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When applying spectroscopy to a proc-
ess it is often necessary to choose the 
combination of spectroscopic technique, 
sampling method and spectral analysis 
which will provide the required informa-
tion. We looked at this in an earlier article 
and now present some results based on 
a real world example.

The article by Florence and Johnson in 
the December 2004 column1 showed 
how UV/vis spectroscopy using attenuated 
total reflectance (ATR) sampling probes 
could be used to study the equilibrium 
solubility of pharmaceutical materials. 
One of the compounds studied was theo-
phylline, an active pharmaceutical which 
is used as a bronchodilator. Theophylline 
undergoes a solution mediated transfor-
mation in water from the anhydrate to 
the more stable and less soluble mono-
hydrate. Measuring the dissolution profile 
with ATR-UV/vis produces a characteristic 
curve which shows the concentration in 
solution reaching a maximum and then 
decreasing as the monohydrate precipi-
tates (Figure 1).

Physically, this is a complex system: 
the anhydrate crystals are added to water 
and begin to dissolve. The anhydrate in 
solution then converts to the monohy-

drate which begins to precipitate out. At 
ambient temperatures the process takes 
about three minutes to equilibrate and 
the maximum of the dissolution profile 
occurs after approximately one minute. 
There is always solid present but the 
physical nature of the slurry changes as 
the crystals of anhydrate dissolve and are 
replaced by a fluffy precipitate of mono-
hydrate. ATR-UV/vis spectroscopy meas-
ures only the solution spectrum, but 
what can be seen with NIR and Raman 
spectroscopy? Do these techniques give 
us more information, and how easy is it 
to obtain?

The NIR spectra of the reaction were 
measured with a non-invasive diode 
array NIR spectrometer system (Carl Zeiss 
Corona) and with an immersible diffuse 
reflectance probe attached to an FT-NIR 
system (ABB Bomem FTPA2000). The 
results were essentially similar so for 
brevity we will deal with the diode array 
results here. Raman spectra of the reac-
tion were measured using a fibre coupled 
immersion probe system (Kaiser Optical 
Systems RXN1).

The NIR reflectance spectra from a 
slurry is a complex function of the diffuse 
reflectance spectrum of the solid phase 
and the transflectance spectrum of the 
solution “seen” by the system as the light 
passes through the liquid phase before 
and after reflection from the suspended 
solids. There will also be an influence 
from particle size on the scattered light. In 
this example, the transmission spectrum 
through the solution dominates, as can 
be observed in the spectra (Figure 2).

The NIR spectra contain information 
on the solvent, the solution and the solid, 

therefore it is to be expected that more 
useful data can be extracted. First, by 
simply ratioing the integrated area of the 
C–H second overtone against the O–H 
band from the solvent water a curve can 
be produced (Figure 3) which is similar 
to the ATR-UV dissolution profile. Second, 
we can apply a suitable chemometric 
algorithm to the spectra to extract infor-
mation.

When monitoring reactions/transfor-
mations of this type there are a number 
of data processing techniques available.2 
The most common are those based on 
spectral decomposition into “principal 
components”. These techniques (such 
as principal component analysis, PCA) 
rely on a rotation of axes (or selection 
of linear combinations of frequencies) 
chosen to both model the data and 
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Figure 1. Dissolution curve for theophylline 
measured with UV/vis ATR.
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Figure 2. Time series NIR spectra of theo-
phylline dissolution.
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Figure 3. Dissolution curve for theophylline 
generated from NIR data.
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satisfy various constraints. In the case of 
PCA the constraint is to maximise the vari-
ation in the data set under the new coor-
dinates. For PLS (partial least squares) 
the constraint is to maximise the prod-
uct of the variability and the correlation 
to the property (or properties) of inter-
est. Latterly, multivariate curve resolution 
(MCR) has become popular. This tech-
nique is of the same ilk as the above, but 
allows the incorporation of “real world” 
constraints to yield factors and scores 
that are always positive. More stringent 
constraints can also be included, e.g. 
constraints on the shape of any spec-
tral features and/or closure (sum of all 
components remains constant). This 
leads to “factors” that more closely resem-
ble the spectra of the components that 
are causing the spectral changes in the 
data set. This then allows spectral inter-
pretation, as well as quantification of the 
resultant “factors”.

Applying MCR to the NIR data set 
produces two factors, which, when plot-
ted against time appear to show the 
disappearance of the anhydrate and the 
creation of the monohydrate within the 
same timescales as predicted by the 
dissolution curve.

Looking at the same reaction system 
with Raman yields additional information. 
As with NIR, the spectra will be a combi-
nation of Raman scattering from both the 
solids and the solution, with the solids 
dominating due to their greater scattering 
cross-section. In this example the solvent, 
water, is a very weak Raman scatterer and 
is barely detectable in the spectra.

One of the advantages of Raman in 
process spectroscopy is that the sharp 
analyte peaks in the spectra are often 
well separated allowing a simple univari-
ate analysis to be employed. In the case 
of theophylline, several distinct peaks can 
be observed in the spectra of the proc-
ess. In particular, a band at 1310 cm–1 can 
be assigned to the anhydrate and one at 
1318 cm–1 to the hydrate form. A weaker 
band around 1327 cm–1 can be assigned 
to theophylline in solution (Figure 4). 
(These assignments can be confirmed by 
collecting Raman spectra from the origi-
nal anhydrate, isolated monohydrate and 
a filtered solution of the monohydrate.) 
Monitoring the integrated area of the 

hydrate and anhydrate bands gives rise 
to curves showing the disappearance of 
the latter and the formation of the former 
(Figure 5).

Interestingly, simple peak integration 
does not produce a clean dissolution 
curve, because the solution band both 
shifts in position and overlaps with the 
monohydrate band. Applying MCR to the 
spectra, choosing a region between 1300 
and 1350 cm–1 generates three factors 
closely resembling the peaks of interest 
(Figure 6) giving confidence that the algo-
rithm has identified real features. Plotting 
the time series of the three factors 
produces a series of curves that unam-
biguously show the decreasing concen-
tration of the anhydrate, the formation of 
the monohydrate and the characteristic 
dissolution curve (Figure 7).

Conclusions
Slurries and crystallising solutions are 

important real world samples, and the 
monitoring and control of polymorphic 
form is also commercially important. 
From this example we can generalise on 
the relative merits of each technique. ATR 
UV/vis is an excellent low cost method 
for monitoring concentration profiles, and 
simplifies the measurement since infor-
mation is only obtained from the solu-
tion. NIR yields information on both the 
solution and the solids and it is possible 
to obtain information on the polymor-
phic form. Raman spectroscopy provides 
unambiguous information on the solu-
tion, the solids and their polymorphic 
form. Multivariate analysis can provide 
information not available with univari-
ate analysis, even from a high resolution 
technique like Raman.

Each of the techniques is sufficiently 
rapid to monitor a relatively fast process 
such as the theophylline transformation: 
for this reaction UV/vis measures spectra 
on a sub-second timescale, diode array 
NIR every two seconds and Raman at ten 
second intervals. The factors for choosing 
which technique to implement on-line 
will be determined by the information 
required, costs and technical constraints 
on installation.
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Figure 4. Raman spectra of theophylline 
transformation.
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Figure 5. Raman peak intensities show-
ing disappearance of anhydrate form and 
generation of the hydrate.
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Figure 6. Three factor MCR analysis of the 
theophylline Raman spectra from 1300 to 
1350 cm–1. The factors compare well with the 
spectra in Figure 4.
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Figure 7. Time-resolved plot of the three 
MCR factors showing the disappearance 
of the anhydrate (green), formation of the 
hydrate (dark blue) and the dissolutions 
profile (light blue).


