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Different scanning force microscopy (SFM) techniques were employed to investigate the structure and

composition of the fundamental crystal faces of prototype halogen-bonded co-crystals of long-chain

perfluorocarbons. These crystals were found to show surfaces with well-defined ledges formed by

intersecting crystal planes having different chemical compositions with the perfluorocarbons (PFCs)

covering the largest area of the crystal as a reminiscence of the strong segregation observed in the bulk

crystal structure.
Introduction

Perfluorocarbons (PFCs) represent a very interesting and stim-

ulating class of chemicals, with large impact in numerous fields

(from materials science1 to supramolecular chemistry2 and

biomedical engineering3) because of their unusual properties

(such as very low surface tensions, dielectric constants, and

refractive indexes, alongside high densities, viscosities, and gas

solubilities4), which are due to their chemical structures and the

weak intermolecular interactions they typically give rise to.

Thanks to these properties, PFCs are commonly employed in

a wide variety of technological areas (e.g. surfactants in super-

critical solvents5 or anticorrosive and antifriction components,

water repellents, sliding agents in paints, coatings, and polymer

technology6). On the other side, the same unique properties also

account for the poor affinity the PFCs have for hydrocarbons

(HCs), water, and salts (both organic and inorganic), also known

as fluorophobic effect. This fact represents a major limitation if

the PFC-HC recognition process is pursued to the point of

triggering the self-assembling of the two species into hybrid

structures like co-crystals. Specifically tailored patterns of

intermolecular interactions between PFCs and HCs are thus

required.

Recently, some of us showed the effectiveness of an innovative

protocol based on ‘‘halogen bonding’’ (XB),7 which is defined as

any attractive interaction involving halogens as electrophilic

species, for specifically involving PFCs in intermolecular
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recognition processes with HCs and/or organic and inorganic

salts (OSs and ISs, respectively). This has opened new perspec-

tives in the manipulation and control of PFCs’ aggregation

phenomena. Thanks to the electron withdrawing ability of

fluorine atoms, halo-PFCs are particularly well-suited for giving

rise to strong halogen bonds. The XB-induced self-assembly of

iodo- and bromo-PFCs with HC electron-donor modules was

already demonstrated to be an efficient strategy in producing

PFC-HC co-crystals8 with applications in various fields (such as

liquid crystals9 and non-covalent fluorous coatings10).

Moreover, the approach of involving haloperfluoroalkanes in

co-crystal formation with XB-acceptors has disclosed new

perspectives in the study of long perfluoroalkyl chains with

analytical techniques, e.g. single-crystal X-ray diffraction

methods, which were only occasionally used before our studies.

In fact, while growing single crystals of long-chain per-

fluoroalkanes is very difficult, due to the poor intermolecular

interactions PFCs give rise to, most of the reported halogen-

bonded PFC-HC materials are crystalline, demonstrating the

general ability of halo-PFCs to behave as robust tectons in

XB-based crystal engineering.7

Nowadays, scanning force microscopy (SFM) techniques are

becoming more and more employed in the structural character-

ization of organic crystal surfaces and as tools for elucidating the

crucial features of the crystallization process.11–13 In this article,

we report the first characterization by different SFM techniques

(atomic force microscopy (AFM), lateral force microscopy

(LFM), surface potential microscopy (SP), and force spectros-

copy (FS)) of a prototype halogen-bonded crystalline system

containing long perfluoroalkyl chains.14 All these analytical

techniques have been jointly applied to obtain structural and

surface compositional information, and to investigate the prop-

erties of these hybrid materials at the nanoscale level. The hybrid

co-crystals studied were found to show surfaces with well-defined

ledges formed by intersecting crystal planes having different,

identifiable chemical composition. In particular, the per-

fluorinated modules cover the major part of the surface of the

crystal, which is reminiscent of the strong segregation between

PFC and HC modules that characterizes the bulk crystal

structure.
This journal is ª The Royal Society of Chemistry 2009
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We expect this study to impact the rational design of halogen-

bonded PFC-HC systems, leading to subsequent synthesis of

novel hybrid co-crystals exposing engineered surfaces and

exhibiting predictable functional properties.

Experimental

Crystals of the three-component supramolecular complex 5

(Fig. 1a) were obtained on isothermal evaporation under diffu-

sion conditions of an ethanol solution containing equimolar

amounts of 4,7,13,16,21–24-hexaoxa-1,10-diazabicyclo[8,8,8]-

hexacosane (1, cryptate Kryptofix� 222), potassium iodide (2)

and 1,1,2,2,3,3,4,4,5,5,6,6,7,7,8,8-hexadecafluoro-1,8-diio-

dooctane (4). A multistep supramolecular synthesis15 occurs,

where two different interactions (K+ binding by K.2.2.2 1 and

I�/I-PFC XB) prevail over other possible interactions (e.g. HC–

N/I-PFC XB) and work in a hierarchical fashion. Alternatively,

crystals of 5 can be obtained by dissolving in ethanol, in a vial of

clear borosilicate glass at room temperature, equimolar amounts

of 3 (cryptate Kryptofix� 222 3 KI formed by 1 and 2) and 4,

closing the open vial in a cylindrical wide-mouth bottle con-

taining paraffine oil and allowing the solvent to diffuse at rt.

After a period of 1–5 days, colorless crystals precipitated from

the solution (for a detailed description and single crystal X-ray

characterization of the halogen-bonded system 5, see ref. 14).

Scanning probe imaging was performed with a commercial

scanning probe microscope (Veeco Thermomicroscope CP-

research II). An amplitude modulation technique was used to

image topography, while the electrostatic force between tip and
Fig. 1 (a) Asymmetric unit of the structure of the co-crystal 5 formed by the cr

structure of the co-crystal 5 viewed down the a crystallographic axis. Reminisc

perfluorinated modules give rise to a remarkable segregation in the crystal pac

develop along the c crystallographic axis. Two (001) PFC-HC/IS bilayers are

(c) and (d) The 6.3 network of superanions (I�/I-PFC) viewed down the c (c)

and connect three different diiodoperfluoroalkanes 4 through XB. The strong

growth of the layers in the [001] zone of the crystal. Colours are as follows: C, g

dashed lines. (e) Optical microscopy image of the (001) face of a 0.40 � 0.27

mounted over a glass capillary. (f) Optical microscopy image of the (100) fac

This journal is ª The Royal Society of Chemistry 2009
sample was exploited for simultaneously sensing the surface

potential by applying to a metal-coated tip an AC voltage in

addition to a DC voltage. Varying this DC voltage in order to

compensate the total electrostatic force to zero, a feedback loop

allowed to directly measure the surface potential.16 LFM imaging

and FS were performed in air using the same microscope in

contact mode. Silicon nitride cantilevers were employed in FS

studies, which enable quantitative investigation of nanoscale

forces after a proper calibration. All these SFM techniques are

able to distinguish regions exposing different chemical groups.
Results and discussion

Crystal description

Our attention was focused on the ternary supramolecular

complex 5 (Fig. 1a),14 given by 4 with the cryptate Kryptofix� 222

3 KI 3. This complex crystallizes with trigonal symmetry in the

P�3 space group and forms large hexagonal or triangular thin

plates (Fig. 1e) having their largest faces perpendicular to the c

crystallographic axis. The bulk crystal structure of 5 is charac-

terized by alternating supercations’ (K.2.2.2 3 K+) and super-

anions’ (I�/I-PFC-I) 1.3 nm-thick layers, which are extended in

the (001) crystallographic plane (Fig. 1b). The superanions’

layers consist of interpenetrated infinite [6,3] networks (Fig. 1c)

assembled thanks to I�/I-PFC-I XB. Iodide ions, which work as

pyramidal tridentate electron donors, are the nodes of the nets,

while diiodo-PFCs 4, which behave as bidentate electron

acceptors, connect the nodes. The ionic pair is fully separated as
yptate 3 (K.2.2.2 3 KI) and 1,8-diiodoperfluorooctane 4. (b) Bulk crystal

ent of the unique phase properties of PFC derivatives, the cryptate and the

king. Alternating PFC-HC/IS layers are formed (ca. 1.3 nm thick), which

reported, which are separated by a plane with horizontal dashed outlines.

and a (d) crystallographic axes. Iodide ions are the nodes of the network

ly anisotropic XB along with the stiff character of the PFC units force the

rey; N, blue; O, red; F, green; K, violet; and I, purple. XB is represented as

� 0.05 mm�3 triangular-shaped crystal of the supramolecular complex 5

e of the same crystal.

CrystEngComm, 2009, 11, 510–515 | 511
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Fig. 2 (a) Constant amplitude topographic and (b) SP images recorded

in air on the largest (001) surface of a 1.5 mm large crystal of 5 as

precipitated from an ethanol solution. Well-defined crystalline terraces

having different VS values are visible. (c) LFM image recorded in air on

the same crystallographic surface, confirming that two different molec-

ular functionalities are exposed on this crystal surface. (d) 3D image of

the crystal topography.
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the shortest K+/I� distance is 7.681 Å. Assuming thermody-

namic control, the relative areas covered by the specific crystal

faces are inversely proportional to their relative surface energies,

which depend on the exposed molecular functionalities. By

definition, the lowest energy surface is the one in which the

weakest bonds are truncated, since this minimizes the energetic

penalty associated with the lack of bonding at this plane.11 It

could, thus, be expected that the electrostatic interactions

between supercations and superanions will be truncated. On the

other hand, the strong17 anisotropic I�/I-PFC-I interactions

drive the crystal growth of 5 preferentially in the superanions’

layer plane (Fig. 1d), which is perpendicular to the c axis. In

addition, during crystal growth, the charged surfaces (covered by

superanions and supercations) are continuously neutralized by

adsorption of couterions from solution. Such process is expected

to slow down the growth rate of the surface, causing the domi-

nant face to have this orientation. Both these characteristics

should tend to favor the formation of well-defined ledges on the

crystal surface, whose structure (given the trigonal symmetry of

5) can be surmised (in absence of a significant reconstruction)

from the analysis of the bulk crystal structure. We can thus

foresee the (001) surface to have a single-component composition

(either the cryptate 3 or the PFC 4), while the [001] zone

composition corresponds to the PFC�HC/IS layers, which

alternate along the c crystallographic axis. Identifying the specific

functional groups exposed at the different crystal faces of 5

would greatly contribute to better understanding of the crystal

growth of these hybrid materials, impacting the rational design

of halogen-bonded PFC-HC crystals exposing engineered func-

tional surfaces with tailored properties.

For this purpose, we characterized the crystals through

different SFM techniques. Many examples on the effectiveness of

these techniques in the characterization of phase-separated

mixed PFC-HC systems are reported in the literature.18–20 Here

we extended their use to the study of hybrid PFC-HC/IS halogen-

bonded co-crystals for obtaining structural and compositional

information on their surfaces. In fact, the ability of SP21 and

LFM22 to detect terminal group differences enables the investi-

gation of the ordered growth of crystals’ faces and the correlation

of topographic and compositional features in order to identify

faces with different chemical composition.
SPM results

Tapping AFM in combination with SP mapping was first used

for the simultaneous visualization of the topographical features

and the local surface potential (VS) at the fundamental crystal

surfaces. Specifically, we started investigating the surface of

plate-like crystals of 5, as formed after the precipitation from an

ethanol solution and oriented in order to expose their largest

(001) surface (Fig. 1e). Fig. 2 reports the topographic (a) and SP

images (b) collected over a 1.5 mm-large crystal. We observed

alternating large and narrow terraces with a minimal separation

roughly corresponding to the c axis of the unit cell of 5.23 The

RMS roughness calculated on the crystalline terraces is typically

around 2 Å with occasional small clusters having lateral

dimensions in the range of 150–200 nm. The SP image (Fig. 2b)

provides the first surface compositional information, thanks to

the ability of SP microscopy to detect the potential on a surface.24
512 | CrystEngComm, 2009, 11, 510–515
Alternating large ‘‘dark’’ and narrow ‘‘bright’’ regions were

observed as a function of the low and high VS values, respec-

tively. The surface potential at the top of the bright regions is

typically advanced by 25 mV with respect to the dark ones, but

this value should not be intended as quantitative since reliable

measurements in air of the absolute difference of potentials are

challenging (and beyond the aim of the present work). A strict

correlation exists between the alternating terraces in the topog-

raphy image and equipotential regions in SP mode. Large and

narrow terraces correspond to dark and bright regions, respec-

tively. It is worth noting that this correlation is not based on

a variation of topography. As a consequence, we ascribe these

results to surfaces with different chemical composition.

To provide complementary data, we investigated the same

surface by LFM, which maps the lateral deformation of the

cantilever during the scanning of the sample in contact mode.

Since this deformation depends on the frictional force acting on

the probe (measured over a localized contact area of a few square

nanometers19), this technique is sensitive to chemical composi-

tion19,25 and allows to distinguish components in multicompo-

nents systems on the basis of their different frictional response.19

In good agreement with the SP results, we observed again

alternated terraces with different friction (see Fig. 2c). In

particular, large and narrow terraces correspond to high and low

friction regions, respectively. Therefore, both SP and LFM data

suggest that alternating domains exposing different molecular

functionalities are present on the (001) surface of 5.

These two regions, observed on the (001) surface of 5, can be

correlated with the different chemical composition of its funda-

mental faces, as derived from the analysis of the bulk crystal
This journal is ª The Royal Society of Chemistry 2009
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structure of 5. Accordingly, we conclude the (001) crystal surface

of 5 to have a single-module composition, either the cryptated

salt 3 or the PFC 4. As a reference, in SP and LFM images of the

[001] zone, on whose surface PFC-HC/IS are expected to alter-

nate, we observed contrast only in correspondence with the

clusters, at the spatial resolution achieved. Thus, further exper-

iments with techniques other than SP and LFM (with a better

spatial resolution) are required for probing this crystal zone.

To deeper understand the surface composition of 5 and

directly investigate both the crystallographic (001) surface (with

a single-module composition, Fig. 1e) and the [001] zone

(expected to exhibit a two-module composition, Fig. 1f), FS was

performed on high quality single crystals intentionally oriented

in order to show these two fundamental faces. As a rule, we

acquired a large number of curves (typically some tens), at

different positions on a single surface and checked their repro-

ducibility. All of the force curves reported have been acquired

using the same tip, in order to exclude any influence of the tip

radius on the measured adhesion force. Fig. 3a shows FS curves
Fig. 3 (a) Five force–distance curves for each crystal, recorded in

retraction at different points. It is noteworthy that while type A and type

B curves are very reproducible in different scans, type C curves are

strongly point-dependent, gradually switching from type A to type B

behaviour and vice versa. (b)–(c) Force–distance curves recorded in

approach and retraction on the (001) surface of 5, before (b) and after (c)

vacuum removal of the PFC module 4.

This journal is ª The Royal Society of Chemistry 2009
recorded on different crystal surfaces. Specifically, the violet and

red curves (type A) were collected on the large terraces (‘‘SP dark

regions’’) of the (001) surface of two different crystals of 5. They

are identical and perfectly reproducible in different scans and in

different points of the surface (with a slight influence of

humidity26), thus revealing again a homogeneous molecular

composition of the examined areas of the (001) surface.

Exploiting the volatility of perfluorinated compounds, we then

selectively removed the 1,8-diiodoperfluorooctane module 4

from the surface. The AFM force curves acquired on the (001)

surface after this procedure (black curves in Fig. 3a, type B) differ

greatly from the type A ones and always show low adhesion

forces ascribable to a long-range attractive electrostatic force

with a 20 nm Debye length27 (Fig. 3c). On the other hand, on the

[001] zone of 5, we observed strongly surface-point dependent

curves (green and blue curves in Fig. 3a, type C, from two

different samples of 5). This is consistent with a surface exposing

both modules (alternating 3 and 4), with the tip probing the local

forces at the approach point,28 thus sensing a variable contri-

bution from each module depending on the nearest molecular

functionalities. Force spectroscopy (FS) curves acquired in

approach mode showed no significant differences and no damage

of the surface was ever observed after the FS measurements.
Discussion

The main point to understand for further advancing the rational

design of these halogen-bonded PFC-HC crystals in order to

exhibit functional/nanostructured surfaces with tailored prop-

erties is to unambiguously identify the molecular functionalities

exposed on the different crystal faces. This is the field where SFM

techniques can provide useful information for confirmation of

crystal structure and compositional identification.11 Since large

terraces exhibit a smaller SP value, we assign them to a surface

exposing the perfluorinated modules of the superanion layer,

while small terraces correspond to the superficial cryptated salt 3

module which results in a higher SP value since in this case the tip

is closer to the supercation layer. The fact that PFCs are known

as the solids with the lowest surface energies on earth6

strengthens the expectation that the presence of the PFC module

4 on the largest area of the (001) surface of 5 will contribute to the

minimization of the overall surface energy of the crystal. More-

over, type A curves are strictly similar (large adhesion) to the

ones that can be obtained on pure 1,8-diiodoperfluorooctane

module 4 (not shown), supporting this assignment. On the other

hand, we attribute the cryptate 3 module to be exposed on the

narrow terraces, to whom type B curves correspond in FS

experiments. In this respect, it is worth noting that the type C

force curves appear to gradually switch from type A to type B

behaviour and vice versa depending on the analyzed point on the

surface, supporting the two modules chemical composition at the

[001] surface of the crystal 5.

Concerning the large adhesion forces measured in type A

curves (typically z100 nN; Fig. 3b), at first glance this could

seem an unexpected result for surfaces given by PFCs and their

derivatives25,29–31 being typically strongly hydrophobic. However,

FS curves acquired on the pure perfluoroalkane 4 exhibit the

same shapes and adhesions (not shown). Thus, we speculate

about a possible specific interaction between the tip and the
CrystEngComm, 2009, 11, 510–515 | 513
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surface. This possibility has been considered, for instance, to

explain why the adhesion between a Si3N4 tip and a silicon

surface is stronger than what was found on PEI films of similar

wettability.32 Specifically, in our case, we have a surface exposing

iodo-terminated perfluoroalkanes, while all of the FS reports

published so far concern CF3-terminated perfluoroalkanes. As

a consequence, we have an array of XB-donor sites on the

surface, while the tip material is Si3N4. At first glance, a possible

XB interaction between the tip N atoms, as XB-acceptor sites,

and the iodine atoms on the surface seems plausible and would

contribute to explaining the strong adhesion forces observed on

regions covered by the 1,8-diiodoperfluorooctane module 4. A

specific FS study of such surfaces with XB-acceptor group-

functionalized tips is under current investigation and the results

will be reported in due course.

Finally, the friction values have to be discussed. Since PFCs

are employed as antifriction components in fluorine-containing

lubricants, a reduction in friction could be expected on the

fluorinated surfaces. However, Overney et al. reported a four-

fold higher friction on fluorocarbons than on hydrocarbons,

which they attributed, at least in part, to the greater stiffness and

closer packing of the fluorocarbon moiety.19 In addition, in our

case, the large adhesion forces observed on the large terraces on

the (001) crystal surface found to expose the PFC 4 module are

expected to result in higher lateral forces as compared to region

exhibiting the cryptate 3 (where adhesion is low).
Conclusions

Four different SFM techniques (AFM, LFM, SP, and FS) were

used to analyze, for the first time, the surface of the prototype

halogen-bonded PFC-HC/IS hybrid supramolecular complex 5,

which is characterized by strong segregation between the per-

fluorocarbon and the organic salt modules into alternating

layers. We demonstrated the capability of such techniques to

obtain structural and compositional information of the surfaces

shown by these hybrid materials. Crystals of 5 were found to

have surfaces with well-defined ledges formed by intersecting

crystal planes with different chemical composition, as a reminis-

cence of the strong segregation observed in the bulk crystal

structure. The fundamental (001) surface (the largest in the

crystal) consists of large and narrow terraces, which expose the

single PFC module 4 and the cryptate 3, respectively; while layers

of HC/IS supercations and PFC superanions alternating along

the c crystallographic axis are exposed at the surface of the [001]

zone.

The tendency of organic crystals to form well-defined ledges

exposing specific molecular functionalities provides an intriguing

opportunity for examining the organization of molecules on

substrates for precise control of nucleation. Understanding of the

physical and chemical properties of surfaces is of paramount

importance for the design of novel materials. This study will

prompt a rational design of new halogen-bonded PFC-HC

hybrid co-crystals, leading to the subsequent synthesis of novel

hybrid systems exposing engineered surfaces and exhibiting

predictable functional properties. Moreover, due to the flexibility

of SFM techniques and the difficulties in growing good crystals

of long-chain perfluoroalkanes (because of the poor intermo-

lecular interactions PFCs give rise to), we expect SFM to be very
514 | CrystEngComm, 2009, 11, 510–515
useful in the future as an alternative tool to X-ray diffraction

methods for the investigation of such kind of highly fluorinated

materials.
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