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WATER VAPOR UPTAKE OF ULTRATHIN FILMS OF 

BIOLOGICALLY DERIVED NANOCRYSTALS: QUANTITATIVE 

ASSESSMENT WITH QUARTZ CRYSTAL MICROBALANCE AND 

SPECTROSCOPIC ELLIPSOMETRY 

 

The supporting information includes a table showing the relative humidities of the saturated salt 

solutions and milliQ water used in the QCM-D experiments, raw data from the SE measurements 

(and modelled film thicknesses) and atomic force microscopy (AFM) height images of the 

cellulose nanocrystal (CNC) thin films. Also included are explanations of the determination of the 

dimensions of the CNCs, an example calculation for the water coverage of the hydrated CNC films 

along with QCM–D data on the water vapor uptake of a pristine silicon dioxide substrate.  

 

EXPERIMENTAL 

Table S1. Relative humidities of each saturated salt solution and water used in the QCM–D 
relative humidity cycles.1  

Salt 
Relative humidity 

% RH 

LiCl 11 

MgCl2 33 

Mg(NO3)2 53 

NaCl 75 

K2SO4 97 

MilliQ 100 
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RESULTS 

SE 

 

Figure S1. The raw ellipsometric data (Ψ and Δ values) for 5 different wavelengths as a function 

of the experiment time for a.) 5 gl-1, b.) 10 gl-1 and c.) 20 gl-1 CNC films. Water adsorption was 

performed in the 0 – 19 min time range, while desorption was performed in the 19 – 40 minutes 

time range.  
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Figure S2. Refractive index as measured by SE (wavelength 700 nm) as a function of %RH for 

a.) 5 gl-1, b.) 10 gl-1 and c.) 20 gl-1 CNC films with film thickness modelled using classic Cauchy 

model from refractive indices for d.) 5 gl-1, e.) 10 gl-1 and f.) 20 gl-1 CNC films 
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AFM 

 

Figure S3. 10 × 10 µm2 and 5 × 5 µm2 AFM height images of a) 5 g l-1, b) 10 g l-1 and  

c) 20 g l-1 CNC thin films along with height profiles for each 10 × 10 µm2 image.  
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Table S2. Physical intrinsic properties of CNCs and water used to calculate the water coverage of 

each CNC in the QCM–D films. 

Physical Property  

Bulk density of CNC2 1.6 g cm-3 

Dimensions of single CNCa 
7 × 7 × 103 nm

3 
 

Volume of single CNC 5047 nm
3
 

Surface area of single CNC 2982 nm
2
 

Thickness of single CNC layer 7 nm 

  

Density of water (23 °C) 1 g cm-3 

Surface area of water molecule 0.114 nm
2
 

Thickness of monolayer of 

water3 

0.275 nm 

a Determined by statistical analysis of AFM image of individual CNCs – see section 

‘Determination of CNC Length Distribution’. 
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DETERMINATION OF CNC LENGTH DIMENSION 

The width of cotton-based CNCs is fairly monodisperse and well reported to be around 7 nm4. By 

contrast, the length of the crystallite varies according to the hydrolysis conditions5, and therefore, 

the length distribution of the CNCs used in this study was subjected to scrutiny with AFM. The 

average length of the CNCs was determined by analyzing an AFM height image of an open CNC 

film. Analysis was carried out using SPIP 6.0.6 software which, using thresholding, is able to 

detect each individual CNC in the image and determine its dimensions. The average length for the 

CNCs was determined to be 103 nm (Figure S4).  

 

Figure S4. a) Length distribution histogram of CNCs determined by image processing, b) 

statistical data on the length of analyzed CNCs and c) thresholded AFM height image of an open 

CNC film.  
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CALCULATIONS FOR WATER COVERAGE 

Underneath is an example of how the coverage of the CNCs in the thin films was calculated based 

on the QCM–D and SE data attained for the 20 g l-1 CNC sample. Physical intrinsic properties of 

CNCs and water used in calculations can be found in Table S2.  

 

TOTAL SURFACE AREA OF CNCS IN FILM 

Surface area of the QCM–D sensor: 0.7854 cm2 (as provided by manufacturer, Q-Sense) 

Initial areal mass of CNC film: 1875.30 ng cm-2 = 1.875 × 10-6 g cm-2 (From measurement data) 

Mass of CNC film =  
Initial areal mass of CNC film

Surface area of QCM − D sensory
=  

1.875 ×  10−6 ng ∙ cm2

0.7854 cm2

= 1.473 ×  10−6 g 

Volume of CNC film =  
Mass of CNC film

Bulk density of CNCs
=  

1.473 ×  10−6g
1.6 g ∙ cm−3 = 9.205 ×  10−7 cm3 

No. of CNCs in film =  
Volume of CNC film

Volume of single CNC
=  

9.205 × 10−7 cm3

(7 × 7 × 103) cm3 = 1.824 ×  1011 CNCs 

Total surface area of CNCs in film = No. CNCs in film ∙ surface area of single CNC

= 1.824 ×  1011  ∙  2982 nm2 = 5.439 cm2  

 

TOTAL SURFACE AREA OF WATER IN FILM 

Areal mass of swollen CNC system (97 %RH): 2407.59 ng cm-2 = 1.875 × 10-6 g cm-2 (From 

measurement data) 

Areal mass of water in CNC system = 532.29 ng cm-2 = 5.32 × 10-7 g cm-2 (difference between 

initial areal mass of CNC film and swollen CNC film (97 %RH)) 

Areal mass of water adsorbed by pristine substrate (silicon dioxide sensor) (97 %RH) =  

8.68 × 10-8 g cm-2 (Figure S5c). 
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Areal mass of water in CNC film = 4.45 × 10-7 g cm-2 (difference between areal mass of water in 

CNC network and water adsorbed by pristine substrate (97 %RH)) 

 

Mass of water in CNC film =  
Areal mass of water in CNC film 
Surface area of QCM − D sensory

=  
4.45 × 10−7 g ∙ cm2

0.7854 cm2

= 3.50 × 10−7g 

No. of moles of water in CNC film =  
Mass of water in CNC film

RMMH2O
=  

3.50 ×  10−7g
18 

= 1.94 × 10−8 mol 

No. of water moleules CNCs in film =  no. of moles of water ∙  NA

= 2.32 ×  10−8 mol ∙  6.022 ×  1023 mol−1 = 1.17 ×  1016 molecules 

Total surface area of water in CNC film

= No. water molecules in CNCfilm × surface area of single water molecule

= 1.17 ×  1016  ∙ 0.114 nm2 = 13.34 cm2  

 

WATER COVERAGE OF EACH CNC IN FILM 

Water coverage of each CNC in film =  
Total surface area of water in CNC film

Total surface area of CNCs in film
=  

13.34 cm2

5.439  cm2

= 2.45 monolayers 
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Figure S5. Water vapor uptake behavior of pristine silicon dioxide QCM-D crystal, a.) Δf, b.) ΔD 

and c.) areal mass of crystal with increasing %RH.  
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