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Crystal surface defects as possible origins of cocrystal dissociation  
Mark D. Eddleston,a Ernest H. H. Chow,a Dejan-Krešimir Bučarb and Ranjit Thakuria a,c,* 

In situ atomic force microscopy (AFM) was used to investigate 
topological crystal surface defects and their possible role in the 
dissociation of the caffine-glutaric acid cocrystal at high relative 
humidity (RH). Topographical scans of the cocrystal suggest that its 
decomposition is triggered by localized sublimation and involves 
increased molecular surface diffusion, the formation of line and 
screw dislocations and the crystallisation of caffeine hydrate. 

Cocrystallisation is now an established tool for the 
improvement of physicochemical properties of 
pharmaceuticals.1 The growing interest in pharmaceutical 
cocrystals has prompted numerous studies that aim to better 
our understanding of their stability under processing and 
manufacturing conditions, whereby particular attention has 
been paid to excipients-cocrystal interactions2-4 and the role of 
moisture and humidity in cocrystal dissociation.5-9 Despite these 
recent efforts, and the recognition that crystal defects possibly 
play a significant role in the cocrystal dissociation process,5, 10, 11 
little is known about the mechanistic aspects of such 
dissociation. We also note that no investigations have so far 
interrogated the mechanisms of cocrystal dissociation on a 
molecular level, and argue that knowledge derived from such 
studies could guide the optimisation of cocrystal manufacturing 
and processing. 

Our previous efforts to understand the impact of humidity on 
cocrystal stability,8 and how atomic force microscopy (AFM) can 
be used to understand phase transformations of cocrystals,12 
have recently inspired a pursuit for more evidence that intrinsic 
crystal defects (such as line, edge and screw dislocations)13 play 

an active role in the dissociation of cocrystals. We now report 
how in situ intermittent contact mode-AFM (IC-AFM) was used 
to visually identify topological crystal defects as sites around 
which cocrystal dissociation occurs. The object of our study was 
the polymorphic 1:1 caffeine:glutaric acid cocrystal14 for which 
we have shown in earlier work10, 12, 15 that its Form I transforms 
to Form II at high relative humidity (RH), followed by cocrystal 
dissociation through deliquescence of glutaric acid and the 
recrystallization of caffeine hydrate. These studies have also 
suggested that defects, induced during its mechanochemical 
formation, render the cocrystal more susceptible to dissociation 
in humid conditions, which prompted us to monitor these 
defects using IC-AFM to determine their role in the dissociation 
process.  

We report here the results of a more recent AFM analyses of 
the molecularly flat (001) crystal faces in the two polymorphs, 
which is dominant in each form. These studies have led to the 
observation of dislocation sites on the surfaces of freshly 
cleaved single crystals of Form II, while such features were 
absent on the surface of the investigated single crystals of Form 
I. We have also observed that the cocrystal dissociation is 
associated with the development of rectangular grooves (Figure 
2a) and propose that a variety of variety of events on the 
cocrystal surface facilitate the decomposition of Form II. These 
include sublimation, water-induced surface etching and the 
diffusion of caffeine and glutaric acid molecules along the 
cocrystal surface. The cocrystal dissociation evidenced by the 
formation of needle shaped crystals, which were in an earlier 
related study identified as caffeine hydrate.15  

The rates of cocrystal dissociation were determined using 
sublimation rates (at 0% relative humidity, RH), and rates at 
which a possible combination of water etching and sublimation 
(at 40% and 70% RH) lead to the disappearance of molecular 
cocrystal layers. The rates were calculated by measuring the 
distances between the opposite faces of the growing grooves 
on the cocrystal surface as a function of time. The two 
measured distances between monitored crystal surface 
features run parallel to the (141) crystal plan (henceforth 
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referred to as ‘short axis’) and parallel to (101) crystal plan 
(hereafter referred to as ‘long axis’). The crystallographic planes 
of interest and their relative orientation to the caffeine and 
glutaric acid molecules in Form II are shown in Figure 1.  

Figure 1. Internal arrangement of caffeine-glutaric acid molecules 
viewed under identical orientation as that of the rectangular groove 
along the long and short axis. Colour scheme: blue – caffeine, green –
glutaric acid. 

 
 A series of IC-AFM analyses of the (001) crystal face of  
caffeine-glutaric acid cocrystal Form II was conducted at 
ambient temperature and under controlled relative humidity 
(RH) to investigate the role of crystal surface defects in the 
dissociation of Form II. Our observations, including the formation 
and the development of the surface grooves, are described 
below. 
 
Surface diffusion events at 0% RH. IC-AFM height images of a 
cleaved single crystal of Form II, matured for 12 days at 0% RH, 
showed well-defined screw and edge dislocations. The screw 
dislocation sites appeared to act as the origin of sublimation, 
followed by increased surface diffusion events, which resulted 
in the formation of rectangular grooves. Figures 2 shows the 
surface groove, resembling a right-handed screw that formed 
through local sublimation (at 0% RH), and highlight the increase 
in groove size using blue coloured broken lines. The rate of 
sublimation was monitored by plotting the short and long axial 
distances over time. The sublimation rate was calculated using 
the AFM image scan rate. For details see the experimental 
section, Figure S1 and Movie S1 in the Electronic Supporting 
Information (ESI) document. The sublimation along the long axis 
was found to be faster (0.25 nm s−1) than along the short axis 
(0.14 nm s−1), thus highlighting the anisotropic nature of the 
sublimation across the groove boundary. The upper side of the 
rectangular groove, situated beneath the molecular layers, did 
not show any signs of sublimation during the experiment. 
 The edge dislocations moved diagonally across the groove 
and finally receded through the upper left side of the groove, as 
shown in Figure 3. 

Figure 2. IC-AFM images showing: (a) a rectangular groove formed 
through sublimation and molecular diffusion, (b-e) the evolution of the 
groove (resembling a right-handed screw) over a 2.5-hour period. The 
increase of the groove size is highlighted using a blue arrow. 

Figure 3. IC-AFM height images of Form II under 0% RH after 12 days. 
Screw dislocation defects that induce molecular diffusion are observed 
as the rectangular groove increases with time (see ESI Movie S1). (a) 
Screw and edge dislocations are highlighted with white circles and 
arrows, respectively. The short and long groove axes are highlighted 
using blue and green colored solid line. The increase in groove boundary 
is emphasised using the blue (b-f) and green arrows (b-d).  

Surface diffusion events at 40% RH. The formation of screw 
dislocation defects was observed at 40% RH conditions (Area 1, 
Figure S2 and Movie S2 in ESI). Similar to the crystal studied at 
0% RH, we have observed an anisotropy in the groove 
development across the short and long axis. The rate of 
sublimation (possibly assisted by water etching) was found to 
be 1.6 times faster along the long axis (0.13 nm s−1), as 
compared to the short axis (0.08 nm s−1) across the groove 
boundary (see ESI Figure S3). Although there were no stacks of 
layers situated over the upper side of the rectangular groove, 
the upper boundary remained unchanged during the 
sublimation event. 
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Figure 4. IC-AFM height images of Form II (Area 2) recorded at 40% 
humidity. Screw dislocation inducing molecular diffusion can be 
observed as the rectangular groove across the surface (see ESI Movie 
S3). The direction of molecular sublimation (right-handed screw) and 
the increase in groove size over a 1.5-hour period is highlighted using a 
blue arrow. 
 
Screw dislocation sites and evidence of sublimation and surface 
diffusion were also observed in another area (Area 2) on the 
same crystal surface (Figure 4 and Movie S3 in ESI). The rates of 
the sublimation along the long and short axes were found to be 
0.32 nm s−1 and 0.18 nm s−1, respectively (Figure 5). 
 

Figure 5. Change in axial distances (shown as a function of time) 
during sublimation across the four faces with different rate 
(Area 2) at 40% humidity.  
  

The investigation of a third area (Area 3) of the cocrystal 
surface revealed the appearance of surface deposits, which are 
presumably locations of new crystal growth. Time-resolved IC-
AFM height images also revealed the presence of screw 
dislocations in the vicinity of these deposits, while edge 
dislocations were observed across the upper left side of the 
crystal surface (Figure 6 and Movie S4 in ESI). We further found 

that all screw dislocations formed by local sublimation (or, 
again, by a combination of sublimation and water etching) were 
right-handed, while the only observed screw dislocation formed 
through crystal growth was left-handed. This observation is 
consistent with the results of an earlier study of crystal 
dissolution kinetics, which demonstrated that the ‘handedness 
of the dissolution spirals is opposite to that found for steps in 
growth spirals’.16 It is not clear, at this point, why all observed 
sublimation screw dislocations in our study were right-handed.  

We note that numerous sublimation and etching events were 
observed in the entire investigated area of the cocrystal face, 
while only one crystal growth site was spotted. The rates of the 
anisotropic crystal growth across the long and short axes were 
significantly higher (2.62 nm s−1 and 1.76 nm s−1, respectively) 
than the observed sublimation rates (see ESI Figure S4). 
 
Figure 6. IC-AFM height images of Form II (Area 3) at 40% RH. Screw-

dislocation-induced crystal growth is highlighted with the blue arrow, 
while edge dislocations are highlighted with the white arrows. The 
dashed green arrows indicate the clockwise direction of crystal growth 
(see ESI Movie S4). The growth is facilitated by fresh cocrystal surface 
deposition (as previously evidenced by AFM height images12) along the 
investigated surface. 

Surface diffusion events at 70% RH. Two dislocation sites were 
found in Area 4 at 70% RH and seem to act as the origin of 
cocrystal sublimation, water etching or a combination of both 
events (Figure 7 and Figure S5). By measuring 
sublimation/etching rates over the rectangular grooves (upper 
and lower sides) across the crystal surface (see ESI Figure S6), it 
was determined that the grove development (and thus 
cocrystal dissociation) at 70% RH is 0.92 nm s−1 and 0.46 nm s−1 
along the long and short axes, respectively. The ESI Movie S5 
and Figure S7-S9 highlight the interplay of local sublimation and 
cocrystal deposition. The rates of the groove development 
increase with an increase of the relative humidity in the 
atmosphere (Figure 8). 
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Figure 7. IC-AFM height images of Form II at 70% RH show two screw 
dislocation sites, highlighted using blue arrows (see ESI Movie S5). The 
white protrusions observed in image (d), highlighted using white 
arrows, correspond to newly formed caffeine hydrate needles on the 
cocrystal surface confirmed based on our previous reports10, 15. 

 A crystallographic face indexing exercise of the studied 
single crystals revealed that infinite chains of hydrogen-bonded 
caffeine-glutaric acid assemblies are oriented parallel to the 
long axis of the grove, and that these are stacked along the 
direction of the short grove axis (Figure 1a). The crystallographic 
c axis runs normal to the plane of the rectangular groove and is 
aligned with the tilted stacks of the caffeine:glutaric acid 
molecular tapes.12 IC-AFM studies and earlier reported X-ray 
diffraction analyses10 show that the direction of the observed 
anisotropic molecular sublimation along the surface, and that of 
the cocrystal deposition (growth), corresponds to the direction 
of the hydrogen-bonded chains composed of caffeine and 
glutaric acid. The sublimation, water etching and crystal 
deposition events were found to proceed at significantly higher 
rates along the long axis of the groove, as compared to the rate 
of the same events along the short axis and in the direction of 
the stacked caffeine:glutaric acid chains. All sublimation, water 
etching, diffusion and surface deposition processes seem to 
originate in the vicinity of screw dislocation sites, while the 
disappearance of the cocrystal surface layers (either through 

sublimation or water etching) and the growth of new crystalline 
surface deposits occur with opposite handiness.  
 Our observations suggest that the cocrystal decomposes 
even at low rates at 0% RH through sublimation, as evidenced 
by the formation of surface grooves. The number of sublimation 
sites and the sublimation rates increase with an increase in RH. 
We propose that the observed sublimation of caffeine and 
glutaric acid molecules at 40% and 70% is facilitated by 
atmospheric water through surface etching .17-20 The 
atmospheric water also contributes to the deliquescence of 
glutaric acid and the formation of caffeine hydrate (in form of 
needles) crystals on the investigated surface (Figure 7d, ESI 
Figure S5f and Movie S5). Our study also implies that the 
caffeine-glutaric acid cocrystal dissociation and re-growth are in 
equilibrium and are relatively slow under low humid conditions. 
We speculate that the cocrystal re-growth occurs either when 
gaseous molecules of caffeine and glutaric acid (which both 
linger above the crystal surface because of localized sublimation 
and surface diffusion events) interact with each other, or 
through a recrystallisation of from surface regions rich in water.  
 In conclusion, we used in situ IC-AFM height images to 
observe the dissociation of Form II of the caffeine-glutaric acid 
cocrystal at high RH, and to identify screw dislocations as origins 
of the cocrystal dissociation. Our findings are not only 
underpinning the previously speculated importance of crystal 
structure defects to the process of cocrystal dissociation,10 but 
also show that cocrystal dissociation under humid conditions is 
seemingly accompanied by sublimation, surface diffusion and 
recrystallisation events. Our study is also underpinning the 
importance and usefulness of AFM (and other microscopy)21, 22 
techniques in mechanistic studies of solid state 
transformations, in establishing structure-mechanical property 
relationships and in organic solid-state in general.23-34 We are 
now investigating how different cocrystallisation methods (e.g. 
milling and solution-based methods) affect the dissociation 
rates of water sensitive cocrystals at high relative humidity, and 
hope that these efforts will in the future aid the development 
and manufacturing of medicines involving moisture sensitive 
cocrystals.   

Figure 8. Rate of sublimation/deposition (nm s−1) of Form II cocrystal under studied humidity conditions is shown as a bar diagram. Different crystal 
areas were selected to measure the size of rectangular groove observed during sublimation/ deposition. 
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