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Adhesion measurements have been performed with thin cellulose films using continuum contact mechanics with
application of the JKR theory. Three different cellulose surfaces were prepared, one crystalline and two surfaces
with a lower degree of crystalline order. Adhesion between two cross-linked poly(dimethylsiloxane) (PDMS)
caps, as well as the adhesion between PDMS and the various cellulose surfaces, was measured. The work of
adhesion (from loading) was found to be similar for all three surfaces, and from contact angle measurement with
methylene iodide it was concluded that dispersive interactions dominate. However, the adhesion hysteresis differed
significantly, being larger for a less ordered cellulose surface and decreasing with increasing degree of crystalline
order. This is suggested to be due to the surface groups’ ability to orient themselves and participate in specific
or nonspecific interactions, where a surface with a lower degree of crystalline order has a higher possibility for
reorientation of the surface groups. The mobility of cellulose chains increases with water uptake, resulting in
stronger adhesive joints. These films will hence allow for determination of the contributions of hydrogen bonding
and inter-diffusion on the adhesion, determined from the unloading data, as the thermodynamic work of adhesion
was found to be independent of the cellulose surface used.

Introduction acid and base properties of various surfaces, and there is still
no unified theory available regarding polar interactiéns.
Cellulose-based fibers are used in both paper and compositeExperimental data from the use of well-characterized cellulose
industries. Common for all of these applications is that the surfaces, which are smooth on a nanometer scale, and high
adhesion between the constituents will determine the mechanicakesolution measuring techniques for determination of the adhe-
properties of the final product. Naturally, the most commonly sion between the surfaces will allow for elegant model experi-
used method for determining the paper or the composite strengthments where the importance of electrostatic interactions, van
is to perform tensile testingThese types of mechanical testing der Waals interactions, hydrogen bonding, and inter-diffusion
are of importance for evaluation of macroscopic properties. can be determined. This in turn will provide new insight in the
However, it is also important to study the molecular adhesion preparation of chemically engineered wood-based materials.
between the components in the paper/composite, as this provides There are many different types of flat cellulose surfaces and
information on the molecular scale regarding interactions ce|lylose spheres availabfel! Because the raw material, the
between the surfaces. dissolution procedures, and the film preparation procedures do
To establish how cellulose surfaces join together and hold differ, it will be difficult to compare the measured interaction
together, knowledge of the molecular adhesion force betweenforces between such surfaces. Many interaction studies between
cellulose surfaces and typical additives is of great interest. The cellulose surfaces in aqueous solutions have shown steric
work of adhesion between any two materials can be divided jnteractions either at short or at long distant&st13 This

into specific interactions, for example, aeilase interactions  probably originates from the fact that the cellulose surfaces used
and Lifshitz-van der Waals interactiortslt should be noted in these studies were main]y amorphous and showed |arge
that traditional hydrogen bonding, in this terminology, is @ tendency to swell in the used solvent. However, in two recent
specific example of an acid/base interaction. Simply stated, the atomic force microscope (AFM) investigations, where spin-
acid/base interactions result in strong adhesion between an acidiggated (SC) semicrystalline cellulose Il surfaces were used
surface and a basic surface, whereas weak adhesion is obtaineghgether with a colloidal probe of hornified amorphous cellulose,
between two surfaces with the same polarity. From contact angleyan der Waals interactions were detected between the surfaces
measurements, it is possible to calculate surface energies ofat |ow pH. The interaction between the cellulose surfaces at
various surfaces, such as cellulose; using this information, the higher pH was dominated by electrostatic interacti#éPure

work of adhesion between two contacting surfaces can be electrostatic interactions have also been detected between two
es“mated HOWeVer, it is difficult to obtain information about cellulose Spheres with the aid of AFM at elevated lﬁﬁhese
differences in interaction profiles show the importance of
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with Langmuir Blodgett (LB) cellulose films, that is, amorphous suspension by acid hydrolysis according to a previously described
surfaces, and were able to determine the work of adhesionmethod (kindly provided by Derek Grey, McGill University, Montreal,
between cellulose surfaces in both dry air and 100% relative Canada}.This colloidal suspension of cellulose | nanocrystals 3% (w/
humidity (RH). In dry air, the measured adhesion force varied W) was spin-coated onto a silica wafer, pretreated with the PVAm, at
between 500 and 1000 mN/m. The difference was ascribed to4000 rpm for 1 min. The films were subsequently heat treated at 90
the small-scale roughness that still could be detected on the LB°C for 4 h toremove most of the sulfate groups on the cellulose and
films. In moist air, that is, 100% RH, the work of adhesion to ensure that the films did not delaminate upon exposure to aqueous
was difficult to measure due to the capillary condensation electrolyte solution. .This procedurg has previously .been shown to
between the surfaces. Continuum contact mechanics, using theroduce cellulose | films as determined from X-ray diffractfonhe
JKR (Johnson Kendal and Roberts) approtdhas also been film thickness was approximately 120 nm according to ellipsometry
used for evaluation of adhesion to cellulose surfaces in ambientMeasurements. A similar dissolving grade pulp from Ddrfjbriker
conditions. Adhesion between a cross-linked poly(dimethylsi- (Domsja Sweden) was used as the raw material for the preparation of
loxane) (PDMS) and a LB-cellulose surfadeas well the cellulose thin films with less degree of order, (A) and (B), respectively.
cellulose Il surfacd® has been measured, both showing a distinct Before use, these fibers were extracted in acetone for 12 h.
adhesion hysteresis, which has been suggested to be due to The second type of cellulose surface was prepared according to
hydrogen bonding between the OH groups on the cellulose andGunnars et a5 A cellulose solution was first prepared by dissolving
the oxygen on the PDMS surfate. 0.5 g of pulp in 25 g of NMMO at 115C for approximately 2 h. 75
There is an increasing interest in obtaining new information 9 of DMSO was then added to the solution to decrease the viscosity
on the nature of the cellulos&ellulose interaction, with and before spin-coating to give a final cellulose solution concentration of
without different types of additives present, and, as already 0-5% (W/w). Films were spin-coated at up to 3500 rpm for 30 s onto
mentioned, it is vital to have access to a representative cellulose°Xidized silicon wafers pretreated with an anchoring layer of PVAM.
surface for these studies. In the present work, the JKR approaCH:'na”y' the films were solvent exchanged in Milli-Q water for 12 h,
was used to study the adhesion between PDMS and three@nd the water was exchanged after 1 and 3 h. This produced films
cellulose surfaces, different with respect to their degree of with a thickness of about 30 nm, as measured using ellipsometry. Earlier
crystalline order. From an earlier investigation by the authors investigations using NMMO/DMSO for dissolving the cellulose raw
it was shown that forces acting between the cellulose Surface’smaterial have been shown to produce regenerated cellulose consisting
in an aqueous environment are highly dependent on the type ofof about 50% crystalline cellulose Il-type matefd&These measure-
cellulose surface uséd.To complete these studies. it was ments of crystallinity® were conducted with fibers spun from NMMO
decided to investigate .hOW the [?Jreparation procedijre of the solutions and not directly on the thin films. Because the method of
cellulose surfaces would influence the adhesion under ambient'reg'ene'r""tion of the cellulose might have an effect on the degree of
", . . i h f fi NMMO/DM luti
conditions. Furthermore, the use of such cellulose films provides grdenng, the Sfur aces rp])reylaareddrom p o/ ”.SO S(;’ Ut'or;sdwere q
llent opportunity to study, on a molecular level, the enoted as surfaces with a lower degree of crystalline order and denote
ﬁ:p(e;)r(tf’;ce of surface preparatic,)n that is. the dissoI’ution as cellulose surface A so as not to give the false interpretation that the

. . . degree of crystallinity had been determined for these specific surfaces.
procedure and the resulting degree of crystalline ordering of The third cellul dissoluti dure f i il
prepared cellulose surfaces. e third cellulose dissolution procedure for preparing cellulose

surfaces was adapted without the derivatizing agent according to
) Berthold et al?' and the film preparation followed the description by
Materials Eriksson et af. 0.5 g of acetone extracted dissolving grade pulp was

. ) . initially immersed in Milli-Q water to allow the pulp to swell. After
Polyvinyl amine (PVAm), supplied by BASF Germany, was used 54 1, ‘the pulp suspension was filtered to remove most of the water.

as the cationic anchoring polymer, that s, p_roviding_ an adheri_ng surface The pulp was then placed into methanol for 30 min with stirring before
for the cellulose. NMMO r@-methylmorphollnel\l-o_)qd_e) supplied as filtering. This was repeated three times. The pulp was then solvent
a 50% (w/w) aqueous solution and methylene iodide were obtained exchanged to DMAc by immersion for 30 min. This was repeated three
from Aldrich, while dimethylsulfoxide (DMSQO) was supplied by KeBo. . e ' .

. ; . - . - times with filtration between each step. 1.5 g of LiCl was added to 18
LiCl and dimethylacetamide (DMAc) were supplied by Sigma-Aldrich. mL of DMAc. which was heated to 116C. When a clear solution

Milli-Q water was used in all experiments. . .
Q P was obtained, the solution was removed from heat and allowed to cool.

PDMS hemispherical caps were prepared from poly(dimethylsilox- . s
ane) (182 silicone elastomer, Dow Corning, U.S.) and a curing agent The so!vent exchanged pulp was then added to the §o|ut|on of LiClin
DMACc in small portions. The pulp was allowed to dissolve at room

(182 curing agent silicone elastomer, Dow Corning, U.S.) as described / . .
previously!® The curing agent (1 part by weight) was added to the temperature fqr 24 h, after which z_aclear,_ colorless, but highly viscous
silicone elastomer (10 parts by weight) under vigorous stirring. To cgllulose solution was formed. This solution was sgbsequently diluted
remove air bubbles, the mixture was treated under vacuum for 1 h. with 80 mL of DMACc (to a final cellulose concentration of 0.5% w/w)
Droplets of the reaction mixture were placed on a glass slide treated @"d heated to a temperature of 130 before spin-coating onto an
with fluorodecyltrichlorosilane (Aldrich), and PDMS sheets were ©Xidized silicon wafer pretreated with a cationic anchoring polymer
prepared by pouring the mixture into a Petri dish made of glass. The l2yer. These cellulose surfaces were then placed into Milli-Q water to
PDMS was then cured fdl h at 105°C. The cured caps/sheets were €move any excess LiCl and solvent before being blown dry with
extracted in heptane for about 12 h to remove unreacted monomer.Nitrogen. The dry thickness of the amorphous cellulose thin film was
Finally, they were oxidized in a plasma cleaner (model PDC 002, Measured to be 44 nm using ellipsometry. Earlier studies using LiCl/
Harrick Scientific Corp., NY) in air for different times ranging from 0 DMAc for dissolving softwood pulp have shown to reduce or totally
to 5 min at a power level of 7 W. remove the degree of crystalline ordering significadthjctually, the
Silicon wafers (150 mm, p-type) were used as base-substrates forresults showed that the regenerated material consists of amorphous
the cellulose surfaces and were purchased from Memc Electronics cellulose. However, because the method of the cellulose regeneration
Materials, Novara, Italy. They were washed consecutively with ethanol might have an effect on the degree of ordering, the surfaces prepared
and Milli-Q water, blown dry with nitrogen, and oxidized in a plasma from LiCI-DMAc solutions were denoted as surfaces with a lower
cleaner. degree of crystalline order and as cellulose surface B so as not to give
A northern softwood dissolving grade pulp, Temalfa 93 (Tembec the false interpretation that the degree of crystallinity, that is, the lack
Inc., Temiscaming, Canada), was used to prepare a cellulose nanocrystabf crystallinity, had been determined for these specific surfaces.CDV
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Figure 1. AFM tapping mode height images of cellulose thin films on silica. (a) Cellulose I, (b) cellulose A, and (c) cellulose B. The scanned
surface areas were 1 um? (left) and 100 um? (right).

Methods different cellulose films was determined from the measurement of the
. . . x andy parameters as the angle of incidence was varied between 65
~AFM Imaging. The prepared cellulose surfaces were imaged in tap- and 80. The model employed to fit the data was air/cellulose/silica/
ping mode, using a Multimode scanning probe microscope (Veeco Ltd., sjlicon, and all materials were assumed to be optically isotropic. The
Santa Barbara, CA). These images were used to derive rms (root-mean;efractive indices of the materials were 3.8 (silicon) and 1.48 (silica).
square) values for each cellulose surface with aid of the Veeco software. e caiculations employed a least-squares iterative fitting procedure
Contact Angle MeasurementsStatic contact angle measurements iy hoth thickness and refractive index of the cellulose layer as fitting
against Milli-Q water and methylene iodide were performed for the cel- parameters. The measurements were performed under ambient air and
lulose surfaces and PDMS sheets as well as oxidized PDMS (OxPDMS) . . -, . .
relative humidity conditions. The ellipsometric measurements were

sheets, using a KSV contact angle meter, CAM 200 (Helsinki, Finland). . . "
repeated several times at different positions on the surface. The
The values reported were taken after the contact angle had reached a

stable value, typically less than 10 s after deposition of the droplet. refractive indgx of the ceIIqusc_a films vyas determined to be in the range
Ellipsometry Measurements.The ellipsometry measurements were of 1.54-1.58 in agreement with previous studies.

performed using a Beaglehole scanning imaging ellipsometer (Beagle- Microadhesion Measurement Apparatus (MAMA). In a typical

hole Instruments, Beaglehole, New Zealand). The thickness of the experiment with this equipment, an elastic lens (PDMS cap) is step&/BQ/
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Table 1. RMS Surface Roughness Values for the Different 0.002
Cellulose Surfaces Measured in Areas of 1 and 100 um?
rms value (nm) rms value (nm) 0.0015}
sample 1um? 100 um? .
)
cellulose | 2.3 3.1 S
cellulose A 3.9 5.7 ;E’ 0.001
cellulose B 1.9 25 ®
0.0005
Table 2. Contact Angles against Water and Methylene lodide on
Different Cellulose Surfaces and PDMS Sheets with an Error of 0
+2 (Literature Values Included)? -100 0 100 200 300
methylene Load (mg)
methylene  water (deg) iodide (deg) Figure 2. Results from adhesion measurements between two PDMS
water iodide literature literature caps showing the cube of thg contact radius as a function o_f applied
loading data. O refer to loading data, and O refer to unloading data.
sample (deg) (deg) values values The measurements were performed at 50% RH.
cellulose | 19.5 34
cellulose A 17 40 2218 3918 0.0025
cellulose B 18 37
PDMS 110 72 112 + 2% 70% 0.002
OxPDMS 0 44 026 —~
e 0.0015
2 OxPDMS was obtained by plasma treatments of PDMS in air for 1 3
min. “s 0.001
pressed toward the lower surface, containing a bare model cellulose
0.0005
surface or a PDMS cap as presented elsewdiefde surfaces are
carefully brought together in such a way that a negative load is obtained. 0
The surfaces are then brought together stepwise in 10 min intervals, -100 0 100 200 300
until a predetermined maximum load is reache@%0 mg). After 30 Load (mg)

min, unloading begins and is performed in the same way as the loading, Figure 3. Results from adhesion measurements between two
until the surfaces are pulled apart. No attempts were made in the presenDxPDMS caps showing the cube of the contact radius as a function
work to evaluate the influence of the kinetics of loading and unloading. of applied loading data. The PDMS was treated in the plasma oven
Because the PDMS lens is transparent, the contact area increase/decreafg 5 min to obtain OxPDMS. O refer to loading data, and O refer to
can be directly imaged through a microscope connected to a computerunloading data. The measurements were performed at 50% RH.

via a CCD camera. All measurements were performed at 30% or 50% di . Il of th lul f f
relative humidity (RH) and 23C. The adhesion between two elastic agg_regate Imensions, all o the cellu 0se surfaces are of a
bodies can be evaluated using the JKR th&oag outlined in egs 1 similar structure and, most importantly, continuous and smooth

and 2. According to eq 1, the JKR theory provides a relationship OVEr a large scale (10@). . . .
between the adhesion energ#)( the elastic constant of the system To evaluate the surface chemistry of the surfaces, that is, their
(K), the equivalent radiusRj, and the cube of the contact radiuws)( ability to engage in specific and nonspecific interactions, the
at a given loadR). When cap/flat geometry is use equals the radius three different cellulose surfaces, as well as the PDMS surface,
of the elastic sphere. In this paper, Realues were about 1 mm. The ~ Wwere characterized through contact angle measurements against
numerical values 0¥V andK were obtained by fitting the loading data  both water and methylene iodide. The values obtained are
to eq 1. presented in Table 2 together with earlier published data.
Adhesion between PDMS SurfacesTo fully clarify the
= B[F 4 37WR- JaﬂWRF+ (SnWR)z] 1) adhesion between PDMS and cellulose, it was first necessary
K to investigate the adhesion between PDMS and oxidized PDMS
(OxPDMS). This was considered important because cellulose
is a polar substrate and unoxidized PDMS is a relatively
nonpolar substratd. OxPDMS was obtained by treating the
PDMS in a plasma oven for either 1 or 5 min. Three different

The adhesion energy at minimum lody,, is determined from
the minimum force obtained from the unloading d&fg),(according
to eq 2.

3 combinations were investigated: PDMS:PDMS, OxPDMS:
Fs= 5mRWhin 2 OXPDMS, and PDMS:OxPDMS. Both the loading and the
unloading data for these three PDMS systems are presented in
Results Figures 2-4. The work of adhesion from loading daté/A)

was calculated using eq 1, and the adhesion energy at minimum

Surface Characterization. The cellulose films were sub- load (Wmin) was calculated using eq 2. Those values are
jected to surface characterization using contact angle measurepresented in Table 3. If the PDMS caps were oxidized for 1
ments and AFM imaging. Figure & shows tapping mode  min, the adhesion force was too strong and a cohesive failure
AFM height images of the cellulose surfaces (cellulose I, occurred within the PDMS cap. Therefore, the unloading data
cellulose A, and cellulose B). Both 1 and 106w images are from these measurements are not presented.
presented, which were used to determine the surface roughness Adhesion between Cellulose and PDMSMeasurements
as shown in Table 1. The images in Figure-tademonstrate have previously been performed between PDMS and cellulose
that the structure of all of the films is dominated by round films prepared by the Langmuir Blodgett technigfland the
aggregates. The largest aggregates were found on cellulose Aspin-coated semicrystalline cellulose surface (here, surfatde A)
(prepared from NMMO/DMSO). Apart from the apparent prepared in the same way as in the present investiga&i'%
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Figure 4. Results from adhesion measurements between one PDMS
surface and one OxPDMS surface, showing the cube of the contact
radius as a function of applied loading data. O refer to loading data,
and O refer to unloading data. The PDMS was treated in a plasma
oven for 1 min to give an Ox PDMS surface. The measurements were
performed at 50% RH.

Table 3. Summary of the Results from the Adhesion
Measurements with PDMS Caps, Showing the Calculated Work of
Adhesion from the Loading (Wa)/Unloading Data (Wsg), Work of
Adhesion from the Pull-Off Force (Wmin), and Elastic Constants for
the Systems (K)?

sample Wa (MJ/m2) Wg (MI/m?2) Winin (MI/M?) K (MPa)
PDMS/PDMS 51+2 54+6 45+ 5 1.5+ 0.02
OxPDMS/OxPDMS 67 +3 14+0.1
OXPDMS/OxPDMS? 62 4+ 2 245+16 15+0.1
OxPDMS/PDMS 53+1 476 £ 8 1.5+ 0.02

2The PDMS caps were oxidized for 1 min unless otherwise stated.
The measurements were performed at 50% RH. ? 5 min oxidation.
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Figure 5. Results from the adhesion measurements between PDMS
and cellulose | (triangles), cellulose A (diamonds), and cellulose B
(squares) performed at 50% RH, showing the cube of the contact
radius as a function of applied loads. Unfilled symbols represent the
loading data, while filled symbols represent unloading data.
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Figure 6. Results from the adhesion measurements between PDMS
and cellulose | (triangles), cellulose A (diamonds), and cellulose B
(squares) performed at 30% RH, showing the cube of the contact
radius as a function of applied loads. Unfilled symbols represent the
loading data, while filled symbols represent unloading data.

hysteresis between surfaces A and B at 50% RH. This difference
in adhesion hysteresis has disappeared at 30% RH (Figure 6),
but it is still clear that the cellulose | surface shows the lowest
adhesion hysteresis regardless of the humidity.

Discussion

Surface Characterization.When adhesion measurements are
performed, one critical issue is the roughness of the surfaces.
Most adhesion measurements with the JKR type of apparatus
involve silica surfaces, which are known to be smooth. In this
investigation, different cellulose surfaces, with different degrees
of crystalline ordering, were prepared on silica surfaces, and
the adhesion between these surfaces and PDMS was measured.
These cellulose surfaces were shown to have a similar structure
with round aggregates. However, surface A had structures that
were a bit larger than those for the other two cellulose surfaces.
This difference in aggregate size is most likely due to the
dissolution process. The dissolution of cellulose in NMMO is
known to form a fringe micellar type of arrangement before
regeneration to the cellulose Il semicrystalline structure in
water24 The existence of round aggregates can partly be due to
the AFM measuring principle where the tip geometry definitely
leads to a smoothening of the structure occurring on the surface.
This means that sharp edges on the surface will appear as
rounded structures. It might also be due to a coexistence of
crystalline structure and more amorphous materials, and it has
also been shown that a heat treatment of cellullose A suffaces
leads to a creation of a more fibrillar structure of the surfaces,
that is, a removal of the rounded aggregates. The exact reason

However, the intention here was to compare different cellulose for this behavior has not been identified, but it might be
surfaces for their adhesion behavior. Furthermore, measurementspeculated that the heat treatment leads to the formation of a
were performed at two different relative humidity values (RH), more pure crystalline surface and that the initial rounded
30% and 50%, respectively. The adhesion results for those threeaggregates are due to the more amorphous materials of the
surfaces against a PDMS cap in 50% and 30% RH are presentedellulose. This is currently being evaluated with grazing angle
in Figures 5 and 6, respectively. From the loading curves, the X-ray scattering by the authors. Nevertheless, the surfaces were
work of adhesion\(Va) was calculated using eq 1. All values smooth on a nanometer scale as shown by the rms roughness
are presented in Table 4, showing no significant difference in values presented in Table 1.

the W, for these different cellulose surfaces, except for surface  In the ideal case, the adhesion is determined by the chemical
B (prepared from LiCI/DMAC) in 30% RH. However, there are  composition of the surfaces, which provide for different types
significant differences in the obtained adhesion hysteresis. Thisof interactions, such as nonspecific (van der Waal forces) and
is also evident fromWiyn, calculated from the pull-off force,  specific (e.g., hydrogen bonding) interactions. Contact angle
using eq 2. The calculated data are summarized in Table 4. Themeasurements using water and methylene iodide were performed
obtained adhesion hysteresis is less pronounced at 30% RHoO provide information regarding the possibility for dispersive
when compared to the measurements at 50% RH. This is alsoand polar interactions, respectively, for the surfaces used.
clear from theWn,in, as presented in Table 4. Figure 5 shows These values are presented in Table 2. The values for contact
that there is a detectable difference in the obtained adhesionangle measurements against methylene iodigfe~ y = CDV
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Table 4. Summary of the Results from the Adhesion Measurements with PDMS Caps and Cellulose Surfaces, Showing the Work of
Adhesion from the Loading Data (W), Work of Adhesion from the Pull-Off Force (Wmin), and Elastic Constants (K)?

30% RH 50% RH
WA Wmin K WA Wmin K
sample (mJ/m?) (mJ/m?) (MPa) (mJ/m?) (mJ/m?) (MPa)
PDMS/cellulose | 49+ 6 213 £ 32 3.2+£0.2 45+ 4 289 + 29 3.2+0.2
PDMS/cellulose A 47+ 3 347 £ 14 29+0.2 47+ 3 389 + 32 3.1+£0.2
PDMS/cellulose B 40+ 4 337 £31 27+0.1 46 + 4 472 + 32 29+0.2

2 The measurements were performed at 30% or 50% RH, as indicated in the table.

Table 5. Calculated Values for the Dispersive Part of the Surface bring them together. This is observed when comparing loading
Energies for the Cellulose Surfaces, PDMS Sheets, and Oxidized and unloading data. The origin of this hysteresis has been
PDMS (OxPDMS) Sheets attributed to have several causes such as inter-diffusion and
sample y¢ (MmJI/m2) hydrogen bonding’~2° When two PDMS surfaces are studied,
cellulose | 42 as in Figure 2, there is no detectable adhesion hysteresis. This
cellulose A 40 is expected and has been shown in other investigatioi§s?
cellulose B 41 Both loading and unloading data could be fit to the JKR theory
PDMS 22 using eq 1. ThaN, was found to be 50.5- 2.2 mJ/nd. The
OxPDMS 38 work of adhesion for the unloading dai&) shows a somewhat
higher value, 54.4+ 6.3 mJ/m, indicating a small adhesion
Table 6. Work of Adhesion from Loading Data (Wa), As hysteresis. When either or both PDMS surfaces were oxidized
Determined by JKR-Measurements and the Calculated Dispersive in a plasma oven, a significant adhesion hysteresis was obtained,
Contributions to the Work of Adhesion (W2,) as shown in Figures 3 and 4. This has been described earlier,
30%RH Ws  50% RH Wa W, but to the best knowledge of the authors the adhesion between
system (mJ/m?) (mJ/m?) (mJ/im2) one _plasma-tr_eated and one non-treated cap h_as_ not been
published previously. When both surfaces were oxidized for 1
Egmggsg's’ws 2; i i ‘5“7" min, the_ aghesion deteqted frpm the unloading curve was very
OXPDMS/OXPDMS 67 43 75 strong, |nd|'cat|ng cpheswe fa|'lure, and was out of th.e limit fqr
the evaluation principles used in the present work. This behavior
PDMS/cellulose | 49+ 6 45+ 4 61
PDMS/celluloss A 4743 4743 5o was also detected by Chaudhury etf. both PDMS surfaces
PDMS/cellulose B 4044 46+ 4 60 were subjected to the plasma treatment for a longer time, here

5 min, the adhesion was again measurable, showing an adhesion
aThe PDMS caps were oxidized for 1 min. hysteresis more similar to the results presented by Réiedlo
) ) al.l” These differences are suggested to be due to the possibility
50.8 mJ/m) were used to calculate the dispersive part of the of forming a glass layer on the PDMS surface with the longer
surface energy)) according to eq 3, which is valid when the  ime in the plasma oven, specially for the surfaces treated for 5
interactions between the liquid and the surface are dominatedmin. This in turn will make the surface less elastic and decrease

by dispersive interactioris. the mobility of the surface molecules as well as the adhesion.
The W, in the present work was 67.& 3.2 mJ/n? (1 min
2 yg y? =7y,(1+ cosO) ) oxidation) and 61.5- 1.7 mJ/nd (5 min oxidation), respectively.

This increase iW, as compared to the values for the untreated
All calculated values are presented in Table 5. These valuesPDMS caps has been seen in other investigations, and even
indicate that the dispersive part of the cellulose surface energyhigher values up to 117 mJ#have been reporteéd When one
is dominating over the polar contribution, because the surface of the PDMS surfaces was subjected to the plasma for 1 min
energy of cellulose is known to be around 54.5 n¥)/m and the adhesion was measured against one untreated PDMS
determined by contact angle measureméniReported values  surface, the calculatedVa had an intermediate value of
for the dispersive part of the surface energy of cellulose are 4053.2+ 0.3 mJ/ni. If the dispersive component of the work of
and 44.0 mJ/h determined by contact angle measurem&®s.  adhesion \(\.,) is compared to th&V obtained from the JKR
These values are similar to the values in the present investiga-measurements (Table 6), it seems that\Wemainly consists
tion. The dispersive part of the PDMS surface energy is also in of dispersive interactions, which has also been discussed
agreement with previous studies showing values aroundl 21 previously?326 However, the dispersive interactions, as deter-
22.5 mJ/m, as determined with contact angle measurem®nts. mined by contact angle measurements, have somewhat higher
Work of Adhesion from Dispersive Interactions. By using values than those determined by JKR measurements, but are
the data in Table 5, it was possible to calculate the work of siill in fairly good agreement. Furthermore, the polar part of
adhesion due to the dispersive interactiotj) between the  the interaction also increases with plasma treatment of PDMS,

investigated systems according to eq 4. that is, introduction of OH group¥,as shown from contact
angle measurements against water (Table 2). The contact angles
\/\,fli2 =2 Vcl' )/g (4) for a PDMS sheet toward water are about 9, Bhd subjecting

them to plasma treatment lowers it to arourfd Dhis in turn
A summary of these calculations and the experimental values makes it natural to ascribe the adhesion hysteresis, when either
obtained with contact mechanics is presented in Table 6 andor both PDMS caps are subjected for plasma treatment, to be
will be further discussed below. due to hydrogen bonding, as previously sugge&tégi?
Adhesion between PDMS CapsThe energy needed to Adhesion between PDMS Caps and Celluloseélhe Wi
separate two surfaces is very often higher than that needed tdbetween PDMS and cellulose |, cellulose A, and ceIIqus&BV
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did not differ to any large extent, as shown in Table 6. From is not likely due to capillary condensation. Regardless, the water
this table, it can be concluded that there are no significant will have a significant influence on the adhesion, as already
differences in thé\, as determined by JKR measurements, or discussed.

the W,, as calculated from contact angle measurements for From earlier investigations, where the adhesion between
values obtained at 50% RH. This suggests thaMhemainly PDMS and LB-cellulose/semicrystalline cellulose (surface A in
consists of dispersive interaction forces. For measurementsthis investigation) has been studied, the obtained values have
performed at 30% RH, there are indications that the ordering b€en shown to be of similar magnitufeThe measurement

of the cellulose plays a role, showing highak for surfaces using the LB-cellulose film was performed under conditions
containing regions with higher crystalline order. In addition, as "anging from 33% to 47% RH. Therefore, it is difficult to

is shown in Figures 5 and 6, there are significant differences in C0MPare those results with the present investigation. However,

the development of the adhesion hysteresis, as well a&/the the values are similar to the ones presented here, and/the
presented in Table 4. These results suggest that there is yvas between 47.4 and 51.6 m3/and Wrin was 201 mJ/h

. - aI'he semicrystalline surface measurement was performed at a
correlation between the degree of ordering of the cellulose y P

. . : §H of 50% and can thus be directly compared to the present
surface and the measured adhesion hysteresis against a PDMmeasurement showing similar values/df (43 mJ/nf) andWi,
cap. Furthermore, this hysteresis is influenced by the RH. This g mn

difference is suggested to depend on the ability of the interfacial (400 mJ/m). These values should be compared ta:43 and

lecul th lul ¢ 1o ofient i h h t39O:l: 32 mJ/ni, respectively, in the present investigation.
molecules on the cellulose surtaces to onentin such away that o4 pe mentioned that for these kinds of measurements
specific molecular interaction can occur. A cellulose surface

ining | dered . ¢ A and B) sh q there are many factors contributing to the differences in the
containing less ordered regions (surfaces A and B) showed a,pqined results, for example, storage time of surfaces, storage

larger adhesion hysteresis akidhin than did the cellulose | ¢qngitions, and the way of handling surfaces. The cellulose
surface. This indicates that a cellulose surface with less orderedg, faces used in the present investigation also have a different
parts has higher possibility to orient its surface groups and henceihickness ranging from 30 nm (cellulose A) to 120 nm for the

achieve molecular interactions with the PDMS surface. In cellulose | surface. It is well accepted the in-plane properties
addition, increasing the RH from 30% to 50% resulted in a larger of thin films are significantly different from those of bulk

adhesion hysteresis. Possibly due to the surface’s ability to takematerials from the same chemical material. It is also well
up water, consequently there will be a higher water uptake at accepted that surface molecules have restrictions different from
the higher humidity, leading to a larger mobility of the surface those bulk molecules of the same material. However, these are
molecules. The water uptake will also plasticize the cellulose not the properties tested and discussed in the present work;
surfaces and contribute to the development of molecular contactfurthermore, it is well known that van der Waals interactions
between the surfaces. At 50% RH, one can also detect aare dominated by the most external layers of the material, and
difference in the obtained adhesion hysteresis between surfacegherefore it is not anticipated that the difference in thickness of
A and B (Figure 5), which was not possible from the measure- the present materials will be important for the measured
ments at 30% RH, as shown in Figure 6. This further supports interactions. However, this will be checked in future investiga-
the hypothesis that the water uptake will highly influence the tions.

formation of the joint and the obtained adhesion hysteresis and It should also be mentioned that pull-off forces do vary
that a stronger joint is formed when the surfaces have a higherconsiderably if the same surfaces are tested repeatedfly.
degree of water uptake. Furthermore, this can be an indicationNevertheless, there are clear differences in the present investiga-
that surface A indeed has a higher degree of ordering than doedion, e}nd the results clearly |nd|cat§ that the degree of crystallllne
cellulose B. These measurements indicate that, as the surface8rdering of the cellulose surfaces is important for the adhesion,
are pressed against each other, dispersive interactions dominatd/hich are engaging for further investigations.

and when the surfaces are separated, after being held in contact

for a predetermined time, additional forces have to be consid- Conclusion
ered, and in this system, hydrogen bonding is suggested to
contribute to the adhesion hysteresis. The use of the microadhesion measurement apparatus (MAMA)

Another factor that might affect the measurements is the for studying the adhesion between PDMS and cellulose surfaces
influence on moisture on surface roughness_ The surfaceWwas demonstrated. All investigated cellulose surfaces showed

roughness values shown in Table 1 were collected at 50% RH, roughly the same work of adhesion from loading data), as
and a change in humidity might change this roughness. determined by JKR theory. From contact angle measurements,

However, as the change in absorption of water is not dramatic € dispersive contribution to th#/a could be calculated,
in this humidity interval, it is not anticipated that a change in showing similar values, indicating that the adhesive interactions
surface structure might be the cause of the detected differencesV€'® dominated by dispersive interactions for the loading data.

Furthermore, a large change in surface roughness would alsoHowever, there were clear differences when the adhesion

show up as a change in work of adhesion upon loading, and hysteresis (unloading data) and the adhesion energy at minimum

the largest differences in Table 4 are definitely detected for the Ioad_ W) (as calculated from the minimum forces) were
X . . . studied. A cellulose surface prepared from nanocrystals gives
unloading experiments in the MAMA experiments.

. _ rise to a lower adhesion hysteresis and loWé#, than a less
Because the measurements were performed in a humidgrdered cellulose surface, prepared from dissolved cellulose.
environment, it is important to discuss the possibility of forming  Thjs is suggested to depend on the higher possibility for the
capillary condensation between the surfaces. From an investigajess ordered regions to orient their surface groups and form
tion using the AFM colloidal probe technique, it was shown specific interactions with the surface groups on the PDMS
that between two cellulose surfaces a distinct increase in thesurface. Furthermore, an increase in the relative humidity
adhesion was detected at 60% RHWith this as a background,  resulted in a larger adhesion hysteresis\afg, which probably
it is suggested that the achieved adhesion in these measurementwiginates from the surfaces possibility to take up water, therc(?B)(/
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increasing the mobility of the surface molecules, and possibly (14) Notley, S. M.; Wagberg, LBiomacromolecule2005 6, 1586.
water acts as a plasticizer, contributing to a stronger joint. Again, (15) Carambassis, A.; Rutland, Mangmuir 1999 15, 5581.
the less ordered surfaces showed the largest adhesion hysteresiél®) Johnson, K. L.; Kendall, K.; Roberts, A. Broc. R. Soc. London,

and Wqin, Which can be explained by its water uptake.
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