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Abstract

Atomic force microscopy (AFM) has been used to investigate the (1 0 0) face of crystalline adipic acid, both in air and liquid
environments. In air, surface reorganization occurred during scanning of the AFM probe, which has been investigated using
single point force—distance analysis under a controlled relative humidity (RH) environment. We suggest such reorganization can
be attributed to the influence of a network of water molecules bound to the hydrophilic (1 00) surface permitting local AFM
tip-enhanced dissolution and reorganization of the solute. In situ imaging was also carried out on the crystals, revealing etch-pit
formation during dissolution, and rapid growth at higher levels of supersaturatjphdth of which are direct consequences
of the hydrophilic nature of the (100) face. Also presented here are nanoscale observations of the effect of octanoic acid, a
structurally-related habit modifier, on crystalline adipic acid. Using AFM, we have been able to show that the presence of octanoic
acid at low concentration has little observable affect on the development of the (1 00) face; however, as this concentration is
increased, there are clear changes in step morphology and growth mode on the (1 0 0) face of the crystal. At a concentration of
1.26 mmol dm® (a concentration corresponding to a molar ratio of approximately 1:175 octanoic acid:adipic acid), growth on
the (100) face is inhibited, with in situ AFM imaging indicating this is a direct consequence of octanoic acid binding to the
surface, and pinning the monomolecular growth steps.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction the biological behaviour of the finished forfal¢rence

and Attwood, 1988
The physical properties of the solid state of both  Crystallization plays a vital role in a number of

drugs and excipients are of considerable importance stages in the production of pharmaceutical materials.

in the pharmaceutical industry as they can effect both Initially, purification and separation define a material’s

the production of effective and safe dosage forms, and chemical purity and physical properties. Further down-

stream in the manufacturing process, crystal properties

can influence a range of industrial formulation factors
such as bioavailability, milling, tabletting, agglomer-
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inevitable during crystallization from solutioZljang
and Grant, 1999 Generally it can be assumed that
there is some form of affinity between an active im-
purity and the crystallizing species of interest. With
organic molecules, affinity between the ‘guest’ and
‘host’ molecule often stems from a structural simi-
larity, which has led to the use of the term ‘tailored’
crystal growth Mullin, 2001).

Structurally-related molecules frequently act as im-

T.R. Keel et al./International Journal of Pharmaceutics 280 (2004) 185-198

cal morphology of adipic acid crystal$fefer and
Boistelle, 2000 and the binding energies present
between various long chain alkanoic acids (octanoic
acid and above) and the (100) face of adipic acid
(Myerson and Jang, 1995

The primary aim of this report is to visualize at
the nanoscale the (1 00) face of both un-doped adipic
acid crystals, and crystals grown in the presence of
octanoic acid. This has been achieved using atomic

purities in molecular crystals. These substances mayforce microscopy (AFM). We have previously em-
have been introduced to the crystallization medium ployed AFM to visualize the dissolution of aspirin

for a specific purpose, or might be impurities result-

(Danesh et al., 20Q1and the growth of paracetamol

ing from the synthesis or degradation of the desired crystals Thompson et al., 2004Here our studies have
product. Thus, literature is replete with references to revealed an apparent surface restructuring in air of the

the additive-induced effects on crystalline drug com-

adipic acid crystal lattice under typical AFM imaging

pounds. Some of the reported additives are polymeric conditions, a phenomenon ascribed to local dissolution

molecules that act as nucleation inhibitors, allowing
the successful topical delivery of drugs in a super-
saturated stateD@vis and Hadgraft, 1991; Raghavan
et al., 2000, 2001 Other reports concern the ef-

fect of small molecule inhibitors on the growth and

dissolution of pharmaceutical compounds such as

a-lactose monohydrateG@arnier et al., 200 parac-
etamol Chow et al., 1985Chow and Grant, 1988g,b
Hendriksen and Grant, 1995; Hendriksen et al., 3998
and salicylic acid Vilkins et al., 2002.

However, probably the most widely studied of all

and reorganization of the solute. In situ imaging also
reveals the growth and dissolution behaviour of adipic
acid crystals, both in the presence and absence of the
structurally-related habit modifier, octanoic acid.

2. Materials and methods

2.1. Materials

Adipic acid and octanoic acid were both purchased

pharmaceutically relevant small molecules is adipic from Sigma-Aldrich (Sigma-Aldrich, Gillingham,

acid, an excipient used as an acidulent in efferves-

UK) and used as received. The solvent used through-

cent tablet formulations and as a tablet lubricant. The out was HPLC grade water (18.2®/cm resistivity).

habit modification of crystalline adipic acid was first

guantitatively observed in the presence of anionic and 2.2. Growth of seed crystals

cationic surfactants Michaels and Colville, 1960;
Michaels and Tausch, 195However, it is the effect

A series of experiments were carried out to iden-

of a series ofn-alkanoic acids on the crystal habit tify conditions to grow suitably large (>1mm),
that has received most attention. Simple molecules well-faceted seed crystals for AFM experiments. The
such as caproic, heptanoic, octanoic and decanoicoptimized protocol was as follows. 2.05g of adipic
acids are structurally similar to adipic acid making acid was added to 200ml of water and dissolved
such materials ideal to act as relevant habit modifiers. by sonication. The resulting undersaturated solution
Numerous research papers have reported the severevas filtered and placed in the refrigerator atCt
habit modification observed in adipic acid crystals Generally, after 72 h suitably sized crystals had nu-
when doped with relatively low concentrations of cleated and grown. Such crystals were then rapidly
alkanoic acids Kairbrother and Grant, 1978, 1979; vacuum filtered, washed and dried lightly with ab-
Davey et al., 199Ralong with the effects of doping  sorbent tissue paper. The crystals were subsequently
on dissolution rate, crystal energy and density, and dried overnight in an oven at 6C and stored in a
melting point Chow et al., 1984, 1986; Chan and desiccator until required.

Grant, 1989. Molecular modeling techniques have Adipic acid crystallizes in the monoclinic crys-
also been employed to calculate both the theoreti- tal system and has the space grdRfa/c, with two
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Fig. 1. (a) A schematic illustrating the structure of crystalline adipic acid, as viewed dowmakis. The hydrogen bonding and van der

Waals interactions present are highlighted with dotted and bold arrows, respectively. (b) The experimental morphology of a typical crystal

grown from aqueous solution.

molecules per unit cell. The unit cell parameters are solved in the solvent (water). Solubility data for this

a =10.01A, b =5.15A andc = 10.06 A, with 8

= 136.7 Housty and Hospital, 1965 The structure
of the adipic acid crystal, along with a schematic il-
lustration of the experimental morphology of adipic
acid crystals grown from water, is presented in
Fig. L

2.3. Preparation of imaging solutions

The relative supersaturation of all imaging solutions
was calculated usingq. (1)

o)

wherecy is the solubility of adipic acid at a given tem-
perature, and is the concentration of adipic acid dis-

@)

system is provided iffrig. 2, and is in the form of a
polynomial fit of adipic acid solubility in water ver-
sus temperaturd-@irbrother, 198l All AFM exper-
iments were carried out at room temperature°@p
However, it must be noted that the temperature
within the AFM liquid cell is slightly elevated when
compared to the room temperature due to the heat
generated by the AFM piezoelectrics and laser light
(Kipp et al., 199%. Inevitably, this raises the sol-
ubility of adipic acid (seeFig. 2), causing the cal-
culated values of supersaturation to be artificially
high. This explains why, for example, dissolution was
observed in an apparently supersaturated solution
(Section 3.2 This effect is difficult to quantify, es-
pecially when dealing with a material such as adipic
acid whose solubility is highly dependant on temper-
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~ 140 - maximum scan size of 8m x 13um. Images were

§ 120 1 collected in both tapping and contact mode, using a
§ 100 - minimum contact force at all times to avoid damaging
S 80+ the crystal face. All images were collected at either
2> 601 256 x 256 or 512x 512 pixel resolution, at a scan
5 401 rate in the range of 2-8 Hz.

@]

(%2}

Experiments carried out in solution utilized a liquid
cell (Veeco), equipped with a small o-ring to prevent
solvent evaporation. Prior to each experiment in liquid
Temperature (°C) the selected crystal was imaged in air to ensure the
tip was of good quality and the area of crystal to be
investigated was representative of a typical adipic acid
crystal.

The images presented throughout this study are
ature. As such, the values of supersaturation quotedin the form of either topography or deflection data.
throughout have been calculated using the SO'UbI'Ity Topography micrographs are constructed from the
of adipic acid in water at 25C (23.459/1000ml),  movement of thez-piezo in response to the AFM
and are accurate relative to one another at this controller feedback system, and contain accurate
temperature. three-dimensional data. The deflection images are

The following protocol was utilized to make up the  constructed directly from the movement of the laser
imaging media. The calculated quantity of adipic acid on the AFM photodiode. These images often high-
was dissolved in 5ml of water by stirring at 238 rpm, |ight rapid changes in topography in greater detail,
at 50°C. If the solution was to contain a habit modi- such as is seen at step edgesl and are used for that
fier, the desired quantity was added at this point. The pyrpose throughout this report.
solution was stirred for approximately 60min to en-  Force—distance data presented herein were also col-
sure complete dissolution, after which it was filtered |ected using the DI multimode AFM. This data comes
and left to cool to 25C prior to being introduced into  in the form of tip approach-retract curves, which can
the AFM liquid cell. All values of supersaturation and  provide quantitative information of forces present be-
quantities of habit modifier will be quoted and dis- tween the tip and sample of interest as a function of

0 ‘ ‘ i
0 20 40

Fig. 2. Solubility of adipic acid in water, as a function of temper-
ature. Adapted fronfairbrother (1981)

cussed irSection 3 tip—sample distance.
The same cantilever, which was initially cleaned
2.4. AFM analysis in weak argon plasma for 5s, was used throughout

the single point force—distance experiments, allow-
Well faceted crystals (diameter >1 mm) were se- ing direct comparison of data. Curves presented are
lected for AFM analysis by optical microscopy. corrected from deflection versus piezo deflection,
Once a suitable crystal had been identified, it was to true force (nN) versus probe-sample separation
mounted on a 10-mm glass coverslip (Agar Scien- data.
tific, Stansted, UK) using Tempfix (Agar Scientific),
which in turn was fixed to a magnetic AFM stub. 2.5. Scanning electron microscopy (SEM) analysis
Being the crystal face of interest during the present
study, the (100) face was mounted parallel to the All samples were gold coated using a Balzers SCD
coverslip. 030 Sputter Coater (Balzers Union Limited, Liecht-
All images were recorded using a DI multimode enstein), operated at 0.1 mbar with a sputtering cur-
atomic force microscope equipped with a Nanoscope rent of 30 mA. The duration of coating was 4 min. A
Illa controller (Veeco, Santa Barbara, CA). Silicon ni- Philips 505 SEM (Philips Electron Optics, Eindhoven,
tride NP-S cantilevers with a nominal spring constant The Netherlands) was used to image all samples un-
of 0.1NnT! were used throughout (Veeco). The DI der a range of magnification settings at a voltage of
multimode was equipped with an E-scanner with a 23 keV, with a spot size of 50 nm.
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3. Results and discussion

3.1. Surface restructuring on the (100) face of
un-doped adipic acid crystals

To our knowledge, no AFM studies have previ-
ously been carried out on crystalline adipic acid, so
initial experiments were carried out in air in an at-
tempt to characterize the (100) face of the crystal. A
typical AFM topography image is shown iRig. 3.

As expected, the surfaces of the crystals are domi-

189

corporated into the advancing monomolecular steps in
Fig. 4c

To our knowledge, such solute reorganization has
only previously been observed on crystals of cadmium
mercury thiocyanate (CMTC), a nonlinear optical
material (iang et al., 2001, 20023,bThese reports
detailed a variety of phase transitions and surface
morphology transformations, including the transfor-
mation of amorphous aggregates to microcrystals,
and alteration of step shapes and defects. The authors
attributed the apparent restructuring of the crystal sur-

nated by step edges that have been pinned by foreignface to the inevitable increase in internal energy of the

particles adsorbed on the crystal surfaCalfrera and
Vermilyea, 1958 The single-molecule steps were
consistently around 0.7 nm in height@.15 nm), a fig-
ure that is directly comparable to 0.685 nm, the inter-

lattice after prolonged periods of contact mode imag-
ing, which in turn promoted the gradual formation of
increasingly stable states of the crystal.

Our observations are somewhat different to the re-

planar distance normal to the (1 0 0) face deduced from port of Jiang et al. Reorganization has been observed
crystallographic studiesHpusty and Hospital, 1965 after just a few minutes scanning in one area, in both

On a number of separate occasions during the pre-contact (data not shown) and tapping mode. Tapping
liminary characterization experiments presented here, mode scanning negates many of the unfavourable
an apparent reorganization of adipic acid on the sur- probe—sample interactions associated with contact
face of the crystal was observelig. 4 shows four mode, and can lower lateral forces exerted on the
consecutive tapping mode images. These images il- sample surface to an almost negligible level, although
lustrate a clear change in surface morphology in a contact forces can still be considerable at maximum
short space of time. Solute is clearly nucleating on the loading. The observation of reorganization so rapidly
step terraces irfrig. 4h and subsequently being in- after the onset of scanning indicates that, in addition
to any tip—sample interaction, the surface chemistry
of the crystal may be playing a significant part in the
apparent solute mobility.

To further investigate these observations a series
of single point force—distance experiments were car-
ried out, the results of which are displayedRig. 5.

Fig. Sais characteristic of a typical force—distance
curve acquired on a crystal of adipic acid in ambient
air conditions (RH~30%). The jump-to-contact on
tip approach to the crystal surface is relatively small,
whilst the jump-off-contact is considerably larger.
Such a comparatively large adhesion is due to the
meniscus force exerted by layers of water adsorbed
on the sample surface. Indeed, when the crystal and
the AFM tip were immersed in a saturated aqueous
solution of adipic acid, the large capillary-induced
adhesion force was negated (data not shown).

In the case of adipic acid, the presence of a sig-
nificant meniscus force on the (10 0) face in ambient
conditions is inevitable as it constructed entirely
of carboxylic groups (seéig. 1). The hydrophilic
nature of such groups is likely to induce strong at-

Fig. 3. 10um x 10um topographical AFM image of the (100)
face of a typical un-doped adipic acid seed crystaiange, 35nm.
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(b)
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Fig. 4. Consecutive 1/om x 1.5um tapping mode images of an adipic acid crystal, recorded in air at a scan speed of 3Hz. Widespread
solute reorganization on the crystal surface is clearly evident, some of which is highlighted by arawges of (a—d), 8 nm.

tractive forces between the sample surface and the In an attempt to further investigate the likelihood
thin water layer covering it. Theoretically, perturba- of dissolution and reorganization occurring on the
tion of this bound water layer by the raster motion crystal surface, force—distances curves were also car-
of the tip may induce local dissolution and reor- ried out on the crystals in a 0% relative humidity
ganization of the solute molecules on the crystal (RH) environment and a typical curve is displayed
surface, giving rise to the effects observed during in Fig. 5b (this curve has been translated 50 nm on
scanning. the z-displacement axis for clarity). There have been



T.R. Keel et al./International Journal of Pharmaceutics 280 (2004) 185-198 191

(@ (b)

Force (NN)

20\ 60 80 100 120 140 160 180 200

34 Z displacement (nm)

Fig. 5. Force—distance displacement data obtained from the (100) face at ambient (a) and low (b) relative humidity. Curve (b) has been
translated 50 nm to the right for clarity.

numerous studies previously investigating the depen- compete with the occupying water molecules to bind
dence of pull-off forces on RH, many of which have at the crystal surface. This leads to a situation where
been covered in Cappella’s comprehensive review desorption of the water molecules may play a signifi-
article Cappella and Dietler, 1999Generally, as the  cant role in determining the relative growth rate of the
RH is lowered toward 0%, the pull-off force decreases crystal facesavey et al., 1982, 1992
in magnitude due to the removal of lesser-bound wa-
ter molecules at the sample surface. However, when 3.2. Dissolution and growth of adipic acid crystals
comparingFig. 5a and kthere appears to be a neg-
ligible decrease in pull-off force when lowering the As previously discussed, there have been numerous
RH from ambient conditions 0f30% to 0%. This  reports of the bulk dissolution and growth behaviour
suggests that a significant layer of waterstsongly of crystalline adipic acid. One of the main advantages
adsorbed to the (100) surface. It seems feasible thatof AFM is the ability to perform experiments in situ,
such conditions, promoted by the interaction of the which allows data to be collected in real time under
AFM tip on the surface, facilitate dissolution and re- conditions directly relevant to the system of interest.
organization of the solute within the bound ‘network’ In the case of adipic acid, in situ AFM allows the
of water molecules on the surface as observed in the investigation of growth and dissolution of the (100)
sequence of images Fg. 4. face of single crystals under controlled imaging media.
The hydrophilic nature of the (100) face demon- Initially, experiments were conducted to identify
strated here is of utmost importance in a number of conditions suitable for such investigations. Imaging
aspects of the growth and morphology of adipic acid solutions witho > 0.45 promoted the spontaneous nu-
crystals. Theoretically, the formation of the (10 0) face cleation of microcrystals of adipic acid in the imag-
should be rapid due to the hydrogen bonding which ing solution, which rapidly coated the cantilever and
occurs between adipic acid chains to construct that sample surface, effectively prohibiting scanning. Con-
face (seerig. 1). In fact, it is the slowest growing of  versely, ato < 0.2, dissolution and etch pits became
all the faces, which is the reason the crystal takes the apparent on the seed crystal surface.
shape of a thin plate rather than a needle-like mor-  The formation of etch pits was in itself an inter-
phology. The slow growth rate is generally believed to esting observationFig. 6a contains a typical light
be due to adipic acid molecules effectively having to microscopy image of etch pits formed on the crystal
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Fig. 6. Dissolution and etch-pit formation on un-doped adipic acid crystals. (a) Light microscope image of etch pits formed on the crystal
surface. Scale bar, %m. (b—d) Consecutive 0m x 10um topography images illustrating selective dissolution on the crystal surface.
The etch pit edge is approximately 150 nm in height, with dissolution proceeding from left to right as indicated by the white arrows. The
terrace to the right of the advancing etch pit is not undergoing dissolution, an area of which is highlighted with black zramgs,

200nm in (b—d).
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surface after being immersed for approximately =
30min in solutionc = 0.15. It has been established |
that etch pits form at the site of an emergent dislo-
cation Shimon et al.,, 1985 and the etching only
becomes apparent when the surface is ‘poisoned’ by
an impurity. However, under the conditions created in
these experiments, the only other substance presen
in the crystallization medium is the solvent, water.
Indeed, the solvent—crystal interaction has previously
been shown to affect the formation of etch pits on
acetaminophen crystals, and plays an important role
in the detachment and surface diffusion of surface
molecules i et al., 200Q.

As we have shown iSection 3.1water is undoubt-
edly bound to the hydrophilic (100) surface and the
presence of etch pits on this face may indicate that the
bound water discourages dissolution by ‘poisoning’
the horizontal surfaces within and around a disloca-
tion. However, the less hydrophilic surfaces initially
exposed by dissolution at the emergent dislocation will Fig. 7. A typical 10um x 10um deflection image captured during
not be protected by such tightly bound water molecules un-doped adipic acid growth, relative supersaturatiof.4. The
and dissolve more freely, leading to the formation of two Iarge macrosteps runnir_lg thr_ough the center of the image are

. approximately 300-400 nm in height.
the observed pits.

To investigate this theory, in situ AFM was per-
formed on a seed crystal at= 0.15, and images ob- ~ crystal, forcing the relative supersaturation below the
tained shown irFig. 6b—d The large step~4150 nm required threshold for growth to proceed. Presumably
in height) represents the edge of an etch pit, and is dis- as the supersaturation fell below this value, significant
solving freely across the image from left to right. How- quantities of water molecules were able to re-adsorb
ever, the terrace to the right of the widening etch-pit to the surface, and interfere with growth again.
boundary is completely unchanged throughout imag-
ing, with the smaller steps showing no indication of 3.3. Microscopical observations of the
dissolution normal or parallel to the crystal surface. crystallization of adipic acid in the presence of the
We believe this represents strong microscopical evi- structurally-related habit modifier, octanoic acid
dence of the ‘masking’ role played by the bound water

to the hydrophilic (10 0) surface of crystalline adipic
acid.

To encourage growth, the imaging medium had to
be at a relatively high supersaturation, presumably
to disrupt the bound water molecules at the surface.
When this condition was mew (> 0.3) growth oc-
curred rapidly, both tangentially and normally to the
surface. A typical image obtained during such exper-
iments is shown irFig. 7. Large macrosteps, which
always appeared to be the dominant growth mode,
incorporate solute molecules in the highly unstable

system and sweep rapidly across the crystal surface.

However, growth always came to a halt quickly proba-
bly because vast quantities of solute were ‘lost’ to the

As previously discussed, the effect of the family
of n-alkanoic acids on the crystallization of adipic
acid has been the subject of numerous structural and
kinetic studies Fairbrother and Grant, 1978, 1979;
Fairbrother, 1981; Davey et al., 1992; Williams-Seton
et al., 2000. Crystals grown in the presence of small
quantities of variousr-alkanoic acids regularly dis-
play a range of characteristic morphological changes
such as an elongation of the crystals alonghieis,
narrowing of the central region in the [1 0 0] zone and
pronounced curvature of the faces.

Davey et al. (1992)found octanoic acid to be
the most effective growth disrupter of the series of
n-alkanoic acids due to its size—an eight carbon
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chain causes maximum steric disruption to the (001) mediately became obvious that octanoic acid had a
surface when incorporated into the growing face, sub- considerable nucleation inhibitory effect, with simi-
sequently preventing the next adipic acid molecule larly sized crystals taking an additional 48 h and 168 h
occupying its lattice site. Inevitably, this slows crystal to grow in the presence of 0.034 mmoldfand
growth, giving the (001) surface increased mor- 0.048 mmoldm? octanoic acid, respectively. Such
phological importanceWilliams-Seton et al. (2000) increases in induction time when growing co-crystals
reported similar observations in the case of decanoic of adipic acid and alkanoic acids have previously
acid. However, these experimental studies also indi- been well documentedg@vey et al., 1992
cated that the growth of the (100) surface is largely  Fig. 8 contains SEM micrographs of crystals grown
unaffected by the presence of such structurally-related in the presence of the two concentrations of octanoic
habit modifiers. This is generally believed to be an- acid. As expected, the co-crystals displayed both
other consequence of the hydrophilic nature of this an elongated morphology about theaxis and pro-
face—presumably, the strongly adsorbed water layer nounced curvature on the crystal faces, whilst the
is able to reject the majority of the hydrophobic alka- (1 00) face maintained its morphological dominance.
noic acid molecules. Consequently, the (100) surface AFM imaging in air was performed on the crystals
is still morphologically dominant at low additive grown in the presence of 0.034 mmol dfof the in-
concentration. hibitor, and typical images are displayedHig. 9. The

In an attempt to microscopically assess this effect, surface topography appears quite different to that of
we have performed both in situ and ex situ studies of the un-doped crystals shownhiigs. 3 and 4The pro-
the (1 0 0) face of adipic acid grown in the presence of nounced curvature observed in the SEM micrographs
the structurally-related habit modifier, octanoic acid. is evident on the individual step edges. Another impor-

Seed co-crystals were grown for ex situ AFM anal- tant observation is the existence of numerous hollow
ysis in the presence of 0.034 mmol dfoctanoic dislocations scattered across the surface of the crys-
acid (a concentration corresponding to a molar ratio tal, which are highlighted with black arrow&rank,
of approximately 1:2000 octanoic acid:adipic acid) 1951). Hollow cores were not observed on the surface
and 0.048 mmol dm? octanoic acid (1:1400). It im-  of the un-doped crystals, indicating the possibility of

(a) (b)

Fig. 8. SEM micrographs of crystals grown in the presence of 0.034 mnot diotanoic acid (a) and 0.048 mmol dfoctanoic acid (b).
(a and b) 18.% magnification.
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Fig. 9. AFM topographical images of the (100) face of adipic acid crystals grown in the presence of 0.034 mfmoldanoic acid.
Scan sizes andranges (a) 1o@m x 10pum, 25nm; and (b) 18¢m x 13pm, 100 nm.

increased stress of the dislocations as a consequencavith single molecular steps now dominating the crys-
of the progressive incorporation of octanoic acid into tal surface. Some step bunching is apparent; however
the crystal lattice throughout growth. this is insignificant when compared to the un-doped
To build up a more thorough picture of the inter- system. The step edges move noticeably slowly, and
action of octanoic acid on crystalline adipic acid, in dislocations are clearly observable on the crystal sur-
situ AFM imaging was carried out. From experiments face.
carried out inSection 3.2it was known that imaging Whilst this level of impurity is not sufficient to
solutions in the range 0.& o < 0.4 were suitable  completely eradicate tangential growth, it is clear that
for observing growth on the (1 00) face of crystalline the octanoic acid is now affecting the development
adipic acid. An un-doped seed crystal was mounted in of the (1 00) surface. The reasons for this are proba-
the AFM, and a solution of = 0.4 adipic acid was  bly two-fold. Firstly, the higher concentrations of im-
injected into the cell with octanoic acid present at a purity may act to lower the system supersaturation
variety of concentrations. slightly—indeed, this would account for the apparent
Low concentrations of octanoic had no observable annihilation of the large macrosteps and appearance of
affect on the growth of the (10 0) surface, with AFM  screw dislocations on the surface. Secondly, it is pos-
imaging problematic because of growth occurring sible that the octanoic acid is now at a concentration
rapidly, both tangentially and normally to the surface. sufficient to adsorb sporadically to the (1 00) surface
However, as this concentration was raised, the af- and thus directly interfere with growth, but of insuf-
fect of the impurity started to become clekrg. 10a ficient concentration to completely pin the advancing
and bshows two consecutive images of the crystal steps.
growing in a solution containing 0.63 mmol drh To investigate this further, the concentration of
octanoic acid at = 0.4 (a concentration correspond- the guest molecule was doubled to 1.26 mmotdm
ing to a molar ratio of approximately 1:350 octanoic (a concentration corresponding to a molar ratio of
acid:adipic acid). approximately 1:175 octanoic acid:adipic acid) and
The macrosteps typically observed in the un-doped numerous images were taken at various points over
system (sed-ig. 5 appear to have been eradicated, the whole crystal surface, two of which are displayed
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Fig. 10. (a and b) Sequential iin x 10wm topographical images of crystalline adipic acid growing in the presence of 0.63 mmd| dm
octanoic acid, at a relative supersaturatierd.4. Growth is occurring from right to left in the images as indicated by the white arrows.
Defects are indicated in (b) with black arrows. Theange of both (a and b) is 10 nm, with a scan rate of 5.5Hz. (c and d) Topographical
images subsequently captured in the presence of 1.26 mmdl detanoic acid, at a supersaturatien0.4. (c) 10.m x 10um, zrange
20nm, and (d) &m x 3pm, zrange 5nm.

in Fig. 10c and dThe concentration of octanoic acid rough, which is indicative of a high level of incorpo-
was now apparently sufficient to inhibit tangential ration of impurity to the crystal surface.

step-wise growth on this face completely, as sequen- These observations correlate well with previous
tial images displayed negligible signs of growth. modeling and experimental studies. Although it ex-
Fig. 10d displays a section of the crystal at higher hibits signs of increased lattice stress, the growth
resolution and here the steps appear to be extremelyof the (100) face appears to be minimally affected
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at low concentrations of the additive. Presumably,
this is due to the hydrophilic surface rejecting the
comparatively hydrophobic monocarboxylic additive
molecules Villiams-Seton et al., 2000 whilst the
less hydrophilic faces that bound the (100) face
incorporate the additive, thus altering the gross mor-
phology of the crystal. However, as the concentra-
tion is raised, it is clear that octanoic acid begins to
effect the development of the (100) surface, with
growth being inhibited at an additive concentration
of 1.26 mmol dnt3. This may be due to the binding
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Also presented here are nanoscale observations of
the effect of octanoic acid, a structurally-related habit
modifier, on the (100) surface of crystalline adipic
acid. Initially, doped seed crystals were grown and
studied using AFM and SEM. These studies showed
that although there seemed to be an increased level
of stress within the lattice, the development of the
(100) face was apparently unaffected by the pres-
ence of relatively low levels of the additive, with the
(100) surface retaining its morphological dominance.
This observation was confirmed by carrying out in

energy between the octanoic acid molecule and the situ experiments, which showed that the presence of

(100) surface of crystalline adipic acid being sig-
nificantly larger than that exhibited by the surface
and water, ethanol and even adipic acMyérson

and Jang, 1995 The modeling studies of Myerson

low levels of additive had little effect on the devel-
opment of the (100) surface, presumably because
the strongly adsorbed water layer is able to reject
the majority of the more hydrophobic alkanoic acid

and Yang indicate that octanoic acts as a growth molecules. However, as the concentration of octanoic
inhibitor on this face because of the increased bind- acid was increased during these in situ experiments,
ing that occurs between the (100) surface of adipic the surface began to exhibit clear changes in step
acid and octanoic acid. This indeed appears to be morphology and growth mode. Indeed, at the elevated

the case, but only at elevated concentrations of concentration of 1.26 mmoldni octanoic acid (a

additive—below this, the (100) face appears to be
largely protected by water bound to its hydrophilic
surface.

4. Conclusions

The hydrophilic nature of the (1 0 0) surface of crys-
talline adipic acid has long been known to play an
important role in determining the gross morphology
of the crystal. By utilizing atomic force microscopy
(AFM), we have been able to directly observe the
(100) face of adipic acid in both air and liquid envi-
ronments, and in doing so, provide direct microscop-
ical evidence of the importance of hydrophilic nature
of this surface.

Firstly, solute reorganization was observed during
scanning in air, in both contact and tapping mode.
This is a rarely reported phenomenon which, using
the force—distance capabilities of AFM, we have in-

vestigated and explained as a possible consequence o

the hydrophilic nature of the surface permitting local

tip-enhanced dissolution and reorganization of the so-

lute. In situ imaging carried out on the seed crystals
also revealed the formation of etch pits during disso-

concentration corresponding to a molar ratio of ap-
proximately 1:175 octanoic acid:adipic acid), growth
on the (1 00) face was completely inhibited.
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