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NNLS AND MCR-ALS
DECOMPOSITION OF RAMAN AND FTIR SPECTRA
OF MULTICOMPONENT LIQUID SOLUTIONS

The possibilities of the decomposition by non-negative least squares (NNLS) and Multivariate
Curve Resolution-Alternating Least Squares (MCR-ALS) methods of determination of spectra
and concentrations of species in multicomponent (up to 8) liquid solutions by analyzing FTIR
ATR and Raman spectra are discussed. It is shown that the NNLS decomposition of Raman
spectra provides better results than the decomposition of the same mizture measured with the
FTIR ATR method. This fact is connected with narrower width and smaller overlap of vibra-
tional peaks obtained with the use of Raman spectroscopy comparing to IR spectroscopy for
molecular liquids. It is shown that using the known spectra can increase the total number of
species, for which a quantitative information can be successfully obtained. The unknown con-
centration profiles of an N = 8-component liquid mixture can be found correctly if the N— 1
spectra of pure components are used as spectral constrains during the MCR-ALS analysis.

Keywords: Raman spectra, FTIR ATR spectra, multicomponent mixture, decomposition,

multivariate curve resolution.

1. Introduction

Raman and IR spectroscopy can provide a quantita-
tive information about the distribution of chemical
compounds in an object under study [1]. The deter-
mination of a species concentration in multicompo-
nent mixture from spectral data can be done by dif-
ferent chemometric techniques [1,2]. Most algorithms
are based on the fact that the recorded spectra are
the weighted sum of pure spectra of the components
present in the investigated mixture. Based on this as-
sumption, the unfolded data matrix D may be de-
composed in a concentration matrix C and a spectra
matrix S

D=cCSs” +E, (1)
where E is the residual matrix.

When the pure spectrum of each component is
known, the concentration of a component can be ob-
tained, by directly using the classical least squares
(CLS) approach [1]:

c=Ds(s”s) . (2)
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When at least one spectrum of species is unknown,
the resolution techniques are applied [2]. Many pro-
posed resolution algorithms were tested on real spec-
tral data [3-6]. Among available algorithms, the mul-
tivariate curve resolution using the alternating least
squares method (MCR-ALS) is most popular due to
its simplicity in practical applications and a great
flexibility in the incorporation of a prior information
about the investigated system (e.g. non-negativity of
spectral and concentration profiles, known spectra
and concentration of species, closure conditions, etc.)
[2, 7]. The comparison of different techniques using
only a basic prior information about the system (non-
negativity of profiles and closure condition) shows
that the application of MCR-ALS is preferable [4, 5].

But the MCR~ALS solutions, as solutions of any
other resolution technique, are not unique [8, 9].
There are two types of ambiguities realated to the
intensity and the rotation. The presence of the inten-
sity ambiguity implies that the estimated concentra-
tions and spectra will be scaled by some unknown
factors. This is not a serious problem in the quali-
tative analysis, but it may cause difficulties in the
quantitative analysis, when the closure condition is
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Fig. 1. Pure Raman (a) and ATR spectra (b) of 8 liquid
components: methanol, ethanol, 2-propanol, 1-bythanol, cy-
clohexane, chloroform, dichloromethane, benzene

not applied. More critical is the rotation ambiguity
which is always present, if there are two or more lin-
early independent overlapped components. It implies
that the estimated spectrum for any of these compo-
nents will be an unknown linear combination of the
true components.

There were proposed methods of decreasing the ro-
tational ambiguity based on a non-linear constrained
optimization [10, 11|. These methods provide the
band boundaries of feasible solutions. The complete
resolution (without any ambiguities) is possible only
in few cases: when local rank conditions [§] and se-
lectivity [12] constraints are present.

In addition, the chemometric methods depend on
solving a number of experimental and theoretical is-
sues:

¢ ensuring the stability of a system during the mea-
surement (time stability of the laser power, fluctua-
tions of the detector sensitivity, mechanical vibration
protection, etc.);

e resolution techniques work well only with small
number of species (no more than 5-8 components);

526

¢ CLS may produce erroneous results, when spec-
tral peaks are shifted and broadened due to the inter-
molecular interaction between components. It is sen-
sitive also to the presence of noise. Thus, in some
cases, the usage of the non-negative least squares
(NNLS) method is preferred [13].

Recording the full spectra allows us to get a quan-
titative information about spectral and concentration
profiles of components in an object under investiga-
tion. We have chosen a mixture of molecular liquids
as a model system to study the decomposition of mul-
ticomponent mixtures.

2. Experiment

Sample preparation. Methanol, ethanol, 2-propa-
nol, 1-bythanol, cyclohexane, chloroform, dichloro-
methane, and benzene with a purity of 99.9% were
used in this research. Pure liquids were mixed at 11
different concentration ratios with accuracy better
than 0.1 vol.%.

Raman spectroscopy. High levels of sensitivity
and stability of the self-made Raman system have
been achieved through the use of a stabilized diode
laser StarBright 785 XM with a wavelength of 785
nm, a flat field spectrograph PI IsoPlane SCT-320,
and a high sensitive stabilized CCD PI Pylon 400BR
eXcelon cooled with liquid nitrogen.

All Raman spectra were measured with a spectral
resolution of 3 cm™! at an excitation wavelength of
785 nm. The laser power was 100 mW for every mea-
surement.

FTIR spectroscopy. Reflection spectra in the
mid-infrared region were registered, by using a FTIR
spectrometer Nicolet iS50 equipped with a single-
bounce diamond attenuated total reflection (ATR)
accessory. All ATR spectra were measured with a
spectral resolution of 4 cm™'. The number of scans
for each spectrum was 32. The obtained spectral res-
olution is quite enough to study the IR spectra of
molecular liquids, where the half-width of vibrational

bands is rarely smaller than 5 cm™?!.

3. Results

We used 8 different liquids for analysis: methanol,
ethanol, 2-propanol, 1-bythanol, cyclohexane, chloro-
form, dichloromethane, and benzene. The measured
Raman and IR spectra of pure liquids are shown in
Fig. 1. The listed components were mixed with known
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Fig. 2. Prepared concentration profiles for 11 liquid mixture
samples each consisting of 8 components

0. =—CH;0H CHCI;
=&—C;H,0H ==C¢H,
==CH,Cl, =#=C,H,OH

£04
£ =o=C,H;OH =#=CsHs
£03
@
=
02
2
30.1
e
0. . : : :
0 0.2 0.4 0.6 0.8 1
volume fraction
a
0. =—CH;0H CHCI;
=—C;H,0OH ==C¢H />
= 0.4 -.{:Hzclz -‘-C4H90H
;E : »HsOH =#=C¢He
£03
@
=
802
2 <1
50.1
[
0 )
0 0.2 0.4 0.6 0.8 1

volume fraction
b

Fig. 3. Concentration profiles obtained from Raman (a) and
ATR (b) spectra as a result of the algorithmic decomposition
of 11 mixture samples consisting of 8 liquid components

concentrations. The concentration profiles of 11 pre-
pared samples each having 8 components are shown
in Fig. 2. The concentration profiles as a result of
the NNLS decomposition of 11 samples are shown in
Fig. 3. Comparing Fig. 2 and Fig. 3, it is possible
to conclude that Raman spectroscopy (Fig. 3, a) pro-
vides better data for the decomposition than IR spec-
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Fig. 4. Concentration profiles resulting from the MCR-ALS
analysis of 11 mixture samples consisting of 8 liquid compo-
nents with 7 known spectral profiles (dichloromethane assumed
to be unknown)
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Fig. 5. Spectral profiles of dichloromethane as a result of the
MCR-ALS analysis with the known spectral profiles of 7 other
components

troscopy (Fig. 3, b). This fact is related to a narrower
width and a smaller overlap of vibrational peaks in
Raman spectra for molecular liquids. The resulting
decomposition error (nonlinearity of the profiles of
curves in Fig. 3, a) can be explained by the effects of
peak shifting and broadening due to the intermolecu-
lar interaction between components. Such inherently
nonlinear behavior cannot be accounted for by the
simple NNLS decomposition.

It is known that the MCR-ALS method works well
with a small number of species [3-5]. Our tests show
that the curve resolution of an eight component mix-
ture is a too difficult task for performing the full MCR
analysis, if all spectra and concentrations profiles are
unknown. But when the object under investigation
has components with known vibrational spectra, they
can be used in MCR~ALS as constrains (fixed values)
in the rows of the matrix of spectra S. In accordance
with this approach, the analysis of the 8-component
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mixture with 7 fixed spectra of pure components was
preformed. The dichloromethane spectrum was as-
sumed to be unknown. In order to further improve the
MCR results, we used the concentration profiles of 7
known components (except dichloromethane) as ini-
tial data for MCR-ALS iterations. The resulting con-
centration and spectral profiles are shown in Figs. 4
and 5. It is clearly seen that the profiles are very close
to real values. MCR computations were performed in
MATLAB GUI developed by Tauler’s group [14].

4. Conclusions

The usage of known spectra was tested for multicom-
ponent liquid mixtures. This procedure can increase
the total number of species, for which a quantitative
information can be successfully obtained: unknown
concentration profiles of an N = 8-component liquid
mixture can be found correctly if N — 1 spectra of
pure components are used as spectral constrains in
the MCR-ALS analysis.
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NNLS I MCR-ALS JEKOMITO3UIIIA
CHEKTPIB KOMBIHAIIIMHOTO PO3CISTHHA
TA THOPAYEPBOHOT'O ITOTVIMHAHHA

BATATOKOMITOHEHTHUX PIIKMX PO3YNHIB
Peszmowme

B pobGori 06roBoprooThcst MOKIUBOCTI Aekommo3uliil Y cre-
KTPIB IOPYIIEHOTo MOBHOrO BHyTpimHbOro Binourrsa (IIIIBB)
ta cnektpis KPC 6ararokoMmoHeHTHHX (10 8-MM CKIIaJOBHUX)
PO3YMHIB PiIMH 3 BUKOPUCTAHHSAM TaKHX METO/IB, sIK Haii-
MeHII KBaJipaTu 3 OOMEXKEHHsIM Ha HE HEraTHUBHICTH CIEKTPIiB
i 6baraToBUMipHE PO3JiJIEHHs] KPUBUX 3 BUKOPUCTAHHSM Haii-
MEHIINX KBaJpaTiB, 10 Yepryorbeda. IlokazaHo, 110 JeKOMIIOo-
3UIlisi 38 METOJOM HaWMEHIINX KBaJIPaTiB 3 OOMEXKEHHSIM Ha
He HEraTHBHICTH CIEKTPIB Ja€ Kpalli Pe3yJbTaTH y BHIIAIKY
anaiizy cmektpiB KPC B nopiBusuni 3 I cnexrpamu. [la-
HUil pakT nos’asanuit 3 TuMm, mo crekrpu KPC pigua ma-
IOTH MEHIIY MMiBIIMPHUHY KOJIUBAJIbHHUX cMyT, Hik I cmekrpmu
i, BiAIIOBiHO, MeHIIlE IIEPEKPUTTs MikKiB. Bysno mokasano, 1o
BHKOPHCTAHHS CIIEKTPIB BIIOMUX CKJI&IOBUX JOCJII/IZKYBaHOIO
PO3YUHY B IIPOLEC] JEKOMIIO3UILil O3BOJIsI€ 30JIBIIUTH 3arajb-
He YHCJIO KOMIIOHEHT PO3YMHY 0e3 BTPaTH SKOCTi KiJIbKiCHOTO
anasizy. KopekTHe 3HaXOMXKeHHSI KOHIEHTPAIifHuX mpodiais
B N-komnoHeHTHOMY po3umnsi (N = 8) moxe Gyru 3aiiicHe-
HO y BHIAIKy BuUKOpucTanHs N — 1 cuekTpasbHuX npodiais y
poJii 06MeEXKeHb Ha CIIEKTPU IIiJ] Yac aHaJji3y MeToJoM GaraTo-
BUMIPDHOT'O PO3JiJIEHHSI KDUBUX 3 BUKOPHUCTAHHSM HAMEHIINX
KBa/IPaTiB, IO I€PTyIOTHCH.
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