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Nanoscale Imaging of Molecular Adsorption 
Heng Cai, Andrew C. Hillier,* Kevin R. Franklin, C. Craig Nunn, 

Michael D. Ward* 

In situ atomic force microscope observations were made of the adsorption of anions (1 - 
or 2-) of the organic diacid 5-benzoyl-4-hydroxy-2-methoxybenzenesulfonic acid from 
aqueous solution onto the (0001) surface of hydrotalcite (HT), a layered clay. This ad- 
sorption process is believed to mimic the ion-exchange reactions that occur within the 
layers of HT and other layered clays. Atomic force microscope images of the (0001) 
surfaces of HT, acquired in aqueous solutions, reveal an ordered structure with respect to 
magnesium and aluminum atoms. In the presence of the anions, atomic force microscopy 
indicates pH-dependent adsorption onto the formally cationic HT surface. The anion 
coverage is governed by electroneutrality and steric interactions between the bulky anions 
within the adsorbed layer, whereas the orientation of the anions with respect to the HT 
surface is dictated by coulombic interactions and hydrogen bonding between the anion's 
sulfonate moiety and clay hydroxyl triads. These observations reveal that the reversible 
adsorption of molecular species can be examined directly by in situ atomic force micros- 
copy, providing details of surface stoichiometry and adlayer symmetry on the local, mo- 
lecular level. 

Layered clays are of scientific and techno- 
logical interest because of their use as ion- 
exchange materials ( I ) ,  catalysts (Z), antac- 
ids (3), catalytic supports (4 ) ,  and modified 
electrodes (5). The observation that cationic 
clays preferentially adsorb one enantiomer 
when exposed to mixtures of L- and D-histi- 
dine has led to the suggestion that the ste- 
reoselective adsorption-desorption of mole- 
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cules on clays may be related to the origin of 
chirality in living systems (6). Although 
conventional analytical methods have pro- 
vided considerable insight into the reactivity 
and structure of layered clays, local charac- 
terization at the molecular level is lacking. 
In this report, we describe the use of atomic 
force microscopy (AFM) to visualize, in situ, 
the formation and structure of highly or- 
dered adlayers of individual organic anions 
on the cationic surface of a layered clay, 
hydrotalcite (HT). These studies reveal the 
local structure and symmetry of adsorbed 
molecules, which may mimic the arrange- 
ment of these species when intercalated in 
HT. 

Hydrotalcite, Mg6Al,(OH),, CO3.4H,O, 
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which crystallizes as hexagonal plates (7) sites) (Fig. 1C). The Mg, sites of an ordered 
in the rhombohedra1 R3m space group, is layer form a supercell with hexagonal sym- 
representative of anionic clays (Fig. 1A) 
(8). These crystals consist of alternating 
cationic Mg6A12(0H)162+ and anionic 
C032- -4H20  layers (Fig. 1B). The cat- 
ionic layers consist of metal hydroxide 
octahedra, which share edges to form 
densely packed, positively charged, bru- 
cite-like sheets terminated by hydroxyl 
groups and exhibiting hexagonal symme- 
try. The stoichiometry of HT dictates an 
overall 2 + charge per Mg6A12(OH) l6 

unit. The charge on these metal hydroxide 
sheets is compensated by the anions in the 
interstitial layers, which can be exchanged 
with other anions such as C1-, NO3-, and 
SO,'- under appropriate conditions (9, 
10). 

The hydroxyl and metal atom positions 
within the HT (0001) layers exhibit a hex- 
agonal motif with metal-metal and hvdrox- 
d-hydroxyl spacings of 3.1 A. The 
of two different metal atoms in the metal- 
hydroxide unit renders the hydroxyl sites 
inequivalent. A Mg,A12(OH)162+ layer 
that is ordered with resuect to the metal 

metry and a lattice constant a' = 6.2 A 
(Fig. 1C). The presence of these inequiva- 
lent sites would produce a surface corruga- 
tion in which the hydroxyl groups bonded 
to the Mg3 sites extend above those bonded 
to the Mg2A1 sites, as deduced from the 
cova1:nt radii of thc metal atoms (Mg = 
1.36 A, A1 = 1.18 A). 

Atomic force microscopy (I 1, 12) of the 
(0001) face of HT (Fig. 2) supports ordering 
of the metal atoms in the HT metal-hydrox- 
ide layers. High-resolution AFM images ac- 
quired in aqueous solution reveal a hexago- 
nal periodicity of contrast on \he surface 
with a spacing of 6.4 0.3 A, in near 
agreement with a' = 6.2 A for the ordered 
supercell (13). On the basis of the M-OH 
bond lengths, the bright regions in the im- 
ages, which represent features closer to the 
AFM tip, are assigned to the Mg, hydroxyl 
groups. The irregular, nonspherical features 
may be a consequence of surface-bound wa- 
ter molecules, surface-bound carbonate an- 
ions, or the geometry of the AFM cantilever 
 ti^. Indeed. the influence of nonideal tiu 

atoms requires that 25% of the hydroxyl geometries on image characteristics has bee; 
groups be bonded to three Mg atoms (Mg, suggested in a theoretical study (14) as well 
sites) and the remaining 75% be bonded to as in AFM images of montmorillonite and 
two Mg atoms and one A1 atom (Mg2A1 illite clays acquired in ambient air (15, 16). 

Fig. 1. (A) Hexagonal HT crystals adhering to a freshly cleaved mica substrate after spreading from a 
water suspension (photographed with an optical microscope). The (0001) plane is parallel to the mica 
substrate. (B and C) Structure of HT [Mg,$I,(OH),,CO,- 4H,O] as viewed normal to the (701 0) and (0001) 
planes. The (701 0) view in (B) illustrates the layered clay structure of HT, which consists of densely packed 
cationic Mg,$I,(OH),62+ sheets separated by interstitial C0,2-. 4H,O layers (each red sphere represents 
one-eighth of a C032-.4H,0 unit). Oxygen atoms in the Mg,$12(OH),62+ sheets are blue. The cationic 
sheets exhibit hexagonal symmetry with respect to both the metal and the hydroxyl positions. In the 
ordered supercell depicted here, the hydroxyl groups are bonded to either Mg, or Mg,AI sites. The 
hexagonal supercell, with a' = 6.2 A, is indicated in (C). 

Nevertheless, the AFM data clearly reveal a 
periodicity of contrast that is consistent with 
the presence of an ordered supercell in the 
cationic surface layer. Although some re- 
ports have implicated ordering of the Mg 
and A1 atom positions, this has not been 
established unequivocally by x-ray analysis 
(1 7, 18). Ordering has been suggested for 
the related clays LiA12(OH)7. 2H20 (1 9)  
and LiA12(0H)6 + X-.nH20 (18) and for 
synthetic HT-like phases (20, 21). The or- 
dered arrangement of the (000 1 ) HT surface 
revealed by AFM is most likely a conse- 
quence of coulombic interactions within the 
metal layer, as the average A13+-A13+ dis- 
tance is maximized in this configuration 
(17). 

The cationic metal-hydroxide layers in 
HT exhibit two units of positive charge for 
every eight metal atoms [that is, 

Fig. 2. AFM images of the (0001) face of a HT 
crystal in aqueous solution: (A) pH = 10.5; (B) pH 
= 6.6. The pH was adjusted by the addition of 
NaOH to 18-megohm deionized water. The AFM 
data reveal a contrast periodicity with hexagonal 
symmetry that can be described by a lattice con- 
stant of a' = 6.4 ? 0.3 A (the unit cell is overlaid on 
the AFM data). This value is nearly equivalent to 
the lattice constant of the ordered HT layer super- 
cell (a' = 6.2 A). The AFM images have been low 
pass-filtered. 
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Mg,Al2(OH),~+], with the charge on the 
layers compensated by the interstitial an- 
ions. The H T  sheet exposed at the outer 
crystal surface therefore has one unit of 
excess positive charge for every eight metal 
atoms because of incomplete charge com- 
pensation by the interstitial C032- ions 
[these surfaces therefore are referred to as 

Mg6A12(0H) ,,'+I. This excess surface 
charge must be compensated by anionic 
species adsorbed on the positively charged 
surface layers. If a medium containing 
more strongly binding anions is brought 
into contact with this surface, exchange at 
the surface will occur readily. It is likely 
that this event will mimic ion exchange 

so, 
I 

MESA MESA'- 

Fig. 3. Formation of MBSA1- and MBSA2-. 

Fig. 4. Molecular model 
of the proposed orienta- 
tion of MBSA1- or 
MBSA2- on the surface 
of HT as viewed (A) nor- 
mal and (B) 30" off-par- 
allel to the (0001) plane 
of HT. The putative hy- 
drogen-bonding interac- 
tion between sulfonate 
oxygens and the hydrox- 
yl triad sites is depicted. 
This orientation provides 
three favorable hydro- 
gen-bonding interactions between the MBSA ion and the HT surface and allows for maximum coulombic 
interactions between the negatively charged sulfonate group and the positively charged HT metal layer. 
The Mg and Al atoms are depicted here as the same type for clarity. 

associated with intercalation, a process 
important in applications for which clays 
are used (9, 10). 

In order to elucidate these processes lo- 
cally on a molecular level, we used AFM to 
examine the adsorption of anions of 5-ben- 
zoyl-4-hydroxy-2-methoxybenzenesulfonic 
acid (MBSA) (22) on the HT (0001) surface 
(23). This acid, which has been shown to 
intercalate into HT (24), is of technological 
interest because of its use in cosmetics, pes- 
ticides, lithographic coatings, and ultraviolet 
screening agents (25). MBSA is also inter- 
esting for fundamental reasons as the pres- 
ence of two acidic functionalities (Fig. 3) 
with relatively low pKa values (pKal = 1 to 
2, pKa2 = 8) makes it possible to examine 
the role of ionicity in adsorption on the 
Mg6A12(OH),,'+ surface (26). In aqueous 
solutions adjusted to the appropriate pH, 
adsorption of either MBSA': or MBSA2- 
will occur on the HT crvstal surface to dis- ~ ~ 

place weakly bound ions and neutralize the 
excess charge residing on the surface (27). 
Molecular models suggest that the threefold 
symmetry and size of the sulfonate group on 
the MBSA anion are ideally suited for hy- 
drogen-bonding interactions with the hy- 
droxyl triads on the HT surface, which pro- 
vide three hydrogen-bonding interactions 
per adsorbed MBSA anion (Fig. 4) (28). 
Weak hydrogen bonding between the hy- 
droxide layers and the interstitial water mol- 
ecules and anions is commonly accepted ( 17, 
21). Close proximity of the negatively 
charged sulfonate group to the positively 

Fig. 5. (A) AFM image of the hex- 
agonal (0001) face of HT in an 
aqueous solution containing 
MBSA2- (pH = 10.5). (B) Pro- 
posed structure of a molecular 
MBSA2- layer adsorbed on HT. 
(C) AFM image of the hexagonal 
(0001) face of HT in an aqueous 
solution containing MESA1 - (pH 
= 6.6). (D) Proposed structure of 
a molecular MBSA1- layer ad- 
sorbed on HT. Both packing mo- 
tifs have PI plane symmetry. The 
correspondence between the 
AFM data and the models is re- 
vealed by a comparison of the unit 
cells shown, the lattice constants 
determined from the AFM data 
~ ~ ~ ~ ~ - : a = 9 . 6 A a n d b =  18.2 h ; MBSA1 -: a = 8.0 A and b = 

19.3 A) agreeing favorably with 
those of the models (MBSA2-: a 
= 9.3 A and b = 18.6 A; 
M B S A ~ - : ~  =8.3Aandb= 19.4 
A). The sulfonate groups of the 
MBSA2- anions were assumed to 
be hydrogen-bonded to hydroxyl 
triad sites as described in Fig. 4. 
The AFM images have been low 
pass-filtered. 
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charged H T  surface layer would also tend to 
maximize attractive coulombic interactions. 
Hydrogen bonding and coulombic effects 
therefore would conspire to favor this orien- 
tation over others in which only van der 
Waals interactions between the MBSA an- 
ions and H T  would be involved. 

High-resolution AFM images of H T  in 
the presence of a basic aqueous solution of 
1.6 mM MBSA differ substantially from 
those observed in water containing no  
MBSA. In aqueous media at pH = 10.5, 
MBSAZ- is the predominant species in so- 
lution. Under these conditions, the hexag- 
onal motif of bare H T  transforms into a 
periodic row structure (Fig. 5A). The  peri- 
odicity of contrast conforms too a lattice 
with constantso of a = 9.6 + 0.4 A and b = 

18.2 2 0.4 A ,  based on  average values 
determined from four independent H T  im- 
ages. If each major feature is assigned to an 
MBSAZ- anion, the data are consistent 
with a monolayer coverage r of 1.06 x 
10-lo mol cm-'. This coverage is equiva- 
lent to one MBSA molecule per 18.9 metal 
atoms, based on the area uer metal atom 
determined from the x-ray crystal structure 
of HT. 

A molecular packing motif of MBSAZ- 
molecules adsorbed on the H T  surface that 
is consistent with the coverage deduced 
from the AFM data and takes into account 
sulfonate binding to hydroxyl group triads 
(either Mg3 or Mg2Al sites), while avoiding 
steric interactions between M B S A 2  an- 
ions, is depicted in Fig. 58. This ordered 
monolayer of MBSA2- anions has p1 plane 
symmetry and one molecule perounit cell, 
with 1:ttice constants of a = 9.3 A and b = 

18.6 A ,  similar to the values deduced from 
the contrast in the AFM image. This model 
corresponds to a monolayer coverage r of 
1.11 X 10-lo mol cm-Z and a ratio of 18.0 
metal atoms per MBSA2-. This ratio is a 
consequence, as shown in Fig. 4, of the 
constraint that the dianion reside on hy- 
droxyl group triads. However, electroneu- 
trality dictates a stoichiometry of one 
MBSA2- for every two Mg6A12(OH),61+ 
units on the surface layer, corresponding to 
16 metal atoms per MBSAZ-. This suggests 
that the adlayer in Fig. 5B would have a 
residual charge of 0.25+ per unit cell, re- 
quiring further charge compensation, possi- 
bly by solution hydroxide ions. 

Notably, a small fraction of the AFM 
images displayed a compress$d lattice with 
d i m e n s i p  of a = 9.2 t 0.4 A and b = 17.8 
2 0.4 A,  which corresponds to 16 metal 
atoms per MBSAZ-. This adlayer arrange- 
ment satisfies electroneutrality but can oc- 
cur only at the expense of specific binding 
of the anions to the hydroxyl group triads. 
This observation suggests the presence of 
two adlayer domains of similar stability, one 
that is dictated by favorable hydrogen 

bonding to hydroxyl group triads and the 
other by electroneutrality constraints. 

Reducing the solution pH to values be- 
tween pKa1 and pKa2 of MBSA produces a 
solution rich in the M B S A 1  anion. In this 
case, electroneutrality supports a coverage 
of adsorbed M B S A 1  molecules on H T  that 
is double the coverage observed for 
MBSA2-, resulting in a more densely 
packed surface layer of MBSA molecules. 
High-resolution AFM images of H T  in a 1.6 
mM solution of MBSA at pH = 6.6 (Fig. 
5C)  reveal a zigzag row structure with two 
major features contained in an area bound- 
ed by a lattice with constant: of a = 8.0 + 
0.2 A and b = 19.3 + 0.2 A. The area of 
the lattice contains 16.6 metal atoms, 
equivalent to  8.3 metal atoms per MBSA1- 
and a monolayer coverage r of 2.41 x 

mol cmP2. 
A molecular packing motif that is con- 

sistent with these AFM data. while con- 
strained by sulfonate binding ;o three sur- 
face hydroxyl groups, is depicted in Fig. 5D. 
This motif also has p1 plane group symme- 
try and consists of alternating rows of 
MBSA1- anions with a n .  . . ABAB. . . pat- 
tern, similar to  the alternating spacing be- 
tween the rows of contrast observed in the 
AFM data (29). The  unit cell of this pack- 
ing model contains two MBSA1- anions 
an; h2s dimensions of a = 8.3 A and b = 

19.4 A. The model corresponds to a cover- 
age r of 2.36 X lo-'' mol c~n-', which is 
eauivalent to 8.5 metal atoms uer MBSA1-. 
This compares favorably to the ideal 8 :  1 
ratio required for electroneutrality and the 
8.3:l ratio deduced from the AFM data. 
The orientation of the MBSA anions sug- 
gested by AFM, as well as the greater pack- 
ing density of the MBSA1- adlayer com- 
pared to the MBSAZ- adlayer, is consistent 
with x-ray diffraction data obtained for H T  
intercalated with these anions (30). 

The AFM data observed for the 
M B S A 1  adlayer most likely reflects the 
competition between electroneutrality, 
steric interactions between adjacent 
MBSA1- anions, and the binding of the 
M B S A '  anions to the hydroxyl group tri- 
ads. In the model depicted in Fig. 5D, po- 
tential steric interactions are suggested by 
the close proximity of methoxy and benzyl 
groups of neighboring MBSA1- molecules 
in alternating rows. These contacts would " 
tend to increase the spacing between these 
rows at the exDense of ideal MBSA1- sul- 
fonate binding to the surface hydroxyl tri- 
ads. The comuetition between these factors 
may be the source of orientational disorder 
of the molecular features that is occasion- 
ally observed in AFM data. 

These AFM observations indicate that 
the formation, coverage, packing arrange- 
ment, and orientation of MBSA anion ad- 
layers on the surface of H T  in aqueous solu- 

tions are governed by coulombic interactions 
between the MBSA anions and the positive- 
ly charged clay surface, steric interactions 
between neighboring MBSA anions within 
the adlayer, and hydrogen-bonding interac- 
tions between the MBSA sulfonate group 
and hydroxyl group triads exposed at the H T  
surface layer. It is reasonable to suggest that 
the ordered structure of these adlayers mim- 
ics the structure of H T  intercalate layers of 
MBSA (30). The presence of highly ordered 
intercalate layers would be in contrast with 
interstitial lavers of inorganic anions. which 
are always cbnsidered Fo be disordkred in 
these clays (31 ). These studies demonstrate 
the capability of in situ AFM methods for 
probing locally, on a molecular level, the 
formation and structure of molecular adlay- 
ers on well-defined substrates in their native 
environments. We anticipate that future 
AFM studies will extend this capability to 
other systems in which the formation of 
molecular aggregates on ordered surfaces is 
important, such as the growth of thin films 
and crystalline materials (32). 
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Wolves, Moose, and Tree Rings on lsle Royale 
B. E. McLaren* and R. 0. Peterson 

Investigation of tree growth in lsle Royale National Park in Michigan revealed the influence 
of herbivores and carnivores on plants in an intimately linked food chain. Plant growth 
rates were regulated by cycles in animal density and responded to annual changes in 
primary productivity only when released from herbivory by wolf predation. lsle Royale's 
dendrochronology complements a rich literature on food chain control in aquatic systems, 
which often supports atrophic cascade model. This study provides evidence of top-down 
control in a forested ecosystem. 

Terrestrial food chains of length three- 
plants, herbivores, and carnivores-are 
found throughout the temperate zone of the 
Northern Hemisphere, yet their establish- 
ment, pervasiveness, and stability are enig- 
matic subjects of debate among community 
ecologists ( I  ). According to one hypothesis, 
depletion of green plants by herbivores oc- 
curs only in exceptional circumstances be- 
cause carnivores usually control herbivores 
(2) .  However, systems in which increases in 
the density of a species at one trophic level 
accompany increases at higher, dependent 
trophic levels support a counterargument 
(3). The top-down (trophic cascade) model 
~red ic t s  that changes in density at one tro- 
phic level are caused by opposite changes in 
the next higher trophic level and that such 
inverse correlations cascade down a food 
chain. Accordingly, effects such as changes 
in primary productivity ( the energy flow to 
plants) become noticeable only when high- 
er, masking trophic levels are removed. Af- 
ter removal of carnivores from a three-level 
system, the control of density relationships 
is passed down the chain, to herbivores. 
The bottom-up model predicts that positive 
correlations occur between density changes 
at all trophic levels and especially between 
adjacent trophic levels, that changes in pri- 
mary productivity affect higher trophic lev- 
els, and that extinction of the top trophic 
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level does not change density patterns in 
lower levels. 

We investigated food chain control in a 
large mammal system through observation of 
three trophic levels-a living system that is 
unlike two-level models of ungulate dynam- 
ics, which simulate the herbivore-plant in- 
teraction but are insensitive to parameter 
changes in a carnivore equation (4), and is 
also unlike models for ungulates that ignore 
the effects of vegetation change (5). Tree- 
ring analyses were used to characterize the 
interaction between an herbivore population 
and its winter forage in a system with an  
apparent cycle between predator and prey: 
the wolves (Canis lupus) and moose (Alces 
alces) in Isle Royale National Park, Michi- 
gan, the largest island (544 km2) in Lake 
Superior (6,  7). Ring width in balsam fir 
(Abies balsamea), a tree that makes up 59% 
of winter moose diet (8), provided an  index 
of the herbivore food base, even though it is 
not optimal forage for moose. We  assumed 
that the annual wood accrual for fir was 
proportional to its foliar biomass, which is an 
approximate measure of standing forage 
crop. 

Balsam fir covers a large area of Isle Roy- 
ale (Fig. I ) ,  although its relative abundance 
in the overstory has declined since the arriv- 
al of moose early in the 1900s, from 46% in 
1848, to 13% in 1978, to -5% today (9). 
The decline is attributed to the effect of 
moose herbivory; forests on small nearby is- 
lands that are less accessible to moose still 
have a large fir component (10). The lon- 
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