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INTRODUCTION

Modem analytical chemistry has lomgendependent on the development of instruments
and measuremetgchniques In most caseschanges ina specificpropery of the studied matter,
such as optal, electri@l, magnett, acoustic etc, is utilizedto acquire themeededlata In
addition,new methodologies developén mathematical, computdsiologicalsciences as well
as other fieldhave helpegrovidein-depth and broatange analysés In the pastthe primary
problem confronting analytical scientists was hovebtain databecausehe process wasostly
manual and time consuming, and provided low sensitiBiyt with the development ehodern
instrumenal techniquessamplinghas becomenuchfasterandprecise In many regardshe
researchocus ofanalytical chemistry hagradually shifted more towardata processing, lich
hasled to a newsubdiscipline chemometrics.

Chemometrics concesmvith the application of statistical and mathematical methods, as
well as those methods based on mathematical logic, to chemigith chemometricsnew
mathematicallogical as wellas computer techniquese employed tanalyticalmeasurements
andmake the measuremeamto longer used only to acquire data from chemical experiments.
There argechniquedor collecting better data (e,glesignof experimentsoptimization of
experimendl parameters, calibratipand signal processing) aedtracting moe information
from thesaneasueddata (e.g.statisti@al analysismodeling and pattern recognition)

Within these techniques, transform techniques offer three main advantages for ¢hemists
First, transform techniques provide a variety of simple procedures for handling digital data:
smoothing or filtering to enhance sigratnoise ratio(SNR), resolution enhancement; changing
spectral line shapesychas from Lorentzian to Gaussiageneratiorof integrals or derivatives;
and clippingto reduce data storage requirementecond, Fourier methods can be used to
remove any known irregularities in the excitation waveform, so that the corrected response
reflects only the properties of the sample, and neteffect of the measuring instrumefithird,

coded or multiplex detection followed by Fourier or Hadamard decoding can offer a multiplex



advantagé(Fellgett advantagedf up to0 in SNR or 1/0 in time compared to a scanning
instrument, wher@ is the number of data points in the frequency spectrum.

The Hadamard transforia an example of a generalized class of discrete Fourier
transform (DFT) which performan orthogonal, symmetridvoluntarylinear operation o&°
numbers.The transform isxamed for the French mathematician Jacques Haddmwaedise it
involves a special square matrikladamard matrix

In reality,the Hadamard transform is not a tatalv concept to analytical chemistry.
Thepossibilityof realizing the multiplex advantage with a gratsmgectrometeby means of
optical coding based on Hadamard matrix was first pointed out by Bttt andDeckeret
al®. in 1968. Shortly afterwads, Sloanet al.” and Pratet al® described the mathematical
propertiesof Hadamard transform multiplexing codeSincethen the Hadamard transform has
been widely used for more th&0 years in optical specsoopy Sinceoptical and other spectra
are widdy employed in analyticathemistry the Hadamard transform hémisbeen used in
analytical chemistry for a long time

Recently therdnave beemany new applicatianof the Hadamard transforparticularly
in time-of-flight mass spectromet(fOFMS)* capillary electrophasis(CE)", ion mobility
spectrometr{?, and fluorescence microscopyage processing Also Hadamard matrix can be
used in experimeatdesigrt*. This review will focus orthe basicprinciple of Hadamard
transform andts applicationgo TO~MS and CE.

PRINCIPLES
1. Multiplexing

The concept ofultiplex was first suggested in 1935 by YdtesThe basic idea is
weighing the objects in groups rather than one at adandead tdhedetermination of the
individual weights more accurately.

Here is asimplified example:



We use a single pan springdxace to weigh four objects, numbered as 1, 2nd4. We

assume the balance has been well calibrated and every time it will give us the correct value (true

value Y) with a small random erro€). The average dfis 0, but the average 6f is not 0,

which is the variance d@(mean squared errgr). If we simply weigh the objects one by one,

we can get 4 measurememS—,—3,— :
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On the other hand if we measure 3 objects per weighing, we can get aebthieesults:
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Then we can calculate the weight of each object:
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Subsequentlyve can getheestimate weight of each object
1. ,

W= up+=(Q+Q+Q 29Q)
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W= up+3(Q+Q+Q 2Q)

1
up= up+3(Q+Q+Q 2Q)



1. .. ,
W= up+z(Q+Q+Q 29)
Themean squared error for object 1 is
2_2
To=(Wh W) =9 =72=73=T4
It is aconsiderablémprovement because the variance in the measurement is retd%ced

of original variance.With different weighing method, different optimized variance can be
obtained
The weighing problem can be easily changed amanalytical chemistry problenfor
example we dothefollowing trangormation
Objects to be weighec into  Wavelengttrange to be measured
Weight into Emission or absorption
Balance into  Optical detector
then the weighing problem is changed into a spectrum measurngroblem If the
measurement cost for multiple objectsheatthe same as the cost faisinge object,it is
advantageous to talelvantge ofmultiplexing for this measurement
2. Hadamard matrix
Returning back teheweighing problem, if a twgpan balance is used we can optimize
the weigh design and get a better result.
1= Wt Uptugtupt Q
—= U U tug Ut Q
== Utup U Ut Q
—= W U Uuptupt Q
The measurement with negative value means that object is placed on the right pan of the balance.

The estimate weight of each object is:

1 1
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The mean squared error is

1 1
T1= (W %)ZZEX4,,2:Z,,2=T2:T3:T4

The result is much better tharsingle-pan balance resulWhen he orrespoding weighing

matrix is written down, we get a Hadamard matrix of order 4:

1 1 1 1

1 1 1 1
1 1 1 1
1 1 1 1

A Hadamard matrix is a square matrix whose rows are mutually orthogonal and the
elements in the matrix are either +1-df°>. The simplesHadamard matrix is [1]In 1867

Sylvestermprovided a method to construct Hadamard matrix of ordelf 2his a Hadamard

H H

¥ H is a Hadamard matrix of order“n

matrix of order n, then

These Hadamard matrices can be used in the measurementsnbtitresa negative
value is not possible or netonomicafor the measurementor example, the opticapectrum
measurement we can use detectorof the same typ simulate the two pans of the balance,
but if we caruse one detector it will bmore economial and stable Construcding a weighing
matrix only with elemerstO and 1 is more suitable for this kind measurem&gtvester matrix
is one of tiis kind matrix which is derived from Hadamard matriReleting the first column and
row andchanging 1s to®and-1s to 1, éedadamard matrix of order n becomes a Sylvester

matrix of order Al.
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1010101,
D 1100 1 1
1100 11 0,

=10 001 1 1 1a
i1 0110 1 0
v 1 11 1 0 O
w 101 0 0 1V

When usiig Sylvester matrix in measurement, 1/0 can be easily converted infd an/
yes/no statesSylvester matrix is also called as simplex matrix-oradrix.
3. Hadamard transform

In traditional spectral measurement, thiensity of each wavelength is meaesd one at a
time. Figure 1 showthe scheme of the traditional spectrome#&monochromator (grating or
prism) with a single slit mask is used to obtain single wavelength light at aAifl. spectrum
with N different wavelength pots can be obtaed bychangng N times the monochromator

output wavelength.
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Figure 1. Schematic diagram ofcanventionakingleslit scanning spectrometer

To takeadvantage of multiplexing, ylvestematrix encoded mask is applie8lots on

the mask stand for Osid 1s in the matrix For example, 8y matrix coded mask can be read as

string 1010101011001111001100001111101101001111001101001.

0 000 OO0 RO O D OO OO MO 0RO ORI

Figure 2. 255 slots encoded mask for Hadamard transform spectrdfneter



A schematic diagram of Hadamard transform spectrometer is shown as Figtre 3.
monochroméor helpsgeneratdight of differentwavelength The Hadamard transform encoded
mask allove several lightbeans of different wavelengtto reach the detector simultaneously.
By scanning the different part of the mask, we get the intemsityix & . If the single
wavelength itensity matrix isy thend = "Qx hereOis the Hadamard matrix orylvester
matrix which encodes the mask,

w="0 14
Because thabsolutevalue of every element in the Hadamard matrix ®da Hadamard matrix

ofordernO ! = gQ then ve can get the final spectrum by

W= —Q’]
g
This process is called the Hadamard transform, and the spectralleidHadamard transform
spectrum (HTS).The HTS can enhance tBBIR by (0 + 1)/ 210 times®. When the N is

large enough, the imease signato-noise ratio ig10 / 2.
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Figure 3. Schematidiagramof the Hadamard multichannel spectrometer
APPLICATIONS
The Hadamardransform is not only applied in optical spectroscauch as infrared
spectroscopy (IRY, but alsootheranalytical measurements to incres&%R or instrument
samplingefficiency.

1. Hadamard transform tire-flight mass spectrometry (HTOFMS)



Mass spectrometry (MS) is an analytical technique used to measure thtlaage
ratio of ionsby a mass spectromet@rhich converts neutral molecules into ions aegdaratethe
ions in known electriandbr magnetic fieldsMS has several applications, includihg

1 identifying unknown compounds by the mass of the compound molecules or their

fragments

deternining the isotopic composition of elements in a compound

determining the structure of a compound by observing its fragmentation

guantifying the amount of a compound in a sample usaangfdly designed methods

(MS is not inherently quantitative)

studying the fundamentals of gas phase ion chemistry (the chemistry of ions in vacuum)

determining other physical, chemical, or biological properties of compounds with a

variety of other approaches

There area large numbeof mass spectrometric methods usethess analyzemagnetic
sector time-of-flight (TOF), quadrupole, ion tramndFourier transforman cyclotron resonance
(FT-ICR). Among these analyzer§OF analyzer is considered as the simplestwhieh was
introduced in 1958. TOF is favaablebecause of its high ion transmission, essentially
unlimited mass range, high repetition rate, good resolution, and modéat wdish electrospray
ionization (ESI) or matriassisted laser desorption ionization (MALDI) ion source, TOF is also
used b analyze mixtures of peptides.

Theschematic diagramaf TOFis shown in Figre4. The ionsareintroducedby ion
source as pulseandreceiwe the same initial kinetic energy.

Cp= Q) = ¢
As they then pass along the field free drift zoney #re separated by their masses, lighter ions
travel faster.The time of flight of the ion varies with the squaoetrof its masgo-charge ratio
On= %d 0% = 4
Q
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This enableshe instrument to record all ions as they arrive at the detector and so accounts for
the techniqgas high sensitivity.
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Figure 4. Schematic diagram of TOFMS operating in Reflectron Mode

TheconventionalTOFMS introduces ions paclests a puls, so theinterface between a
continuous ion source and thi®FMS needto deal withtwo compromising requiremest
First, increasing the resolution of the masses reghireging the ions with as little spatial and
kinetic energy spread as possible into the spectrom@tmond, achieving a high duty cycle
needusing as much of the ions supplied by the continuous source as possible without
compromising on the firgequirement.Today, the preferred solution to these problems is
orthogonal acceleration (O) Theion beamshouldenter the spectrometer at a right angle with
respect to the flight axis of the ions in the spectrometerder to meet the first requirement
The second requirement is met by extending the width of the extraction region so that a larger
fraction of the ion beam can be sampldd/pical duty cycles are 20%0% with a resolution of
10,000 for OA solution.
Zareet al.described andemonstrated new mode of operation of TOFNFS It

modulates the continuous ion souacel detectowith a pseudoraran sequence ard named



as Hadamard transform tirad-flight mass spectrometry (HTOFMS). A higher duty cycle
can lead a high sign#b-noise ratio due to more speciagoducedand more signalseing

detected

Figure 5. Schematic diagram of HTOFMS®®,
The schematic diagram of HTOFMS is shown as Figure 3.he main difference
between HTTOF and conventional TOF is a modulator is applied to the sample entrance of HT

TOF, and the signal gathered from detector is processed by a multichannel Hoaler.

Figure 6.a) Finely spacedradbury-Nielsengate(front view, 10Qum spacing andb) closer

viewof the optical apertureshowingthe two interleavedwire set£®.



