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Chapte rr  2 

Instrumentatio n n 
andd data analysi s 

2.11 Introductio n 
Inn this chapter the spectroscopic equipment used for our investigations is described. Fur-
thermore,, attention is paid to analysis of the data generated in the experiments. Most equip-
mentt for determining light absorption and emission is quite common, and will therefore 
onlyy be briefly addressed. However, during our work on luminescent lanthanide com-
plexes,, some new set-ups were constructed, and these will be discussed in more detail. 
Especiallyy the streak camera has proven to be a work horse for detecting the transient light 
emissionn and absorption of our systems. The increase of the amounts of data produced by 
spectroscopicc equipment thanks to the use of microcomputers in data acquisition merits a 
lookk at powerful analysis techniques, such as principal components analysis. That the com-
binationn of computerised spectroscopic equipment with advanced data analysis is very 
powerfull  will become clear in the subsequent chapters of this thesis, especially in 
Chapterr 7. 

2.22 Absorptio n spectroscop y 
UV/Vi ss absorption spectra were recorded on a Cary 3, a Cary 3E or a Hewlett Packard 
85433 diode array spectrophotometer. The latter instrument records absorption spectra from 
190-11000 nm at once (i.e. without scanning), but has a low spectral resolution (approx. 2 
nm).. Therefore it is suited only to record broad absorption bands, like those found with 
organicc chromophores. In order to reliably record the extremely narrow absorption bands 
off  lanthanide ions, a high spectral resolution is necessary which is provided by the first two 
instruments. . 

Near-infraredd absorption spectra (800-1650 nm) were recorded using a Cary 17D instru-
ment,, whose recorder output was transferred to a microcomputer by scanning the chart and 
digitisingg the image using the Windig computer programs * 

Inn all cases, the samples were contained in 1 cm rectangular fused silica cells. 
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2.33 Fluorescenc e spectroscop y 
Twoo set-ups were used for luminescence spectroscopy in the visible and the near-infrared. 
Onee instrument is a modified PTI Alphascan fluorimeter, in which the light from a 75 W 
quartz-tungsten-halogenn lamp is focused into a Spex 1680 double monochromator and sub-
sequentlyy onto the sample. Emission in the visible is detected under right angle by a R928 
(Hamamatsu)) photomultiplier after dispersion by a PTI 0.25 m single monochromator. 
Detectionn in the near-infrared (900-1600 nm) is achieved by modulating the excitation 
lightt with a mechanical chopper (at 35-70 Hz), passing the emitted light through a similar 
PTII  single monochromator and focusing it onto a liquid nitrogen cooled germanium detec-
torr (North Coast EO-817L) connected to a Stanford Research SRS530 lock-in amplifier 
whichh detects the modulated signal. 

Thee other spectrometer, a Spex Fluorlog 3-22 instrument, delivers the excitation light 
fromm a 450W Xe lamp via a double grating monochromator to the sample. For spectros-
copyy in the 300-900 nm emission range, the emission light is collected under right angle 
byy a double grating monochromator and detected by a Peltier cooled R636-10 (Hama-
matsu)) photomultiplier operating in photon counting mode. Alternatively, emission in the 
rangee 400-1100 nm is analysed and detected in this set-up by a Princeton Instruments Pel-
tierr cooled CCD camera (TEA/CCD-1024-EM1) combined with an Acton spectrograph 
(SpectraProo 150). 

Thee spectrograph/CCD camera combination can readily detect the 880 nm Nd and 
9800 nm Yb3+ emission of the complexes of these ions in water. CCD detectorŝ are 
becomingg more and more common in spectroscopy, because of their sensitivity, linearity 
andd wide dynamic range. Moreover, CCD chips are able to measure two dimensional light 
intensityy distributions (images) at once. In combination with a spectrograph, complete 
spectraa can be recorded in a single exposure. The ease with which CCD images can be 
transferredd to a microcomputer for data analysis makes them very attractive detectors for 
variouss scientific activities, such as astronomy and spectroscopy. Typical CCD chips are 
sensitivee too light from 350-1100 nm. This range extends farther into the near-infrared than 
thee sensitivity curve of typical photomultipliers. 

Thee raw emission spectra recorded using the CCD detector were corrected for the wave-
lengthh dependence of the light detection efficiency using factors obtained by measuring the 
emissionn of a calibrated lamp (EG&G Gamma Scientific RS10A lamp with RS3 power 
supply).. The validity of the correction factors was checked by comparing the corrected 
recordedd spectrum and the measured quantum yield of cresyl violet with the data published 
byy Magde et alP  ̂ All values agreed within 5%. 

Whenn necessary filters were used to remove scattered excitation light and second order 
emissionn light. Excitation spectra were corrected for differences in excitation intensity, 
emissionn spectra were corrected for the wavelength dependence of the detection efficiency. 
Al ll  spectra are reported in relative numbers of quanta per unit wavelength. 
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2.44 Time-resolve d near infrare d emissio n spectroscop y 
Thee set-up for time-resolved near-infrared luminescence consists of a nitrogen laser (Laser 
Technikk Berlin MSG405-TD, 337 nm pulses (nominally 20 uJ, 0.5 ns FWHM) as the exci-
tationn source, and an Edinburgh Instruments single monochromator and a North Coast EO-
817PP liquid nitrogen cooled germanium detector for spectral and temporal resolution of the 
luminescence,, respectively. The time response of this system is approx. 400 ns FWHM and 
iss entirely determined by the response of the Ge detector. The signal was recorded by a 
Tektronixx digitising oscilloscope (triggered by the laser's clock) and its digital representa-
tionn was transferred to a microcomputer for analysis. The monochromator was tuned to 
980,, 1060 and 1530 nm for the Yb3+, Nd3+ and Er3"*" complexes, respectively. All NIR 
time-resolvedd traces were the average of 24-1024 shots. 

Thee luminescence decay times of some samples being of the same order of magnitude 
ass the instrumental response, it is often necessary to deconvolute the measured time traces 
too obtain reliable luminescence kinetics, as has already been demonstrated^4,5^ by Beeby 
etet al. for Nd and Yb complexes. To this end, the instrument response was obtained by 
recordingg the signal of a solution of the near-infrared fluorescent dye IR140 in ethanol. Its 
fluorescencee lifetime is less than 1 ns, which is much shorter than the instrumental 
response.. Therefore, the measured signal will faithfully represent this response. 

Actuall  deconvolution was achieved by numerical iterative reconvolution on a micro-
computer.. Two programs were used: a commercial program (Edinburgh Instruments) 
availablee on the experimental set-up, and a home-written program. The latter was pro-
grammedd in Igor Pro 3.1 (Wavemetrics, Inc., Lake Oswego, Oregon, USA), and uses a 
simplexx algorithm instead of Levenberg-Marquardt to minimise the chi-squared. The 
resultss of both programs are evidently the same, but the more flexible nature of the home 
writtenn program allows to conveniently test and compare different kinetic schemes to 
describee the luminescence. 

Thee time-resolution of the near-infrared measurements may be improved by using a 
fasterr detector. This might enable us to study also fast components in the kinetics of the 
luminescence,, such as rising components due to energy transfer from a sensitiser to a near-
infraredd luminescent lanthanide ion. Recently, Hasegawa et al. used a Si photodiode for 
determiningg the luminescence lifetimes of Nd3+ complexes.̂ It allows for a time-resolu-
tionn of approx. 100 ns. Even better would be to use the NIR sensitive photomultiplier 
whichh combines near-infrared sensitivity (up to 1700 nm) with a time response of a few 
nanoseconds,, and which has recently become available from Hamamatsu Photonics. 

2.55 Transien t absorptio n measurement s usin g 
'conventional ''  technique s 
Transientt absorption spectra were measured by pumping the sample with pulses of less 
thann 2 mJ at 308 nm from a Lumonics XeCl excimer laser and probing the sample perpen-
dicularr to the excitation with an EG&G Xe flash lamp (FX504) and a spectrograph 



300 CHAPTER 2 

(Actonn SpectraPro-150) coupled to an intensified CCD camera (Princeton Instruments 
ICCD-576-G/RB-EM).. The absorption spectrum of the excited state was probed by open-
ingg the gate of the detector for a certain period of time at a certain time after the laser pulse 
(typicallyy for 10 ns, 100 ns after the laser pulse). The time-dependent behaviour of excited 
speciess was monitored in a separate experiment with a non-pulsed 450W Xe arc (Muller 
lampp housing LAX1450, power supply SVX1450), a Zeiss prism monochromator and a 
photomultiplierr (1P28, S5 photocathode) coupled to a Tektronix TDS684B oscilloscope as 
thee probe system, and the same laser as the excitation source. 

2.66 A streak camera for time-resolve d emissio n and 
absorptio nn spectroscop y 

2.6.11 Introductio n 

Streakk cameras allow for the simultaneous recording of spectral and temporal informa-
tion.^7,, " In a typical streak tube, (spectrally dispersed) light is converted into photoelec-
tronss by a linear photocathode. After acceleration, the resulting strip of electrons is 
temporallyy and spatially dispersed by applying a time-variant electrostatic potential per-
pendicularr to it. When arriving at the phosphor screen at the end of the tube, the electrons 
wil ll  be distributed in two dimensions, generating the streak image. 

Ass for optical spectroscopy, streak cameras have been used mainly for the study of 
excitedd state processes by the emission of the excited molecules, in e.g. dye solvation™ 
andd molecular reorganisation.̂ Also picosecond transient absorption has been realized 
withh a streak camera by Ito et alSn  ̂ Their setup uses a picosecond Nd:YAG laser pump 
sourcee and an optically excited Xenon plasma tube producing 50 ns (FWHM) pulses of 
whitee probe light. It has been used to study fast processes (50 ps - tens of nanoseconds) 
suchh as intersystem crossing in polymers^12! and in fullerenesJ1^ 

Wee used a Hamamatsu streak camera both for time-resolved emission measurements 
andd transient absorption spectroscopy in the visual region. In most cases the excitation 
sourcee was a tunable nanosecond pulsed solid-state laser (Coherent Infinity with XPO and 
frequencyy doubling). Its wavelength is tunable from the UV to the red (and beyond), and 
thee width of the pulses is about 1.5 ns FWHM. For some measurements, a 355 nm 
(Nd:YAG)) pumped dye laser was used. 

2.6.22 Fluorescenc e measurement s 

Measurementt of time-resolved fluorescence spectra is straightforward. The fluorescence 
lightt is fed to the spectrograph of the streak camera system with the aid of an optical fiber. 
Thee details of the streak camera system and the synchronisation of excitation and detection 
wil ll  be described in the next section. The software of the system takes care of data acqui-
sitionn and the necessary corrections. Fluorescence images can be collected in two ways. In 
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analoganalog integration mode, the images that appear on the CCD camera are simply summed 
up,, and we found this to be the most suitable mode when the samples emit ample light. 

Inn the case of very low light levels one may resort to photon counting mode, where a 
thresholdd is applied to the individual images to indicate individual photoelectron events 
andd counting those events for each pixel. The advantage of such a procedure is that the 
resultingg image obeys photon counting statistics. In practice, many excitation cycles are 
neededd to obtain an acceptable signal-to-noise ratio, many more than in analog integration 
mode. . 

Afterr data collection, the image is transferred to the Igor Pro computer program for fur-
therr analysis (see Section 2.7). 

2.6.33 Transien t absorptio n measurement s 

Currentlyy time-resolved absorption techniques are mostly designed to provide either opti-
mall  information on the spectral features of the transient species or to record high resolution 
kineticc traces of the transient absorption at a certain wavelength. To obtain good resolution 
inn both the time and the spectral dimensions either many spectra at different delay times or 
timee traces at many wavelengths need to be measured} * 

Combiningg relatively standard components like a nanosecond laser and a low-pressure 
xenonn flashlamp with a commercial streak camera system, we have constructed a setup that 
cann generate transient absorption images with time windows that range from a few nano-
secondss to several milliseconds and cover a spectral range that extends from 300 to 900 
nm.. These images (or matrices) contain a wealth of information that is often very well 
suitedd for principal component analysis. We also present a simple recipe based on singular 
valuee decomposition for analysing the transients generated by some basic molecular pho-
toprocesses. . 
Setup.. In the streak transient absorption (sTA) experiment, the molecules are excited by 
shortt (nanosecond) laser pulses (Coherent Infinity-XPO Laser with SHG option) of a 
chosenn wavelength (420-710 nm (XPO), 220-350 nm (SHG), pulse duration ~2 ns, typical 
powerr used 0.5-2 mJ/pulse). The excitation light is manipulated using optics like cylindri-
call  lenses (L, Figure 2-1) to illuminate the entire probe volume. For measuring the transient 
changess in the absorption spectrum of the sample as a result of the excitation, white probe 
lightt is needed with a duration equal or beyond that of the time window to be investigated. 
Whenn the observation times are short (10 ns - 5 \is), we use an EG&G flashlamp (low pres-
suree Xenon lamp, FX-1160 high power with FYD 1150 flashpack. max. energy 5J, power 
20W)) that generates 'white' light in flashes of approximately 5 JAS. For larger time win-
dowss (10 )J.s - 25 ms) a continuous light source is used (450 W high pressure Xe lamp, 
Mullerr lamp housing LAX1450, power supply SVX1450). Filters (Fl, Figure 2-1) may be 
employedd to remove unwanted wavelengths from the probe light, or to optimize the spec-
trall  distribution of the light. The filters behind the sample (F2, Figure 2-1) are mainly 
intendedd to cut away scattered laser light and fluorescence. 
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Figur ee 2-1. Setup for transient absorption spectroscopy using a streak camera. The 
experimentall parameters that need attention are mentioned in italics. 

Thee transmitted probe light enters a streak camera system through an optical fiber. In 
thee streak camera system, the light is dispersed using a spectrograph (Chromex IS250), and 
thenn directed into the streak camera unit (Hamamatsu C5680-21). In the streak camera unit 
thee photocathode converts the spectrally dispersed photons into electrons, that are acceler-
atedd by a positively charged mesh. They then enter the region between the sweep elec-
trodess where the time resolution takes place. After receiving a trigger, the sweep unit 
(Hamamatsuu M5677 Low-Speed Single-Sweep Unit) ramps the relative potential of the 
electrodess in a certain time. This sweep time can be chosen by the user, from 1 ns up until 
255 ms giving a broad range of experimental time scales. 

Thee electrons, which are now two-dimensionally distributed, may be amplified by the 
microchannell  plate (MCP). This is usually necessary to obtain a detectable signal. After 
amplificationn (multiplication) the electrons hit a phosphor screen, generating an optical 
streakk image. The streak system is capable of producing images at repetition rates of sev-
erall  kHz. In our setup, the repetition rate is limited by the flashlamp (10 Hz) or the laser 
(1000 Hz). 

Usingg exposure times in the order of seconds, several streak images are integrated in a 
digitall  CCD camera (Hamamatsu C4742-95) and subsequently transferred to a workstation 
runningg the data acquisition software (Hamamatsu HPD-TA, version 3.0.2). The software 
sumss up several exposures and carries out the necessary time and wavelength calibrations. 
Whenn carrying out absorption measurements, it is not necessary to perform a shading cor-
rection̂ ^ ' since the time-resolved absorption image A{t, X) is calculated from three indi-
viduall  images by 
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A ( a )) = logl/(a)-z>(a)J (2_1) 

// and /0 are the signal (pump and probe light) and reference (probe light only) images, 
respectively.. D is the background image (pump nor probe light). The software controls the 
recordingg of the three required images and finally computes the time-resolved absorption 
image.. For highly fluorescent samples an additional fourth image (pump only) can be 
recordedd to eliminate the effects of the fluorescence. 
Timing.. The triggering of the three main components (pump, probe and detection) of the 
presentt system is done by a digital delay generator (DDG, EG&G DDG 9650, with options 
95/97/999 installed) running at 10 Hz. When using continuous probe light, a repetition rate 
off  100 Hz can be attained, if the sample under study and the chosen sweep time (< 10 ms) 
alloww it. The laser in our setup is a Q-switched Nd3+ laser which needs two trigger pulses. 
Thee Q-switch is triggered by the negative slope of the trigger pulse, whereas the DDG only 
deliverss jitter-free positive slopes. In our case this problem could be solved by combining 
twoo outputs of the DDG: the first controls the positive slope, the second the negative slope 
off  the pulse. The time between reception of the trigger and the occurrence of a sweep in 
thee streak camera depends on the time window. For time windows larger than 100 fis, the 
streakk system needs to be triggered before the laser lamps (Table 2-1). For reasons 
explainedd later, the timing is arranged such that the laser pulse arrives after 10% of the 
streakk sweep has been completed. 

Tablee 2-1. Typica l insertio n delay times of the variou s components , i.e. delay between the 
trigge rr  and the star t of the triggere d event . 

Triggeredd event Insertion delay 

flashlampp 5.6 nsa 

laserbb lamps 0.27 ms 

Q-switchh 483 ns 

streakk camera 20 ns sweep 267 ns 

1000 \is sweep 110 (is 

255 ms sweep 19.8 ms 

a.. flash reaches maximum energy 

b.. the laser operates optimally when the delay between lamp trigger and Q-
switchh trigger is 0.27 ms 

Experimentall  parameters. Most of the experimental parameters can be set from within 
thee data acquisition software. The settings of the spectrograph and the sweep time of the 
streakk camera need no further explanation, but some other parameters do. 
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CCDCCD camera and image acquisition. The CCD chip is read out through an analog-to-dig-
itall  converter with a resolution of 10 bits (0, 1, 2... 1023). Like with all CCDs, every time 
thee chip is read out there is a constant background that is independent of the signal detected 
andd the exposure time. Therefore, it is recommended that the CCD is read out as littl e as 
possible.. Exposure times, however, should not be so long that the 10 bit dynamic range is 
overloaded.. With time-resolved absorption experiments, it is advisable to leave some 
'headroom'' to be able to deal with decreases in absorbance of the sample upon photoexci-
tation.. When aligning the setup, it is convenient to take shorter exposure times (< 0.5 s) to 
ensuree quick feedback. 

Thee software can acquire images in three ways, of which two are useful for transient 
absorptionn measurements. The so-called 'live mode', in which the signal on the CCD 
cameraa is visualized in real time, is used when aligning and optimizing the experimental 
settings.. The 'analog integration mode' is active when performing measurements: several 
exposuress are added together in the computer's memory (16 bits buffer). At least three of 
suchh recordings (/, I0 and D) are needed for calculation of a time-resolved absorption 
streakk image, which is controlled by the software. The third, 'photon counting' mode is 
intrinsicallyy not suited for transient absorption measurements because it relies on minimiz-
ingg the detected signal to the single photon level and for transient absorption measurements 
thee dynamic range of the detection system should be fully exploited. 

MicroChannelMicroChannel plate gain. When working with small time windows, amplification of the 
photoelectronss is necessary to obtain sufficient probe signal. Transient absorption spec-
troscopyy is often concerned with small changes in intensities of the probing light, so the 
dynamicc range of the detection should be used optimally. On the other hand, a high micro-
channell  plate gain results in a worse noise figure (ratio between the signal-to-noise ratio of 
thee output signal and that of the input signal) for the amplification process. If the probe 
signall  is too noisy to produce acceptable transient absorption images, longer exposure 
timess should be used, which also implies more pump-probe cycles. 
Dataa analysis. The Hamamatsu streak software calculates the transient absorption image. 
Forr data analysis the image is transferred to the Igor Pro data analysis package (WaveMet-
rics,, Inc., Lake Oswego, Oregon, USA). To this end a program was written to enable Igor 
Proo to read the binary data files generated by the Hamamatsu software. 

BaselineBaseline correction. Since the spectro-temporal matrices for IQ and / are not recorded simul-
taneouslyy it is necessary to consider the effects of probe light intensity fluctuations (and 
spectrall  changes, which can be considered intensity fluctuations at certain wavelengths) 
whichh may occur between the determination of IQ and I. If IQ and I represent the signals 
generatedd using an ideally stable flash lamp, fluctuations in intensity are represented by the 
factorss a and b (Equation 2-2). Note that A^g and ^measured an(*  all Ts in fact represent 
spectro-temporall  matrices, and a and b and Abasei ine might be scalars. 
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^measuredd = Xo&JJ = »Ogy + log^ = A^ + A ^ ^ (2 -2) 

Providedd that between measurement of IQ and I the average lamp spectrum does not 
changee and that the average lamp time profile does not change, the effect of the changes in 
probee light intensity show up as a 'baseline' that can simply be subtracted from the meas-
uredd spectrum. 

Havingg found that due to probe light intensity fluctuations there is a baseline (or more 
correctly:: a base-area) added to the transient absorption image, we devised a baseline sub-
tractionn that not only corrects for lamp intensity fluctuation, but also for small changes in 
thee probe light's spectrum (which might arise when the lamp is not fully warmed up). In 
orderr for this procedure to work, one needs to make sure that the streak camera records 
beforee the transients are created. The laser pulse should arrive at 10-15% of the time win-
dow.. The region of the transient absorption image that contains the information of the time 
intervall  before arrival of the excitation pulse can be used to calculate a baseline. This is 
simplyy done by spectrally averaging over this time region. Finally, this baseline can be sub-
tractedd in order to obtain a baseline corrected transient absorption image. 

2.77 Data analysi s throug h singula r value decompositio n 
Manyy of the sets of data collected in our spectroscopic investigations will be multidimen-
sional.. Streak images represent absorbance values or fluorescence intensities vs time and 
simultaneouslyy vs wavelength. Also fluorimetric or spectrometry titrations generate sets 
off  spectra which vary as a function of component concentrations. The most straightforward 
andd commonly used method to extract the desired information from such data sets is to 
makee cross-sections by averaging a region of interest in one dimension. Thus, from a flu-
orescencee streak image an intensity vs time curve is extracted by selecting a wavelength 
regionn and integrating over it (Figure 2-2). 

Thee obvious disadvantage of such an approach is that averaging obscures information. 
Inn the case of the type of averaging in Figure 2-2, spectral information is lost: from the 
'averagee intensity vs time' curve it is difficult to find the intensity at a particular wave-
length,, and taking a narrower spectral region would decrease the signal-to-noise ratio of 
thee curve. In the case of images that contain the spectrotemporally behaviour of multiple 
speciess whose responses overlap, the extracted curves are nearly always a mixture of the 
curvess of the individual species. Moreover, it is not possible to reliably deduce the actual 
numberr of species contributing to the image only from the averaged curves. 

Itt would be desirable to have a more information-efficient analysis method. Through 
chemometrics,, linear algebra provides us with such tools, usually referred to as principal 

**  Sometimes this can be used to the scientist's advantage, if averaging only obscures noise (e.g. in boxcar 
averagingg or smoothing). 
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Figur ee 2-2. Extraction of kinetic traces from a streak image by averaging over a wavelength 
region. . 

componentss analysis, PCA. Without any a priori  knowledge, PCA can give the number of 
componentss present in these data. One way of performing Principal Components Analysis 
iss by carrying out Singular Value Decomposition (SVD) on the two-dimensional data set. 
Wee will now discuss very briefly SVD in relation to multidimensional spectral data. For a 
moree detailed explanation the reader is referred to ref. 15. 

2.7.11 Principle s of SVD 

Considerr a set of m spectra each containing n data points. Each spectrum is the sum of the 
individuall  contributions of p components, whose concentrations change from spectrum to 
spectrumm {e.g. as a result of excited state decay). The spectral responses of all components 
mightt be put in an n x p matrix S, so that each column consists of the characteristic 
responsess {e.g. extinction coefficients) of one component at different wavelengths. The 
concentrationss of the components in each of the spectra can be represented by a p x m 
matrixx C, in which each column contains the concentrations of the components in a spec-
trum.. Then, the set of spectra can be represented by nxm matrix A, the matrix product of 
SS and C (Equation 2-3). 

A == SC (2-3) ) 

Eachh column of A contains the data points representing a spectrum consisting of the sum 
off  the contributions of the individual components. (In absorption spectroscopy S would 
containn the extinction coefficients, and C the concentrations, so that A would yield the 
absorbances/opticall  densities). 
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Usuallyy only A is known (since that is what is measured), whereas knowledge of S and 
CC is desired, since these matrices contain information on the species present in the sample 
andd their kinetics. Singular value decomposition, a technique originating from linear alge-
bra,, provides a way for determining the number of components that contribute to the set of 
spectraa (or in this case a streak image) without a priori  knowledge. In combination with a 
chemicallyy acceptable model describing the concentrations of the species, even S and C 
cann be reconstructed from the SVD matrices. SVD of the data is readily achieved by micro-
computerss running an appropriate computer program with an implemented SVD routine, 
suchh as the one described in Numerical Recipes in C.*1^ We used the Igor Pro package 
(Wavemetricss Inc., Lake Oswego OR, USA) for this purpose. Singular value decomposi-
tionn can factorize any nxm matrix A into three matrices that satisfy Equation 2-4. 

AA = UWVr (2-4) 

UU and V are orthonormal matrices of dimensions nxm and mxm, respectively. W is an 
mxmmxm square diagonal matrix, containing the singular values, H»JJ, in descending order. 
Eachh of these values determines how much the corresponding columns of U and V contrib-
utee to the reconstruction of A. From the singular values one can determine the number of 
componentss contributing to the set of spectra. In the absence of noise, the number of inde-
pendentt components would equal the number of non-zero singular values. However, all 
singularr values in real-world data are non-zero due to noise. In most cases the magnitude 
off  the singular values, combined with the evaluation of the shapes of the corresponding 
columnn vectors of U and V will provide enough information to find the number of compo-
nents.. If this is not the case, certain statistical tests can be applied to find the number of 
components.^15] ] 

Thee insignificant components can be removed from the U, W and V matrices. In this 
case,, U and VT will end up having the same dimensions as the (still unknown) S and C 
matrices,, respectively. It is obvious that U, W and V should contain the same information 
ass S and C. In fact, if one inspects the column vectors of the 'shrunken' U and V matrices, 
onee finds that they contain spectral and concentration information, respectively. However, 
thesee vectors are linear combinations of the physically meaningful vectors, and as a result 
theyy may look rather strange {e.g. contain negative concentrations). 

Thee solution to this problem is to take linear combinations of these vectors such that 
thesee comply with a certainn chemical model, a process which is calles target transforma-
tion.tion. In order to do so, it is possible to perform a rotation on the U or the V matrix using a 
pxppxp rotation matrix T. This matrix should satisfy TT1 = 1. Since both UWVr and SC 
shouldd reconstruct the original A matrix, we can relate U, W and V to S and C (Equation 2-
5). . 
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SCC = UTT^WV 7^  (2-5) 

Itt is possible to find a matrix T such that 

SS = UT (2-6) 

Then, , 

CC = T_1WV r (2-7) 

Obviously,, it is also possible to start the reconstruction by finding a matrix that trans-
formss yT into C and then use its inverse to reconstruct the associated spectra. 

Onee should bear in mind that SVD is a purely mathematical method for determining the 
numberr of independent vectors in a matrix. As a result, chemically different species that 
havee either equal spectra or equal kinetics will show up as one component. Another remark 
thatt should be made is that SVD is in principle not suited for components whose spectra 
shiftt and/or broaden in time. 

2.7.22 Reconstructio n (Target  transformation) 

Wee now present a simple recipe for finding a matrix T that converts the vectors V7 into 
concentrationn vectors that fit a certain kinetic model. T is found by minimising the differ-
encee between the trial concentration vectors and the model. The scheme is depicted in 
Figuree 2-3. The model concentration vectors are determined by a set of parameters, pt. 
Usingg the Nelder-Mead Simplex algorithm,̂  all the elements of T and all p,'s are opti-
mized.. This can be done simultaneously, but usually it is wise to start by keeping the ini-
tiallyy guessed model parameters at fixed values. 

Onee component data. It is often the case that time-resolved absorption spectroscopy is 
appliedd to only one species in solution. Although SVD at first looks superfluous in such a 
situation,, it is in fact very useful. One can prove that one is really looking at one compo-
nent.. After having performed the SVD, finding the lxl T matrix is a trivial task. We prefer 
too choose it such that at "t = 0" (the maximum of the excitation pulse) the concentration 
vectorr has a value of 1. The reconstructed spectrum then represents the optical densities at 
thee time that maximum absorbance is achieved. The reconstructed temporal and spectral 
vectorss will have been extracted from the data without averaging, and a lot of noise will 
havee disappeared into the components with insignificant singular values. 

Multi-componentt  data. For two component data that obey a relatively simple kinetic 
schemee (e.g. transformation of one species into an other), the aforementioned recipe works 
veryy well. Three component data are usually not so easily reconstructed, since the transfor-



INSTRUMENTATIONN AND DATA ANALYSIS 39 

SIMPLEX X 

<yConvergence'p> > 

1 1 ' ' 

__ Calculate model 

concentrationn profiles, 

Cmodei.. using Pi'S 

'I 'I 
Calculatee trial 

transformedd matrix, 

Cte5tt = TV r 

\\ 1 
\\ Calculate t ie sum-over-

\\ squares of the elements 

Figuree 2-3. Simplified flowchart of the recipe for finding transformation matrix T and the 

parameterss p, that yield a concentration matrix and a chemical model that are 

consistent.. Using the well-known Simplex minimization algorithm (shown here as a 

'blackk box') the matrix elements of T and the model parameters p, are varied so as 

too minimize the difference between the reconstructed concentration vector and the 

model. . 

mationn matrix then already holds nine elements that need optimization. Moreover, addi-
tionall  degrees of freedom are provided by the parameters p,- that are used in the model. 
Reconstructionn of the temporal and spectral vectors for such systems requires advanced 
statisticall  methods to remove any ambiguity, and lies not within the scope of this discus-
sion.. The reader is referred to Refs. 17-19. 

2.7.33 Example s 
Thee combination of singular value decomposition and target transformation - when used 
properlyy - can be very powerful, and it is best to let the results they produce speak for them-
selves.. These real-life examples are to be found in Chapter 7 and in other recently pub-
lishedd worlc ' on luminescent lanthanide complexes. 
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