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Knowledge of the solid-state properties is one of the key issues in understanding the performance of
drugs. Recent developments in spectroscopic techniques have made them popular tools for solid phase
analysis; they are fast, accurate and suitable for real-time measurements during processing, and further,
they can be used to obtain structural understanding of solid forms, for example, by the use of multivariate
analysis and computational chemistry. In this article emerging topics related to spectroscopic analysis of
pharmaceutical solids are reviewed. The following areas are highlighted: (1) the importance of multivari-
ate methods in the analysis of solid forms when using spectroscopic techniques, (2) spectroscopic analysis
morphous forms
omputational chemistry
ultivariate analysis

olymorphism
rocessing-induced transformation (PIT)
rocess analytical technology (PAT)

of processing-induced solid phase transformations in the manufacturing setting, (3) novel spectroscopic
techniques and pharmaceutical examples of their use, and (4) the advantages and the use of computa-
tional simulation of vibrational spectra. The topics listed are thought to be of the foremost importance in
improving the understanding of pharmaceutical materials, processes and formulations.

© 2008 Elsevier B.V. All rights reserved.
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. Introduction

Solid formulations are the most important pharmaceutical

dried products. With the advent of combinatorial chemistry in
the drug discovery process, even classical small molecules will
become increasingly larger, and will frequently show extensive
osage forms today. This is likely to remain true in the future, due
o the convenience and acceptability of solid oral forms, includ-
ng tablets and capsules, and the rising importance of chemically
abile biopharmaceuticals, necessitating the formulation of freeze-
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olymorphism and poor aqueous solubility. As low solubility will
ften be due to crystallinity, rather than lipophilicity, advanced
olid-state formulations, making use of metastable polymorphic
orms and amorphous systems, will become more important in the
uture. These systems will contain drugs which are not in their

hermodynamically stable state, and thus need to be stabilised
gainst physical as well as chemical degradation. It is also clearly
oreseeable that to increase the quality of the pharmaceutical man-
facturing process, as well as the safety for the patient, process
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nalytical technology (PAT) will become more important in the
harmaceutical field in general, and in the manufacturing of solid
osage forms in particular.

All this requires sophisticated and fast analytical techniques.
n the solid state, we can differentiate analytical techniques

ith respect to the level at which they probe the solid. Raman
nd IR spectroscopy probe the solid state predominantly on the
ntramolecular level. X-ray diffraction and the various thermal
nalytical techniques predominantly probe the “lattice level”, i.e.
he intermolecular level. Terahertz spectroscopy is a spectroscopic
echnique that in the solid state also probes this level. Finally, we
ave a range of bulk techniques that analyse solids on the inter-
articulate level. Amongst all these techniques, the spectroscopic
ethods offer substantial advantages, in that they are usually fast,

end themselves to in-process monitoring, and provide chemical
nformation. This is especially important in amorphous systems if
ne wants to investigate for example drug–excipient interactions.
s spectroscopic techniques, such as Raman and IR, predominantly
robe the molecular level, the identification and even more so the
uantification of different solid-state forms of a drug in a dosage
orm requires the use of sophisticated, multivariate analytical tech-
iques, as the vibrational spectra will remain quite similar for
arious solid-state forms of the same compound. Furthermore the
pectra are complex and changes therein as a function of solid-
tate transformations need to be better understood to gain a deeper
nsight into the behaviour of solids. Computational techniques will
herefore become more important in the pharmaceutical setting.

In this article we do not give a comprehensive review of the use
f spectroscopic techniques in the solid state. Rather we want to
ighlight four areas that are emerging (or have already emerged
o quite a sophisticated standard) and that in our view will be
f the foremost importance in this field in the future. In the first
art of this article we highlight the importance of multivariate
ethods in the analysis of solid forms when using spectroscopic

echniques. We will then discuss the use of spectroscopy, to monitor
nd understand processing-induced solid phase transformations in
he manufacturing setting. In the third part several novel spectro-
copic techniques that are currently mainly used in the fields of
hysics, chemistry and physical chemistry will then be introduced
nd pharmaceutical examples of their use will be given. Finally
e will investigate the advantages and the use of computational

imulation of vibrational spectra.

. Multivariate methods in the analysis of solid forms

During the last decade the use of multivariate methods of data
nalysis has become ever more popular in many areas of pharma-
eutical research. This applies also to the analysis of spectroscopic
ata for characterisation of the solid state, and there are sev-
ral good reasons for this. The most obvious one is the need for
ophisticated data handling tools capable of analysing large data
atrices. With modern equipment it is possible to record impres-

ive amounts of high-resolution data very rapidly, and to make use
f these improvements new approaches to data analysis have to be
dopted. In multivariate spectral analysis regions of or whole spec-
ra are being used to describe the same phenomenon whereas in
nivariate analysis only one value is used. It nowadays is – or at

east should be – standard practice to use chemometrics to quali-
atively and quantitatively analyse the data, because for qualitative

urposes visual inspection of several hundreds or even thousands
f spectra is certainly not reasonable, and for quantitative purposes
nivariate methods are not powerful or reliable enough. Multivari-
te data analysis can be used not only to streamline the analysis
ut also to help gaining essential knowledge of processes under
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nvestigation. It is recognised also in the regulatory guidelines that
ultivariate methods play an important part in increasing the qual-

ty of drugs via better understanding of the drug products and/or
rocesses (FDA, 2004).

Bro (2003) has highlighted some advantages of chemometrics
hat support the opinion that proper analytical chemistry must
ncorporate a chemometric approach. The advantages include noise
eduction and the ability to deal with interferents and detect out-
iers. When several data points, instead of only one, are used
imultaneously to describe the given phenomenon, random noise is
ess likely to affect the results. The capability of coping with noisy
ata and still being able to obtain reliable results is particularly

mportant when analysing data from measurements performed
n rough conditions, such as in situ spectroscopic process analy-
is. Pharmaceutical processing and formulation often introduces
arious interferents (such as other chemicals than the drug under
nvestigation) into the system. When performing quantification
hese interferents can hamper or disable univariate analysis, but
ith multivariate analysis the quantification can still be performed

nd, if the interferent is included in the calibration model, it can
e quantified as well. There are several multivariate techniques
f data analysis being used and developed in the chemometric
ommunity that have great potential and could be applied to
harmaceutical research. Of the various methods available for the
esearcher principal component analysis (PCA) and partial least
quares (PLS) regression are probably the most often applied. For
etailed description of the methods and how to apply them in prac-
ice see, for example, texts by Martens and Næs (1989), Wold et al.
1987, 2001), and Beebe et al. (1998).

PCA is an unsupervised technique, which means that no previous
nowledge of the given system/process is needed for the analysis.
urthermore, it does not require calibration. PCA is an excellent
ool for fast evaluation of data prior to quantification or in-depth
tructural analysis of solid-state events as it enables a comprehen-
ive overview of the whole data set with one single analysis. Even
arge amounts of data can be visualised in a rather simple fashion
y using the score plot. In the PCA score plot each score represents
ne spectrum. If the scores are located near each other in the score
lot it means that the spectra they represent are similar whereas
he scores of spectra with differences will be separated. Three-
imensional score plots can be used, and because PCA is a linear
echnique, the distances between the clusters are easy to analyse.
his is not the case with all clustering techniques. Possible outliers,
or example due to instrument malfunction or sampling error, can
e detected in the score plot as they most probably are located
way from the flawless scores. In addition to clustering and out-
ier detection, PCA can be used to obtain structural understanding
rom the recorded data by analysing the loadings. To explain how
CA can be used to obtain understanding of solid phase transfor-
ations an example is given. The PCA score plot of spectra recorded

uring a processing-induced solid phase transformation from solid
orm A to solid form B should comprise two distinct score clus-
ers (of both solid forms A and B) and some scores in between
he clusters representing the spectra measured while the trans-
ormation was underway. If the transformation is direct (so that
o intermediate phenomena involved) then also the pathway of
cores in between the clusters of forms A and B usually is direct.
f only two forms are involved in the process a one-component

odel should be sufficient to explain the process. Such a sim-
le transformation mechanism is merely the ideal case, and in

ractice some intermediate phenomena, such as metastable solid
hases, are often involved and a more-than-one-component model

s needed to explain the differences between the observed forms. If
he transformation occurs via an intermediate solid phase it can be
een as a “detour” in the score path between the forms A and B. Such
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Fig. 1. PCA score plot of Raman spectra recorded in-line during fluidised bed drying
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sis during processing, some of which are reviewed below and listed
f theophylline monohydrate granules at 60 ◦C. During drying theophylline mono-
ydrate (scores in the lower left corner) undergoes a dehydration to the stable
nhydrate form (lower right corner) via a metastable anhydrate (upper right corner).

case, dehydration of theophylline monohydrate, is exemplified
n Fig. 1. By analysing the loadings the underlying reasons for the
bserved score values can be determined. The variables (spectral
egions) with the highest loading values correspond to the greatest
ifferences between the spectra (with respect to a specific principle
omponent), meaning that the vibrations these regions represent
re those changing due to the solid phase transformation. The bands
n these regions can then be assigned to specific vibrations which
hus leads to structural and truly molecular level information of the
olid phase transformation. The interpretation of the spectra and
he band assignment can be further studied with quantum chemi-
al modelling as discussed elsewhere in this paper. For detailed case
tudies of the above-described technique the reader is referred to
study by Jørgensen et al. (2006). In this extensive study Raman

pectroscopy was used in combination with PCA to visualise and
nvestigate dehydration of erythromycin dihydrate on a hot stage
nd crystallisation of amorphous lactose at high relative humidity.
he PCA method was also applied to X-ray diffraction data recorded
uring dehydration of nitrofurantoin monohydrate and �-lactose
onohydrate.
Quantitative solid phase analysis using spectroscopy is quite

ften problematic because the spectra of drugs themselves are very
omplicated and the characteristic peaks of various solid forms can
and usually do) overlap, fluorescence (which is frequently detected
n Raman spectra) can occur, and various excipients further compli-
ate the spectra. Often the spectra of various forms of a drug are very
imilar to each other, and the shifts of the peaks due to solid phase
ransformations can be in the magnitude of only a few wavenum-
ers making reliable identification, not to mention quantification
y univariate analysis, practically often impossible. As discussed
y Bro (2003), multivariate methods can extract the meaningful
nformation out of noisy data recorded from samples with inter-
erents. PLS regression is a supervised multivariate method with
hich quantitative analysis of multiple solid forms can be per-

ormed even if the differences between the spectra are minor. In
two-part study aiming at spectroscopic in-line quantification of

our concurrently occurring solid forms of carbamazepine during

rocessing, Kogermann et al. (2007, 2008) suggest a road map of
ow to develop a quantitative model and apply it in practice. In
rder to quantitatively analyse the solid phase transformation, the
echanism and the intermediate solid forms detected during the
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ransformation need to be analysed first, because all the forms
nvolved in the transformation have to be included in the calibra-
ion model. In the first part of the study (Kogermann et al., 2007),
he mechanism of the solid phase transformation (dehydration
f carbamazepine dihydrate) was investigated using partial least
quares discriminant analysis (PLS-DA) of NIR and Raman spec-
ra recorded during isothermal dehydration. Prior to multivariate

odelling, a solid form screening was performed, and spectra of
he four pure solid forms of carbamazepine prepared in the screen-
ng (anhydrate forms I and III, amorphous form and the dihydrate
orm) were recorded. In the PLS-DA, which is a qualitative clas-
ification method, spectra of the pure solid forms were used for
alibration purposes. Thereafter the spectra recorded in situ during
sothermal dehydration were introduced to the PLS-DA model and
he solid-state transformation mechanisms were analysed by visual
nspection of the PLS-DA scores. The dehydration process was found
o involve all four forms with varying ratios depending on the dehy-
ration temperature. After the elucidation of the transformation
echanism, quantitative analysis of the forms during dehydration

ould be performed. In the second part of the study, PLS regression
as used: a calibration model including all the forms involved in

he dehydration process was constructed and subsequently used to
uantify the forms from the in situ spectra recorded in static condi-
ions (on a hot stage) as well as dynamic conditions (in a fluidised
ed dryer) (Kogermann et al., 2008). Overall, Raman spectroscopy
as more accurate than NIR spectroscopy in the quantification of

he solid forms of carbamazepine.

. Spectroscopic analysis of processing-induced solid phase
ransformations

Early detection and quantification of solid phase transfor-
ations during processing can be of crucial importance for

harmaceutical companies. A phase transformation can occur dur-
ng any stage of drug manufacturing or shelf-life and can lead
o production problems in downstream processing or therapeu-
ic failures due to decreased bioavailability. The detection of very
mall amounts of unwanted solid forms is important as even trace
mounts can act as seeds and trigger the solid phase transforma-
ion. If a drug has to be withdrawn from the market the economic
osses can be substantial. Ritonavir is a well-known example of
xtreme consequences originating from a sudden appearance of a
ew polymorph. It was originally formulated as a semisolid in a soft
elatine capsule using form I which was the only crystal form iden-
ified during development. Suddenly, after 240 lots of capsules had
een successfully produced and no stability problems noticed, the
apsules started to fail in dissolution tests because of the appear-
nce of a new polymorph, form II, with lower bioavailability (Bauer
t al., 2001). This started a long and expensive process during which
he drug product was reformulated to suit form II, and the prepa-
ation of form I was revisited (Chemburkar et al., 2000). To avoid
etbacks due to polymorphism two areas deserve special attention:
rst, a careful and comprehensive solid form screening needs to be
erformed to find out the possible solid forms and their thermo-
ynamic relationship, and second, the monitoring of the solid form
hould be carried out during the whole drug production cycle, from
he initial production of the raw materials through processing to
tability studies, to detect the transformations as early as possible.
pectroscopic methods offer many solutions for solid phase analy-
n Table 1.
In terms of spectroscopy, near-infrared (NIR) analysis has dom-

nated the PAT field for a long time. There are certainly more
AT applications of NIR spectroscopy than any other spectroscopic



162 J. Aaltonen et al. / International Journal of Pharmaceutics 364 (2008) 159–169

Table 1
Examples of in-line applications of spectroscopic solid-state analysis during different unit operations

Unit operation Reference Spectroscopic method Solid-state phenomenon Data analysis method

Crystallisation Schöll et al. (2006) Raman Polymorphic transformation of l-glutamic acid Bivariate
Hu et al. (2005) Raman Polymorphic transformation of flufenamic acid Bivariate

Freeze-drying Romero-Torres et al. (2007) Raman Crystallisation and polymorphic transformations of mannitol Univariate, PCA
De Beer et al. (2007) Raman, (at-line) NIR Crystallisation and polymorphic transformations of mannitol PCA
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could be analysed and the mechanisms of the phase transforma-
tions during freeze-drying elucidated.

Wet granulation is a common pharmaceutical unit operation
during which the drugs and excipients are subjected to mechani-
et granulation Wikström et al. (2005) Raman

rying Aaltonen et al. (2007) Raman, NIR
Kogermann et al. (2008) Raman

ethod (Räsänen and Sandler, 2007). However, for the analysis of
olid forms NIR spectroscopy is not the most suitable method due
o the fact that the bands in the NIR spectra consist of overtones
nd combinations of fundamental vibrations and thus cannot be
pecifically assigned. For the analysis of dehydration and hydrate
ormation NIR spectroscopy is a valuable tool as it can be used to
ifferentiate the state of water molecules present in the solid sam-
le (Zhou et al., 2003). Raman spectroscopy has evolved during
he past two decades from a promising technique into a research
ool used on a daily basis (Smith and Dent, 2005). Although there
re plenty of recent publications dealing with PAT applications of
aman spectroscopy (Rantanen, 2007), the number of in-line quan-
itative studies is still rather low. The activity in this specific area
s constantly growing, and as new approaches are developed to
vercome the challenges related to spectroscopy/process interface
Rantanen, 2007), Raman spectroscopy will probably strengthen
ts position as a method of choice for in-line solid phase analysis.
nother spectroscopic technique that has lately been increasingly
sed for solid-state analysis is terahertz pulsed spectroscopy. As it
robes whole lattice vibrations it provides a complementary tech-
ique to infrared and Raman spectroscopy.

Crystallisation is one of the key unit operations in pharmaceu-
ical manufacturing as raw material for dosage forms is produced.
y monitoring and controlling the crystallisation process so that
he material produced possesses optimal properties the number of
ubsequent processing steps can be minimised. As discussed ear-
ier, polymorphism is one of the properties of utmost importance.
he outcome of a crystallisation process is a result of the inter-
lay between kinetic and thermodynamic factors, such as solvents,
gitation, temperature and seeding to name but a few. Controlled
rystallisation requires the monitoring of several properties simul-
aneously. In an article by Schöll et al. (2006) various properties
ere monitored in situ in a batch crystalliser during polymorphic

ransformation of l-glutamic acid including drug concentration (by
TR-FTIR spectroscopy), particle size (by focused beam reflectance
easurement), morphology (particle vision measurement image

nalysis) and polymorphic form (Raman spectroscopy) (Fig. 2). The
easured properties were subsequently used to mathematically
odel the process. It was concluded that the simulation allowed a

eeper understanding of the influence of the process parameters.
u et al. (2005) have used Raman spectroscopy in an intelligent
ay to determine the concentration of flufenamic acid in the solu-

ion as well as its polymorphic form during crystallisation process.
he quantitative information on both the liquid and solid state was
xtracted from the same spectra by using characteristic peaks of dif-
erent phases of flufenamic acid (forms I and III, and the solute). The
uthors also stated that Raman spectroscopy can be used to detect
ucleation during crystallisation. In another Raman spectroscopic

tudy Hu et al. (2007) investigated the solid phase transformation
rofiles of flufenamic acid at various temperatures to determine the
olymorphic transition temperatures. The new method agreed well
ith results from the conventional van’t Hoff approach and previ-

usly published literature. The authors concluded that the method

F
c
R
C

rate to monohydrate conversion of theophylline Trivariate

ration of theophylline monohydrate PLS
ration of carbamazepine dihydrate PLS

ould be used to assess the thermodynamic transition temperature,
n particular for rapidly converting systems where it is not possible
o measure equilibrium solubility of the metastable form.

Freeze-drying is another complex process where in-line mon-
toring of the solid form can provide valuable information, since
he process involves long periods of vacuum as well as tempera-
ure treatment and thus cannot be stopped for sampling or invasive
nalysis. The polymorphism of mannitol during freeze-drying has
een studied with in-line Raman spectroscopy combined with PCA
y two research groups. In a study by Romero-Torres et al. (2007)
wo different fibre optic probes were used to analyse the samples in
he freeze-drier through a quartz window in the freeze-drier door.

probe with larger sampling volume was found to produce more
onsistent results as sub-sampling effects could be minimised. In a
tudy by De Beer et al. (2007) the fibre optic probe was located
nside the freeze-drier such that the sample was irradiated and
he scattered radiation signal collected from the sample directly
o avoid disturbances of other materials such as the freeze-drier
oor or sample vial. In both studies the polymorphism of mannitol
ig. 2. Schematic of the 2-L batch crystalliser combining the different in situ pro-
ess analytical technologies of FBRM, PVM, and ATR-FTIR and Raman spectroscopy.
eprinted with permission from Schöll et al. (2006). Copyright 2006 American
hemical Society.
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al and thermal stress and influence of solvents. Such conditions
re a very probable cause for solid phase transformations. The fea-
ibility of Raman spectroscopy for in-line monitoring of hydrate
ormation during high-shear wet granulation of theophylline has
een evaluated (Wikström et al., 2005). The hydrate formation was
uantitatively analysed using characteristic Raman peaks of the
nhydrate and monohydrate forms. It was found that the fibre optic
robe design and the placement of the probe in the bowl are crit-

cal to ensure representative sampling and prevent sticking of the
aterial being granulated to the probe. NIR spectroscopy could

ot be used here because of the saturation of the signal due to
ulk water. Also the drying process-induced dehydration of theo-
hylline monohydrate has been studied with in-line Raman and
IR spectroscopy (Aaltonen et al., 2007). In this study a minia-

urised fluidised bed dryer was used and the spectra were collected
on-invasively through a quartz window in the drying chamber
all. The solid-state transformation was quantified using the mul-

ivariate method PLS regression. It was found that NIR and Raman
pectroscopy are a particularly good combination for the analysis
f dehydration during the fluidised bed drying process because,
oughly said, NIR spectroscopy detects the water removal and
aman spectroscopy the change in the solid-state structure.

. Selected new spectroscopic techniques to investigate
harmaceutical solids

A number of new techniques have emerged over the last few
ears that although not yet widely used show promise for the
uture. In the following section two of these techniques will be dis-
ussed in more detail including practical issues in their use. Raman
pectroscopy has been successfully applied to many pharmaceuti-
al problems and a number of excellent and recent reviews exist
escribing this area (Bugay, 2001; Wartewig and Neubert, 2005).
aman spectroscopy has a number of advantages over conventional

nfrared techniques as water does not show a strong Raman spec-
rum and thus does not obscure the spectral signatures of analytes
f interest in wet matrices, which can be a problem in infrared
pectroscopy. The main disadvantages of Raman spectroscopy, the
xpense and complexity of lasers and detector systems, have been
meliorated with technical advances. However a number of chal-
enging problems still exist in using Raman measurements. One
f these is sub-sampling; conventional Raman measurements are
ade using a focused laser with a beam diameter of 300 �m. Thus

n an inhomogeneous sample such as a tablet the spot size may be
oo small to provide an average signal. This problem was recog-
ised in a number of studies (Taylor and Zografi, 1998; Bugay,
001; Stephenson et al., 2001; Roberts et al., 2002; Vergote et al.,
002) and is discussed in a study of illicit tablet compacts (Bell
t al., 2004). In this study a conventional small spot size sampling
rrangement was used (ranging from microscope size, 3 to 150 �m).
grid of up to 64 points over the tablets of interest was sampled.

his provided a standard error of prediction of 1.1% for N-methyl-
,4-methylenedioxyamphetamine, the API. It was also found that

ower density sampling grids gave poorer performance. This issue
as been investigated by Johansson et al. (2005) in a study of tablets
omposed of microcrystalline cellulose and other excipients with
compound of interest. Each 157 mg tablet contained between

5 and 55 mg of API. In this study three distinct laser irradiation
eometries were used, these were: (1) point source irradiation, in

his geometry approximately 0.4% of the tablet surface area was
ampled; (2) circle irradiation—this was achieved by using a small
pot but spinning the sample. Using two spot positions it was pos-
ible to get a large diameter and smaller diameter circle. These gave
rea sampling coverages of 16 and 8%, respectively; (3) area sam-

a
c
r
fi

ig. 3. Schematic of wide area illumination (WAI) experiment. See Kim et al. (2006).

ling in which the spinning tablet was translated—this provided
9% area coverage. By comparing each side of the tablet the sub-
ampling error could be evaluated and this was significantly greater
or the point source than either the large circle or area illumination.

One ingenious method to remove the sub-sampling problem is
o use a wide area illumination (WAI) scheme (Fig. 3) (Kim et al.,
006). In these experiments the laser is focused from a fibre optic
undle and has a long focal length (248 mm) and a large spot size
beam diameter 6 mm, area about 28 mm2). The WAI configuration
s much less sensitive to sample position, an important consider-
tion in PAT applications, and inhomogeneity (Kim et al., 2007a,
007b; Nah et al., 2007). In a study of povidine in low-density
olyethylene (LDPE) bottles (Kim et al., 2007c) it was found that
he variation between samples when using a standard Raman con-
guration was almost an order of magnitude worse than using the
AI scheme (standard deviation for repeated measurements being

2.5 and 3.2%, respectively). They also found that they could fur-
her improve sample-to-sample variability by inserting a standard
n the form of isobutyric anhydride in front of the sample area.
his could be used to compensate for laser output/collection optics
ariability. The solution of these difficulties brings the use of Raman
pectroscopy in a PAT environment closer to large-scale application.

A second challenge in using Raman spectroscopy is fluorescence
rom the sample; although this problem has been reduced with the
dvent of red excitation sources, such as 785, 830 and 1064 nm,
t can still be difficult to measure samples in which the coating
s emissive (Romero-Torres et al., 2006). A method that has been
eveloped that completely circumvents the problem of emissive
oating is spatially offset Raman spectroscopy. In this experiment
he laser is focused on to a particular point on the analyte but the
aman scattering is collected from a different portion of the ana-

yte (spatially offset) (Everall et al., 2004; Johansson et al., 2005;
atousek et al., 2005a,b; Matousek and Parker, 2006; Eliasson

nd Matousek, 2007a,b; Ricci et al., 2007). The Raman scattering
manating from the sampled portion is of much lower intensity
han that from the surface where the laser strikes—but there is no
mission from the sampled portion, thus the signal-to-noise with
espect to the Raman signature may be better (Fig. 4).

Terahertz spectroscopy has attracted some attention as a tool
or the study of pharmaceuticals. The terahertz region of the spec-
rum lies in the 3–100 cm−1 regime. In this regime the absorption
henomena are principally due to intermolecular motion – phonon
odes – the transitions associated with intramolecular forces

ie at higher energy in the mid-IR region (200–4000 cm−1). The
honon modes are extremely sensitive to the type of forces between
olecules and thus terahertz spectroscopy is well-suited to poly-
orph discrimination.
Although terahertz spectroscopy has been conducted for almost
century (Nichols, 1897; Kimmitt, 2003; Matousek, 2007) techni-
al advances have made it a much more attractive technique in
ecent years. There are two types of experiments conducted, the
rst uses a modified FTIR spectrometer in which optics source and
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ig. 4. Schematic of Raman illumination geometries. Adapted from Ricci et al.
2007).

etector are altered to improve terahertz generation, throughput
nd detection (Esenturk et al., 2007; Plusquellic et al., 2007). An
ssessment of this methodology has been recently reported with
espect to its suitability for process analytical technology (Wu et
l., 2007). This study examined tablets made up of theophylline
ith lactose, corn starch, magnesium stearate and microcrystalline

ellulose. The study showed that a number of factors can alter the
erahertz spectrum including desirable variations, such as compo-
ition, and less desirable variability associated with drying time.
his is perhaps unsurprising as water shows very strong terahertz
ignals (Barnes et al., 1935) and indeed it is possible to quantify
oisture content with terahertz spectroscopy (Hadjiloucas et al.,

002). In Wu’s study (Wu et al., 2007) a careful analysis of the ter-
hertz spectra revealed that the low wavenumber region (below
0 cm−1) was not sensitive to drying time but above 80 cm−1 the
pectral behaviour was complex (showing increases and decreases
n signal heights with drying time). Using multivariate techniques
uantification of API in such formulations was possible even with
he complication of drying time. In these studies the spectral region
0–500 cm−1 was analysed.

The second method used pulsed laser excitation to create a pulse
f terahertz radiation that interacts with the sample of interest. This
o-called time-domain spectroscopy differs from that described
bove, and there are some advantages as the detection of the signal
ay be modulated with the terahertz pulse thus improving signal-

o-noise. The spectral region observed generally lies between 20
nd 100 cm−1. This methodology also offers some advantages with
espect to the imaging of samples.

Time-domain terahertz spectroscopy has been used to dif-
erentiate polymorphs of ranitidine hydrochloride (Taday et al.,
003). The differing crystal structures of each polymorph supported
honon modes at different energies and thus the terahertz spec-
ra were distinct for each. However it has also been demonstrated
hat binary mixtures of pharmaceuticals may be quantified using
erahertz methods (Strachan et al., 2004a, 2005). For example the
rystalline forms of carbamazepine (form III in I) and enalapril
aleate (form II in I) could be detected to 1.2% (w/w) and 0.7%
w/w), respectively. In these cases distinct spectral bands were
bserved for each component (Fig. 5). It is also possible to quantify
rystalline forms in a predominantly amorphous mixture. This was
emonstrated for indomethacin in which the limit of detection for
he crystal form was 1% (w/w). In the case of the amorphous form

s
H
o
T
t

Fig. 5. Terahertz spectra of carbamazepine forms I and III.

here is no distinct terahertz absorption because there is no longer
ange order; instead the terahertz signal is featureless increasing
ith wavenumber in a smooth fashion. Nonetheless it was still
ossible to quantify such a system.

The speed of measurement for terahertz spectra is demon-
trated in a kinetics study of the conversion of carbamazepine III to I
Zeitler et al., 2007). Using 30 s integration times kinetic traces were
roduced showing the conversion from form III to I; importantly it
as found that the growth of form I was delayed with respect to

he decay of III and this discrepancy was rationalised as involving
ompound in the gas phase thus providing some evidence for this
arlier proposed mechanism (Behme and Brooke, 1991).

One of the exciting possibilities of terahertz time-domain spec-
roscopy is its potential in imaging. Because the terahertz radiation
s produced as an ultra-short light pulse (80 fs) the reflections
aused by its propagation through a material inform on the pres-
nce of each interface within the material. The thickness of each
oating may be determined from the return time and intensity of
ach reflection if the refractive index of each layer is known. Using
his approach a series of multiple layers present in NurofenTM could
e measured (Fitzgerald et al., 2005). The utility of the technique in
easuring coating reproducibility, distribution and uniformity has

lso been demonstrated where coating defects could be observed
nd characterized (Ho et al., 2007).

. Computational simulation of vibrational spectra in the
harmaceutical setting

Vibrational spectroscopy is invaluable for studying pharma-
eutical systems on the molecular level, because the technique is

ensitive to molecular structure, conformation and environment.
owever, to obtain molecular-level information spectral bands
f interest must be assigned to the correct molecular vibrations.
his is challenging even for small molecules in the pharmaceu-
ical context. Interpretation can be significantly enhanced by the
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omputational simulation of vibrational spectra, and in recent
ears simulations have become increasingly used for this purpose
Meier, 2007). There are multitudinous computational and theo-
etical challenges associated with modelling of vibrational spectra,
ut recent advances in computational power and availability, suit-
ble algorithms and user-friendly software have catalysed the use of
omputational chemistry as an aid to interpret vibrational spectra
n the pharmaceutical setting.

The following discussion will briefly introduce approaches used
or the simulation of vibrational spectra and then a few examples
f predicted mid-infrared (IR), Raman, and terahertz spectra in the
harmaceutical setting. The focus is on applications, and not theory
r method development to which the reader is referred to other
exts, e.g. Foresman and Frisch (1995–1996), Young (2001).

.1. Methods to predict vibrational spectra

The prediction of vibrational spectra is always a trade-off
etween accuracy and computational cost. The most accurate
pectral prediction will come from the closest solution to the
chrödinger equation. Quantum mechanics-based calculations aim
o do this, but approximations to the Schrödinger equation are
lways made. For very small single molecules (three or four atoms),
omparatively few approximations are required for reasonable
omputational cost and vibrational spectra can be calculated to
ithin a single wavenumber. However, for larger molecules, e.g.
any active pharmaceutical ingredients, more approximations

re typically made (including the harmonic approximation) as
therwise the computational cost is prohibitive. Nevertheless, suf-
ciently accurate vibrational spectra for many situations are still
btained (Young, 2001). Quantum mechanical-based methods may
e subdivided into three classes: ab initio (e.g. Hartree-Fock), den-
ity functional theory (DFT) methods and semi-empirical methods.
n the prediction of vibrational spectra of medium sized molecules,
he DFT-based approaches have often exhibited the best accuracy
t a reasonable computational cost and are thus currently the most
opular (Young, 2001).

To obtain a predicted vibrational spectrum using quantum
echanics theory a suitable model chemistry (including basis set)

s used to first optimise the molecular geometry (find a minimum
nergy conformation) and then predict the molecular vibrations.
he band frequencies are determined using the gradient of the
nergy on the potential energy scan (PES) with respect to the vibra-
ions of the molecule. With IR spectroscopy, the band intensities are
etermined by the change in dipole moment with respect to the
ibrational mode. In Raman spectroscopy, the intensity is deter-
ined by the change in polarisability with the vibrational mode.

or this to be accurately determined the energy of the system must
e known with respect to the geometry change and the effect of
he external electric field.

Quantum mechanics calculations are normally performed on
ingle molecules (i.e. simulating the gaseous phase) or, perhaps, a
mall cluster of molecules. Obviously this environment is not repre-
entative for molecules in the pharmaceutical setting, where solids
nd liquids are the norm. If the intermolecular and long-range
ffects are paramount, much less accurate but less computa-
ionally demanding molecular mechanics-based methods using
mpirically derived force fields may be considered. Commonly,

molecular dynamics approach is used where the period of
ibrations in an energy-minimised structure is monitored as a

unction of time using the empirically derived force fields. The
esult can then be Fourier-transformed to obtain a vibrational spec-
rum. Recently, hybrid quantum mechanics/molecular mechanics
QM/MM) methods have been applied to large systems with a
ore element of interest, e.g. solute molecules in solution. The
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ore element (e.g. solute molecule) is modelled by accurate quan-
um mechanics-based methods, and the solution environment by
ess computationally expensive molecular mechanics and dynam-
cs calculations.

All of the approaches mentioned above have been used in the
rediction of vibrational spectra of pharmaceutical systems, and
ome examples will be discussed.

.2. Computational analysis of mid-infrared and Raman spectra

Mid-IR radiation is resonant with fundamental intramolecular
ond stretching and bending. Thus quantum mechanics calcula-
ions using the harmonic approximation on single molecules are
ypically used to predict the vibrational modes in this region. Such

ethods include Hartree-Fock (HF) theory and, now more com-
only, DFT with the B3LYP functional (and a basis set 6-31G(d) or

igher) (Foresman and Frisch, 1995–1996). There are many recent
xamples where IR and/or Raman spectra of drug molecules have
een predicted using the isolated molecule and a comprehensive
ssignment of vibrational modes has been performed, for example,
soquinolone (Krishnakumar and Ramasamy, 2005), thalidomide
Cipriani and Smith, 2008) and non-steroidal anti-inflammatory
rugs (Jubert et al., 2005). Despite experimental results being based
n solid-state spectra and the calculations being based on the
solated gaseous molecule many band assignments can be made
onfidently, with the calculations representing a significant step
orward over band assignments using group theory alone. Incor-
ect and controversial band assignments have been corrected using
alculated spectra (Nolasco et al., 2006; Wysokinski et al., 2006).
he ability of different computational methods and basis sets to
redict experimentally observed spectra of pharmaceutical sys-
ems have been compared (Rastogi et al., 2000; Krishnakumar
nd Xavier, 2005; Sagdinc et al., 2007) and for specific kinds of
olecules (e.g. those containing a transition metal), carefully cho-

en computational methods and basis sets may be particularly
mportant (Wysokinski et al., 2006; Amado et al., 2007). In an
ffort to improve correlation between predicted and experimental
pectra, some computationally demanding calculations incorporat-
ng anharmonicity have been performed on the small semi-rigid

olecules, uracil and 2-thiouracil, using DFT with the B3LYP func-
ional augmented with second-order perturbative theory (Barone
t al., 2004). Some significant improvements in predicted frequen-
ies were observed, however such calculations are very expensive
nd the calculation of anharmonic frequencies (e.g. those in near-
nfrared spectra) is still generally prohibitive for pharmaceutically
elevant molecules (Gerber et al., 2002).

Strong intermolecular interactions, such as hydrogen bonding,
an have an effect on intramolecular vibrations. Thus the band
ssignment of vibrational spectra of such systems may be sig-
ificantly improved by incorporating such interactions. This was

nvestigated computationally in a DFT study (Strachan et al., 2004b),
here the carbamazepine monomer and hydrogen-bonded dimer
ere used to predict the IR and Raman spectra of the drug in the

olid state. In all polymorphs, molecular dimers exist with cyclic
ydrogen bonding between the CONH2 moieties. While the exper-

mental Raman spectra, mainly representing vibrations in the ring
ystem, were relatively well predicted by the monomer calcula-
ion, the bands in the experimental IR spectra associated with
he CONH2 moiety were much better predicted when the hydro-
en bonding interaction was considered. In another study, the

nfluence of lattice bound water and intermolecular bonding on
ibrational spectra of caffeine, theobromine and theophylline was
onsidered by performing DFT calculations on different molecu-
ar dimers, considering each hydrogen bond in turn (Nolasco et
l., 2006). This approach allowed a comprehensive assignment on
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ibrational modes observed in the anhydrate and hydrate forms of
ach compound.

Computational prediction of vibrational spectra can be used
o better understand intra- and intermolecular structure, includ-
ng molecular conformation, and intermolecular bonding in solids
nd solutions. By comparing the vibrational spectra predicted from
ifferent conformers, molecular conformers present may be deter-
ined. The spectra of the two lowest energy conformations of

etoprofen were predicted, and by comparing the spectra with
xperimental spectra, it was found that only the lowest energy con-
ormations are present in both the liquid and solid states (Vueba
t al., 2006). In another study, prediction of the infrared spectra
evealed that two tautomers of 6-thioguanine exist in roughly equal
roportions in an isolated hydrophobic environment (Kasende,
002).

Recently, there has been much effort to use computational
hemistry to understand intermolecular interactions in solids and
olutions. In solids, this is particularly useful where definitive X-ray
tructural analysis is not possible. To better understand the short-
ange order in amorphous indomethacin, the Raman and IR spectra
f the indomethacin monomer and dimer, with cyclic hydro-
en bonding between COOH moieties, were predicted using DFT
nd compared to the quench-cooled amorphous and �-crystalline
orms (Fig. 6) (Strachan et al., 2007). In general, the IR spectrum of
he amorphous form was better predicted by the dimer calculation,
ith the main infrared-active mode involving the carboxylic acid

oiety in the amorphous form (e.g. at 1716 cm−1 in the amorphous

orm) significantly better predicted by the dimer (1735 cm−1) cal-
ulation than the monomer calculation (1791 cm−1). This supports
he theory that quench-cooled amorphous indomethacin is likely

ig. 6. Infrared spectra (top) of: (a) calculated IM dimer; (b) calculated IM single
olecule; (c) experimental crystalline IM; (d) experimental amorphous IM between

000 and 1800 cm−1, and the predicted normal mode predicted at 1735 cm−1 (bot-
om) for the indomethacin dimer with the largest eigenvectors shown. Calculations
ere performed using ab initio density functional theory calculations. Reprinted
ith permission from Strachan et al. (2007). Copyright 2007 Pharmaceutical Press.
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o exist predominantly as hydrogen bonded dimer motifs present
n the �-crystalline form. The prediction of vibrational spectra has
lso been used to propose the intermolecular bonding arrangement
or caffeine anhydrate (Nolasco et al., 2006).

Drug–ligand interactions have also been studied. In a surface-
nhanced Raman spectroscopy (SERS) experiment combined with
FT calculations, the binding of the anti-neoplastic agent cisplatin

o the substrate guanine in dilute solution was modelled using
FT calculations (Giese and McNaughton, 2003). The findings sup-
orted the previously proposed drug–ligand binding mechanism.
espite some developments required to model the SERS sub-

trate and drug complex interactions, the combined theoretical and
xperimental approach was suggested as a means to establish the
elationship between new platinum complexes and their biological
ctivity.

Simulation of vibrational spectra has also been used to study
nclusion complexes. Rossi et al. (2006) have studied the structure
f an indomethacin–cyclodextrin inclusion complex using Raman
pectroscopy and a combined approach of quantum mechanics and
orce field molecular dynamics simulations. The HF method was
sed to simulate the vibrational spectrum of the indomethacin
onomer and assign modes to the experimental vibrational spec-

rum of indomethacin in the �-crystalline form and in the complex.
he interaction between indomethacin and �-cyclodextrin (�CD)
n water was then simulated using molecular dynamics calculations

ith the empirically derived AMBER force field and the density
f vibrational states calculated for the resulting complex. From
his combined approach, it was concluded that in solution the
hlorobenzoyl unit of the indomethacin molecule inserts into the
CD cavity through the larger rim and the amide C O stretch is
ffected by the inclusion process.

The solvent effects on the IR and Raman spectra of aspirin,
affeine and ibuprofen in aqueous solution were simulated by
onsidering the long- and short-range solvent effects in DFT calcu-
ations (Bondesson et al., 2007). Long-range effects were considered
sing a polarisation continuum model, and short-range hydrogen
onding was considered by explicitly including water molecules
ydrogen bonded to the drug molecules. Consideration of the
olvent effects improved the agreement between calculated and
xperimental spectra, and the approach was proposed to char-
cterise changes in intermolecular bonding during solvation as a
eans to better understand drug solubility.

.3. Computational analysis of terahertz spectra

Terahertz spectroscopy has been used for both chemical and
hysical pharmaceutical analysis, most notably in solid-state anal-
sis. However, the assignment of bands in terahertz spectra is still
n its infancy for two main reasons. Firstly, historical neglect of far-
R spectroscopy has meant interpretation of terahertz spectra has
een much less studied than that of mid- and even near-IR spectra.
econdly, since terahertz spectra of molecular materials are charac-
erised largely by lower energy intermolecular interactions and, in
rystals, phonon lattice modes, interpretation of terahertz spectra
f liquids, and especially solids, must consider intermolecular inter-
ctions. However, the current interest in terahertz spectroscopy as
n analytical technique and the need to understand the spectra
as meant that computational modelling of terahertz spectra has
ecently become a very active area of research.

The first attempts to assign modes to terahertz spectra of

olecules were based on the vibrational analysis of single iso-

ated molecule calculations using the harmonic approximation.
or example, Chen et al. (2004) used DFT calculations on the sin-
le molecule of 2,4-dinitrotoluene. Some inter- and intramolecular
ands were suggested by comparing the calculated spectrum with
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olid-state and solution spectra. Other examples of spectral inter-
retation using single molecule ab initio calculations exist, even
rom very recently (Li et al., 2005; Wang et al., 2007), but as
iscussed below, this approach can no longer be considered an
ppropriate approach for band assignment in terahertz spectra of
olid or liquid systems, since intermolecular interactions are not
onsidered.

Molecular clusters have been used in an attempt to consider
ome intermolecular interactions. Zeitler et al. (2005) used DFT
alculations on the carbamazepine single molecule and hydrogen-
onded dimer structure. Some insight into possible intramolecular
ibrations was gained. Fischer et al. (2002) calculated the low fre-
uency modes of thymine in the crystalline state by including the
our hydrogen-bonded molecules in the unit cell. By comparing the
redicted and experimental spectra, the lowest frequency modes
ere assigned collectively to out-of-plane and in-plane vibrations

f the hydrogen-bonded systems.
Despite some limited insight into vibrational modes with single

olecule calculations and molecular clusters, for most crystalline
olids periodic boundary conditions must be taken into account
o that phonon modes can be considered. Furthermore, the stable
olecular conformations due to extensive intermolecular bonding

re more likely to be maintained during optimisation of the crys-

al structure. Periodic boundary conditions have been considered
n a number of recently published papers, of which a significant
roportion consider molecules of pharmaceutical relevance. In
wo recent studies, rigid molecule atomistic lattice dynamic cal-

ig. 7. Experimental terahertz spectra and predicted modes using ab initio density
unctional perturbative theory of the molecular crystals sucrose, benzoic acid, and
hymine. Reprinted with permission from Jepsen and Clark (2007). Copyright 2007
lsevier.
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ulations were performed on energy-minimised crystal structures
periodic boundary conditions were thus included in the calcula-
ions) (Day et al., 2006; Nguyen et al., 2007). In these cases the

olecules were considered rigid bodies and thus only intermolec-
lar vibrations were calculated. Day et al. (2006) calculated the
erahertz spectra of the four known polymorphs of carbamazepine.
ome agreement between the experimental and calculated spec-
ra was obtained. Calculations involving rigid molecule structures

ay not, however, be appropriate for systems containing flexible
olecular structures.
Recently, both intramolecular and intermolecular aspects of

ibrations in the terahertz region have been considered (Allis and
orter, 2006; Allis et al., 2006, 2007; Korter et al., 2006; Saito et
l., 2006a,b; Jepsen and Clark, 2007). These calculations are very
omputationally intensive; however, increased computing capabil-
ties now make such calculations feasible. Allis et al. (2007) used
FT calculations on single molecules and crystal structures with
eriodic boundary conditions to predict the terahertz features of
iotin and lactose monohydrate. The solid-state calculations, which

ncorporated anharmonic terms, suggested that the lowest fre-
uency features were due to intermolecular hindered rotational
odes, and not the intramolecular modes predicted by the sin-

le molecule calculations. In an impressive study by Jepsen and
lark (2007) density functional perturbative theory was used to
redict the terahertz spectra of crystalline sucrose, benzoic acid and
hymine (Fig. 7). Very good agreement between the experimental
nd theoretical results was observed, with the frequency and inten-
ity of most experimental modes well predicted, especially with
ucrose. The vibrational modes contained both intramolecular and
ntermolecular components.

. Conclusion and outlook

In our view the role of spectroscopy in the quantitative and
tructural analysis of pharmaceutical solids will further increase
n the future. In combination with multivariate analytical tools,
pplication in analysis of the end product and especially in the PAT
etting will continue to rise. Novel techniques will give the phar-
aceutical scientist new tools to better understand the nature of

harmaceutical solids, and to monitor and quantify changes in the
olid state faster and with higher accuracy and precision. Finally,
omputational techniques will help us to gain a deeper understand-
ng of solids, especially amorphous forms and solid dispersions.
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