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The understanding dfieinteractionbetweeright andcomplex random structureis key for
designng and tailoing the optical appearance and performamiceany materialshat
surround us,anging fromeverydayconsumeproductssuch aghose forpersonal care,
paints and paper, t@ht diffusersused in LEDlampsandsolar cellsHere, we demonstrate
that light transport imembranes gburecellulosenanofibrils(CNF) can be controlletb
achieve bright whiteness structures only a few microns thickhis isin contrast tather
materials such as papewhich require hundredsf micronsto achieve a comparable

appearanceThe diffusion of light in th€ NF membranes shown tdbecomeanomalous by
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tuning the porosity and morphologidahtures Considering also their strong mechanical
properties and biocompatibility, we propose sutiite coatings as a new application for
cellulose nanofibrils

Whiteness is achieved when ligheiastcally scatterednultiple timesin random medi&l In
general termghehigherthenumberand the strengtbf thescattering evenishe brightethe
material appeardl This simpleprinciple explains whymany commercially available white
productssuchaspaints and sun creanaetypically formulated withhigh refractive index
nanoparticles (e.d.i0-) as scattering enhancéfisThe use ofuchpromoters improves the
scattering efficiencyf the materigland therefore reduces the voluraequiredto obain fully
opaque white coatingblowever, he widespread use ®fO; particles as scattering enhancers,
for example in food, cosmetics, and papes recentlyaisedserioushealth and
environmental concerris® Therefore, there is a real need to ioye scattering efficiency
using more sustainab#nd biocompatiblenateriald® 7!

In nature scatterings optimizedin biopolymerc structuresy theintricatedesignof the
morphology and thepatial arrangemewf the scattering elemerfs'® In particular,dense
random networks afandibers due to the intrinsic polydispersity and anisotropyhe
scatering elemert, allow efficient packingandrepresena particularly convenient strategy to
optimize brightness ithin coatings. bbrillar nanamaterials such as cellulose nanofibrils
(CNF), arethereforepromisingcandidats due taheirinherent morphologyexcellent
mechanical performance, wideailability, renewabilityand biocompatibility:1-15]
However, paradoxically, research on the optical properties of IE$Ed materials has
focused on the optimization tfeir transparench®171 Therefore the possibilities of using

CNF to construct an efficient scattering medioaie not been explored, although recently
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their potential for hightazediffusive optical elementfor optoelectronic applicatiorisas
been recognized®

Here we demonstrate a scalable and versatile approach for light manage!@t in
membranes By inducing appropriate poritg andtuning thesizedistribution of theCNFin
the membranesve are able to modify tirenanostructure aneasilyproducemembranesvith
completely different optical appearané®m thick, highly transparentnembraneso thin,
bright white ones. he produced membranes are mechanically stable as they retain the
amorphous domairend hemicellulosesf natural cellulose fiber; in contrast tdilms based
on cellulose nanocrystailshich are significantlynorebrittle [®! Finally, we observe that light
transporin strongly scattering CNF membranesexpectedlyindergoes anomalous diffusive
behavior.

Membranes with different scattering properéesobtained by fractionating @NF
dispersion with a wide distribution of fibril diametetia a sequential centrifugation
procedureas schematically illustrated Figure 1a. The finest fibrils (i.esmallesidiameters)
arefirst isolated from the original CNF dispersion by repeated caggiion, collection of the
supernatant, dilution, and homogenization. Subsequently, the same proseepeated at a
lower centrifugal speed in order to isolate a dispersion of slightlyahidbrils, whichis
referredto as ‘medium fibrilS in the rest of the texEinally, the sedimenits collected, diluéd
and homogenized. The fibrils in this last dispersionreierredto as“coarsesfibrils” in the
following discussionThe presentedequential centrifugation procassuls inthethree
dispersion®f fibrils, Figure 1b. For a fixed concentratiorhe turbidityof thedispersions
correlaeswith the expected average fibril siZéhedistribution of thefibril diametes for the
threedispersionsreestimatedy Atomic-Force MicroscopyAFM), seeFigure S1 and

Figure S2, Supporting InformationBy measuringhe diameters of more th&®0 fibrils of
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each dispersion, we observe thairtlogstributionsfollow, in first approximationa log
normal statisticsvith a long tail, especiallfor the coarsest fibrilsSThemean andrespective
standard deviatiorgf thelog-normal distributions of th&bril diametersin the three
dispersionsare4.2 (2.7) 56 (3.2), and 19.5 (13)2im, going from the fing to the coarss
fibrils.

Porous membrandsom the fractioned CNF dispersioagethen prepareds
describé in an earlier work!! In summary, lte dispersionsi vacuum filtered into a wet gel
cake followed by solvenexchange from water to@opanol, and further to octaradter
whichthegel cakasslowly dried in ambient condition$hethicknessof the membranesas
controlled by the volume of dispersion filtered. For qualitative corapariphotographs of
the resulting porous membranes of equal thickness (~10 um) prepared froep#rsidins of
thefinest, medium, and coarstfibrils are shown ifFigure 1c,d,e(right-handside of the
photographs). ie membranes prepared from the finest, medium, and coarsestfierils
referred taasthe“transparent”, “semtransparent”, and “whiteorousmembranes
respectively The solvent exchangepis crucial for theporosity, and the consequent
whitenessForcomparisondense CNF films prepared from aqual volume of the
corresponding dispersions which hdezndried directly from water without the solvent
exchange processe displayed ifrigure 1c,d,e(left-hand side of the photograph$he
thicknesses of the dense, watleied films are approximately half of those of the porous,
octanedried membranes, while the masses and lateral dimensions of thiesane nearly
the same, indicatintipatthe density of thdilms dried from waters approximatelydouble of
the porous membranedsied from octaneThe reason for the densification of the CNF films
upon drying from water is the combination of the capillary presdutreecevaporating wate

andthe disruption of the hydrogen bonding netwarkhe intersections of fibrils by wafé?!
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as also known from the Campbell effect in papermakihiVhen the solvent is exchanged to
octane, the hydrogen bonding network between the fibrils is no longer disrupted by the
solvent and the fibrilsan be considerguhysically crosslinked, thudlowing the
microstructureo resistthecapilary pressuravithout collapang.[?:22:23]

The densities of thporousmembranesvere comparable and the rang (0.81+
0.16)kg n13. However, the porosity characterization by nitrogen physisorpéiomled a
different distribution of pore sizes. The transparent membranes bBhbwghest specific
surface are&l90 + 4) M g andsmallestporesfollowed by thesemitransparent membranes
with a lowerspecific surface argd75 + 6) n? g* and slightly larger pores, while tiéite
membranes show the lowest specific surface area (122 @' andthe largest poresThe
pore size distributions obtained by nitrogen physisorgi@shown inFigure S3, Supporting
Information and those estimated by image analysis from esesgonal SEM micrographs

are shown irFigure $4 andFigure S5, Supporting Information.
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Figure 1. (a) Schematic illustration of th@eparation procedure of the fractioned CNF
dispersions Y differential centrifugation(b) Photograph of the resulting fractioned CNF
dispersions after dilution to an equal concentratibf g / L); left to right: finest, medium
and coarsest fibrils. Photographs of toeenpact CNF films (left) and thelO um thick,
porous membranes of CNF dried from octéight) when using (c) the finest, (d) the
medium, and (e) the coarsest fibrils. The outer edges of the membarahtfee compact films
are approximately 1 cm off the paper underneath while the edge at theof¢héeimage is
in contact with the paper. In (c) the text remains fully legilriderneath thansparent
membrane made from the first supernatant, whereas in (e) the text bamaeolvedrom
underthewhite membrandabricated from the coarsest fibrilEhe semiransparent
membrane in (d) is the intermediate case. Masses of the compact QB &ridl the
corresponding porous membranes are 9.43 and 9.35 in (c), 9.53 and 9.11 in (d), and 8.34 and
7.95 mgin (e).

Total reflection spectra for the thrégpes ofmembranest a thickness of
approximately 9 pnare reported ifrigur e 2a. Additional spectra for different thicknesses

and a discussion of the wavelength dependence of the scattering pra@ertisortedh
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Figure S6, Supportingnformation It is important to noticghatthe white membrane —
which is only 9 um thick - exhibits a high broadband reflectivity§604%) for mostof the
visible range, reaching up & % for the shorer wavelengthswith awide-angular scattering
distribution, sed-igure S7. Supporting Information. In comparisormgremon filter paper
reflects only ~50%bf the incident lightven though its thickness is 160 piglr e S6,
Supporting Information)Thus the white membranesn be considered to between 20 to
30 times more efficient opacifiers than filter paper.

To fully characterizéight transport in such systentbe totaltransmittancés measure@s a
function ofthe samplehicknes:. we fabricate different membranes afat,each type, the
optical response is characterized 16 SamplesFigur e 2b showsthatthe light transport in
the transparent membrane cardescribedy diffusion approximation theo! with a
scattering mean frgmath of about 13.5 pnvhich issimilar to that ofoaper (13 — 2pm).[6.10
Surprisingly the diffusion approximatigrwhichgenerallydescribes the behavior of the
majority of scattering materialfgils to describe the data obtained for the other two
membranesTherefore, to explain thexperimental results wadoptan extendedormalism
which describs light transport in super-diffusive and siiffusing system&226lwhere the

total transmittance€T) scales with the samplkickness (L) a&”]

1
= 1+AL/2 (1)

where A is a constant which depends on the scattering mean free pattirdpolation
length(a parameter that accounts the internal reflections at the boundaries of the sample)
and the absorptiorhe latteris negligible for cellulosic fibe)g?>262829 and q, is a parameter

that describes the diffusion behavior, see Supportingrirdton Notablywhena = 2, the
scaling behavior is equivalent to the one in the standard diffusion approxifi8tis.

mertioned above e data for the transparent samples is nifield with a = 2, while those
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for thetwo othermembranes is smaller thatwo. More specificdl, we obtain a = 1.35 +
0.10 and A =0.14 + 0.01 for the setransparent membrajwnd o= 1.34 +0.15 and A =
0.65 = 0.10 for the white onBetails of the fitting routines and tf@mula used for the fit

arepresented in the Supporting Information améigure S8, Supporting Information.
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Figure 2. Optical characterization of the three types ofmhbeanes.d) Total reflectance
spectra at aapproximate thickness of 9 um. (tal transmitanceat 500 nm as a function
of sample thickness. Thmnsmittancelata series have been fitted according to Equation 1
leastsquare regression (black lines). The transpanemhbranes (black squares) show a
behavior very close to normal diffusion, o = (2.00+0.20Q and A = (0.004+0.005). As the
presence ohhomogeneity increasés the semiransparent membranggeen triangles), the
transmittancelecays more steeply, a = (1.35+0.10) and A = (0.14+0.01). For the white films
(blue circles), o. = (1.34+0.15) and A = (0.65+0.10). The gray lines indicate theoper and
lower bound for the value of theparameter.

To further understand the anomalous diffusiebaviorof the sampleand the
unusualkcaling lawwe analyze the morphology of the membramgscanning electron
microscopy $EM) (Figure 3, andFigure $4 andFigure S5, Supporting Informationand

nitrogen physisorptionHigure S3, Supporting Information The typicalanisotropy (i.e.

transversely isotropiim-plane orientation of fibrilspf CNF-based materialis observedor
8
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all membranesvhencomparing theop-view SEM imagesKigur e 3a,b,Q andthe cross-
section exposed kgither uniaxial tensiléacture Figure 3a,b,c) orby cryo-microtoming in
cyclohexane and freezirying (Figure S4 andFigure S7 Supporting Informatioyl?2:9

The SEM images reported kigur e 3a,dshow that the transparent membraaes
composed of a homogenous network of fine fibrils interspaced by amatids. The pore
size distributiorclearly peak around 30 nnmHjgure S3, Supporting Information)yvhereas
the average diameter of the fibrils is approximately 4(seeFigure S2a, Supporting
Information).From the morphological analysis and scattering esestion calculations
(Figure S10, Supporting Informatiomyve infer that the scattering in this casenainly caused
by the presencef thesmall airpores.

In contrast, in the case of the semainsparent membran@sigure 3b,e),we observe
in the SEM images a certain numbesaificantly larger pores. This is confirmed the
broader distribution of pore sizes, extending up to 70Caswiserved by nitrogen
physisorption [Figure S3, Supporting Informationand image analysis of the cressctional
SEM (Figure $4 andFigure S5, Supporting Information).

Similarly, in the SEM imges of white membrand€Bigure 3c,f, Figure $4, and
Figure S9, Supporting Informatioy we recognize several anisotropacgepores (up to
thousand®f nanometers as confirmed by the porosityharacterizatiorfFigure S3 and
Figure S5, Supporting Informatioh In this case, thmainfraction of the volume is occupied
by the network offine fibrils interspacetby small poresHowever, individual thicker fibrils
(100-500 nmarealsosparsely embedded thismatrix in less dense regions.

We thereforespeculate that th@enomalous lightransport for the sentransparent and
white membranes is induced by the combination of the anisobfdpye scatterer§.e. in-

plane orientation diibrils and poresseeFigure $4, Figure S5, andFigure S9 in Supporting
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Information), and the rather wide distribution of sizes of both pores and,fishich

consequently leads to a sparse spatial distribution of the straragesrers

Figure 3. SEM micrographs of top surfaces of membranesy @ad their corresponding
crosssectional fracture surfaces{d The micrographshowthe transparer(g,d) semi
transparentb,e) andwhite membraneg,f). The layered structures observed in the cross-
sectional fracture surfaces are likely to be caused by the fractwesprand aneot present

10



WILEY-VCH

in the material prior to deformatid?#! as supported by the crossetions exposed by cryo
microtoming and freezdrying shown inFigure S9, Supporting Infomation

To further demonstrate that tbbserved anomalous diffusion of lightnot merely
due to artifact introduced in the sample preparatferg.due to thedlependence of the
morphologcal featureson sample thickneksa speckle statistic experimtds performed®d
Thespeckle patterns produced by taser light transmitted through tirevestigatedsamples
isimaged and recorded at more than 2000 separate locatemisxperimental section in
Supporting Information andigure S12 andFigure S13). To better understand the daisg
comparetieresponse ofvhite CNF membranesvith standard filter papdmvhich is known to
be aconwentionaldiffuserwith o = 2 and scattering mean free patli8 um at the

wavelength used®!

11
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Figure 4. Statistical analysis of the speckle pattdorghe white CNF membraneél(e,
anomalous light diffusion) in comparison to standard fipegoer (rednormal diffusion). &)
Distribution of the radijiR, of the speckle images normalized to their average 2 (b)
Distribution of the intensitycalculated as the ratio between the maximum intensiyahd

the total image intensityol. For filter paper both histograms show a narrow distribution, as
expected for aormallydiffusive mediumin contrastthe population is considerably wider
for the white CNF membranes, as expected for anormaftansport(c) A schemeof a

skewed random walk in which light (in red) is scattered more oftereasavhere the CNFs
(in white) are more densely packed.

Whenlight is transmitted through a standard diffusing sample, the indivigeakke

patternvariesbetween different sample locations but on average the rgdites measured by

12
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the full width at half maximunof the intensity FWHM) and intensity of the pattesiare
roughly constant as the light transport properties are the same aerggetimernin
contrast, &r an anomalouy diffusive sample, the difference in speckle patterns between
different sample locations is greater as liight paths can differ significantly depending on
the local characteristics of the specimen, as shown in the liteF&ftHés expected, the
speckle statistics differ greatly fore white CNF membrane as comparedvtate filter paper
(seeFigure4a,b). The high degree of spatial and intensity variability between theeditffer
speckle patternsom differentlocations on the sampfarther confirms the anomalous
diffusive behavior of th€NF system. For the standard diffusive samples the radii and
intensities of the speckle patterns are fairly constant at differemiopsswhile for the white
CNF membranes a broad distribution of values is observed (note that thedadiiessity
have beemormalizedfor better comparisgn The speckle patterntensities areversely
correlated with theiradii as shown ifrigur e S14.

Therefore, v speculateéhat the observednomalous diffusionesponsén white and
semitransparent CNF samplesdueto threemainfactors (i) the inhomogeneity iscattering
strengthdue to the polydispersity diie fibrils (here we reasonabBssumehat each fibl can
be considered a single scattering cen{@) theinhomogeneityn thespatialdistributionof
fibrils, which could introduce longastepshetween scattering ever{tagure S9, Supporting
Information); (iii) the anisotropy of the systedue toin-plane orientation of the fibrils and
anisotropic pore8239 which implies that light propagation and scattering proceed differently
when occurring across the plane or parallel to the plane of the membrarehesae m
Figure 4c. We feel confidenof excludingthat the intrinsic birefringence of cellulo@ee.
refractive index of 1.539-1.596 along the fiber and 1.519-1.538 in the transverse direction)

contributesstrongly to this effect, as thigould generatenly negligible differences in the

13



WILEY-VCH

scattering crossection(seethe calculatiors in Figure S10 and the measured transmittance of

s- and p-polarized light iRigure S11, both in Supportingnformation).[32-34

In conclusion, we report a cellulebased system iwhichit is possibleéo manipulate
light transporby simply tuning the morphology and the distribution of the CNIFlBhn
porous membrane# transition fromstandardo anomalous diffusiors observed in the
disordered photonic nanostructures whager anisotropy in the fibril distribution was
introduced. Even though further optimization by fine-turofthe porosity andf the
diameterglistributionthe fibrilscould lead to even thinner and brightvhite membranesve
alreadyobtainextremely highscattering efficiency ionly few micron thicknes$-° and the
white membranes can be considered between 20 to 30 times more edtiaiterershan
white filter pger. We believe that our observation showcases the potential ofGIskhgnd
anomalous diffusion to producextgeneration efficient bright sustainable dndcompatible

white materials.

Experimental Section
Experimental details can be found in the Suppottifigrmation

Supporting Infor mation
Supporting Information is available from the Wiley Online Library onfrihe author.

All the research data supporting the publication are available from therkltynaf

Cambridge data repositorit{p://dx.doi.org/10.17863/CAM.XX
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