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ABSTRACT 

Nanoindentation performed with a conospherical tip on the (100) face of cytosine 

monohydrate (CM) revealed a highly anisotropic response over a range of loads.   Post-indent 

atomic force microscopy images identified an asymmetric deformation response owing to the pro-

chiral structure of the surface.  Activation of low rugosity slip planes induces movement of π-

stacks rather than their displacement along the 1-dimensional hydrogen bonded ribbon direction.  

Anisotropy arises because slip can only propagate to one side of the indent, as the tip itself imparts 

a barrier to slip on the preferred plane thereby forcing the activation of secondary slip systems and 

pileup.   The anisotropic deformation is of interest in relation to previous work which proposed a 

ribbon-rotation model to account for the topotactic conversion between CM and the product of its 

dehydration.  The asymmetry in the nanomechanical properties exhibited by CM provides further 

support for the rotational model put forth and also serves to underscore the inherent relationship 

between a hydrate’s mechanical properties and its solid state dehydration mechanism.   
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Introduction

A large percentage of molecular compounds, with applications ranging from explosives to 

pharmaceuticals, can crystallize as hydrates.1-3  The relative stability of hydrated and anhydrous 

crystal forms depends on their structures and the environment (e.g. temperature, pressure, relative 

humidity).  During manufacturing a wide range of environmental conditions may be encountered, 

and in some systems these environmental changes may induce phase transformations.4-5  For 

hydrates in particular, high temperatures may result in water loss and the transition to a less 

hydrated or anhydrous form as well as particle fracture.  Similarly, elevated pressures used in 

compaction steps in the preparation of pharmaceutical tablets or plastic bonded explosives can also 

lead to particle breakage or phase transformations.  How and where a crystal will fracture are not 

always obvious, but are important aspects to consider since new surfaces are created. 

The DNA nucleobase cytosine, a substructure of many modern pharmaceuticals (e.g. 

cidofovir, gemcitabine, lamivudine, citicoline),6 crystallizes as a monohydrate (CM, refcode: 

CYTOSM)7 from room temperature aqueous solutions.  CM is stable under ambient conditions, 

though it dehydrates when subjected to elevated temperatures or low humidity environments.8-13  

In previous work,14 we demonstrated through a combination of time-resolved synchrotron powder 

X-ray diffraction and TGA kinetic experiments that the hydrate to anhydrate solid state reaction is 

a reversible one-step process that does not appear to involve other crystalline intermediates.  A 

molecular-level model based on water loss simultaneous with the cooperative rotation of 1-

dimensional hydrogen bonded ribbons was proposed to account for the high degree of structure-

transfer associated with the solid state reaction.  In the proposed model, offset π-stacked 

antiparallel ribbons in CM cooperatively rotate to form orthogonal layers of face-face π-stacked 

parallel ribbons in the anhydrate.  
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Recognizing that cooperative molecular motion over multiple unit cells and large cell 

volume changes raises mechanical considerations, the nanomechanical properties of CM are the 

focus of the current study.  The mechanical behavior of molecular crystals has been the subject of 

much interest15-22 with nanoindentation methods23-25 in particular emerging as an important tool 

for evaluating the plasticity or elasticity of single crystals, calculating fundamental parameters 

such as hardness and modulus, and establishing the relationship between structure and anisotropic 

behavior.  When coupled with post-indent imaging, nanoindentation also enables the direct 

observation of slip systems26 and fracture planes.22, 27  

Experimental

Crystal Growth.  Cytosine (≥ 99%) was purchased from Aldrich.  Cytosine was dissolved in hot 

18 M  ultrapure deionized water at a concentration of 4 mg/mL, pipette filtered into Pyrex petri Ω

dishes (100 x 10 mm) and cooled to room temperature.  CM crystals typically appeared in 2-3 days 

as rectangular plates with large (100) faces (Fig. S1).

Crystals were viewed and photographed with an Olympus BX-50 polarizing microscope.  

Face indexing was determined by single crystal X-ray diffraction goniometry on a Bruker D8 

diffractometer.  The (100) plate face was additionally confirmed through oriented PXRD collected 

on a Rigaku MiniFlex II desktop X-ray diffractometer.  

Nanoindentation.  Samples were prepared by extracting individual CM crystals from the mother 

liquor and gently removing excess moisture with a Kimwipe.  Single CM crystals with the (100) 

plate face exposed were affixed to a puck sample holder (Ted Pella Inc AFM Specimen Discs, 12 
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mm diameter) with a thin layer of cyanoacrylate glue.  Multiple crystals grown under identical 

conditions were examined.  

Nanoindentation experiments were performed on a Bruker Hysitron 950 Triboindenter 

with a low load QSM transducer.  Indentations were made using a 90° conospherical tip, the radius 

(0.906 m) of which was determined from elastic loading experiments on fused quartz using a 

classic Hertzian loading profile. Optimized indentation conditions were determined by testing 

several load control and displacement control functions.  Unless otherwise indicated, all reported 

experimental data were collected with a 20 s load - 150 s hold - 20 s unload profile with a linear 

loading and unloading rate of 5 N/s.  Indentations were separated by at least 20 m to prevent 

overlapping plastic zones.  

Hardness (H) and reduced modulus (Er) were calculated from experiments with a 

maximum load of 1000 N.  Hardness was calculated according to Eq. 1 where Pmax is the 

maximum load and A is the tip-sample contact area. 

                                                                                𝐻 = 𝑃𝑚𝑎𝑥/𝐴                                                              (1) 

The reduced modulus was calculated according to Eq. 2 from the elastic unloading curve where S 

is stiffness and   is a constant related to the shape of the indenter tip. 

                                                                             𝐸𝑟 =  
𝑆 𝜋

2𝛽 𝐴                                                              (2)     
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The effect of load on the H and Er was determined through a series of indents varying load in the 

range of 100 N to 8000 N.  

 

Atomic Force Microscopy (AFM).  Topographical images of (100) CM crystal surfaces pre- and 

post-indent were collected on a Bruker Dimension Icon AFM with a Bruker ScanAsyst-Air silicon 

tip on a nitride lever (cantilever: T = 650 nm, L = 115 m, W = 25 m, f0 = 70 KHz, K = 0.4 N/m).  

Imaging was performed in the ScanAsyst PeakForce tapping mode.  The same sample pucks with 

affixed CM crystals from nanoindentation experiments were mounted on the AFM stage.  The root 

mean square roughness (Rq) on (100) CM was calculated using Eq. 3.  

                                                                       𝑅𝑞 =
∑(𝑍𝑖)2

𝑁
                                                    (3)

In this equation, Z is the vertical distance of a point to the mean plane surface, and N is the number 

of data points in the image area.  Reported values are an average of measurements on 3 single 

crystals. 

Results & Discussion

Cytosine monohydrate (CM) crystallizes from room temperature aqueous solutions as 

transparent rectangular plates that can grow to mm - cm sizes.  The largest face is (100) with 

smaller side faces (010) and (001) and occasionally (101), (102) or (110).  A packing diagram of 

CM with the major features of interest indicated appears in Fig. 1.  All intermolecular distances 

refer to refcode CYTOSM11 (P21/c: a = 7.783 Å, b = 9.825 Å, c = 7.668 Å,  = 99.57°).28  Water 
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molecules hydrogen bond to cytosine through Ow-H..O (1.95 Å and 2.04 Å) and NH2…Ow (2.13 

Å).  Along the b-axis, cytosine molecules assemble into polar 1-dimensional hydrogen bonded 

ribbons formed via N…H-N and NH2..O (2.09 and 2.15 Å, respectively).  Ribbons with an 

antiparallel alignment π stack (3.83 Å repeat) along the c-axis to create dense layers in the bc-

plane.  All ribbons are tilted by 26.6° relative to the plate face.  On the (100) surface, the tilt is 

toward the -c direction, and on the (-100) face the tilt is toward the +c direction.  

Fig. 1  Cytosine monohydrate (CM) structure viewed down the b-axis.  Water molecules are 
colored blue.  One-dimensional hydrogen bonded ribbons with an antiparallel orientation π-stack 
into dense (100) layers.  Ribbons are tilted by 26.6° relative to the (100) surface. 

CM Nanoindentation - Hardness and Modulus.  All nanoindentation experiments were performed 

on the {100} CM faces of single crystals.  The crystal orientation was established based on 
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morphology, as plates are elongated along the b-axis.  Distinguishing (100) and (-100) is difficult 

using morphology alone but possible with single crystal X-ray diffraction.  The (100) and (-100) 

faces are mirror images of one another, as are the indent patterns on them.   Previous studies29-30 

have shown that for highly anisotropic samples, modulus and hardness measurements can vary 

depending on the relative orientation of a conventional Berkovich tip and crystal surface.  To avoid 

the potential convolution of tip-sample contact anisotropies, all nanoindentation experiments were 

performed with a conospherical indenter tip, the radius (0.906 m) of which was determined from 

elastic loading experiments.31    

Loads ranging from 100-8000 µN were initially tested, with representative load-

displacement curves shown in Fig. 2.  The total displacement increased with load, but at all forces 

greater than 100 µN smaller discontinuities or “pop-ins” were observed in the load portion of the 

curve.  Sudden yielding of the material under uniaxial loads is not uncommon for molecular 

crystals given their low symmetry.   The magnitude of the displacement associated with each pop-

in event varied from 5 – 40 nm (~6-52 cytosine layers), though larger excursions up to ~ 85nm 

were sometimes observed at the highest loads.  There was no discernable trend in the number of 

pop-in events as a function of load or from crystal to crystal (Fig. S2).  The irregular step 

excursions observed in the load-depth profiles indicate that the deformation is not homogeneously 

activated, but rather due to sub-surface defects.32  Pop-outs were not observed in any unloading 

curves, making it unlikely that a reversible phase transformation occurs at the force loads used.  

Plots of the modulus and hardness derived from all load-displacement curves with depths between 

100 – 1000 nm revealed an inherent scaling factor in the measurements (Fig. S4).  Higher applied 

loads correlated not only with a greater contact depth but also an increase in stiffness.  
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Fig. 2  Load-displacement profiles with varying maximum loads on CM (100).

To calculate accurate modulus and hardness values from load-displacement curves, the 

contact geometry model for conospherical tips is considered valid so long as the inherent surface 

roughness is < 5-10 % of the indent depth.  Atomic force microscopy (AFM) measurements on 

visually smooth regions of (100) CM had an average roughness of 11.39 ± 4.00 nm.  We therefore 

targeted a contact depth range of 250-350 nm which could be reliably achieved with an indenting 

force of 1000 µN and an optimized load profile of 20 s (load) - 150 s (hold) and 20 s (unload).  A 

total of 64 indents (no. crystals = 6) in the desired range were collected.  Average modulus and 

hardness values were Er = 13.47 ± 0.84 GPa and H = 0.58 ± 0.03 GPa, respectively.  These values 

fall within the expected range for molecular crystals.19, 29, 33

Post-indentation AFM Imaging.   CM faces indented with loads from 1000 - 8000 µN were 

subsequently imaged with PeakForce tapping mode AFM (Fig. 3A).  Close-ups of individual 

indents made with 1000 µN and 8000 µN force are shown in Fig. 3B-E.  All indents show a similar 

anisotropic response.  Pile up adjacent to each indent is observed only along the ± c-axis directions, 

with the pileup volume noticeably larger in the +c direction (right) compared to the -c direction 

(left) (Fig. 3F).  
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Cracks paralleling the ± b-axis emerge from the edges of the 8000 µN indent, though 

cracking is not observed in the shallower indents made at 1000 µN.  Strictly speaking cracking 

violates conditions required to determine slip systems, but inferences can still be made.   Projecting 

zone axes for fracture and deformation normal to the indentation plane, the cleavage is consistent 

with (001) or other (h 0 l) planes.  Fracture along (102) or (104) seems most probable, since these 

are slip planes predicted by the CSD-Particle module in Mercury (Fig. S5).34  The (102) cleavage 

plane is indicated by dashed lines in Fig. 3G. 

Fig. 3  (A) AFM image of the (100) CM surface after multiple indents with a conospherical tip 
with increasing forces from 1000 - 8000 µN.  (B, C) Close up of a 1000 µN indent in height and 
deflection mode. Images are (9.4 µm)2.  (D, E) Close up of an 8000 µN indent in height and 
deflection mode. Images are (15 µm)2 and (10 µm)2, respectively. (F) Side-on view of the 8000 
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µN indent viewed edge-on.  (G) Schematic of the indent and anisotropic pileup along the + and – 
c-axes. Dashed lines correspond to the (102) plane.

The crystal structure viewed normal to the (100) plane and the indent image in the same 

orientation are shown in Fig. 4 with the cleavage plane and slip trace directions overlaid.  On the 

left side of the indent, the (102) slip propagates to the surface and associated slip steps are observed 

extending away from the indent.  The curvature along these steps is indicative of cross-slip, 

perhaps onto other observed slip planes.  Note that those same slip steps do not manifest to the 

right of the indent, and a different pile-up feature is observed.  Along the +c direction, slip on 

(102) to the surface is immediately impeded by the indenter itself, requiring subsequent slip onto 

different planes.  Angular facets on this larger pileup are consistent with dominant slip on (021)/(0-

21), (012)/(0-12) and (014)/(0-14), indicated in yellow, blue and green, respectively.  The (014) is 

not a calculated slip plane, however (114) and (214) planes are predicted and are indistinguishable 

from (014) in the AFM image.  The jogs in the crack seem to also align with these slip step 

directions.  

The consistency of the anisotropic deformation pattern and resolution of cleavage and slip 

traces was observed across multiple CM crystals.  A similar response has been observed in other 

molecular systems where deformation mechanisms are limited due to crystal structure and/or 

lattice symmetry.  For example in studies on the secondary explosive RDX,35 the barrier to 

continued slip on the preferred plane imparted by the tip itself revealed secondary slip mechanisms 

as the pileup activates the less-preferred slip systems.  Even in higher symmetry materials such as 

titanium, anisotropic behavior has been observed over a wide load range, with cleavage and 

increasing slip more evident at higher loads.36 
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Fig. 4  (A) Schematic of the molecular packing viewed normal to the (100) CM face with projected 
zone axes overlaid. Water molecules are dark blue. (B) AFM image of an 8000 µN indent in the 
same orientation. The yellow, blue and green orientations on the left correspond to the same 
colored arrows on the right. The (10l) cleavage plane is indicated by the white arrows. 
 

Implications of the Anisotropic Response.  This anisotropy can be rationalized based on the 

interactions between molecules in the (100) plane.   Recall that the 1-dimensional cytosine ribbons 

align along ± b-axis and π-stack along the ± c-axis.  Although the hydrogen bonded ribbons are 

essentially flat, the absence of pile up along the ± b-axis indicates that ribbons cannot easily 

translate past one another to alleviate uniaxial stress.  Translation would require a change in the π-

stacking interactions between adjacent ribbons.  Deformation preferentially occurs orthogonal to 

the ribbon direction, though ± c directions are not equivalent.  As shown in Figs. 1 & 3G, the 

ribbons tilt toward the -c direction on (100), making it possible for slip to propagate smoothly in 

that direction even several µm away from the indent site.  Since this is not possible in the +c 

direction, pileup activates secondary slip mechanisms.  
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Conclusions

 The deformation patterns observed in CM are consistent with the activation of motion in 

the π-stacking direction that was previously proposed in the dehydration of CM to its anhydrate, 

Cd.14  In that work, dehydration via concerted water loss and ribbon rotation were rationalized in 

terms of least-motion principles even though the reaction has a large associated 18.3% volume 

change.  While there is no evidence to suggest that indentation at these forces results in water loss, 

the current nanoindentation studies provide additional support for the proposed ribbon-rotation 

model.  It seems that the inherent mechanical properties of CM provide an additional bias favoring 

motion in some π stacking directions that goes beyond topochemical arguments.  Notably CM 

belongs to space group P21/c, one of the most common for molecular crystals.  We expect that 

other molecular crystals may exhibit an analogous anisotropic response in cases where the 

dominant slip plane is far from perpendicular to the direction of the applied uniaxial force. 
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