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I
nterest in switchable and self-assembled
materials1 motivates studies of how con-
densed phases can be programmed

to change their structure and function by
responding controllably to external stimuli.
Two-dimensional (2D) crystalline mono-
layers that form through noncovalent inter-
actions of molecular building blocks at the
interface2 between electrodes and solu-
tions are ideal for the study of responsive
systems.3 Dynamic equilibria, particularly
between solvated and adsorbed states of
the molecules, can enable such systems
to reorder upon external stimulation when
the lattice energy landscape of the packing
structure shifts upon introduction of the
stimulus. These changes can be observed
with submolecular resolution real-space ima-
ging using scanning tunneling microscopy
(STM), typically in nonaqueous solutions
where the organic adsorbates have optimal
solubility. Therein, guest-,4,5 cation-,6�11heat-,12

shear-,13 and light-triggered14,15 transforma-
tions between 2D crystalline monolayers
have been demonstrated. Despite these

recent studies, there remain many unex-
plored facets of the functionality, dynamics,
and response of 2D crystals that incorporate
charged components.
The behavior of negatively charged anions

at such liquid�solid interfaces is underinves-
tigated considering that they are present
in equal numbers as cations and that they
have important impacts in chemistry16 and
biology.17 For example, chloride salts in
crude oil need to be better managed and
removed during desalting to reduce the
corrosion and catalyst poisoning they can
cause during refining.18 Despite these im-
portant needs, elementary studies investi-
gating how anions bind to 2D monolayers
of molecular receptors are still in their in-
fancy. In the first example19 we know of,
addition of anions to a crystalline monolayer
led to almost complete loss of order. In a
second,20 we observed anion-templated di-
mer formation with retention of the ordered
packing. Neither study provided conclusive
evidence of anion binding. Anion-induced
crystal switching between ordered phases
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ABSTRACT Anion-selective (Br� and I�) and voltage-driven

crystal switching between two differently packed phases (R / β)

was observed in 2D crystalline monolayers of aryl-triazole receptors

ordered at solution�graphite interfaces. Addition of Br� and I�

was found to stimulate the R f β phase transformation and to

produce ion binding to the β phase assembly, while Cl� and BF4
�

addition retained theR phase. Unlike all other surface assemblies of

either charged molecules or ion-templated 2D crystallization of

metal-ligand or receptor-based adsorbates, the polarity of the

electric field between the localized scanning tip and the graphite substrate was found to correlate with phase switching: β f R is driven at �1.5 V,

whileRf β occurs atþ1.1 V. Ion-pairing between the countercations and the guest anions was also observed. These observations are supported by control

studies including variation of anion species, relative anion concentration, surface temperature, tip voltage, and scanning time.
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and visualization of the anion when it is bound to the
cavities of surface-adsorbed receptors have not pre-
viously been achieved.
Compared with cations (e.g., alkali and transition

metals), anions16 (e.g., halides, BF4
�, NO3

�, and PF6
�)

generally are significantly larger in size, have stronger
solvation shells, and lack d-orbital participation in
bonding, factors that are known16 to contribute to
their weaker binding energies. These aspects must be
overcome in order to examine anions at liquid�solid
interfaces. For these same reasons, it was monatomic
cations that were first utilized to trigger phase
transformations6�11 between 2D crystalline mono-
layers. Yet it is interesting that, despite this precedence,
these cations were never seen clearly by STM imaging
in nonaqueous solutions, thus motivating the question
of whether they bind to the surface-adsorbed recep-
tors or not. Furthermore, when considering ion binding
at interfaces, counterions7,8 must always be present
for charge balance. Only once have counterions been
seen; in that case iodide (I�) appeared21 during STM
imaging of a random 2D cocrystalline array of cationic
(pyridinium-based) and neutral adsorbates. It is also
surprising that among these cation-binding studies
none have been investigated using the traditional
approach22 of titrating the ions into solution but
instead have relied upon the addition of a single
equivalent of ion. Thus, there is no information avail-
able on how the ion-binding properties are changed
when the receptors are ordered into either interfacial
monolayers or a rigid crystal lattice.
Finally, even though there are many examples6�11

where STM imaging has been used to study either
cation-induced assemblies or the assemblies formed
from cationic molecules, none of the ions have been
reported to respond to the scanning probe's electric
field (E-field). This situation could arise from the fact
that monatomic cations have never been seen, as
noted above. Thus, scanning probe imaging has not
previously provided information on the binding and
debinding of ions in surface assemblies. Alternatively,
it might be easier to observe the after-effect of cation
debinding from the surface, such as reversion back
to the ion-free assembly following after scanning with
the E-field. Yet we note that it is only once, andwith the
use of chemical11 rather than E-field stimulation, that
switching between the ion-stabilized and ion-free
assembly has been produced. Indeed, ionic bonding
in 2D crystals at surfaces by monatomic cations can
produce structures with high thermal stability.23,24

More labile ions may be required to enable responsive
behaviors. For this reason, anions might offer the
needed dynamic ion debinding on account of their
intrinsically weaker binding to receptors.
The principal conditions under which E-field-

triggered changes25�35 to the phase behavior have
been readily observed arewith physisorbedmonolayers

on gold electrodes that are interfaced with aqueous
solutions andwhen using electrochemical STM. Therein,
the charge present at the surface is controlled using the
voltage that is applied across the entire surface. Voltage-
driven changes using only the localized and scanning

STM probe are rare36�38 despite the number of cationic
assemblies.6�11,38�43 In nonaqueous solutions corre-
sponding to the conditions studies herein, the STM tip
polarity has been observed twice to drive switching.
First, the orientational alignment37 of a dipolar, zwitter-
ionic triple-decker compound has been flipped be-
tween ordered and disordered phases as programmed
using E-field polarity. Second, transitions of a cationic
polyaromatic compound36 on highly oriented pyrolytic
graphite (HOPG) took place using voltage pulses but
could not be programmed because the transformations
were independent of polarity.
For all these reasons, we were surprised to discover

the first anion-driven crystal switch between two
ordered phases, R and β (Figure 1), and to discover
that this order�order transition can be stimulated

Figure 1. (a) Structure of receptor 1 and (b) formation of the
1 3Br

� complex. (c) STM image of a 2D crystalline mono-
layer of 1, R phase, at the octanoic acid�graphite interface
([1] = 1.2� 10�4 M; unit cell: a = 1.36( 0.08 nm, b = 6.49(
0.13 nm,γ=89( 2�). (d) STM imageof theβphase observed
after deposition of an equimolar solution of 1 and TBA 3Br
([1] = [Br�] = 1.2 � 10�4 M, unit cell: a = 2.00 ( 0.11 nm,
b = 5.10( 0.18 nm, γ = 92( 3�). (e) Packingmodels of the R
and (f) β phase structures. (STM: IT = 10 pA, Vsub = (c)�0.7 V
and (d) �0.4 V.)
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reversibly and locally by the scanning tip (Figure 1d
and e). The Rf β switch is selective and could only be
produced upon titration of specific anions into solu-
tions of aryl-triazole-based receptors that are orga-
nized on the surface of HOPG. We also report the first
visualization of a bound anion (Br�) and a bound ion
pair (I� with tetrabutylammonium, TBAþ). We found
that the anion's occupancy and the crystalmorphology
responded in a reproducible manner to the polarity
(þ/�) and magnitude of the E-field (e.g., �0.7 versus

�1.5 V) as well as the duration of exposure to the
scanning tip (0�2 h). We compare the anion-binding
behavior of the receptor in solution to the surface
studies in order to provide insight into the factors
affecting the selective anion-induced crystal switching
of the surface monolayer without an anion-stimulated
conformational change of the receptor core.

RESULTS AND DISCUSSION

Herein, we employ anion-binding adsorbates con-
stituted by receptors bearing triazoles44�47 (red,
Figure 1a) for anion complexation and two C18 chains
at their tails to facilitate formation of monolayers on
HOPG. Amides (blue, Figure 1a) at the receptors' head
rigidify45 the crescent-shape structure, allowing them
to retain this shape through anion binding and debind-
ing events: In spite of the strong intramolecular clash
of the two aligned 5-debye dipoles localized on the
triazoles in this conformation (which helps create the
strong anion affinity in the receptor cavity45), the syn

arrangement of the receptor core is preferred. This
conformational predisposition has been verified by
geometry optimization using density functional theory
at the B3LYP/6-31G* level of theory (Figures S1�S3)
and by solution phase characterization using 1H NMR-
based nuclear Overhauser effect spectroscopy. This
conformational simplicity is an important structural
element in this study that allowed us to focus solely
on the impacts of anion binding and STM bias manip-
ulation on the supramolecular assembly.

Anion Binding Drives Changes to the Packing: rf β. Re-
ceptor 1 was found to form an ordered R phase
constituted by lamella arranged in anti-parallel rows
at the octanoic acid�HOPG interface. High-resolution
STM images (Figure 1c) show rows (B and D) of bright
aryl-triazole cores aligned head-to-tail and spaced
apart by darker rows (A and C) of alkyl chains inter-
digitated with the neighboring anti-parallel rows. A
corresponding 2D crystal structure has been proposed
(Figures 1e and S4). The orientation of the crystal
structure with respect to the underlying graphite
lattice can be determined precisely by changing the
imaging bias to�0.002 V to obtain atomic resolution of
the graphite. One set of alkyl chains (row A, Figure 1e)
is aligned along a major axis of graphite, and the row
direction of the aromatic cores of the aryl-triazoles
was found to be oriented at a slight azimuthal angle

(θ = 10 ( 2�) relative to a major axis of graphite
(graphite atomic lattice imaged by altering the surface
bias to �0.002 V). The inter-alkyl angle is measured to
be 100�, so the other set of alkyl chains (row C) are not
aligned with a major axis of graphite. The molecular
spacing within this array appears to present a reason-
able anion-binding pocket, suggesting that the size-
matched bromide (Br�) ion would bind inside, exactly
as it does in solution.45

Contrary to the expectation that anions will bind
directly to this R phase array of receptor cavities, a
global phase transition from the R phase to a comple-
tely new β phase took place (Figure 1d) in the presence
of 1 equiv of Br� present as the TBAþ salt. In this case,
solutions of 1 and TBABr weremixed before deposition
to the HOPG (ex-situ mixing) to produce 1 3 Br

� com-
plexes in solution (Figure 1b), but the same result is
obtained by depositing the solutions sequentially on
the surface so that they mix at the solution�solid
interface (in-situ mixing, Figure S5). The β phase pack-
ingmodel (Figures 1f and S6) is clearly characterized by
double rows of aryl-triazoles now arranged head-to-
head and with the C18 chains aligned along low-index
directions of the graphite lattice, allowing interdigita-
tion in a nearly close-packed state (see Section S4 for
more detail on alkyl packing in the β phase). The rows
of the aromatic cores of the aryl-triazoles are oriented
at 30 ( 3� to the low-index direction of the graphite
lattice, as indicated in Figure 1f.

This abrupt and obvious repacking of the entire
sample surface by receptor 1 is observed only upon
anion addition, here with 1 equiv of Br�. Thus, host�
guest complexation between the Br� and the receptor
in solution and at the surface is expected to be
critical to the R f β crystal transformation. Bright
features can be observed (Figure 1d, arrow) inside
the receptor's binding pocket in the β phase, indicative
of the adsorbed complex, 1 3 Br

�. Such clearly re-
solved images of monatomic ions;cationic23,48�50

or anionic21;are rare, particularly for STM imaging
in non-UHV environments. A better understanding of
the impact of anion binding on this phase transition
required appropriate control studies and titration
curve measurements, which we now describe.

Anion Binding in Solution. We reasoned that the anion-
driven (R f β) phase switching should follow
some of the known anion-binding behaviors of
this receptor in solution.45�47,51�54 This class of
acyclic45,47,52,53 aryl-triazole receptors and the related
cyclic versions46,47,51,53,55 have already been thor-
oughly studied in dichloromethane (ε = 9) solutions
with regard to the types of complexes they form,
their propensity for ion pairing,44,45,55 and their
binding strengths. This knowledge has accrued from
studies that take advantage of quantitative analyses
of titration data44,45,53,55 evaluated with the aid
of global analyses and nonlinear regression. These
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same approaches were undertaken here with alkyl-
functionalized receptor 1, as exemplified herewith Br�.
On the basis of the 1H NMR studies in which TBABr is
added to receptor 1 in dichloromethane (Figure 2),
we see shifts in peak positions that are indicative of,
and provide data for evaluating, the following set of
coupled equilibria (see also Figure 3):

1 þ Br�h1 3 Br
� K1

1þ 1 3 Br
� h12 3 Br

� K2

1 3 Br
� þ TBAþ h 1 3 Br

�
3 TBA

þ Kipc

TBAþ þ Br� h TBABr Kpair

Here, 1 3 Br
� is the 1:1 complex (K1) with the anion

sitting in the plane of the receptor's cavity (Figure 3a),45

12 3 Br
� is the 2:1 complex (K2) with the Br� centrally

located between the two receptors coordinated in a
distorted tetrahedral geometry20 (Figure 3b),1 3 Br

�
3 TBA

þ

is the 1:1:1 ion-paired complex (Kipc) formed between
thepre-existing negatively charged complex1 3 Br

� and
the TBAþ countercation (Figure 3c),45,56 and TBABr is
the ion pair (Figure 3d) formed in solutionwhen the salt
is added to dichloromethane (Kpair = 72 000M�1).57 The
titration analysis of the smooth changes in the 1H NMR
peak positions (Figure 2a) is conducted with HypNMR58

software. The global fitting procedure employs three
signals simultaneously, as justified in the following:
Proton Hc (Figure 2b) is sensitive to anion binding in
the cavity as stabilized by CH 3 3 3 Br

� hydrogen bonding;

Figure 2. (a) 1HNMR titration data of receptor 1 (5mM)with TBABr in CD2Cl2 with appropriate peak assignments. (b) Titration
data following triazole peakHc as a function of added salt (TBABr, TBAI, TBABF4). Inset: Labeled chemical structure of receptor
1. Parts (c)�(e) show the speciation curves, which were calculated using the equilibrium constants in Table 1, for the addition
of anions (0�5 equiv) to receptor 1 (0.12 mM) corresponding to the STM experiments; (c) TBABr, (d) TBAI, and (e) TBABF4.
(f) Speciation for TBABr added to 1 atNMRconcentrations (5mM).

Figure 3. Equilibria present in the solution phase upon
addition of Br� to receptor 1. (a) Formation of the 1:1
complex with geometry-optimized structures (B3LYP/
6-31G*). (b) Anion binding with two receptors into a 2:1
complex, showing a methyl-terminated version of a related
crystal structure.59 (c) Formation of the 1:1:1 ion-paired
receptor. (d) Ion pairing of the TBAþ countercation with
Br�. (1 is displayed with the alkyl chains truncated to
methyls for clarity of presentation.)
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proton Hf is sensitive to formation of the 2:1 complex

on account of the fact that it sits inside the face of

the aromatic ring of the terminal phenylenes within the

bis-receptor complex (Figure 3b); and, the R proton on

the TBAþ countercation is most sensitive to the degree

of interaction with the anion on account of the fact that

the positive charge is arrayed on these �CH2� hydro-

gen atoms.
In addition, the fact that the 1H NMR peaks change

position smoothly means that anion binding is dy-
namic and occurs faster than the NMR time scale. On
the basis of the 2 ppm (=800 Hz) difference in peak
positions for the free receptor and 1:1 complex, we
estimate that the time scale for binding and debinding
is less than 0.5 ms in CD2Cl2 solution.

The equilibrium constants (Table 1) for binding
TBABr, TBAI, and TBABF4 to receptor 1 (eqs 1�4) were
established from analysis of the titration data. The
titration data show (Figure 2b) that the strength of
binding follows the order Br� > I� > BF4

�. The change
in chemical shift, which correlates with binding
strength, is saturated upon addition of fewer equiva-
lents of Br� than for the other anions. The associated
equilibrium constants (Table 1) were then used to
calculate the distribution of each complex present
upon anion addition using the free software Hyss60

(Figure 2c�e). These speciation curves show that con-
version of the free receptor (1) into its various com-
plexed forms (1 3 Br

�, 12 3 Br
�, 1 3 TBABr) follows the

same trend as the binding strength. The speciation
curve at higher concentrations (Figure 2f), correspond-
ing to the concentration of the 1H NMR data, shows
that during the addition of anion to solution there is
conversion from one species to the next, and it may be
possible to see most of these species including the ion
pairing on the surface as an assembly.

Anion-Triggered Crystal Switching. Weexpect the nature
of the crystalline array to modify the binding charac-
teristics of the receptor. For instance, the graphite
surface is likely to occlude space and hinder the anions

from binding to the cavity in the same geometry as in
homogeneous solution. Spatial constraints of the sur-
face adsorption will also affect binding of large anions.
In addition, the rigidity conferred upon the receptor by
confining it to a 2D crystal may impact its binding
properties. For instance, calculations45 show the cres-
cent shape of the binding pocket can expand to better
accommodate larger anions: d(Hd

3 3 3H
d) for Br�, I�,

and BF4
� is 5.6, 5.8, and 6.0 Å (Figure S12). If this

induced-fit behavior is hindered within the crystal
lattice, then such “rigidity” may manifest as (better
or worse) differences in the binding affinities seen
in solution. Additionally, complexes with a large de-
viation from planarity, such as the 2:1 structure
(Figure 3b), are not expected to achieve an adsorbed
state. Despite all these expectations, the surface stabi-
lity of each of the ion-bound complexes will be en-
hanced by the presence of induced charges when
the ions are in intimate contact with the conducting
HOPG.61 To aid the comparison to solution values, we
also conducted titrations with a 50:50 mix of CD2Cl2
with the octanoic acid used for the surface studies.
Octanoic acid is found to decrease the extent of anion
binding.62

There are interesting deviations between solution
binding and crystal switching. That is, with 1 equiv
added, Br� completely switches the crystal into the β
phase, I� does so with half the effect, and BF4

� has no
impact. Yet the equilibrium constants for the solution
phase binding show modest differences across this
series (Table 1). We also conducted experiments with
NO3

� and PF6
� (Figure S11), which are known to have

significantly lower binding constants64 and do not
induce the R f β phase transition. We also note that
Cl�, which binds slightly more tightly than Br�,45 does
not stabilize the β phase (Figure S10). Selectivity is a
behavior usually attributed to rigid and shape-persis-
tent receptors.54,65 Thus, these data provide hints that
the condensation of these receptors into crystalline
adlayers may modify the receptor's binding character-
istics to increase selectivity. Rigidity is likely to arise
when the alkyl chain interdigitation restricts the small
in-plane opening and closing of the receptor core. Also,
geometry optimizations show (Figure S12) the BF4

�

anion straddles the binding pocket and lowers the
receptor's planarity, and such a binding mode might
be untenable with the receptor in contact with the
surface. The strong affinity of the planar molecule for
the surface is likely to limit out-of-plane distortions and
may thus exclude the types of binding geometries
required for binding BF4

� (see Figure S12).
The amount of β phase that is produced depends

on the amount of anion titrated into the receptor
solution (Figure 4c): 1 equiv of Br� converts the entire
surface, whereas 5 equiv of TBAI is needed to achieve
a 9:1 β:R mixture. However, these plots (Figure 4c)
are not titration curves per se. This observation is

TABLE 1. Equilibrium Constants Associated with Binding

ofAnions toReceptor 1Obtained fromAnalysis of 1HNMR

Titration Data (CD2Cl2)
a

X�

Br� I� BF4
�

1 3 X
� log K1 3.8 ( 0.4 3.5 ( 0.1 3.5 ( 0.1

12 3 X
� log K2 2.7 ( 0.2 2.6 ( 0.3 2.2 ( 0.2

1 3 X
�
3 TBA

þ log Kipc 2.8 ( 0.2 3.3 ( 0.2 2.6 ( 0.2
TBAX log Kpair 4.4 ( 0.1b 4.4 ( 0.1b 4.6 ( 0.2b

a All anions titrated as TBAþ salts. Experiments conducted at 5 mM. Global data
fitting and error analysis was conducted using HypNMR58 with protons Hc, Hf, and
R-TBAþ. b All ion pairing equilibrium values were determined using independent
studies by serial dilution and globally fitting the data using energy-restricted factor
analysis as enabled with the software Sivvu.63
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consistent qualitatively with the relative strengths of
anion binding seen in the solution phase (CD2Cl2).

45

Visualization of Ions and Ion Pairs. Binding site occu-
pancies for Br� and TBAI in the adsorbate layer of
receptors exceed solution behaviors.45 On the basis of
known solution phase binding affinities in CD2Cl2
(Figures S15 and S16) and considering that octanoic
acid lowers complexation (Figure S17), we expect
<10% complexation in the form 1 3 Br

� (or 1 3 I
�)

and ,1% as 1 3 Br
�
3 TBA

þ (or 1 3 I
�
3 TBA

þ) in solution
at 0.12 mM (1 equiv), as calculated using speciation
curves (Figure 2d) for either anion. Yet, binding of TBAI
in the β phase as 1 3 I

�
3 TBA

þ occurs with >90% occu-
pancy when scanning virgin areas (Figure 5a), and
∼20% occupation is seen with Br� (Figure 1a). Unfor-
tunately, even though we see different binding site
occupancies between the two anions, these data
cannot be used to quantify surface-binding affinities
on account of the fact that the same STM tip used for
imaging is also responsible for perturbing the system
away from equilibrium, vide infra.

The halide guests are seen by STM imaging to be
dynamic. Some of the bright spots appear (red arrows,
Figure 6) anddisappear (blue arrows) between sequen-
tial images (1min, see also Figure S13) and even during
the time taken to scan from one line to the next (50ms,
green circles). Such half circles are assigned to the
desorptive debinding and adsorptive binding of Br�

and correlate with the rapid dynamics seen in solution
(vide supra). The same image-to-image (1 min time
scale) variation in receptor occupation was observed
with I� (Figure S14). We attribute these observed
variations to anion binding and debinding events after
excluding several other possibilities: conformational

Figure 4. (a, b) STM image of adsorbed 1 in the presence of 1 equiv of TBAI showing amixedR�β phase in (a) a wide scan and
(b) a separate scan at greater resolution. (c) Titration plot showing the percentage of surface area covered with the β phase
upon addition of varying equivalents of TBABr and TBAI (procedure and estimated error described in the SI). (d) Cropped STM
image with schematic model of packing (blue receptors, red I�, gray TBAþ) and (e) associated line profile (yellow lines).
(f) Models of the surface-adsorbed receptors (side view) illustrating the extent of the anion protrusion above the receptor,
I� (purple) and Br� (red).

Figure 5. STM images of 1 þ 1 equiv of TBAI showing a
mixedR�β phase at (a) the beginning of repeated scanning
at Vsub = �0.7 V and (b) after 120 min. (c) Plot of the
percentage of adsorbed β phase receptor sites (not count-
ing R sites) occupied by TBAI as a function of scan time. (d)
Plot of the percentage of the surface area covered by β
phase during the same period of scanning.
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changes of the molecule would not produce these
features based on the molecule's rigidity and its geo-
metry (Figure 1a), and these features are not observed
without anions in the solution, even with the same
solvent conditions and STM parameters (Figure 1c).

STM images of the I�-bound complexes in the β
phase (Figure 4a, b, d) show additional features sitting
∼5 Å above the plane of the complexes that are
interpreted to be TBAþ countercations. Their presence
provides evidence of ion-pair complexes within the β
phase: 1 3 I

�
3 TBA

þ, analogous to observations of ion
pairing between TBAþ cations and the anion-bound
complexes of other aryl-triazole receptors in solution44,45

and crystal structures.56

The extent of ion pairing observed between TBAþ

and the surface-adsorbed complex 1 3 I
� is greater than

expectation from solution behaviors.45 Herein, we
noted that TBAþ forms an ion pair with the negatively
charged complexes 1 3 Br

� and 1 3 I
�with low stabilities

to form ion-paired complexes, e.g., 1 3 I
� þ TBAþ h

1 3 I
�
3 TBA

þ, Kipc ∼4000 M�1 (CD2Cl2) (see Table 1).
There is more frequent observation of ion pairing with
I� than with Br�, which we attribute to modification
of the ion pairing behavior upon adsorption of the
receptor�anion complex. A plausible explanation for
this change is that 1 3 I

� complexes in the adsorbed β
phase display a greater charge density in solution than

does 1 3 Br
�. Such a situation would allow for more

stable Coulombic contacts with the TBAþ cation. But,
general expectations derived from solution studies44,45

suggest that the more charge-dense Br� should pair
more than I�, which is the opposite of what we observe
for the surface-confined situation. To rationalize the
observation, we again consider the impact of the
crystalline adlayer and the sizes of the constituent
atoms I� > Br� > C (diameters: dI� = 4.4 Å, dBr� = 3.8 Å,
dC = 3.4 Å). Thus, assuming the anions and the receptors
are reasonably flat-lying on the surface, the significantly
larger size of I�may allow asmuch as∼1 Å of this anion
to be sitting (Figure 4f) in a dome-likemanner out of the
receptor's cavity and into the solution, while only 0.4 Å
of the Br� will be exposed. This size difference allows
I� to display three times more surface area in solution
than Br�, causing greater ion pairing. This effect can be
interpreted in two ways. First, in collisional ion pair
formation, a larger surface area will lead statistically
to more ion pairs being formed. Second, the exposed
iodide may present a larger surface on which the
cation, with its positive charge known to localize on the
�CH2� hydrogens, can interact. The observation of
behavior that deviates from the solution phase lends
further support to the idea that confinement of the
receptor to an interfacial crystalline array modifies its
binding properties in unanticipated ways.

Thermal Activation of Anion Binding. Reversible anion
bindingwithin the β phase should render the assembly
susceptible to thermal debinding. According to our
interpretation of the interactions stabilizing each
phase, thermally activated anion debinding should
destabilize the β phase and cause phase switching
back to the ion-free R phase globally. Experiments
were conducted by acquiring STM images between
incremental increases in the temperature of the HOPG
sample. On the basis of the STM imaging, the β f R
transitions seem to be abrupt and global: with the
sample at 56 �C (Figure 7b) the sample is still covered
by the β phase. In the next STM image with the sample
now at 57 �C (Figure 7c), the surface is completely
populated by the R phase; the structure observed here
is equivalent to images recorded at similar scan sizes
for samples without anion present. With 1 equiv of
TBAI, the steady-state monolayer at room temperature
is a 50:50 R:β mixture (Figure 7e). We did not observe
any significant change in surface structure up to
29 �C (Figure 7f), but then in the subsequent image
at 30 �C (Figure 7g), the entire surface had transitioned
to R phase. The lower transition temperature for I�

correlates with its weaker stabilization of the β phase.
With either TBABr or TBAI, the room-temperature
steady-state structure is restored upon cooling
(Figure 7d and h).

Response to STM Electric Field. Contrary to all prior ion-
triggered phase transitions, we were surprised to ob-
serve that the TBAI-bound β phase structure (Figure 8a)

Figure 6. Sequential STM images (Δt = 1 min) showing the
dynamic character of the anion binding and debinding from
the surface β phase. Images have been corrected for instru-
ment drift and calibrated. Blue arrows indicate nine posi-
tions where anions are observed to debind between these
two images, while the six red arrows are associated with
binding. Green circles highlight six positions where the
binding or debinding event is occurring as the tip passes
nearby, so that the anion is only partially imaged. Several
other binding and debinding events between these images
are not marked. For a longer time sequence of images and
to see these images without markings, see Figure S13.
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could be transformed locally into the R phase (orange
tint, Figure 8b) by scanning for ∼10 min with a sub-
strate voltage (Vsub) of �1.5 V. This switching was
found to be reversible (Figure 8c) by scanning at
þ1.1 V for∼10 min (Figure S19, movie S1). A substrate
voltage of �0.7 V was used to generate molecular
resolution in Figure 7c; the β phase lamella spacing is
imaged atþ1.1 V (Figure S20), butmolecular resolution
was not achieved. Switching the voltage from þ1.1 to
�0.7 V part way through the image unambiguously
reveals the β phase (Figure S20). As can be seen in a
time sequence of images (Figure S19), this local switch-
ing effect begins immediately upon changing bias, but
takes several scans (over several minutes) in order to
form a highly ordered region of the new phase. The
relatively slow switching here compared to thermal
activation is likely due to the spatially confined nature
of the strongest region of the electric field. Switching is

a local effect corresponding to the surface region over
which the STM tip is scanning, as shown by the zoom-
out image in Figure 8d. Thus, one can use the STM tip
to cycle between the global equilibrium β phase and
a localized, nonequilibrium R phase.

There are many examples of local tip-induced
transitions or transformations. Of the two prior examples
of such transitions using an E-field,36,37 one shows pro-
grammable switching with the E-field but only produces
an order�disorder transition.37 The other does not
follow the logical response expected of a charge in an
E-field and thus does not exhibit polarity-dependent
programming of the transition.36 For this reason, we
conducted a series of control experiments to better char-
acterize the origin of the programmable order�order
transition seen in the present supramolecular assembly.

Anions are required for switching; the E-field (in
either polarity) has no effect on the observed phase

Figure 7. STM images showing temperature-dependent phase transitions of 1 (0.12 mM) with (a�d) 1 equiv of TBABr
occurring at 57 �C and (e�h) 1 equiv of of TBAI at 30 �C.R and βphases are labeled. Scale bar is the same for each of the panels.
(Vsub = �0.7 V, IT = 10 pA.)

Figure 8. (a) Initial STM image of the β phase (gray tint) obtained from a solution of 1 þ TBAI (octanoic acid, Vsub = �0.7 V,
[1] = [I�] = 1.2 � 10�4 M�1). The larger (b) negative (�1.5 V) then (c) positive (þ1.1 V) biases drive switching between the
anion-bound β phase and the uncomplexed R phase, respectively. Time sequence of the voltage-induced phase switching
is available as Supporting Information (Movie S1 and Figure S19). (d) Separate experiment showing localization of
switching effect after “writing” the R phase crystal structure into a smaller region (prior “writing” scan was at �1.5 V bias
in a 20 nm � 20 nm region). All four images are 100 nm � 100 nm in size and were recorded with IT = 10 pA and Vsub =
(a, c, d) �0.7 V or (b) �1.5 V.
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distribution without them; see Figure S21. The �1.5 V
bias is believed to activate decomplexation of the
anions, thereby destabilizing the β phase and allowing
theR phase to form. By the same logic,þ1.1 V enriches
the anions at the surface and leads expediently to re-
formation of the anion-stabilized β phase. Note that
the equilibrium β phase will also re-form with no bias
applied at the surface, but that the �0.7 V “imaging
bias” slows β regrowth substantially.

Persistent scanning using less negative biases over
the same area also drives switching (Figure 5). Re-
peated scanning of a TBAI-dosed sample (1 equiv) at
�0.7 V for over 2 h (Figure 5b) shows extensive loss
of TBAI from the β phase (90% f 15% occupancy,
Figure 5c) and a modest degree of switching into the
R phase (35% f 55%, Figure 5d). These data suggest
that the rate of these particular dynamics (among
others) differs between high and low tip biases. The
actual occupancy of the surface-adsorbed receptors in
virgin areas unperturbedby the scanning tip is expected
to be equal to or higher than those observed by STM.

E-fields drive switching of this system. Consistent
with this idea, we have observed that the response
depends on the polarity and magnitude of the field.
We do not believe that proximity between the sample
and the tip can drive switching because lower voltages
(�0.7 V), which bring the tip closer to the adlayer, slow
switching (Figure 5) instead of hastening it. If the effect
originated from inelastic tunneling (excitation of mo-
lecular vibrations), it should turn on at a lower voltage
(less than about 370 mV � 3000 cm�1). Our observa-
tions follow the logic of how a charged anion should
respond to an E-field, the direct interaction of the anion
with the local E-field (on the order of 109 V m�1) is very
significant, the β / R switching correlates with E-field
polarity, and R f β switching occurs only at þ1.1 V if
the anions are present (Figure S21).

Crystal switching of 1 3 Br
� appears to be more

difficult than with 1 3 I
�, requiring either lower concen-

trations of Br� or higher switching biases. At �0.7 V
substrate bias, the switch occurs only with substoichio-
metric Br�, a situation that ensures some R phase is
present at the surface and suggests that seeding of the
R phase growth might be important. At 0.2 equiv of
Br�, the β phase can be switched to R by imaging at
�0.7 V over ∼30 min (Figure S22). With 1 equiv of Br�,
a more negative substrate bias is required to induce
switching toRphase: complete loss of theβphase locally
is observed within two scans at �1.8 V (Figure S23).

As discussed above, the Br� anion shows low anion
occupancy within the β phase receptors. The low Br�

occupancy is likely due to the bromide's sensitivity to
the scanning E-field. By comparison, TBAI is seen with
high occupancies and almost exclusively as the ion
pair. As such, we can view the ion pair as a dipolar
zwitterion that will couple differently to E-fields. It is
for these reasons that we believe the surface-bound

complexes formed with TBAI are more stable near the
scanning probe than the Br� complexes.

Summary. Interestingly, this self-assembled system
is responsive and bistable despite the fact that the
molecule is not programmed to change its shape upon
anion binding. There are several factors that contribute
to this behavior, which we now discuss. First, while
the alkyl chains exist in different arrangements in the
two phases (R � out�out, 100�, β � in�in, parallel),
the energy differences between the conformations
(B3LYP/6-31G*) are modest irrespective of whether
the anion is bound or not (Figure S9). Second, the
experimentally observed unit cells indicate that, with
regard to vdW interactions, there exists an energetic
advantage of the β phase that results fromgreater vdW
contacts of the receptors' alkyls with the surface and
their nearest neighbors. That is, neither the adsorbate's
conformations nor the vdW contacts are affected by
anion binding, and for this reason, we do not believe
they contribute to the switching between R and β
phases.

The role of the anion must be considered in the
switching behavior. An examination of the packing
structure and of the constituent molecules allows an
evaluation of the attractive and repulsive contacts that
will contribute to the relative stabilities of the phases.
The third factor, therefore, is the existence of repulsive
clashes66 arising from local electrostatic contacts be-
tween an anion bound to one receptor and the prox-
imal carbonyl oxygens on the neighboring receptor
(Figure 9). These contacts will be present in theRphase

Figure 9. Models showing the principle anion-driven
changes in dipole coupling and local electrostatic contacts
that lead to reversible and bistable switching between R
and β phases. Cartoons of themolecules are represented by
red cores and blue tails. The space fill model showing close-
contact repulsions is based on the spacing present in the 2D
crystal structure solution.
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and act to destabilize it, but similar ion�dipole type
contacts are absent in the β phase. Fourth, we consider
that the large molecular dipole from the receptor will
have an impact. For the neutral receptor, we calculated
a 16 D dipole for the out�out conformation present in
the R phase and a 19 D dipole for the in�in conforma-
tion in the β phase. The R phase will be stabilized by
the head-to-tail coupling of the 16 D dipoles, and by
contrast, the β phase will be destabilized by the head-
to-head clashes from the 19 D dipoles. Our calculations
show that the dipoles are more than halved upon
anion binding; out�out R � 6 D and in�in β � 9 D.
Thus, the positive and negative impact of longer range
dipole�dipole coupling will be lessened between the
two phases upon anion binding. Consequently, anion
binding is believed to invert the relative stabilities of
the two phases by altering the combination of forces
that only emerge at the level of the crystal. This leads to
a qualitative understanding of switching: Anion bind-
ing (1) weakens the stability of the R phase by local
anion-to-carbonyl electrostatic clashes and (2) lowers
the energy differences between the two phases that
originate from dipole coupling. We believe these two
effects modify the thermodynamic landscape of the
system to destabilize the R phase and increase the
stability of the β phase upon anion binding (Figure 9).
Once the β phase is formed, it provides a binding site
for the anion (Figure 6) or ion pair (Figure 4b). When
the E-field from the tip stimulates ion release from a
surface-adsorbed receptor, the phase stability flips
back from the β to the R.

We have also shown that the behaviors of the
receptors, when confined at the solution�graphite
interface and in a crystalline array, differ from their
solutionphasebehaviors. The crystal switchingdisplayed
a selective response to only Br� and I� even though in
solution these two anions are merely members of a
homologous series that show the following trend in
their binding affinities (Table 1): Cl� > Br� > I� > BF4

�.

In the observations of enhanced ion pairing for I�,
we observed behavior that is the opposite of that seen
in homogeneous solutions. These observations indicate
that the interfacial and rigid character of the 2D crystal
changes the receptor's sensitivity to different anions.
We note that these types of observations have bene-
fitted from varying the anions added, varying the
amounts of each anion added, optimizing the para-
meters needed to visualize the anions and ion pairs,
and the fortuitous switch in crystal morphology. There
is every reason to believe that these types of effects
are present in other ion-binding arrays.

CONCLUSION

This work presents an exemplary supramolecular
host�guest system for probing how solution phase
behaviors originating from host�guest chemistry can
be affected by surface adsorption: some properties
remain the same (anion binding), others change (anion
selectivity), while still others are completely new, such
as phase switching and E-field responsivity. A global
anion-induced phase switching at the surface is a con-
sequence of the hierarchical ordering present in the
2D self-assembled crystalline material. We demonstrate
how the reversible and selective binding of anions to
adsorbed receptors sensitized the 2D monolayer to
E-field-driven crystal switching by the scanning probe.
High-resolution STM imaging provides molecular-level
insight into anion-binding events, supramolecular phase
switching, and ion pairing effects within the adsorbed
monolayer at the solution�solid interface. Comparisons
of anion-binding behaviors at the interface with detailed
titration analyses in solution demonstrate that anion
selectivity is strongly affected by self-assembly into
crystalline monolayers at the surface. The broader im-
plication of this study is that the functionality of small
molecules, such as guest recognition and environmental
response, can be dramatically impacted when the mol-
ecules are ordered into condensed phases.

EXPERIMENTAL SECTION
Scanning tunneling microscopy experiments were carried

out on Agilent Technologies 5500 PicoPlus STM using a Picoscan
controller in constant-current mode. Tips were mechanically cut
from Pt/Ir wire (80:20, diameter 0.2 mm). The HOPG substrate
(ZYB, Mikromasch or Structure Probe, Inc.) was mechanically
cleaved before each experiment.
A liquid cell was made from Teflon using a Viton O-ring to

ensure the surface area was consistent between experiments.
Samples were prepared by dropping 10 μL of solution on the
surface with a microsyringe. Solutions of aryl-triazole receptor
1 were prepared in octanoic acid (g98%, Aldrich) across a
range of concentrations (1 μM to 1mM). Solutions of the anions
were prepared from the corresponding tetrabutylammonium
salts in octanoic acid and were added to the aryl-triazole
solution in either an ex-situ or in-situ manner. Ex-situ mixing
was performed by premixing the receptor and anion solutions
before deposition. In-situmixing was performed by withdraw-
ing the tip after confirming formation of the free receptor

assembly, followed by addition of anion solution with a
microsyringe.
Variable-temperature experiments were conducted using a

heater built into the sample support plate, whichwas controlled
with a LakeShore 331 controller with a type K thermocouple.
The setup is capable of controlling the temperature of the
sample surface to better than (0.05 �C. Surface coverage
fraction (χ) of theR and β phases was determined as an average
based on more than three experiments (new surface cleavage).
The relative coverage was determined by using more than
20 images (100 nm � 100 nm) obtained in different areas
(separated by ∼5 μm) across the surface. All high-resolution
STM images were corrected for drift effects and piezo scanner
calibration by comparison to lattice measurements of the
underlying HOPG (recorded using scan conditions different
from those used to measure molecular assemblies, It = 0.1 nA,
Vbias = �0.002 V). Unit cell measurements (including angles
relative to the HOPG lattice) were acquired after correcting the
high-resolution images and averaging the distances.
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