COMMUNICATIONS
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Cellulose is one of the most abundant biopolymers and a
basis for many industrial derivatives and products. Its surface
physics and chemistry are important for the understanding of
adhesion to other materials (e.g. in nanocomposites of
cellulose fiber reinforced thermoplastics),['! adsorption proc-
esses from solution (e.g. in paper production),”l and of
industrial processes that start from a cellulose slurry (e.g. the
preparation of cellulose derivatives, where often counter-
intuitive substitution preferences are found).’] Although
applications cover many areas of chemistry, biology and
technology, the cellulose surface is still not well understood.
The situation is complicated by the simultaneous presence of
several phases in natural and processed cellulose fibers: There
are three principal crystalline phases, triclinic (type Ia) and
monoclinic (type 15), and type II, with two likely surfaces
each, as well as varying contents of amorphous material. Not
even the behaviour of the crystalline surfaces towards water
and hydrophobic organics has been fully characterized on a
molecular level.

Molecular dynamics (MD) simulations with empirical force
fields provide a detailed description of molecular systems.
Provided the force field is realistic, the system is large enough
to avoid finite-size effects, and the simulations last long
enough to explore the relevant phase space, MD can deliver
information complementary to experiments.[)/ We have un-
dertaken MD simulations to better understand the cellulose
surface. In particular, we attempt to characterize the cellulose
in its behavior towards water (hydrophilicity/hydrophobicity)
and towards apolar parts of organic molecules (lipophilicity/
lipophobicity). We use simulation techniques that yield
spatially resolved adsorption free energies for the respective
moiety, to obtain charts of hydrophilicity and lipophilicity.
While a comparative study of all possible cellulose surfaces
would be desirable from a scientific and technological
viewpoint, we have to restrict the simulations to the two
surfaces of crystalline cellulose I because of the computa-
tional cost.

Experimentally, the surface of crystalline cellulose has been
visualized by atomic force microscopy (AFM). One important
result is that it preserves the underlying crystal structure, as
can be seen from unit cell parameters obtained by AFM,
which compare well with those from X-ray diffraction.7]
Computational studies have mainly investigated the bulk
behavior of crystalline cellulose.®'2l The MD simulations of
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Heiner and Teleman['> ' explored the interface between
triclinic (I¢) and monoclinic (If3) cellulose and water.

We simulated the 110 (“wide”) and 110 (“narrow”) surfaces
of monoclinic (I8) cellulose in contact with water. Except for
the in-plane distance between parallel chains (0.614 (110),
0.540 nm (110), room temperature values corrected to 333 K
using the experimental thermal expansion coefficient('), they
are very similar: The chains run parallel to the surface and the
cellobiose units tilt out of the surface plane by about 45°. The
cellulose was modelled as a slab of 6 x8 (deep x wide)
parallel chains of three cellobiose units each, cut from the
crystal structure at the respective crystal face.') In both cases,
eight parallel chains run along the surface in the x direction.
Neighboring chains are shifted along x by half an anhy-
droglucose unit (quarter of a cellobiose unit). The C6
groups point in the direction of the crystal and the water
alternatingly (Scheme 1 shows the atomic numbering). The z
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Scheme 1. Atom labeling in the anhydroglucose unit of cellulose.

direction is the surface normal, z =0 being the point where
the densities of water and cellulose are equal. Orthorhombic
periodic boundary conditions were applied (this necessitated
a small distortion of the unit cell by 1.2° with respect to the
monoclinic crystal structure but gained substantial simulation
speed). In the z direction, there is a gap between the upper
surface of the cellulose slab and the nearest periodic image of
its lower surface of 4.495 and 5.107 nm for the 110 and 110
surface, respectively; this gap is filled with 2197 water
molecules. Three independent simulations were conducted
for each surface. Each was equilibrated for about 1 ns and
then sampled for about 1.0-1.3 ns with a time step of 0.002 ps.
Coordinates were written out for analysis every 0.6 ps. The
temperature 7'was maintained at 333 K using the Berendsen
thermostat!'”l with a coupling time of 0.5 ps. We used the
GROMOS96!'8 united-atom force field for cellulose and the
simple point-charge modell'¥! for water, both with bond
constraints. Coulomb interactions were truncated at 1 nm
with a reaction-field correction (dielectric constant 78.5).1]

The hydrophilicity/hydrophobicity at a point r was quanti-
fied by the local value of the chemical potential of water
t,o0(r) relative to that of bulk water py,o(bulk). This differ-
ence in chemical potential is given by the ratio of the local
water density pu,o(r) and the bulk density pyo(bulk),
Equation (1) (R =8.3145 Jmol!K™1).

- B _ Pi,0(r)
Atty,o(r) = tyy,0(r) — py,o(bulk) = RTlanjo(bulk)
A value of Apup,o(r)<0 indicates hydrophilicity and
Auy,0(r) > 0 hydrophobicity at r. Figure 1 shows Auy,o as a
function of the distance z from the cellulose surface, that is,

)
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Figure 1. Local chemical potential u [kJmol™'] (left scale) of water
Auy,o(z) and argon Au,(z) as a function of the distance z [nm] from the
cellulose I8 110 and 110 surfaces, respectively. Also given are the water
density profiles [kgm3] (right scale) above both surfaces.

averaged over x and y. The enrichment of water near both
surfaces is minute and the basins of negative chemical
potential at z~0.15nm are shallow (—0.56 (110),
—0.21 kJmol~! (110)). Hence, both surfaces are in essence
nonhydrophilic. This is also evident in the water-density
profile normal to the surface, which lacks the sharp first peak
characteristic for hydrophilic surfaces.?”! The 110 surface has a
second, even shallower, chemical potential minimum (at z ~
0.47 nm), which we attribute to its wider lateral spacing
between the cellulose chains.

Lipophilicity is not necessarily the opposite of hydro-
philicity, but must be similarly quantified by the chemical
potential difference of an appropriately chosen “lipophile”.
Since our interest is in the adsorption of small lipophilic
moieties (present in low concentrations in the water phase)
rather than entire molecules, we chose as the
lipophile a model argon atom,”! which is
similar in size and cohesion to a methylene
group. Moreover, its size is comparable to that
of a water molecule, so probes of similar
diameter are used for both hydrophilicity and
lipophilicity. Its local excess chemical potential
u%.(r) is obtained by spatially resolved test-
particle insertion,?? Equation (2), where the
angle brackets denote ensemble averaging and
E(r) is the change in potential energy on
insertion of an argon atom into the cellu-
lose —water system at position r.

a)

#3i(r)=— RTIn{exp(— E(r)/RT)) @

The excess chemical potential of argon in
bulk water u%(bulk)=+6.0 kImol~! (experi-
ment: ~ + 10 kImol ™) is calculated in a
similar way. Figure 1 shows Au,.(z) =u%(z) —
1% (bulk). Both surfaces exhibit clear minima
of —4.5 (110) and —3.8 kJmol~! (110). As RT
at 333 K equals 2.8 kJ mol~!, both would attract
small lipophiles from aqueous solution. More
obvious than in the corresponding Auy,o(2)
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curves, the Au,,(z) curve of 110 has two minima, that for 110
has one. The intervening maximum (at z ~ 0.32 nm) of the 110
curve is a shoulder for 110.

Hydrophilicity and lipophilicity can also be resolved
laterally to study the distribution of hydrophilic/phobic and
lipophilic/phobic spots on the surface. We use a mesh of
0.095 x 0.102 (110, Figure2) and 0.095 x 0.090 nm? (110,
Figure 3) resolution in x and y over a layer 0.2 nm thick (z)
above the surface. The effect of the crystal structure on
hydrophilicity and lipophilicity patterns is clearly visible
(Figures 2 and 3), with only some variation due to a small
disorder. Note that the atoms shown in the figures are a guide
to the eye only, as the surface atoms have substantial
positional fluctuations during the course of an MD simulation.
In most cases, the lipophobic and hydrophobic areas (both
dark red) coincide for both surfaces, the lipophobic areas
being somewhat larger. Although surprising at first, this is
easily explained, as the exclusion is steric for both water and
argon. There is, however, a qualitative difference between the
hydrophilic and lipophilic regions: Lipophilic patches (dark
blue) are nearly equal in size to the lipophobic ones. In
contrast, there are only small hydrophilic spots, as most of the
nonhydrophobic surface is “neutral” (green: Aupy,o~
0 kImol!) with the same water density as bulk water. The
differences between the patterns of the two surfaces are small
for both hydrophilicity and lipophilicity.

Local hydrophilicity and lipophilicity are related to the
functional groups presented to the water phase. Figure 4
shows hydrophilicity and lipophilicity above a single cello-
biose unit on the 110 surface. (The patterns on the 110 surface
are qualitatively very similar, therefore they are not shown
and only major differences between the two surfaces are
mentioned below.) They have been obtained by averaging
over all corresponding repeat units and, thus, include static

bj

Figure 2. Hydrophilicity and lipophilicity charts of the cellulose I 110 surface in a layer
between z =0 and 0.2 nm. The surface cellulose chains are shown to provide a rough indication
of the positions of chemical groups. The lateral grid spacing is approximately 0.1 nm, see text.
a) Aup,o(x.y) [kImol™']; b) Aua,(x.y) [kJmol].
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Figure 3. Hydrophilicity and lipophilicity chart of the cellulose 13 110 surface in a layer between z =
0 and 0.2 nm. The plot details are the same as in Figure 2. a) Auyo(x.y) [kJmol~']; b) Aua,(x,y)

[kImol~'].

Figure 4. Averaged hydrophilicity Apy,o(x,y) [kImol™!

and dynamic disorder. There are two crystallographically
different types of chains, denoted even (Figures 4a and 4c)
and odd (Figures4b and 4d), which have been averaged
separately. Even and odd refers to the sequence number of the
cellulose chains on the surface counted from the top in
Figure 2. For both types of cellulose chains (Figures 4a and
4Db), the protruding C6/0O6 units and, to a lesser extent, the C2/
02 moieties create hydrophobic areas (high chemical poten-
tial towards water). This is due to their space requirements.
The effect is slightly more pronounced for the narrow 110
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a) b

] and lipophilicity Awua(x,y)
[kJmol~!'] above a single cellobiose unit on the cellulose I 110 (wide) surface.
a) Auy,o(x,y) for even-numbered cellulose chains; b) Auy,o(x,y) for odd-numbered
chains; ¢) Aux.(x,y) for even-numbered chains; d) Au,.(x,y) for odd-numbered chains.
The color code is the same as in Figures 2 and 3. Averaging was performed over all
12 crystallographically equivalent cellobiose units of the even or odd chains, respec-
tively, in a layer above the surface between z =0 and 0.2 nm. The structural formulae
reflect average atomic positions and are meant as an aid to orientation only.

surface due to the stronger tilt of the
glucose rings. The chain packing in the two
surfaces also has an effect on the type of
contacts a water molecule has with the
surface groups (Table 1). They are ob-
tained by integrating the appropriate par-
tial radial distribution functions (not
shown) between water oxygen atoms and
different surface groups.?! For both sur-
faces, half of the water contacts are, on
average, “hydrophilic” OH groups. On the
wider 110 surface, the remaining contacts
are equally divided between “hydropho-
bic” groups and “intermediate” groups.
This distribution is shifted from the hydro-
phobic to the intermediate groups in case
of the narrower 110 surface.

The lipophobicity (high chemical poten-
tial towards argon, dark red) follows
qualitatively the hydrophobicity, since it
is also mainly due to excluded volume
(Figures 4c and 4d). However, the spatial
variation of Au,(x,y) is larger than that of
Auy,0(x,y), and there are attractive (dark
blue) sites as well. For the 110 surface, they
form continuous grooves (Figures 4c¢ and
4d), whereas on the narrow 110 surface the
attractive patches are not connected, prob-
ably due to the lack of space. The lipophilic
areas are generally located in depressions
on the surface and are lined by hydro-
phobic atoms such as ether oxygen atoms
(04 and O5) and apolar carbon atoms (C1,
C4, and C5). This is also reflected in the
surface contacts of argon (Table 1): On the
110 surface, the distribution of argon
contacts closely resembles that of water
contacts, steric accessibility being the cri-
terion for both interactions. In contrast, on
the wider 110 surface, the hydrophobic
groups are more exposed, and more inter-
actions with them are found.

In summary, both interfaces of cellulo-
se I share common features. Both are
stable with respect to surface reconstruc-
tion and water penetration, at least on the
nanosecond time scale and in the absence
of defects. Both show essentially the crys-
tal structure of cellulose If, also in the
adsorption patterns for water and argon. In

Table 1. Types of surface contacts and their distribution (in percent of all
surface contacts) for a water molecule and an argon atom as the prototype
lipophile.

Surface groups H,O Ar

110 110 110 110
hydrophilic: 02, O3, 06 49.0 51.6 36.8 474
intermediate: C2, C3, C6 25.6 29.3 229 31.4

hydrophobic: C1, C4, C5, O4, O5 25.4 19.1 40.3 21.2
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spite of the presence of OH groups, both surfaces are
nonhydrophilic and lipophilic: Water molecules are not
attracted to the surface, as they are equally happy in bulk
water. On the other hand, the presence of the surface perturbs
the water structure sufficiently to create free volume, in which
an argon atom (and, hence, a small lipophilic moiety of an
organic adsorbent) can dissolve more easily than in the denser
bulk water. The wider spacing of cellulose chains allows the
110 surface to expose more of the hydrophobic grooves where
lipophilic adsorption takes place. In contrast, the protruding
OH groups are less affected by chain packing, so the behavior
towards water is similar for both surfaces.
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The growing field of semiconductor photocatalysis has
moved from basic research to practical applications. Typical
examples are the detoxification of air and water!') and novel
organic syntheses?) photocatalyzed by titania and cadmium
sulfide. The photonic efficiency of these transformations
largely depends on the ratio of the rate of interfacial electron
transfer (IFET) to the rate of recombination of the photo-
generated electron-hole pair. It is generally assumed that only
substrates adsorbed at the semiconductor surface can partic-
ipate in the IFET. Therefore in many cases the reaction rate
increases when substrate adsorption is improved. A better
adsorption was also invoked to rationalize the higher detox-
ification rates induced by supporting semiconductors like
titania onto silica or alumina.?!

During our work on addition reactions photocatalyzed by
semiconductors (semiconductor photocatalysis type B) we
observed that precipitation of cadmium sulfide onto silica
afforded a much better photocatalyst than the unsupported
material. Herein we report on experimental evidence that this
enhanced photocatalytic activity does not stem from im-
proved adsorption but rather from an electronic semiconduc-
tor—support interaction (SEMSI), which alters the bandgap
energy and flatband potential. Whereas electronic catalyst —
support interactions are well documented in thermal hetero-
geneous catalysis, they have been unknown in the field of
semiconductor photocatalysis.

Thus, whereas the reaction between cyclopentene (RH)
and the Schiff base 1 (Scheme 1)P¢¢l is quite slow in the
presence of CdS it becomes about 10 times faster when silica
covered with 50% CdS (CdS-50/Si0,) is used as the photo-
catalyst. According to the proposed mechanism, the inter-
mediate aminobenzyl and allyl radicals are formed through
proton-coupled IFET reactions of the substrates with reactive
electrons and holes (e;, hj). Their C-C hetero- and
homocoupling lead to 2 and 3 as the major and by-product,
respectively.del
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