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Aqueous layer-by-layer (LbL) processing was used to create polyelectrolyte multilayer (PEM) nanocomposites
containing cellulose nanocrystals and poly(allylamine hydrochloride). Solution-dipping and spin-coating assembly
methods gave smooth, stable, thin films. Morphology was studied by atomic force microscopy (AFM) and scanning
electron microscopy (SEM), and film growth was characterized by X-ray photoelectron spectroscopy (XPS),

ellipsometry, and optical reflectometry. Relatively few deposition cycles were needed to give full surface coverage,
with film thicknesses ranging from 10 to 500 nm. Films prepared by spin-coating were substantially thicker than

solution-dipped films and displayed radial orientation of the rod-shaped cellulose nanocrystals. The relationship
between film color and thickness is discussed according to the principles of thin film interference and indicates
that the iridescent properties of the films can be easily tailored in this system.

Introduction materials!? In this method, a charged solid substrate is exposed
to a solution of oppositely charged polyelectrolyte, followed
Today’s knowledge of polymer and material science is due by rinsing. The polymeric material adhering to the surface has
in no small part to the study of cellulose and its derivatives. more than the stoichiometric number of charges required for
Cellulose is the most abundant material in the biosphere, a long-charge neutralization, thereby reversing the surface charge. This
chain polysaccharide composedsl,4-linkedp-glucose rings. allows for easy adsorption of the next oppositely charged
Microfibrils of crystalline cellulose form the primary structural  polyelectrolyte, also resulting in charge reversal. The amount
component in plant cell walls, where superior mechanical of adsorbed polymer is self-limiting as a result of rinsing and
properties result from strong hydrogen bonding and van der allows for stepwise film growth. While generally performed with
Waals forces between cellulose chains in crystallized hierarchi- linear polyions, the procedure is suitable for a large range of
cal structures. By similar reasoning, cellulose does not dissolve multiple-charged nano-objecté.In this study, we show that
in common solvents, and the discovery that cellulose can be nanocrystalline cellulose is amenable to sequential film growth
acid-hydrolyzed to produce an aqueous suspension of nano-by LbL assembly, as presented schematically in Figure 1.

crystald-? has substantially furthered its use in a vast range of  The demand for films and coatings with tunable internal
materials. As a relatively cheap and accessible polymer, its multilayered organization has led to much research in the
useful characteristics include biodegradability, biocompatibility, field.20.14-21 Structured LbL films have potential applications
nontoxicity, dimensional stability, high tensile strength, light as antireflective coating$, waveguide$6.22 bio/optical sen-
weight, durability, and high hygroscopicity. Recently, much sors!3.18 separation technologiddrug delivery system&24
interest has been generated in replacing synthetic films, fibers,and electronic and photonic dielectric mirrfsnany of which
and ComDOSiteS with natural sources, and cellulose offers greatare constructive steps toward fu||y functional molecular ma-
promise in this respeét. chines. These materials have also been used for micropattern-
Past work on model cellulose surfateéshas most often used  ing?® and as nanogrowth templatésas yet another way to
regenerated cellulose prepared from cellulose derivatives, dueachieve desired macroscopic properties from nanoscopic order-
to the inherent difficulties in working with cellulose solvents. ing. Electrostatic multilayering is a versatile yet simple method
Ultrathin films of (carboxymethyl)cellulose and cellulose sulfate that is well suited for automation with no inherent restrictions
have also been designed and discussed in the literature for celbn polyelectrolyte type or substrate geometry. Adsorption
culture studie® and to investigate polymer adsorptibridere kinetics and film properties can be tailored by changing the
we work with a stable aqueous colloidal suspension of cellulose solution pH, ionic strength, polyelectrolyte molar mass and
in the native “cellulose I” crystal form, continuing the studies concentration, temperature, stirring/shear forces, and deposition
on model cellulose surfaces developed in our4die nano- time. Weak polyelectrolyte systems are more versatile than
crystals in suspension are stabilized by negative surface chargestrong systems because the layer structure and swelling proper-
(carboxyl or sulfate ester groups), which result from the ties can be more accurately controlled by solution pH and salt
hydrolysis process and give them certain polyelectrolyte proper- concentration. Resultant films and coatings show long-life
ties1? stability as well as self-healing characterisfi®s! Previous work
Electrostatic layer-by-layer (LbL) self-assembled films have has incorporated the linear polymer cellulose sulfate into
been exploited for the fabrication of sophisticated nanocomposite polyelectrolyte multilayer films?-2 whereas here we describe
the incorporation of colloidal cellulose nanocrystals.
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primary advantage of spin-coating, over solution-dipping, in LbL
assembly is the ability to vary parameters such as concentration,
viscosity, solvent type, and spin speed, leading to films with
variable thickness, density, and roughnss.

In this paper, we use atomic force microscopy (AFM) and
scanning electron microscopy (SEM) to investigate the surface
morphology and film roughness of polyelectrolyte multilayers
containing cellulose nanocrystals prepared by LbL assembly.

Figure 1. Schematic representation of the build-up of electrostatically X-ray phOtoelth_ron spectroscopy (?(PS) was used to EVQ!Uate
adsorbed multilayered films. The polyelectrolyte, PAH, is shown by surface composition and film uniformity, which was also verified
the curved line and colloidal cellulose nanocrystals are represented by ellipsometry and optical reflectometry. Film thicknesses for
by straight rods; counterions have been omitted for clarity. the two preparation methods are compared, and the iridescence

) ) o ) that arises in thicker spin-coated films is examined.
ties. Many attempts to incorporate colloids into LbL films have

been successfdf. Particularly, high-aspect-ratio charged col-

loids, similar to cellulose nanocrystals, have promising rein- Experimental Details
forcement capabilities and have included clay platéfets,
inorganic sheet® the tobacco mosaic viri#8,and rod-shaped Materials. Cationic poly(allylamine hydrochloride) (PAHMy =

dye particles! The aspect ratio of cellulose nanocrystals can 60 000 g/mol) was obtained from Polysciences (Warrington, PA) and
be varied from 1:1 to 1:100 depending on the cellulose source used as received. Deionized water (18.22Mm, Millipore Milli-Q
and hydrolysis conditions, offering tailorable mechanical proper- purification system) was used without pH adjustments to prepare
ties3233This has led to fabrication of nanocomposites containing adueous solutions with concentrations of 20 PAH. Anionic
cellulose nanocrystals in a variety of polymer matrices for cellulose nanocrystal; were prepared by acid hydrolysis of cotton from
applications ranging from transportation paneling to low thick- Whatman cellulose filter aid (ashless powder, catalog no. 1700025),
ness polymer electrolytes for lithium batterféd:-3° Rigid and a 1% solution, as measured by gravimetric analysis, was used unless
anisotropic biomacromolecules such as DNA and proteins haVeotherwise noted. Error values are calculated at 95% confidence from
also been used in LbL films designed for applications in drug repllcate‘ mea.surements.- )
delivery and gene therapy but are smaller than cellulose Sulfuric Acid Hydrolysis of Cellulose. Suspensions of nanocrys-
nanocrystals and do not enhance mechanical properties Théalline cellulose were prepared as follows. Hydrolysis was carried out
potential exists to create 3D photonic crysf8I& optical ' with 64% (w/w) sulfuric acid at 48C for 45 min with constant stirring.
sensors? and tunable dielectric mirro¥s23 from muiilayered Typically, 40 g of filter aid (dried at 10% for 30 min) was treated
lloid I, ticl b d th inciol f thin film interf with 700 mL of acid. Immediately following the acid hydrolysis, the
g(r)lc?el ;ngaérlgge;’sczitzrir?g Ir? &EIQCFI)F;S;OWemprler:elrrl]tet;\g}n suspension was diluted 10-fold with deionized water to quench the

. . i i . reaction. The suspension was centrifuged at 6000 rpm for 10 min to
depth experimental results of incorporating organic, biocom- concentrate the cellulose and to remove excess aqueous acid. The

patible, and bioinert needlelike cellulose particles into polyelectro- regitant precipitate was rinsed, recentrifuged, and dialyzed against
lyte Tflg'ayer films, expanding on recent proof-of-principle  water for 5 days until constant neutral pH was achieved. Mixed-bed
work PO'Y(a||y|am'ne hydl.’ochlorlde) was chosen for use yesearch-grade resin (Sigma) was added to the cellulose suspension
as the polycation because it is well-known in LbL SY§téﬁWS- for 48 h and then removed by filtering through hardened ashless filter
This study compares two of the most facile, economical, and paper (Whatman 541). The suspension was sonicated repeatedly
efficient methods for LbL assembly of thin films: solution-  (Vibracell Sonicator, Sonics and Materials Inc., Danbury, CT) at 60%
dipping and spin-coating. output (with cooling in an ice bath) to create cellulose crystals of

Conventionally, LbL assembly has employed solution-dipping colloidal dimensions. The resultant aqueous suspension was ap-
(or dip-coating) in beakers of various sizes containing dilute proximately 1% cellulose by weight (experimental yield of 62%) and
aqueous polymer solutions. This inexpensive method works for the concentration was increased by evaporation at ambient conditions.
most substrates independent of shape but has not always resultefihe nanocrystals were converted from the protonated sulfonate ester
in adequately homogeneous f||ms Alternatively, Spin_coating to the Sodil.lm salt by conductometric tltraII?n (Orion COndUCti\{ity cell
is the most widely used technique for obtaining uniform films 018010, with cell constank = 0.987 cm* attached to a Fisher
in lithography and other micromachining applications. The spin- Scientific Acgumet pH meter 50) with 0.0020 M NaOH. The surface
coating process involves the acceleration of a liquid solution charge density of cellulose nanocrystals was calculated to be-9.48
on a rotating substrate and is characterized by a balance o d:OS e/r_"ﬁ as fmeas:'r:el\jli I_oy conduc:olrrzwgtnc tlirgtlon,\;vnh av"erage C“t/Stal
centrifugal forces (spin speed) and viscous forces (solution imensions (from images) o ~2 i 29 nm. A smafl amoun
viscosity). Films created this way have been found to be of toluene (50uL per 1 L of suspension) was added to the cellulose

. : Lo : ) ion t id bacterial growth.

consistent and reproducible in thickné$showing enhanced suspension fo avold bacterial gro ) )
local planarity when compared to solution-dipped fith@his Film Preparation. Polyelectrolyte multilayer films were assembled
procedure eliminates edge defects often seen in solution-dippeao.n polished silicon<100> wafers O.bta'n?d f“’”.‘ WaterNet, Inc. The
films, whereby surface tension draws the solvent over the li silicon wafers were cut to the desired dimensions (ca.445 cm)
of thé Substra¥e and removes excess fluid. Spin-coating has '[FI‘)I and cleaned in a concentrated chromium(lll) oxide/sulfuric acid bath

- M Sor 24 h, followed by continuous rinsing with purified water. The
advantage of requiring only small amounts of liquid to coat large yjjayer films were prepared immediately after substrate cleaning.

areas. Relatively new in the multilayer field, spin-assembled 1yyq fijm preparation techniques were used: solution-dipping and spin-
LbL films are believed to be held together by both substantial coating. The dipping procedure included a 25-min immersion of the
entanglement between layers and electrostatic cross-linking.wafer in a 250 mL bath of 16¢ m PAH, followed by three consecutive
Spin-coating is mechanically controlled rather than thermody- 250 mL rinse baths of deionized water: the first rinse bath was 1.0
namically controlled, giving novel film configurations that have min in duration, and the second and third rinse baths were for 2.0 min
recently gained attentiott These films are substantially different  each (for a total rinsing time of 5 min). The wafer was then exposed
from merely spin-coating polyelectrolytes on a surface. The to a 1.0% cellulose nanocrystal suspension for 25 min, foIIowe%:tB/V
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identical rinsing steps. This cyclic process was carried out by use of
an automated dipper (Shandon Varistair-24 Thermo Electron Corp.)
until the desired number of layers was deposited. The assembled films %%
were dried with compressed air and stored at°@lunder vacuum.
Spin-coated films were made with a commercial spin coater (Spin
Processor, Laurell Technologies). In this case, 0.5 mL of MVPAH

was poured on a stationary wafer, which was then accelerated at 1260 g
rpm/s and spun at 3000 rpm for 40 s. The film was then rinsed with |
1.0 mL of deionized water and spun at 3000 rpm for 40 s. This rinsing

50 nm

0 nm

was filtered through a 0.8m filter unit (Millipore) directly onto the
PAH layer, spun, and rinsed following the same protocol. One bilayer
is defined as a single deposition step of PAH followed by rinsing and
an adsorption step with cellulose with rinsing; thus integer bilayers
have cellulose as the outermost layer and half-integer bilayers end with &
PAH. Multilayered films containing 1 bilayer, (PAH/celluloselip to
25 bilayers, (PAH/cellulosg) were assembled.

Optical Characterization. A Multiskop (Optrel, Germany) single-
wavelength (633 nm) null-ellipsometer at a fixed angle of o6
normal was used to measure the film thickness of,%i®©well as the
first PAH layer on Si. Films containing cellulose nanocrystals were ] o
difficult to measure by ellipsometry due to the birefringent nature of Fi9ure 2. Tapping-mode AFM height images (2 um x 2 um) of the
the crystals. Three techniques were used in combination to determinesu.rface ? (PAHQC?::UIOSQ?S pre]EJa;i(\ij/y (ﬁ) lsolutnon-dmpmg:jagd (b)
the film thickness: scratch-height_ analysis by AFM, optical reflecto- 22:3&?&?&2; ande(j)u ;?)i?]e-cgat(ing. cellulose)zs prepared by (c)
metry @ range of 206-1500 nm, fixed angle= 3° 20" off normal),
and ellipsometry. Near-normal reflectivity of the multilayers on Si was
measured with the diffuse reflectance accessory (DRA 2500) using a
Cary 5000 ultraviolet/visible/near-infrared spectrophotometer (Varian,
Inc.). Theoretical reflectivity was calculated by the transfer matrix
method implemented in Mathematica. The method, describ€gbtits
by Hecht” and used in similar studié&computes a characteristic matrix
of the system that results from the product of individual matrices for

40 eV analyzer pass energy. The measurements were repeated several
times on each sample.

Scanning Electron Microscopy.Structure and morphologies of the
thin films were examined by use of a Hitachi S-4700 cold field emission
scanning electron microscope (FE-SEM). The samples were either
carbon-coated or AuPd-coated prior to imaging.

each layer in the filnf® The film model used here assumed four layers Results and Discussion

(three unique interfaces): (1) a Si substrate=(3.8858— i0.002), (2)

a SiQ 18 A thick layer = 1.4598), (3) the multilayer filmr(PAH) Cellulose nanocrystals were successfully incorporated into
= 1.45,n(cellulose) = 1.544,n(cellulose) = 1.618], and (4) airr{ = polyelectrolyte multilayer films containing PAH. The two film

1.000). It was determined that, for films in this thickness range with preparation methods, solution-dipping and spin-coating, showed
the refractive indices used, the theoretical data were identical regardlessemarkable differences in film thickness but similar film surface
of whether a multilayer “slab”rj(film) = 1.50, mean refractive index morphology and roughness. Complete surface coverage of the
calculated from fitted reflectivity data] or structured multilayer “stack”  sijlicon substrate occurred after 1 bilayer was deposited by spin-
geometry was assumed. The experimental reflectivity data was fitted coating but required more than five adsorption steps (2.5
to the model (by the least-squares fitting procedure) to determine the bilayers) for the solution-dipped films. Figure 2 shows AFM
refractive indices of the multilayer films. Delta and Psi values were height images acquired in tapping mode for the two preparation
collected from the ellipsometer and thickness was calculated by use Ofmethods The crystals always adsorb along their long axis and
.the. Multiskop ;oftware (Elli, version 5.2) with the fixed refractive smaller érystals adsorb faster than the longer crystals, in the
indices _determmeq from reﬂec_tometry' ) case of solution-dipping. Panels a and b compare solution-dipped
Atomic Force Microscopy. Film surface morphology was imaged o gpin-coated films of (PAH/cellulose) a multilayer film
by use of a NanoScope Illa atomic force microscope (Digital Instru- containing 2 bilayers and a capping layer of PAH. Cellulose
ments) with the J piezoelectric scanner. Images were collected in ComaCtnanocrystaIs have dimensions of 50 nm by 108-200 nm;
and tapping modes with NP Silips (spring constant 0.06 N/m, Digital the length polydispersity of the nanocrystals is apparen',[ and
Instruments) and Ultrasharp Si tips (spring constant 5.7 N/m, resonanthas been found previoudito be 1.2-1.3. The spin-coated film
frequency ca. 160 kHz, NSC14 series, MikroMasch), respectively. The has a larger arr?ount of materiai ad.so.rbed glthough in a few

multilayer thickness was determined by scratch-height analysis on a | he b b b The thin fil h .
50 um image by use of the section analysis tool provided with the places the bare substrate can be seen. The thin films shown in

AFM software (Digital Instruments, version 4.32r1). Root-mean-squared F1gure 2a,o have PAH as the outermost layer, whereas the
(RMS) roughness was determined by AFM image analysis on scan thicker films shown in Figure 2c,d, (PAH/cellulogg)contain

sizes of 2, 4, and gm. cellulose nanocrystals as the outermost layer. The surface

X-ray Photoelectron SpectroscopyThe XPS measurements were morphology of the two different capping layers is indistinguish-

performed with an Axis Ultra electron spectrometer (Kratos Analytical) 2P!€; topological features indicative of aggregated polymer are
using a monochromated Al & X-ray source (12.5 kV, 8 mA). not seen in AFM images of films containing 225 bilayers,
Multilayered films, (PAH/cellulosg)and (PAH/cellulose) prepared prepared by both methods. In some cases, however, transfer of
by solution-dipping and spin-coating were cut into 12@amples from PAH to the AFM tip did result in tip-broadening artifacts.

the center of each film. For the analysis of these films, a flood gun Previous reports concur that, during the first few deposition steps
was used to avoid charging of the surface. Analysis area wasZamm  in the solution-dipping procedure, the substrates is often not
a takeoff angle of 90under ultrahigh vacuum conditions. The low- ~ saturated and changes in adsorption morphology are obs€rved.
resolution survey scans were takenhwit1 eVstep and 160 eV analyzer ~ No detectable difference between surface morphologies was seen
pass energy; high-resolution spectra were taken with a 0.1 eV step andin solution-dipped and spin-coated films. cDV
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Figure 3. Root-mean-squared surface roughness as a function of
PAH/cellulose bilayer number determined from contact-mode AFM
height images on 8 um?, 4 um?, and 2 um? scans over different areas
of the sample. Films were prepared by solution-dipping (M) and spin-
coating (O), and error bars are calculated at 95% confidence from
replicate measurements.

The main criteria for the formation of polyelectrolye multi-
layer films are that the two components be oppositely and
sufficiently charged. Polymer complexation, enthalpy release
as ionic bonds form, and entropy increase, due to liberated
counterions and the destruction of solvation shells around ionic
groups when a polyelectrolyte binds to a surface, are believed
to drive the adsorption proce¥s!“ Film deposition occurred
under neutral pH conditions to ensure that the weak polyelec-
trolyte PAH (K, ~ 8.7) was fully charged. Neutron reflectivity
of poly(styrene sulfonate) (PSS)/PAH multilayers suggest
polyelectrolyte mass densities of 0.81 and 1.13 §/&wn the
fully hydrated and dehydrated films, respectivéiifhese values
indicate that the charge density for PAH with one charged group
per repeat unit is 3.003.75 e/nm depending on the amount  Figure 4. Orientation of cellulose nanocrystals, seen on many length
of water in the film. The cellulose nanocrystals are negatively Scales. (&) Polarized-light microscopic image of (PAH/cellulose)io
charged due to the addition of sulfate ester groups on the surface’réParéd by spin-coating on a glass substrate. The radial orientation

. - and anisotropy of the crystals results in a Maltese cross pattern, visible
pf the crystals during the _hydronS|s process. The sulfur content peeen crossed polarizers. (b) Tapping-mode AFM height image (2
in the cellulose suspension was measured by conductometric,m » 2 um) of a (PAH/cellulose)ss film prepared by spin-coating on
titration and determined to be 0.6% 0.05 wt %, which Si. One region of the pattern shown in (a) displays alignment of the
corresponds to a surface charge density of Q4804 e/nm. nanocrystals in the direction of the arrow. Some areas of the multi-
The flexible polymer PAH is therefore-68 times more charged  layered films show more orientation than others.
than the rigid cellulose nanocrystals, making charge compensa-
tion sterically impossible. substrate. The underside of the glass slide was cleaned but dust

Figure 3 indicates that the films of PAH and cellulose and scratches can be seen in the image nonetheless. The
nanocrystals are relatively smooth (RMS roughness below 10 alignment contains many defects and it is noteworthy that the
nm). The films prepared by solution-dipping show a slight deposition of a single layer of cellulose nanocrystals on PAH
increase in roughness per deposition step, which follows a lineardoes not show nearly as much orientation as is seen in the
trend. This is expected since nanocrystals have no preferencéhicker films. Nonetheless, alignment of cellulose nanocrystals
between adsorbing on top of each other and adsorbing in thein hanocomposites has previously been shown to increase
bare spaces. Spin-coated PAH/cellulose films are more uniform mechanical strength, and nanocrystal orientation is therefore
in roughness with a negligible change upon the addition of more & promising feature of films prepared by spin-coating. As with
layers. The spin-coated films are smoother than the solution- @ll nanocomposites, the reinforcing agent and adhesive binding
dipped films, consistent with other repoftsdue to both matrix must interact favorably; this is the case for this system.
increased surface coverage and the downward force exerted orffowever, alignment defects and spatial inhomogeneities will
the substrate during the rapid expulsion of fluid in the spin- diminish the strengthening effects of the cellulose nanocrystals.
coating process. Contrary to other nanomaterial preparation techniques, the LbL

Some orientation of the cellulose nanocrystals is visible in Mmethod is robust and relatively insensitive to defects, which
the spin-coated films as more layers are deposited (Figure 2d).are quickly hidden by adding further layers. As well, by
This nanoscale order occurs to different extents in various adjusting the cellulose source and hydrolysis conditions, the
regions of the film. The alignment is radial and arises from aspect ratio and polydispersity can be adjusted for optimal
viscous shear as the suspension of cellulose nanocrystals flowgeinforcing properties. Aligning the cellulose nanocrystals in
outward during spin-coating. Due to the birefringence of the LbL films by applying a high magnetic field has been at-
cellulose nanocrystals, this radial order can be seen by observingtemp'feCﬁ3
the film between crossed polarizers (Figure 4). The % ama Films prepared by both solution-dipping and spin-coating
(Figure 4a), shows (PAH/cellulosg)spin-coated onto a glass  were found to be unaffected after 5 days immersion in watta[?\t/
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Figure 5. Scanning electron microscopic images of multilayered films of PAH and cellulose: (a) film edge of (PAH/cellulose),s prepared by
solution-dipping, (b) film edge of (PAH/cellulose),s prepared by spin-coating (the horizontal white lines below the film are substrate fracture
artifacts), and (c) surface topography of (PAH/cellulose)zs prepared by solution-dipping. White arrows indicate the multilayer film thickness.

temperatures ranging from 10 to 10C. These results are 0.4

consistent with previous reports on multilayer stabifityAFM a "
images of the surface before and after exposure to water did : 0.3 1 .
not indicate any changes in the surface morphology. The E'

alignment of nanocrystals that is seen for the thicker spin-coated S 02

films is retained when the films are placed in water. lonic cross- §

linking between the two polyelectrolytes and interpenetration E 0.1 1

of PAH chains are the most probable cause for this stability.

Conversely, thin films of pure nanocrystalline cellulose, prepared 0 . . :

by spin-coating or solvent casting, swelled and then redispersed 200 400 600 800 1000
when exposed to watérAnnealing pure cellulose films under

o
'S

mild thermal conditions was found to increase the film stability, b

and we believe that heat-treating the polyelectrolyte multilayer S 0.3 -

films has a similar effect. < N
The spin-coating process has been used to make polyelec- ‘E 02

trolyte multilayers in previous report827:46.5255¢r the case 5

of linear polymers, spin-coating and solution-dipping methods % 0.1 -

are reported to give films of similar thickne¥s*®It is assumed ox

that these thicknesses are comparable because in both cases 0 : : :

nonelectrostatically bound material is removed during the rinsing 200 400 600 800 1000

steps. Here, however, we have observed that the “kinetically 0.4

driven” assembly process of spin-coating has incorporated c

substantially more material into the film than is adsorbed during 503 \

solution-dipping. The difference in film thickness between o \ , :

solution-dipped and spin-coated films is considerable and is 2045 W\[\ ' \

shown in the SEM side-view images of (PAH/cellulage) 2 \

(Figure 5, panels a and b, respectively). While film thickness é 01 Y \

does increases with bilayer number, the growth of spin-coated &

films is much faster. The difference in film thickness becomes 0

more pronounced as the number of bilayers increases. For (PAH/
cellulose)s, the films prepared by solution-dipping and spin-
coating are 71+ 3 nm and 499+ 14 nm, respectively (as
measured from the SEM images). This corresponds to a spin-Figure 6. Wavel_ength—dependent reflectivity (thin film interferen_ce
coated film that is 7 times thicker than the film prepared by Egtatt?r:gS)oﬁf gf‘“"(ge][ﬁﬂ fg?ipo’;'zﬁ;'(ss's‘;')ose E’Jf%ﬁ;fdo?y(;ﬂg;
- " . . . . : 100
et oo soeear e oo, i e, o ) i f (o s o Gt
’ ! otographs of 1 cm x 1 cm pieces of the respective films.
spin speed has not been conducted, use of identical dipping ancf
spinning solution concentrations leads to films of significantly
different thicknesses. This has not been reported previously.
Another indication that the spin-coated films were much

200 400 600 800 1000
Wavelength /nm

tometry (Figure 6). The reflectivity spectra and their corre-
sponding film colors are shown in Figure 6 for PAH/cellulose

thicker than the solution-dipped films was the strong interference muItlIaye_zr fll_ms made by spln-coatl_ng. These colors are du? to
colors, visible for all spin-coated films of more than 10 bilayers. destructive interference between light reflected from the- air
Solution-dipped films were transparent with minimal cloudiness, film interface and from the film-substrate interface. The
except near the film edges where droplet accumulation creates'eflected light intensity is a function of the number of layers
a thicker coating. UV/Vis spectroscopy is one of the easiest ahd the mean refractive index of the film. Scattering was
ways to monitor multilayer growftt and could be used here determined to be minimal because the size of the films was
only to measure the build-up of the solution-dipped films. For much smaller than the wavelength at which they were probed.
the intensely colored spin-coated films, thin film interference As expected?the number of fringes increased with the number
peaks (FabryPerot fringes) were monitored by optical reflec- of deposition steps, that is, film thickness. cDV
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Figure 7. Comparison of experimental reflectivity data (solid line)
with theoretical (transfer-matrix method) reflectivity data (dotted line)
for (PAH/cellulose),s prepared by spin-coating. The film thickness was
measured to be 499 + 14 nm from SEM, and the mean refractive
index was 1.50 + 0.01, determined from reflectometry.
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Figure 8. Variation in film thickness of PAH/cellulose films with bilayer
number measured by ellipsometry (triangles) and reflectivity (circles)
for solution-dipped films (solid symbols) and spin-coated films (open
symbols). The multilayer films prepared by spin-coating are much
thicker. Lines are linear least-squares fits of the data.

To determine the film thickness, three methods were em-
ployed. Initial ellipsometry measurements on multilayered films

gave either physically unreasonable thicknesses or indicated tha

the films were thinner than expected from AFM scratch-height

Biomacromolecules, Vol. 7, No. 9, 2006 2527

reliable method for measuring film thickness only below 50
nm. Although thez-range of the AFM is much larger than 50
nm, scan size and scan rate substantially affect the instrument’s
measurement of large peaks and valleys. Additionally, use of
an AFM with an open feedback loop makes quantitative analysis
problematic. The approximately linear growth of multilayers
prepared by both methods is standard for the LbL asséfbly
and is often a sign of well-ordered filn3s.

Spin-coating sequential cellulose nanocrystals (without rinsing
or alternating with polycation layers) makes films that exhibit
similar colors®® The color is less uniform around the edges than
when cellulose nanocrystals are spun onto a precursor layer of
PAH. The incorporation of PAH layers is therefore believed to
aid in the formation of stable uniform colored films.

As discussed above, the multilayer films prepared by the
solution-dipping adsorption process contain significantly less
material than the spin-coated multilayers. This suggests that the
dipping process for cellulose nanocrystals is diffusion- (or
transport-) limited. Because PAH is much more charged than
cellulose, adsorption of more than one layer of cellulose
nanocrystals is expected if charge compensation is to be
achieved. The deposition time chosen for multilayering was 25
min, although experimental results for linear polymers (PAH,
poly(acrylic acid), polystyrene sulfonate (PSS), and ddly-
[5-(3-carboxy-4-hydroxyphenylazo)benzenesulfonamino]-1,2-
ethanediyl, sodium salf have shown that adsorption saturates
before 60 €’ Empirically chosen adsorption times in LbL
assembly are 1020 min to allow for a two-step adsorption
process consisting of a fast initial adsorption of only a few
segments, followed by a rearrangement, relaxation, and packing
stepl®45The apparent diffusion coefficient of cellulose nano-
crystals with Na counterions has been measifdmy dynamic
light scattering and was reported as 4. 7108 cn?/s. The mean
time to capture sufficient crystals for full surface coverage (based
on random walk statistics in one dimensi®ris 90 min for a
1% cellulose nanocrystal suspension in a 250 mL beaker. This
approximate calculation also indicates that a 10% solution would
require only 9 min for complete surface coverage and empha-
sizes the adsorption dependence on cellulose suspension con-
centration and adsorption time. In the spin-coating process the
tsolvent evaporates quickly, resulting in a more concentrated
suspension and hence, presumably, a thicker layer.

analysis. This was assumed to be due to both intrinsic and form The SEM cross-sections of the films (Figure 5) show
birefringence of the crystals. Using the reflectivity data, we were Significant disorder. An extensive amount of interpenetration
able to calculate the mean refractive index of the films and set generally occurs within polyelectrolyte multilayers, and the high
it constant during the ellipsometry measurements. Reflectivity degree of order sometimes observed for films containing uniform
was modeled by the transfer matrix mettbdnd the mean spherical colloidal particlé3is not expected for the polydisperse
refractive index was determined to be 1.500.01 for films cellulose nanocrystals. Films prepared by spin-coating appear
prepared by both methods. Figure 7 shows the agreement!0 be more porous than solution-dipped films when investigated
between experimental and theoretical reflectivity data for (PAH/ by SEM (Figure 5). Reflectometry and ellipsometry, however,
ce||u|ose)5 prepared by Spin_coating_ Discrepancies in the200 indicate that the refractive indices are within error at 1450
300 nm wavelength range are due to the changes in the refractived-01. Evidently, the mean refractive index of the films is
index with wavelength of Si and SiOwhich were not accounted ~ dominated by the topological packing of the cellulose nano-
for in the model. crystals, with little influence from PAH. Most probably, the
Once the mean refractive index was known, film thickness Porelike spaces seen in Figure 5a are a result of the freeze
was determined by ellipsometry; the results are shown in Figure fracturing method used to prepare samples for SEM; nano-
8. For the colored spin-coated films, we found that the thickness crystals in the less dense region of the film are more easily
results from ellipsometry and reflectometry are in accord. detached when the film is broken.
Multilayer buildup is linear, with an average thickness increase = The zone model for flexible polyelectrolyte multilayer
per bilayer of 2 nm and 16 nm- cellulose nanocrystals thick)  films!45%includes three distinct regions: zone | is close to and
for films prepared by solution-dipping and spin-coating, re- strongly influenced by the substrate, zone Il is the neutral bulk
spectively. This would indicate that-3 solution adsorption region, and zone Il is the area closest to the filair (or film—
steps of cellulose nanocrystals are required to form a completesolution) interface. Zones | and Il are charged and contain
surface covering “layer”. AFM scratch-height analysis was a varying amounts of counterions because they are norn@ﬁxl
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unable to complex in 1:1 stoichiometric proportions. As film Table 1. XPS Results

growth occurs, zones | and Il stay constant in thickness as zone total totalk  O/C  Ceelulose/
Il expands'© In contrast, here, the large rigid cellulose nano- C(%) Si(%) ratio Cpayratio
crystals with low charge density are never able to complex solution-dipped, 1 bilayer 10 38 35 1.2
stoichiometrically but SEM data are consistent with the idea g iion-dipped, 2 bilayers 19 32 1.7 3.1
that three distinct regions exist. On the basis of the large excess spin-coated, 1 bilayer 45 10 0.85 0.39
of positive charge, a substantial number of Cbunterions are spin-coated, 2 bilayers 56 1 0.73 0.33

expected to remain in the films. In this case, it appears that the
films are able to pack tighter at the interfaces while displaying ) )
substantial porosity in the middle region. Other support for lIke cellulose nanocrystal suspensions, can be achieved only
varied architecture in LbL assembled films include a recent 2P0Ve a critical concentration.

neutron reflectivity study of polyelectrolyte multilayers indicat- k:t IS aITO mterefs;:ng tolplote ﬂﬁt iridescent f||tm§ can be mtage
ing a similar three-region model: dense polymer near the when only oné of Iné muttiiayer iim components 1S spin-coated.

substrate, interpenetrated bulk middle region and a diffuse freeF"mS. of 10_25 bilayers were prepa_lred whereby PAH was
surface®® Additionally, in weak polyelectrolyte systemsKys solution-dipped and cellulose was spin-coated (Rigéellulo-
for adsorbed polymers are known to differ from solutid sepin) and vice versa. When the cellulose nanocrystals were the

o . - . spin-coated component, the film growth was faster than for films
and a shift in the charge den.s'tg would likely affect the packing with spin-coated PAH but slower than when both polyelectro-
of polymer throughout the film?

_ ) ) lytes were spin-coated. For example: the film (Pfdellu-

In previous work by Podsiadlo et &F,LbL films were loseyin)zs is 2 times thicker than (PAgi/cellulosai)zs and
prepared from cellulose nanocrystals functionalized with sul- gjmilar in thickness to (PARi{/cellulosepinis. These films are
fonate ester groups in the acid form (whereas we use the sodiumg|so stable when exposed to water, and while it was expected
salt form), and they used a strong polyelectrolyte, poly- that films with spin-coated cellulose nanocrystals would exhibit
(diallyldimethylammonium chloride) (PDDA), as the polycation.  similar optical properties, we were surprised to see the fast film
Films were assembled by a similar solution-dipping protocaol; growth for (PAHpi/cellulosgip). Films of (PAHsi/celluloseip)
however, rinse baths were adjusted to pH32o be consistent  were thicker than (PAR/celluloseip) films, and this is most
with the acidic cellulose nanocrystal suspension pH. The averagelikely due to the interpenetration of the “extra” polymer chains
thickness increment is reported as 11 nm/bilayer, which is that go down during spin-coating. Clearly, in this case, spin-
significantly larger than what we have observed for our solution- coating leads to thicker layers at each deposition step, mainly
dipped films. This value is closer to the thicknesses obtained due to enhanced concentration at the substrate surface.
for spin-coated films, which were not diffusion-limited. The XPS Analysis. Films composed of 1 or 2 bilayers of PAH
study by Podsiadlo et al. does not report dipping solution and cellulose nanocrystals, prepared by both solution-dipping
concentrations, making a direct comparison difficult; it is, and spin-coating, were analyzed by XPS. In a quantitative XPS
however, possible that they were solution-dipping at concentra- Study, the top 20 nm are analyzed, although the signal decays
tions where adsorption was not diffusion-limited. Surface exponentially with depth and is therefore biased toward the top
morphologies of films prepared by Podsiadlo et al. are very composition of the filnf8 Absolute measurements are difficult,
similar to ours with more visible aggregation of cellulose and normally the imprecision is taken to Bel0%. For pure
nanocrystals; this may be a result of the acidic LbL dipping cellulose, (GOsHo)n, the theoretical ratio of oxygen to carbon
conditions, the polycation PDDA, or incomplete degradation/ i 0.83. The carbon 1s peaks can be deconvoluted into C1
separation of the nanocrystals during suspension preparation(carbon bound to H), C2 (carbon bound to O), and C3-(O
We can conclude from these studies that the LbL technique C—O or C=0) with increasing binding energies, respectivély.
applied to cellulose nanocrystals and various polycations is Cellulose does not contain any carbon atoms bound to hydrogen,
robust and sufficient to create densely packed uniform films yet XPS analysis of model cellulose surfaces n_ormally contains
with a choice of tunable properties. a small amount of hydrocarbon surface contaminant. In addition

Optical Properties. Films prepared by spin-coating were to oxygen and carbon, peaks were expected from the nitrogen

bstantially thicker th lution-dioped fil d displaved and chlorine in the PAH. A large Si peak was also seen from
substantially thicker than solution-dipped fims and diSplayed .o gpstrate because the LbL assembled films analyzed had
angle-dependent colors. The characterization of multilayer

ical ‘es is challenaing d h . . thicknesses below 20 nm. Trace amounts of sulfur were
optical properties Is cha enging due to the amsotr0p|c naFure observed from sulfate ester groups on the cellulose nanocrystals
of cellulose; therefore, the incident angles used in optical

e : -“"as well as from the sulfuric acid used to clean the Si wafers.
reflectometry were chosen to minimize this aspect. Comparing Phosphorus and aluminum peaks were detected and are assumed
reflectometry results for diffuse and specular reflectance g pe doping impurities in Si. Due to the thin nature of the
indicates that reflectivity is more than 99% specular. The multilayer films (and the large Si peak), it is believed that we
maximum reflectivity measured for a clean Si wafer is 0.4 for g, nearing the limits of this technique.

both S and P polarized light at incident angles near normal.  The XPS signal from Si decreases as the total C signal
The PAH/cellulose film decreased the reflectivity properties of jncreases and is essentially zero when the multilayer thickness
the wafer by ca. 10% while maintaining the “mirrorlike” exceeds the XPS escape depth. The O/C ratio and the-(C2
specular reflectance. It should be apparent that althoughC3)/C1 ratio (i.e., GeiuiosdCran) are reported in Table 1 for
suspensions of cellulose nanocrystals are known for their chiralthe four samples (atomic percentages indicated are equivalent
nematic liquid crystalline properti#s®* and can be solvent-  to mole percentagéd. Because the solution-dipped films are
cast into irridescent film45® the angle-dependent colors seen much thinner, te C % islow, the Si % is high, and the oxygen

in these PAH/cellulose films were not a result of chiral nematic in SiO, makes the O/C ratio large. It is impossible to decon-
structural order. The fingerprint texture, characteristic of chiral volute oxygen in the oxide layer from oxygen in cellulose. From
nematic liquid crystal phases, was not observed by polarizationthe XPS data we can conclude that adding bilayers increases
microscopy; the ordering of a lyotropic liquid crystal system, the amount of material in the film and that spin-coated fiIEBV
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have more polymeric material (relative to cellulose nanocrystals) mechanical and optical properties. In addition to obvious
adsorbed than solution-dipped films. XPS data from 2 bilayers applications as coatings and biocompatible materials, this system
of spin-coated polymer are the most representative because thenay also provide an improved understanding of basic cellulose
low silicon (and therefore Si§)signals exert the least influence  surface interactions.
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