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The ability to correlate mechanical and chemical characterization techniques 
in real time is both lacking and powerful tool for gaining insights into material 
behavior. This is demonstrated through use of a novel nanoindentation device 
equipped with Raman spectroscopy to explore the deformation-induced 
structural changes in _Qiroxicam crystals. Mechanical anisotropy was observed 
in two major faces (011) and (011), which are correlated to changes in the 
interlayer interaction from in situ Raman spectra recorded during indenta­
tion. The results of this study demonstrate the considerable potential of an 
in situ Raman nanoindentation instrument for studying a variety of topics, 
including stress-induced phase transformation mechanisms, mechanochem­
istry, and solid state reactivity under mechanical forces that occur in molec­
ular and pharmaceutical solids. 

INTRODUCTION 

High force and displacement resolution made 
instrumented nanoindentation a valuable tool for 
characterizing nanostructured materials. A desire 
to correlate mechanical property measurements 
with other characterization techniques has led to 
the recent popularity of in situ transmission elec­
tron microscope (TEM) and scanning electron micro­
scope (SEM) nanoindentation for high-resolution 
imaging. 1

-
3 Not as well addressed is chemical 

characterization, which is equally important. For 
instance, the surface chemistry of the nanostruc­
tured materials plays an important role in some of 
the physical properties such as adhesion or wear 
resistance. One challenge is that there are not many 
tools capable of detecting chemical and mechanical 
property changes in real time, therefore generally , 
po tmortem chemical analysis is performed. Devel­
opment of instrumentation that can combine a 
surface sensitive spectroscopy technique with 
instrumented indentation would be powerful as it 
allows one to understand the physiochemical pro­
cesses associated with indentation. 

(Published online November 9, 2016) 

Raman spectroscopy is a widely-used nondestruc­
tive chemical analysis method that is capable of 
detecting the changes in the stress state, molecular 
orientation, crystallinity and phase transformation 
in materials. 4 The combination of high spatial 
resolution (~ 1 um) and optical microscopy makes 
it an ideal spectroscopy technique for in situ stud­
ies. 5-s For example, Gerbig et al. combined confocal 
Raman spectroscopy with an instrumented inden­
tation device to probe pressure induced phase 
transition in silicon thin films . 9-

11 In the present 
study, a slightly modified in situ Raman and 
indentation methodology was adopted to probe 
pressure induced transformation. 

In the context of industrial pharmaceutical man­
ufacturing, the mechanical properties such as 
grindability and tabletability of the drug materials 
often used by manufacturers to determine the 
processing steps. The mechanical properties of 
molecular materials have long been studied by 
chemists and material engineers, although they 
lacked the tools to yield quantitative scientific 
mechanical measurements. Nevertheless, a new 
era has arrived with the advent of instrumented 
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nanoindentation techniques. Nanoindentation is 
ideal for , and has been extensively used by manu­
factures in, determining the mechanical properties 
of small volume materials such as thin films and 
fibers. This naturally extends to the study of 
molecular single crystals, which are often available 
only in small sizes as well . 12·13 The most important 
role for n anoindentation in molecular solids is the 
establishment of structure-property correlations. In 
particular, fundamental insight into the effects of 
structural features such as crystal packing, t h e 
strength of intermolecular interaction s, polymor­
phism , layer migration, domain coexistence, and 
solid state reactivity on mechanical properties su ch 
as stiffness a nd strength can be explored through 
nanoindentation studies. 12- 16 

Recently, nanoindentation and post mortem 
Raman spectroscopy have been used to ~robe dif­
ferent polymorphs of drug materials. 1 In the 
pharmaceutical industry, the processing of th e drug 
samples is a maj or challenge, 18·19 as th e milling 
process can transform a crystalline starting mate­
rial into an amorphous form or different poly­
morph.15 In addition to this, the identification of 
the polymorph of the starting material is som etimes 
challenging. Piroxicam, which is prescribed by 
physicians as an anti-inflammatory drug, is an 
example of a drug that exhibits different poly­
morphs.19·20 Intra-molecular and inter-molecular 
interactions, along with hydr ogen bonding, gives 
anisotropic mechanical properties. To gain a 
detailed understanding of the changes in molecular 
interactions associated with external a pplication of 
pressure, the present study used in situ Raman 
spectroscopy and nanoindentation . In particular, 
the variation of mechanical properties in the (011) 
and (011) crystallographic planes and the associated 
chemical changes under indentation were studi ed in 
detail. 

MATERIALS AND METHODS 

Large single crystals of /3-form piroxicam (denoted 
as piroxicam) were grown in conical flasks from 
commercially available piroxicam (Sigma Aldrich) 
and were crystallized by slow evaporation of a 
saturated solution of methanol at room tempera­
ture. Piroxicam crystallizes in the monoclinic crys­
tal system with the centrosymmetric space group 
P21/c. The single crystals, as grown in block mor­
phology, show two major faces, (011) and (011) with 
a smooth surface suitable for the indentation 
experiments. 

The structure of the piroxicam is shown in Fig. la 
and a schematic of the indentation-Raman device is 
shown in Fig. lb. A diamond Berkovich indenter 
was used as the probe. A custom in situ Raman 
indenter (Hysitron, Inc. , USA) was integrated with 
a free-space Raman microscope (Invia Raman Spec­
troscpe, Renishaw, UK). As shown in Fig. lb, the 
sample and the indentation axis are a ligned 
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horizontally so that the laser probe for Raman has 
a free path into the contact region vertically. The 
indenter was equipped with a three-plate capacitive 
transducer, with 0.02-nm displacement noise and 2 
nN force noise floo rs. A piezomotor based XYZ 
translation stage with a 3-mm travel, was used to 
position the sample. An ultralong working di stance 
objective lens (Olympus NPLAN, 50 x) was used to 
collect the Raman-scattered light from the contact 
zone. The source of excitation was a 785-nm diode 
laser with a maximum power of 200 mW. During 
in situ spectral acquisition, the power of the laser 
beam was reduced to 5 mW to avoid laser burning 
and the Rayleigh scattered light was blocked by 
using a n edge filter. The combination of a dispersive 
spectrometer with a 1200 lines/mm grating and 
deep depletion chip charge coupled device detector 
produced l-cm- 1 spectral resolution. 

Indentation was performed at varying normal 
loads from 1 mN to 20 mN on (011) and (011) faces of 
the piroxicam crystal. The arrangement of piroxi­
cam molecules along (011) and (011) are shown in 
Fig. le. During the indentation on the (011) surface, 
the laser probe was focused on the contact region 
through the (011 ) face and vice versa. The Raman 
spectra were recorded over a 50-3400 cm - l spectral 
range with a 10 s acquisition time. In situ SEM 
indentation (PI 85, Hysitron Inc USA) and ex situ 
imaging of the indents were performed inside a FEI 
VERSA 3D dual-beam FIB/SEM (FEI, Hillsboro, 
USA). For in situ SEM indentation experiments, 20-
mN and 30-mN normal loads were a pplied. 

RESULTS AND DISCUSSION 

The variation of mechanical properties on differ­
ent crystallographic directions of piroxicam crystals 
are shown in Fig. 2. The load- displacement curves 
recorded from the (011) and (011) faces of the 
piroxycam crystals are compared in Fig. 2a . The 
(011) face had a hardness of 0.82 ± 0.03 GPa and 
17.16 ± 0.4 GPa reduced modulus. Whereas the 
(011 ) face had 0.64 ± 0.05 GPa hardness and mod­
ulus of 16.1 ± 0.9 GPa. Pop-in events were observed 
in both (011 ) and (011) load displacement curves, 
nevertheless, at a given load (011) face, they had a 
smaller displacement in accordance with the mea­
sured hardness. The variation of hardness and 
reduced modulus with normal load is shown in 
Fig. 2b. Up to a 5-mN load, the hardness values did 
not vary much with load. Yet, a small dip in 
hardness is observed at 5-mN load. The anisotropy 
in slip and hardness will be discussed further a bit 
later. 

To gain more insight on deformation behavior, 
in situ SEM nanoindentation was performed, pri­
marily for ease of location of the residual indent 
impressions. Figure 2c and d shows SEM micro­
graphs of the piroxicam crystal orientation during 
indentation on (011) and (011) faces. Higher loads 
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Fig. 1. (a) Structure of piroxicam. (b} Schematic shows the in situ indentation Raman device. The indentation axis and sample stage aligned 
horizont~lly, and the Raman laser was focused on to the contact region vertically. (c) Schematic shows the arrangement of piroxicam molecules 
along (011 ) and (011 ). 

were applied during SEM indentation (20 mN and 
30 mN) to help locate the indents and image any 
resulting slip bands. An SEM micrograph of an 
indent performed on the (011) face at 30 mN is 
shown in Fig. 2e. Two edges of the indent impres­
sion possessed features resembling shear bands and 
no visible fracturing can be observed. The indent on 
the (011) face h ad a different morphology (Fig. 2£); 
compared with the (011 ) face , the size of the (011) 
indent was larger (even at a 20-mN load) with less 
pronounced sh ear bands, although some striations 
were observed within the indent region. The possi­
ble reason for t he observed mechanical anisotropy 
are: (I) difference in the resolved shear stresses on 
the (010) planes wh en indenting on (011) and (011) 
faces , (II) variation in interlayer interaction along 
[001] and [010] directions. The mechanical proper­
ties of the molecular crystals vary from one crystal­
lographic faces to another because of structural 
anisotropy in terms of the packing and intermolec­
ular interactions. Distinct variation s of the plastic 
deformation within the same structural class occur 
as a result of crystal anisotropy. Previous nano in -
dentation study by Kiran et al. sh owed the mechan­
ical anisotropy on the different faces (100) and (011 ) 
of the saccharin crystals. 21 

To understand the role of chemical interactions on 
the mechanical properties of the crystal, the struc­
ture of piroxicam should be revisited and discussed 
in greater detail. The main building block of the 
piroxicam crystal is a centrosymmetric dimer of 
piroxica,m molecules connected by two N-H-··O 
(3.055 A) hydrogen bonds (Fig. le). Each molecule 
in the dimer interacts with neighboring dimers via 
six C-H- ··O hydrogen bonds to form infinite corru­
gated two-dimensional layers that are parallel to 
the (010) plane. The interactions between separate 
two-dimensional layers comes from one C-H ···O 
hydrogen bond and one n···n stacking interaction . 
Thus, the principal slip planes are along the (010) 
planes, which is easy to visualize by looking at the 
structure in Figs. le and 4. There is still significant 
resistance to slip along the (010) planes considering 
the uneven surface from the corrugated structure 
and the previously discussed interactions with 
neighboring planes. 

Raman spectroscopy is capable of detecting the 
changes in the chemical bonding or molecular 
orientation during indentation, potentially provid­
ing insight into bonding and structural ch anges 
during indentation. In situ Raman spectra recorded 
from the contact region during indentation are 
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Fig. 2. Anisotropy in mechanical behavior. (a) Load displacement curves generated from (011) and (011) faces of piroxicam crystal. (b) Variation 
of hardness and modulus with normal load. (c, d) Low magnification SEM micrographs shows the indentation on (011) and (011 ). (e, f) Higher 
magnification Sl::M micrograph of 30-mN indent on (011) and of 20-mN indent on (011) face. Shear band-type features were observed at the two 
edges of the (011) indent. 

shown in Fig. 3. First, Fig. 3a shows the in situ 
Raman spectra recorded during indentation on the 
(011) face. In the case of piroxicam, vibrations 
corresponding to C-N, C=O, C-C and SO2 (sym­
metric and asymmetric stretching) are expected to 
appear < 1850 cm- 1

.
22

-
24 As observed in Fig. 3a, 

stronger bands are observed in the range of 900-
1650 cm- 1

. The vibrational modes, corresponding to 
C-H, N-H, and O-H stretching are in the range of 
2900-3500 cm- 1, but the appearance of a large 

background made extracting qualitative informa­
tion difficult, and hence 150-1800 cm- 1 spectra is 
shown in Fig. 3. Four stronger bands are observed 
at 1334 cm- 1 (SO2 AS stretching), 1431 cm- 1, 
1522 cm- 1 and 1607 cm- 1 (C- C vibrations). With 
increasing normal load, most of the spectral fea­
tures remained the same; nevertheless, one major 
peak shift was observed during indentation, which 
is enhanced in Fig. 3b. Out of 22 peaks observed 
(Fig. 3a) the 1334 cm - l band, corresponding to SO2 
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Fig. 3. In situ Raman spectra recorded from the piroxicam crystal during indentation: (a) on (011 ) face and (b) zoomed in region shows variation 
in S02 stretching modes during indentation. At higher loads, the 1334-cm- 1 peak blue shifted to 1326 cm - 1

. Normalized in situ and ex situ 20-mN 
indent Raman spectra are shown in the top right corner. The spectral changes observed during in situ tests were permanent, and very small 
recovery is observed after pressure release. (c) In situ spectra recorded during (011) face indentation. 

asymmetric stretching, blue shifted to 1326 cm - l 

over a normal load variation from 3 m to 20 mN 
(Fig. 3b). Figure 3b also shows the normalized 
in situ and ex situ Raman spectra. The spectral 
changes observed during in situ testing, did not 
r ecover completely with external pressure release. 
A 2 cm- 1 recovery or red shift is observed with 
pressure release. Figure 3b a lso shows the change 
in shape of the 1340 cm - l peak with normal load. A 

transition is observed at ~ 7 m.N. Between the 5 mN 
and 7 mN load range, hardne s values showed mall 
dip. However, it is hard to say the drop in hardness 
is related to the molecular rearrangement. With 20-
mN indent Raman spectra retaining modified spec­
tral features after pressure release; it is believed 
that at higher loads , the spectral changes reflect the 
effect of shear during slip and at lower loads 
changes arising solely from normal stress. 
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Fig. 4. (a, b) Schematic shows the orientation of the molecular chains along the indentation axis . Dotted red circles show the possible bonds 
affected during indentation. On (011) surface, Raman spectra detected variation in S02 stretching modes, whereas indentation on (011) surface 
induced C-0 vibrational mode changes. (c) High-magnification image shows the molecular orientation along (011) and (011 ). 

When indentation was done on the (011) plane, 
the in situ Raman spectra did not show a shift in 
S02 stretching modes, instead a small peak shift 
was observed at 990 cm- 1 which corresponded to C­
O stretchin'l. At higher loads (15 mN and 20 mN), 
the 990 cm- band shifted to 995 cm- 1; this red shift 
in the C-0 stretching vibration indicates a break in 
0-H···O intramolecular interaction during 
indentation. 

For reference, the alignment of molecular chains 
with respect to indentation axis and (011 ), (Oil ) 
planes are shown in Fig. 4a and b. The dotted red 
circle shows the location of S02 and C-0 molecules. 
Any movement of the adjacent molecular layers 
during indentation, will result in a strain on the 
S02 molecule. As shown in Fig. 4a, the hydrogen 
bond is formed between the oxygen of the S02 
molecule and the hydrogen from the adj acent layer 

N- H group. The blue shift of the S02 stretching 
mode (Fig. 3b) means additional energy to stretch 
the sulfur and oxygen bond. The interlayer interac­
tion may alter during compaction or slip but with 
one vibrational mode change (Fig. 3), it is hard to 
identify the actual mechanism. 

Lower hardness on the (011) surface (Fig. 2) 
indicates easy slip along (010) during indentation. 
A change in S02 vibrational modes is expected 
during slip. Nevertheless, Raman spectra in Fig. 3c 
showed no changes in S02 vibrational modes; 
instead, a red shift in C-0 stretching modes was 
observed. The only possible explanation is the 
direction of Raman measurement. With a laser 
beam focused on the contact region from the sides, 
which is through the (Oil) surface when indenting 
on the (011) face, only bonds that are aligned 
parallel to the (Oi 1) surface are expected show a 
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difference in spectra. The polarization axis of the 
Raman laser was parallel to the surface and normal 
to the indentation axis (shown in Fig. 4c). It is 
reasonable to conclude that the deformation 
resulted in a different bonding rearrangement for 
(011) and (011): An intralayer interaction modifica­
tion (C-H···O interactions) was observed for (011) as 
compared with an interlayer interaction modifica­
tion observed in the case of (011). The observed 
mechanical anisotropy is not solely related to the 
alignment of crystal planes; instead the interlayer 
chemical interactions also contributed to enhancing 
the hardness of the (011) surface. The results 
demonstrate the capability of the in situ Raman 
indenter to collect the chemical as well as the 
mechanical information in real time. 

CONCLUSION 

A novel indentation method was adopted to study 
the chemical changes associated with indentation. 
In situ indentation and Raman measurements 
provided useful insight into the mechanical aniso­
tropy and associated structural changes in piroxi­
cam. Specifically, the (011) face had lower hardness 
than did the (011) face, which correlated to in situ 
Raman spectra. The changes in 802 vibrational 
modes during indentation on the (011) face and C-0 
stretching modes during indentation on the (011) 
planes suggest variation in interlayer and intra­
layer interactions. Different interlayer interactions 
resulted in higher hardness for the (011) surface. 
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