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Figure S1. Plot of the Conductivity versus the volume of 0.01 M NaOH added to determine the 

amount of -COOH (X) present on the MxG-CNC-COOHX surfaces.1 The amount of -COOH (X) 

was determined by the length of the weak acid neutralization regime which corresponds to the 

plateaus in the curves as denoted by the black lines on each curve. 

Table S1. Conductivity titration results used to measure the amount of -COOH on the surface of 

both MxG-CNC-COOH samples. 

Samples CNC Mass 
(mg) 

Plateau Volume 
(mL) 

-COOH(X) Concentration 

(𝒎𝒎𝒐𝒍
𝒌𝒈⁄ ) 

-COOH Density 

(
𝒈𝒓𝒐𝒖𝒑𝒔

𝒏𝒎𝟐⁄ ) 

MxG-CNC-COOH1100 1 68 7.8 1147 1.20 
MxG-CNC-COOH1100 2 48 5.9 1229 1.28 
MxG-CNC-COOH1100 3 65 6.9 1062 1.11 
Average   1100 ± 100 1.2 ± 0.1 
MxG-CNC-COOH740 1 23.5 1.75 742 0.77 
MxG-CNC-COOH740 2 25.33 1.73 683 0.71 
MxG-CNC-COOH740 3 25.33 2.02 796 0.83 
Average   740 ± 56 0.77 ± 0.06 
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Figure S2. FTIR data showing the emergence of a peak that corresponds to a carbonyl stretch (@ 

1600 cm-1) that confirms the functionalization of MxG-CNC-OH into MxG-CNC-COOHX 

 

Figure S3. Hi-Res TGA curves for MxG-CNC-COOH1100 (red), MxG-CNC-COOH740 (blue), and 

MxG-CNC-OH (black) showing a shift in the degradation pattern and an increase in char yield 

after successful -COOH functionalization. 
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Figure S4. Wide angle X-ray scattering data (blue dots) plotted with Gaussian deconvolution 

peaks associated with each crystal plane to determine the crystallinity index of the MxG-CNC-

COOHX Samples.1 a) MxG-CNC-COOH1100 has a crystallinity index of 0.78. b) MxG-CNC-

COOH740 has a crystallinity index of 0.71. 

 

Figure S5. AFM Image of MxG-CNC-COOH740 on a mica substrate  

 

(a) (b) 
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Figure S6. (a) Characteristic AFM height profile of a CNC (black) as well as the gaussian fit used 

to measure CNC width (red), and (b) schematic of AFM tip broadening as a result of the AFM tip 

radius (10 nm) being much larger than the CNC width (3.5 nm). This figure illustrates how the 

measured FWHM is considerably large than the actual CNC dimensions. Dimensions are scaled 

to match the AFM tip size and CNC height measured in this work. 

CNC width measurements were done by fitting AFM height profiles with a Gaussian profile in the 

Gwyddion software (Figure S6(a)), then taking the full width at half of the peak maximum 

(FWHM) using the equation 𝐹𝑊𝐻𝑀 = √2 ln 2 𝑏, where b is a fit parameter output by Gwyddion. 

To correct for AFM tip broadening, the AFM tip radius and CNC height can be used to calculate 

the additional width contributed by tip curvature. With FS-1500 AFM tips from Asylum Research, 

the tip radius is 10 nm and the height of the MxG-CNC-COOH1100 measured via AFM is 2.4 nm. 

Using the trigonometry illustrated in Figure S6(b), the additional width at the half height on one 

side of the CNC can be calculated to be 4.75 nm using the equation 𝐿 = √𝑟2 − 𝑑2, where r is the 

tip radius (10 nm) d is the tip radius minus half the CNC height (8.8 nm) and L is the additional 

width. Subtracting 2𝐿 from the measured width of 13 nm results in a corrected MxG-CNC-

COOH1100 width of 3.5 nm. 

 



S7 
 

Figure S7. (left) Energy-dependent SAXS patterns simulated with CNCs of dimensions 

(H=2.4nm, W=3.5nm, L=250.0nm) with Stern layer of Rb+ ions of thickness 0.332 nm 

surrounding the nanocrystals (statistical error bars were estimated based on experimental data 

shown in Figure 1(e)). (right) The energy dependence of SAXS intensity at Q=0.021, as shown 

with dashed black vertical line in (left). 
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Figure S8. Data from MxG-CNC-COOH1100 the ASAXS data with the parallelepiped fit. ASAXS 

data from MxG-CNC-COOH1100 in (a) 50 mM RbCl solution, (b) 100 mM RbCl solution, (c) 200 

mM RbCl solution, and (d) 400 mM RbCl solution 
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Figure S9. Data from MxG-CNC-COOH1100 the ASAXS data with the parallelepiped fit. ASAXS 

data from MxG-CNC-COOH1100 in (a) 50 mM SrCl2 solution, (b) 100 mM SrCl2 solution, (c) 200 

mM SrCl2 solution, and (d) 400 mM SrCl2 solution 
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Figure S10. Data from MxG-CNC-COOH1100 the ASAXS data with the parallelepiped fit. ASAXS 

data from MxG-CNC-COOH1100 in (a) 50 mM YCl3 solution, (b) 100 mM YCl3 solution, (c) 200 

mM YCl3 solution, and (d) 400 mM YCl3 solution 
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Figure S11. Data from MxG-CNC-COOH740 the ASAXS data with the parallelepiped fit. ASAXS 

data from MxG-CNC-COOH740 in (a) 50 mM RbCl solution, (b) 100 mM RbCl solution, (c) 200 

mM RbCl solution, and (d) 400 mM RbCl solution 
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Figure S12. Data from MxG-CNC-COOH740 the ASAXS data with the parallelepiped fit. ASAXS 

data from MxG-CNC-COOH740 in (a) 50 mM SrCl2 solution, (b) 100 mM SrCl2 solution, (c) 200 

mM SrCl2 solution, and (d) 400 mM SrCl2 solution 
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Figure S13. Data from MxG-CNC-COOH740 the ASAXS data with the parallelepiped fit. ASAXS 

data from MxG-CNC-COOH740 in (a) 50 mM YCl3 solution, (b) 100 mM YCl3 solution, (c) 200 

mM YCl3 solution, and (d) 400 mM YCl3 solution 

 

Section S1. Multilayered Parallelepiped Model and functions developed under XModFit 

In order to model ion-distribution surrounding parallelepiped CNCs a Multilayered Parallelepiped 

Model is developed as shown in Figure 1c of the main text. The multilayered parallelepiped is 

defined by the core's linear dimensions ( 𝐿𝑜 × 𝐵𝑜 × 𝐻 ) and the shells of different thicknesses (𝑡𝑖) 

on top of the core. In the model heights of the shells are kept the same as the core whereas the shell 

thicknesses can be variable. For analyzing the ASAXS data obtained from CNCs in the present 

case we only used an one-shell model for the Stern-layer and a two-shell model for the Stern-layer 

and diffuse layer on top of the CNCs. In general, the heights of the CNCs are much longer than 

the lengths and breadths and are not accessible in the 𝑞-range in the ASAXS data. Hence, for our 

analysis we kept the heights fixed with the values obtained from AFM. Assuming the CNCs are 

randomly oriented with respect to the X-Ray beam and randomly spatially distributed (Structure 

factor, 𝑆(𝑞) = 1) the intensity from the CNCs can be the form factor of parallelepiped as:2 
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Where 𝐴𝑖 = 𝑞𝐿𝑖 sin 𝜙 cos 𝜓 /2, 𝐵𝑖 = 𝑞𝐵𝑖 sin 𝜙 cos 𝜓 /2, and 𝐶 = 𝑞𝐻 cos 𝜙 /2 with 𝜙 and 𝜓 

being the polar and azimuthal angles in spherical polar co-ordinates with X-axis being the direction 

of the beam.  The layer corresponding to 𝑖 = 0 represent the core with electron density, 𝜌𝑒,𝑜, and 

dimensions, (𝐿𝑜 , 𝐵𝑜 , 𝐻). Whereas, the layer coresponding to the last shell with electron density, 

𝜌𝑒,𝐿, and dimensions, (𝐿𝑁𝐿
= (𝐿0 + ∑ 𝑡𝑗

𝐽=𝑁𝐿
𝑗=1 ), 𝐵𝑁𝐿

= (𝐵0 + ∑ 𝑡𝑗
𝐽=𝑁𝐿
𝑗=1 ), 𝐻), resepectively. 𝑖 =

𝑁𝐿+1 represents the bulk medium with electron density, 𝜌𝑒𝑠, in which the parallelepiped is 

dispersed randomly. In order to incorporate polydispersity of the CNCs, equation S1 can be either 

integrated over ‘Gaussian’ or ‘Log-Normal’ distributions over the lateral core dimensions (𝐿0, 𝐵0). 

The energy dependent intensity in equation S1 can be calculated using the energy-dependent 

electron densities of the multilayers of the parallelepiped calculated from equation S2. Electron 

density of a layer is calculated from the elemental composition of the layer provided by the 

molecular formula and the mass density of the layer. All the calculations are implemented in the 

form of two functions ‘Parallelepiped_Uniform’ and ‘Parallelepiped_Uniform_Edep’ in the 

XModFit package developed by NSF’s ChemMatCARS.3 ‘Parallelepiped_Uniform’ calculates the 

SAXS-term, the Cross-term, and the Anomalous-term from the model whereas 

‘Parallelepiped_Uniform_Edep’ calculates energy dependent total SAXS intensity from the 

parallelepiped model. In the XModfit package the materials for the two functions are defined as 

‘Multiple fitting parameters’ as: 

1) If the material is in solid form with known elemental composition the material can be 

defned by its Chemical Formula (Example: Au, Ag, AgNO3..etc). 

2) The moles of the resonant element in the molecular formula will be defined by the 

parameter ‘Rmoles’. 

3) If the material is defined as a solution where the material composition will be written in 

the format of ‘Solute:Solvent’ where both the ‘Solute’  and ‘Solvent’ material described 

by their respecitve chemical formulas with known elemental compositions (Example: 

AuCl3:H2O, NaCl:H2O etc) 

4) If the resonant element of a material (R) is shared with another element (C), the material 

should be described as chemical formula as AnABnBCnC*EnER, where (A, B, E) are non-

resonant elements with (nA, nB, nE) moles, respectively, and R  is the resonant element 

with ‘Rmoles’ moles. The number of moles of ‘C’ in the chemical formula will be (nC-

Rmoles).   

5) The density of the ‘solute’ and ‘solvent’ are provided by parameters ‘Density’ and 

‘SolDensity’ in the ‘Multiple Fitting Parameters’. It is important to note here that if either 

solute or solvent contains a resonant element along with other non-resonant elements the 
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‘Density’ or ‘SolDensity’ represents only the density of non-resonant elements. The 

software will calculate the overall density of the material using ‘Rmoles’ of the resonant 

element. For example, for a solution of RbCl in H2O the material should be described as 

RbCl:H2O, the ‘Density’ should be the density of the Cl and ‘SolDensity’ should be the 

density of H2O. If the material is described by a single element including the resonant 

element then the ‘Density’ should be the density of the element itself. 

The simulation of SAXS-term, Cross-term, and Anomalous-term was calculated from the 

parallelepiped model of CNCs using ‘Parallelepiped_Uniform’ function in XModFit.3 The core-

dimensions used for the CNCs are L=40Å, B=28Å, and H=2500Å. The molecular formula used 

for the CNC is for the cellulose, C6H10O5, with mass density of 1.5 gm/cm3
. A Stern layer of 

thickness same as twice the ionic-radius of Rb+ (3.32 Å) with density of 0.3 gm/cm3 is also 

considered for the simulation along with the bulk concentration of 100mM (0.00854 gm/cm3) Rb+. 

The experimental ASAXS data were fitted using the same model with norm, L, B, and Stern layer 

density as fitting parameters.  

Section S2. ASAXS data reduction using Sturhmann method 

The energy-dependent electron density contrast from a system with energies very close to the X-

ray absorption of one of the element (termed as the resonant element) within the system can be 

written as4–9: 

𝜌𝑒(𝑟, 𝐸) = 𝜌𝑒𝑜(𝑟) − 𝜌𝑒𝑠 + 𝑣(𝑟)(𝑓′(𝐸) + 𝑖𝑓"(𝐸)) S2 

Where 𝜌𝑒𝑜(𝑟) is the energy-independent total electron density of the sample, and 𝜌𝑠 is the electron 

density of solvent (in our case the solvent is water with 𝜌𝑒𝑠 = 0.334 el/Å3), whereas 𝑣(𝑟)  is the 

number density of the resonant element only in the system. (𝑓′(𝐸), 𝑓"(𝐸)) are the complex 

scattering factors of the resonant element. 

Taking the fourier transform one can obtain the X-ray scattering as4–9: 

𝐼(𝑞⃗, 𝐸) =
𝑁

𝑉
𝑟𝑒

2|∫ 𝜌𝑒(𝑟, 𝐸)𝑒𝑖𝑞⃗⃗.𝑟d𝑟|2  

= |𝜌𝑜𝑠(𝑞⃗)|2 + 𝑓′(𝐸)𝑅𝑒[𝜌𝑜𝑠(𝑞⃗)𝜌𝑟
∗(𝑞⃗) + 𝜌𝑜𝑠

∗ (𝑞⃗)𝜌𝑟(𝑞⃗)]

+ (𝑓′2(𝐸) + 𝑓"2(𝐸))|𝜌𝑟(𝑞⃗)|2 S3 

 

Where, 𝑁/𝑉 is the number of scattering samples per unit volume, 𝑟𝑒 is the classical electron radius, 

𝜌𝑜𝑠(𝑞⃗) = ∫ (𝜌𝑒𝑜(𝑟) − 𝜌𝑒𝑠)𝑒𝑖𝑞⃗⃗.𝑟d𝑟 and 𝜌𝑟(𝑞⃗) = ∫ 𝑣(𝑟)𝑒𝑖𝑞⃗⃗.𝑟d𝑟 are complex numbers, 𝑅𝑒 denotes 

real part of the complex number. But for systems with centrosymmetric geometries like sphere, 

cylinder, ellipsoid, etc, these terms become real and isotropic in  𝑞⃗. Owing to that, the above 

equation can be further simplified into 

𝐼(𝑞, 𝐸) =
𝑁

𝑉
[𝜌𝑜𝑠

2 (𝑞) + 2𝑓′(𝐸)𝜌𝑜𝑠(𝑞)𝜌𝑟(𝑞)

+ (𝑓′2(𝐸) + 𝑓"2(𝐸)) 𝜌𝑟
2(𝑞)] S4 
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The above equation holds good for monodisperse system of particles. In case of polydisperse 

system of particles the intensity needs to be averaged over the particle size distribution and 

equation S4 becomes 

𝐼(𝑞, 𝐸) =
𝑁

𝑉
[〈𝜌𝑜𝑠

2 (𝑞)〉 + 2𝑓′(𝐸)〈𝜌𝑜𝑠(𝑞)𝜌𝑟(𝑞)〉

+ (𝑓′2(𝐸) + 𝑓"2(𝐸))〈𝜌𝑟
2〉] S5 

The first term in this equation is energy independent and can be termed as SAXS-term (𝐼𝑆 =
𝑁

𝑉
〈𝜌𝑜𝑠

2 (𝑞)〉). Whereas both the 2nd and 3rd terms have energy dependence. The 2nd term contains 

the Cross-term (𝐼𝐶 =
𝑁

𝑉
〈𝜌𝑜(𝑞)𝜌𝑟(𝑞)〉) and has the contribution from the resonant element as well 

as all other atoms in the system. Whereas the 3rd term has the Resonant-term (𝐼𝑅 =
𝑁

𝑉
〈𝜌𝑟

2(𝑞)〉) that 

only has a contribution from the resonant element. In general, just below the absorption edge of 

the resonant element the imaginary part of the scattering constant (𝑓"(𝐸)) of the resonant element 

does not change considerably. Hence, the above equation is basically a quadratic function of the 

real part of the scattering factor of the resonant element (𝑓′(𝐸)). 

As per ASAXS experiments, we obtained the scattering intensity as a function of 𝑞 and 𝐸, i.e. the 

left-hand side of eq. S5. In general, the complex scattering factors (𝑓′(𝐸), 𝑓"(𝐸)) of the resonant 

element can be obtained from the online database of National Institute of Standards and 

Technology.10 With the tabulated values for resonant element one can have a system of linear 

equations based on equation S4. By solving the linear equation one can obtain the values of 𝐼𝑆, 𝐼𝐶, 

and 𝐼𝑅, as mentioned here.11
  

The Resonant-term in the equation, in general, is a few orders of magnitude smaller than the other 

terms, and for most practical purposes the equation can be further approximated into: 

𝐼(𝑞, 𝐸) ≈ 𝐼𝑠 + 2𝑓′(𝐸)𝐼𝐶 S6 

As the cross term is essentially a product of SAXS and Resontant terms, the Resonant-term can 

also be approximated from the non-zero Cross-term directly as: 

𝐼𝑅(𝑞) = 〈𝜌𝑅
2(𝑞)〉 = 𝐼𝐶

2(𝑞)/𝐼𝑆(𝑞) S7 

Without any approximation the scattering terms (𝐼𝑆, 𝐼𝐶 , 𝐼𝑅) in Eq. S4 will have to satisfy a constraint 

using Cauchy-Schwarz inequality: 

𝐼𝑅(𝑞) ≥ 𝐼𝐶
2(𝑞)/𝐼𝑆(𝑞) S8 

This in-equality provides a minimum limit for 𝐼𝑅 when 𝐼𝑆 and 𝐼𝐶 are known and is the reason for 

the equality in Equation S8 under approximation. We applied both the constraints in S7 and S8 on 

the energy-dependent simulated data from the parallelepiped model as discussed in the main text 

to obtain the scattering terms. The data reduction process is implemented in one of the packages 

‘XAnoS_Components’ under the software suite ‘XAnoS’ developed at NSF’s ChemMatCARS.12 

Due to the presence of statistical variances in the data and the very weak contribution of the 

resonant term in the energy-dependent data, we found the equality constraint to provide resonant 

terms with narrow error bars.  
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