to the vial. The solution was 
degassed with nitrogen for fifteen minutes. With stirring, the polymerization mixture was 
irradiated (λ » 360 nm) in a commercial UV nail lamp until 60% conversion was achieved, as 
monitored by 1H NMR. The viscous mixture was diluted with dichloromethane, filtered through 
basic alumina to remove residual copper, and dried under vacuum for 12 h to obtain the desired 
diblock copolymer. 1H NMR (600 MHz, CDCl3) δ 4.54 – 4.40 (m, 167H), 4.17 – 4.04 (m, 
215H), 2.46 (m, 81H), 2.38 – 2.23 (m, 225H), 2.06 (m, 37H), 1.82 – 1.72 (m, 89H), 1.72 – 1.63 
(m, 228H), 1.62 – 1.53 (m, 138H), 1.52 – 1.42 (224H), 1.19 – 1.11 (m, 6H), 0.92 (d, J = 6.6 Hz, 
2H). 

Synthesis of poly(4-methyl caprolactone)-b-poly(2,2,2-trifluoroethyl acrylate)-b-poly(dodecyl 
acrylate) (P4MCL-b-PTFEA-b-PDDA) triblock copolymer 

A solution of CuBr2 (2.4 mg, 0.011 mmol) and Me6Tren (17 μL, 0.063 mmol) was prepared in 2 
mL of TFE and sonicated for thirty minutes. In a scintillation vial, previously prepared P4MCL-
b-PTFEA diblock copolymer (0.64 g, 0.02 mmol) was added and dissolved in 4 mL of toluene. 
DDA (0.26 g, 1.1 mmol), 0.48 mL of the TFE stock solution, and an additional 0.5 mL TFE were 
added to the vial. The solution was degassed with nitrogen for fifteen minutes. With stirring, the 
polymerization mixture was irradiated (λ » 360 nm) in a commercial UV nail lamp until 50% 
conversion was achieved as monitored by 1H NMR. The viscous mixture was purified via 
dissolution in a minimal amount of dichloromethane and precipitated into cold methanol (200 
mL x3). The final product was obtained by drying the precipitate under vacuum for 12 h. 1H 
NMR (600 MHz, CDCl3) δ 4.52 – 4.38 (m, 168H), 4.15 – 4.04 (m, 228H), 4.04 – 3.89 (m, 32H), 
2.54 – 2.37 (m, 84H), 2.37 – 2.21 (m, 241H), 2.11 – 1.95 (m, 39H), 1.79 – 1.71 (m, 89H), 1.71 – 
1.61 (m, 252H), 1.61 – 1.50 (m, 129H), 1.45 (m, 236H), 1.33 – 1.19 (m, 349H), 0.90 (d, J = 6.6 
Hz, 329H), 0.86 (t, J = 7.1 Hz, 63H). 



 

Figure S1. 1H NMR of P4MCL-b-PTFEA-b-PDDA triblock terpolymer in CDCl3. 

Synthesis of poly(2,2,2-trifluoroethyl acrylate) homopolymer (PTFEA) 

For the following experiment, a stock solution of copper(II) bromide (14.0 mg, 0.062 mmol) and 
Me6Tren (8.6 mg, 100 µL, 37.4 mmol) in 1 mL of trifluoroethanol (TFE) and sonicated until 
complete dissolution. TFEA (4.76 g, 30.90 mmol) and 2-hydroxyethyl 2-bromoisobutyrate (70 
mg, 0.33 mmol) were added to a scintillation vial containing 4.76 mL TFE and 40 µL of the 
Cu(II)/TFE stock solution. The vial was capped with a rubber septum and the solution purged 
with argon for 15 minutes. With stirring, the reaction mixture was irradiated (λ » 360 nm) until 
70 % conversion of monomer was achieved as monitored using 1H NMR through end group 
analysis. Upon completion, the reaction mixture was run through a basic alumina column and the 
resulting polymer was isolated as a viscous liquid following purification via precipitation into 
hexanes. 1H NMR (500 MHz, CDCl3) δ 4.62 – 4.40 (m, 125H), 3.88 – 3.78 (m, 2H), 2.48 (s, 
61H), 2.09 (m, 29H), 1.79 (m, 63H), 1.70 – 1.56 (m, 32H), 1.21 (dt, J = 22.6, 2.4 Hz, 6H). 

Synthesis of poly(lactide)-b-poly(2,2,2-trifluoroethyl acrylate) diblock copolymer (PLA-
bPTFEA) 

In a nitrogen filled glove box, (±) lactide (0.58 g, 3.86 mmol), triethylaluminum (0.05 M, 520 
µL) and mL toluene were added to a microwave vial containing previously prepared PTFEA 



(0.50 g, 0.05 mmol, Mn,NMR = 9700 kg/mol). The vial was sealed with a crimp cap and the 
reaction was heated to 90 °C in an oil bath for 2.5 h (80% conv.) and subsequently quenched 
with hydrochloric acid (1M, 0.2 mL).  The resulting diblock was isolated via precipitation in 
MeOH (50 mL, x3). 1H NMR (500 MHz, CDCl3) δ 5.31 – 5.12 (m, 93H), 4.50 (m, 6.0 Hz, 
125H), 2.58 – 2.41 (m, 60H), 2.07 (m, 28H), 1.79 (m, 63H), 1.67 – 1.53 (m, 308H). 

Fractionation of P4MCL-b-PTFEA-b-PDDA triblock via automated flash chromatography 

Automated flash chromatography was performed using a Biotage Isolera One purification system 
equipped with an evaporative light scattering detector (ELSD). A Biotage SNAP KP-Sil 50 g 
cartridge was used with a flow rate of 40 mL/min. The parent block copolymer was dissolved in 
hexanes and loaded onto a samplet using a syringe. The screw-top cap was then removed and the 
samplet was dried at 60 °C overnight. The column was equilibrated with three column volumes 
of hexanes. After equilibration was complete, the solvent dispersant head insert was detached 
and the loaded samplet was inserted. The parent block copolymer was eluted with a programmed 
hexanes/ethyl acetate gradient. All chromatographic solvents were ACS grade or better and used 
without further purification. Fractions were monitored by a light scattering detector and collected 
in 15 mL increments. Volume fractions of the fractionated materials were calculated by 1H NMR 
by comparing the integrations of the three blocks to their respective homopolymer densities at 25 
ºC. 

Synthesis of poly(2,2,2-trifluoroethyl acrylate) homopolymer (PTFEA) 

For the following experiment, a stock solution of copper(II) bromide (14.0 mg, 0.062 mmol) and 
Me6Tren (8.6 mg, 100 µL, 37.4 mmol) in 1 mL of trifluoroethanol (TFE) and sonicated until 
complete dissolution. TFEA (4.76 g, 30.90 mmol) and 2-hydroxyethyl 2-bromoisobutyrate (70 
mg, 0.33 mmol) were added to a scintillation vial containing 4.76 mL TFE and 40 µL of the 
Cu(II)/TFE stock solution. The vial was capped with a rubber septum and the solution purged 
with argon for 15 minutes. With stirring, the reaction mixture was irradiated (λ » 360 nm) until 
70% conversion of monomer was achieved as monitored using 1H NMR through end group 
analysis. Upon completion, the reaction mixture was run through a basic alumina column and the 
resulting polymer was isolated as a viscous liquid following purification via precipitation into 
hexanes.  

Synthesis of poly(lactide)-b-poly(2,2,2-trifluoroethyl acrylate) diblock copolymer (PLA-b-
PTFEA) 

In a nitrogen filled glove box, (±) lactide (0.58 g, 3.86 mmol), triethylaluminum (0.05 M, 520 
µL) and mL toluene were added to a microwave vial containing previously prepared PTFEA 
(0.50 g, 0.05 mmol,  Mn,NMR = 9700 kg/mol). The vial was sealed with a crimp cap and the 
reaction was heated to 90 °C in an oil bath for 2.5 h (80% conv.) and subsequently quenched 
with hydrochloric acid (1 M, 0.2 mL).  The resulting diblock was isolated via precipitation in 



MeOH (50 mL, x3). 1H NMR (500 MHz, CDCl3) δ 5.32 – 5.10 (m, 92H), 4.60 – 4.39 (m, 125H), 
2.48 (s, 61H), 2.08 (s, 28H), 1.79 (d, J = 7.6 Hz, 62H), 1.59 (s, 308H). 

 
*Certain commercial equipment, instruments, software, suppliers or materials are identified in 
this paper to foster understanding. Such identification does not imply recommendation or 
endorsement by the National Institute of Standards and Technology, nor does it imply that the 
materials or equipment identified are necessarily the best available for the purpose. 

 

  



Optical microscopy of thin films for NEXAFS measurements 

 

Figure S2. Left: Optical micrograph of PTFEA homopolymer dewetted from a silicon nitride 
substrate after spin coating. The sample was spin coated from 0.03 mass fraction solution in 
2,2,2-trifluoroethanol (TFE) (10 µL, 45 s, 1500 acceleration, 2500 revolutions per minute, 
RPM). Right: Optical micrograph of a PLA-b-PTFEA diblock thin film on a silicon nitride 
substrate. The diblock thin film was spin coated from 0.05 mass fraction solution in 
chlorobenzene (60 µL, 45 s, 1500 acceleration, 2500 RPM) onto a quartz substrate. The film was 
then floated off of the quartz substrate using a bath of deionized water and transferred to the 
silicon nitride substrate. 

 

Refractive index of mixtures calculation 

The equations below show the calculation of the refractive index of block A from the measured 
refractive index of an AB diblock, using the known refractive index of block B and the assumption 
that the refractive index of the diblock is a volume-fraction average. This analysis assumes the 
components do not interact electronically such that the spectra are additive.3 In the equations 
below, 𝑛" is the complex index of refraction (𝑛" = 1 − 𝛿 + 𝑖𝛽) and 𝜙 is the volume fraction. 

𝑛"	 =,𝜙!𝑛"!
!

 

𝛿" =
1
𝜙"

(𝛿#!$%&'( − 𝜙)𝛿)) 

𝛽" =
1
𝜙"

(𝛽#!$%&'( − 𝜙)𝛽)) 

We additionally assumed that density is a volume-fraction average (𝜌#!$%&'( = 𝜙"𝜌" + 𝜙)𝜌), 
where 𝜌 is density). 



Complex refractive indices of P4MCL, PTFEA, and PDDA 

 

Figure S3. The real (𝛿) and imaginary (𝛽) components of the complex index of refraction for the three 
block chemistries. The optical constants for P4MCL and PDDA were estimated using the Henke atomic 
scattering factors, while those for PTFEA were measured by transmission NEXAFS.  

 

Figure S4. a) Pairwise contrast functions ((∆𝛽! + ∆𝛿!)/𝜆") of PTFEA, PDDA, and P4MCL over the 
fluorine edge. b) Logarithm of the pairwise contrast functions. The contrast between PDDA and P4MCL 
stays roughly constant on the order of 10#$%, while the contrast between PTFEA and the other two has a 
maximum on the order of 10#& from fluorine resonance. The PTFEA and P4MCL are contrast-matched 
around 672 eV. 

 



Geometric derivations for microstructure models 

Dimensional calculations for hexagonally-packed cylinder morphologies using the scattering-
derived d-spacing and the NMR-derived volume fractions. 

𝑑: d-spacing 

𝑎: lattice parameter 

𝐴*+!,	'.%%: area of the unit cell 

𝑑 =
2𝜋
𝑞∗  

𝑎 =
2
√3

𝑑 

𝐴*+!,	'.%% = 𝑎0 cos 30° 

I.   Core-Shell Cylinders 

 

Figure S5. Schematic for the derivation of core-shell dimensions. 

Derivation of 𝑟'&1. and 𝑟23.%% (note that 𝑟23.%% is defined as the distance from the center of the core-
shell cylinder; the shell thickness 𝑡23.%% = 𝑟23.%% − 𝑟'&1.):    

𝑓'&1.: volume fraction of the core material 

𝑓23.%%: volume fraction of the shell material 

𝑓45,1!6: volume fraction of the matrix material 

𝑓'&1. + 𝑓23.%% + 𝑓45,1!6 = 1 

𝐴'&1.723.%% = (𝑓'&1. + 𝑓23.%%) ∙ 𝐴*+!,	'.%% 

𝑟23.%% = A𝐴'&1.723.%%
𝜋  

𝐴'&1.
𝐴'&1.723.%%

=
𝑓'&1.

𝑓'&1. + 𝑓23.%%
 



𝑟'&1. = A
𝐴'&1.

𝐴'&1.723.%%
∙ 𝑟23.%% 

II.   Nested Lattices 

Derivation of 𝑟8 (larger spacing sub-lattice, green) and 𝑟0 (smaller spacing sub-lattice, blue): 

𝑓8: volume fraction of the sub-lattice #1 material (green) 

𝑓0: volume fraction of the sub-lattice #2 material (blue) 

𝑓45,1!6: volume fraction of the matrix material 

𝑓8 + 𝑓0 + 𝑓45,1!6 = 1 

In the nested lattices case, we define the unit cell as: 

 

Figure S6. Schematic for the derivation of nested lattices dimensions. 

There is one full cylinder of the material on sub-lattice #1 in the unit cell (green). There are 2 full 
cylinders of the material on sub-lattice #2 in the unit cell (blue). 

𝑟8 = A𝑓8 ∙ 𝐴*+!,	'.%%
𝜋  

𝑟0 = A𝑓0 ∙ 𝐴*+!,	'.%%
2𝜋  

 



Data reduction & peak fitting 

The 2D scattering patterns were reduced to 1D line profiles using Nika, an Igor Pro-based package 
for SAXS/WAXS data reduction.4 The sample-to-detector distance was calibrated using a silver 
behenate standard.  

 

Figure S7. Radially-averaged resonant soft X-ray scattering profiles of P4MCL-b-PTFEA-b-PDDA 
collected across the fluorine edge. 

One challenge in extracting peak intensity ratios from the experimental RSoXS dataset is the 
selection and fit of an appropriate baseline. The experimental data were fit using 3 Gaussian peaks 
and a cubic polynomial baseline. The fitting was performed using lmfit, an open-source Python 
package.5 The baseline was allowed to vary across energies (but kept consistent for a single 
energy). For the peaks, 𝜎 was kept constant (𝜎9∗ = 0.023, 𝜎√;9∗ = 0.027, 𝜎√<9∗ = 0.022) while 

the amplitude was allowed to vary. The 𝑞∗ and √3𝑞∗ peak centers were generally allowed to vary 
and remained consistent, within < 3% variation. Due to the convoluted nature of the √3𝑞∗ and 
√4𝑞∗ peaks and the relatively low intensity of the √4𝑞∗ at certain energies, the √4𝑞∗ peak center 
was held constant relative to the √3𝑞∗ peak center.  



Figure S8. Example fit of a cubic polynomial baseline and 3 Gaussian peaks at 670 eV. 

 



CS1 

 

Figure S9. Scattering simulation results for CS1. Top left: Radially-averaged simulated RSoXS profiles at 
energies along the F edge (inset: 200 × 200 voxel subset of the model); Top right: intensity map of the 
simulated RSoXS profiles; Bottom: energy dependence of peak intensity ratios (dark grey circles: 
experiment; blue triangles: simulation). 

  



CS2 

 

Figure S10. Scattering simulation results for CS2. Top left: Radially-averaged simulated RSoXS profiles 
at energies along the F edge (inset: 200 × 200 voxel subset of the model); Top right: intensity map of the 
simulated RSoXS profiles; Bottom: energy dependence of peak intensity ratios (dark grey circles: 
experiment; blue triangles: simulation). 

  



CS3 

 

Figure S11. Scattering simulation results for CS3. Top left: Radially-averaged simulated RSoXS profiles 
at energies along the F edge (inset: 200 × 200 voxel subset of the model); Top right: intensity map of the 
simulated RSoXS profiles; Bottom: energy dependence of peak intensity ratios (dark grey circles: 
experiment; blue triangles: simulation). 

  



CS4 

 

Figure S12. Scattering simulation results for CS4. Top left: Radially-averaged simulated RSoXS profiles 
at energies along the F edge (inset: 200 × 200 voxel subset of the model); Top right: intensity map of the 
simulated RSoXS profiles; Bottom: energy dependence of peak intensity ratios (dark grey circles: 
experiment; blue triangles: simulation). 

  



CS5 

 

Figure S13. Scattering simulation results for CS5. Top left: Radially-averaged simulated RSoXS profiles 
at energies along the F edge (inset: 200 × 200 voxel subset of the model); Top right: intensity map of the 
simulated RSoXS profiles; Bottom: energy dependence of peak intensity ratios (dark grey circles: 
experiment; blue triangles: simulation). 

  



CS6 

 

Figure S14. Scattering simulation results for CS6. Top left: Radially-averaged simulated RSoXS profiles 
at energies along the F edge (inset: 200 × 200 voxel subset of the model); Top right: intensity map of the 
simulated RSoXS profiles; Bottom: energy dependence of peak intensity ratios (dark grey circles: 
experiment; blue triangles: simulation). 

  



NL1 

 

Figure S15. Scattering simulation results for NL1. Top left: Radially-averaged simulated RSoXS profiles 
at energies along the F edge (inset: 200 × 200 voxel subset of the model); Top right: intensity map of the 
simulated RSoXS profiles; Bottom: energy dependence of peak intensity ratios (dark grey circles: 
experiment; gold triangles: simulation). 

  



NL2 

 

Figure S16. Scattering simulation results for NL2. Top left: Radially-averaged simulated RSoXS profiles 
at energies along the F edge (inset: 200 × 200 voxel subset of the model); Top right: intensity map of the 
simulated RSoXS profiles; Bottom: energy dependence of peak intensity ratios (dark grey circles: 
experiment; gold triangles: simulation). 

  



NL3 

 

Figure S17. Scattering simulation results for NL3. Top left: Radially-averaged simulated RSoXS profiles 
at energies along the F edge (inset: 200 × 200 voxel subset of the model); Top right: intensity map of the 
simulated RSoXS profiles; Bottom: energy dependence of peak intensity ratios (dark grey circles: 
experiment; gold triangles: simulation). 

  



NL4 

 

Figure S18. Scattering simulation results for NL4. Top left: Radially-averaged simulated RSoXS profiles 
at energies along the F edge (inset: 200 × 200 voxel subset of the model); Top right: intensity map of the 
simulated RSoXS profiles; Bottom: energy dependence of peak intensity ratios (dark grey circles: 
experiment; gold triangles: simulation). 

  



NL5 

 

Figure S19. Scattering simulation results for NL5. Top left: Radially-averaged simulated RSoXS profiles 
at energies along the F edge (inset: 200 × 200 voxel subset of the model); Top right: intensity map of the 
simulated RSoXS profiles; Bottom: energy dependence of peak intensity ratios (dark grey circles: 
experiment; gold triangles: simulation). 

  



NL6 

 

Figure S20. Scattering simulation results for NL6. Top left: Radially-averaged simulated RSoXS profiles 
at energies along the F edge (inset: 200 × 200 voxel subset of the model); Top right: intensity map of the 
simulated RSoXS profiles; Bottom: energy dependence of peak intensity ratios (dark grey circles: 
experiment; gold triangles: simulation). 

 

  



Relative root-mean-squared error (RRMSE) calculation 

The goodness-of-fit between experimental and simulated peak intensity ratios was evaluated 
using relative root-mean-squared error (RRMSE) of the natural logarithm of the ratios: 

𝑦 = ln	(𝑟𝑎𝑡𝑖𝑜) 

𝑅𝑀𝑆𝐸 = Q
1
𝑁,S𝑦.6= − 𝑦2!4T

0
>

!?8

 

𝑅𝑅𝑀𝑆𝐸 =
𝑅𝑀𝑆𝐸

U1𝑁∑ S𝑦.6= − 𝑦.6=T
0>

!?8

 

 

Impact of cylinder orientation 

The scattering simulations represent cylinders oriented perpendicular to the substrate, but 
experimental samples may contain grains of cylinders oriented in many different directions 
relative to the substrate. We explored the impact of orientation by integrating the analytical 
expression for the particle form factor 𝑃(𝑞) of a cylinder6 over different angular ranges. Relative 
to an isotropic distribution of cylinder orientations, perpendicular cylinders have a form factor 
which is lower in overall magnitude, higher in amplitude (difference between maximum and 
minimum values), and similar with respect to the locations of the minima in q-space. We expect 
that these differences could cause the magnitude of our simulated intensity ratios to be off 
relative to a typical (polycrystalline) experimental sample, but that the line shape of the ratios vs. 
energy will be similar.  

𝐽8(𝑥) = first order Bessel function of the first kind 

𝑅 = cylinder radius 

𝐿 = cylinder length 

𝛼 = angle between the cylinder axis and the scattering vector (𝛼 = @
0
 for cylinders oriented 

perpendicular to the substrate) 

𝑃(𝑞) = \ ]
2 ∙ 𝐽8(𝑞 ∙ 𝑅 ∙ sin 𝛼)

𝑞 ∙ 𝑅 ∙ sin 𝛼 ∙
sin((𝑞 ∙ 𝐿 ∙ cos 𝛼) 2⁄ )
(𝑞 ∙ 𝐿 ∙ cos 𝛼) 2⁄ `

0

sin 𝛼 d𝛼

A"

A#

 



 
Figure S21. Calculated particle form factor for cylinders with varying orientation distributions. 
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