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 1.1. Multidimensional Separations 

“The principal rationale behind multidimensional separations is 

that they offer a more effective as well as efficient way to 

generate high peak capacity and thus permit more complete 

resolution of complex mixtures. I suspect, however, that there is 

another motivation that attracts people to multidimensional 

separations: the resulting two dimensional chromatograms 

make fascinating pictures. Two-dimensional separation patterns 

are somehow more satisfying than a series of peaks in a one-

dimensional chromatogram. The human mind is highly adept at 

dealing with complex information presented in the form of 

images and, despite the complexity, is able to quickly spot 

differences among such patterns.” 

James W. Jorgenson in the Forward to “Multidimensional Liquid Chromatography” [6]. 
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“…one has no real hope of resolving 100 components on a 

column with n = 100… One would intuitively expect that the 

random distribution of retention… would increase the space 

needed by each peak by a factor of approximately 1.5-2 and 

thus reduce the resolvable components to perhaps 50-70. … 

[However,] if one attempted to completely resolve a 50 

component mixture on a column with n = 100, for which there is 

twice as much space as theoretically needed for each component 

peak, disappointment would ensue. Random positioning of 

retention volumes would lead to many components occupying 

the same space, and unoccupied and unused gaps would appear 

in embarrassing abundance.” 

Joe Davis and Calvin Giddings, Anal. Chem. 55 (1983) 418 [24]. 
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1.1.5. Effective peak capacity and production 

effective

effective

effective

effective



COMForTS – Chapter 1 – Introduction 

Page 12 

n
c

 1.2. Frequency Domain Methods in Separations 



COMForTS – Chapter 1 – Introduction 

Page 13 

1.2.1. Fourier transform 
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1.2.2. Radon transform 

On the determination of functions 

from integrals along certain manifolds



COMForTS – Chapter 1 – Introduction 

Page 16 

f

        ∫ ∫                              
  

  

  

  

 

 



 R,

ii

ii  



 ̃

f(x, y)

Rf 

 ̃     ∫ ∫                
  

  

  

  

     

k (k, l) x (x, y).



COMForTS – Chapter 1 – Introduction 

Page 17 

 ̃          

N N N

O N3 O

1.2.3. Wavelet transforms 



 t 

u s 

u



COMForTS – Chapter 1 – Introduction 

Page 18 

∫         
  

  

 

         
 

√ 
 (

   

 
) 

         〈      〉   ∫     
  

  

 

√ 
 (

   

 
)   

et al



COMForTS – Chapter 1 – Introduction 

Page 19 

et al 

 1.3. Introducing Frequencies into 

Chromatography. 

 

 

1.3.1. Virtual pulse modulation & arrayed on-column 
detection 
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1.3.2. Physical pulse modulation in multidimensional 
chromatography 
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 1.4. COMForTS Project Outline 

 

 

 



COMForTS – Chapter 2 – Theory and Modelling of COMForTS 

Page 22 

 Chapter 2.  

Theory and Modelling of COMForTS 

 2.1. Introduction 

2.1.1. Effect of detector configuration on detected frequencies 
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2.1.2. Frequency domain processing of physically pulsed 
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2.1.3. Separations utilising more than two dimensions 

2.1.4. Testing the principles of the proposed method 
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 2.2. Experimental Simulation 
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 2.3. Materials and Methods 
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2.3.2. Frequency and time domain processing of the detector 
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 2.4. Results and Discussion 

2.4.1. Separation of physically unresolved components 
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2.4.2. Frequency labels and the reconstruction of separations 
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2.4.5. Sensitivity and noise 
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2.4.6. Quantitative aspects of COMForTS 

2.4.7. COMForTS in three and more dimensions 
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2.4.8. Analysis time, resolution and peak capacity 
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Separation Method 
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2.4.9. Signal acquisition and processing requirements 
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2.4.10. Exploration of separation conditions. 
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 3.2. Materials and Methods 

3.2.1. Pulsed injections 
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3.2.2. Multipoint detection 
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3.2.2.2. Chromatography 
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3.2.2.3. Testing the ability of the COMForTS method to measure analyte 

frequencies and retention times. 
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3.2.2.4. Testing the ability of the COMForTS method to resolve multiple 

analytes of differing retention over two separation dimensions to 

generate time/time chromatograms. 
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 3.3. Results and Discussion 
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3.3.2.2. Rejection of harmonics and overtones 
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3.3.2.3. Quantitation 

relative

minimum

every



COMForTS – Chapter 3 – Proof of Concept I: 
Principles of Operation 

Page 67 
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3.3.2.5. Conversion of frequency/time to time/time coordinates 
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 4.1. Introduction 
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 4.2. Materials and Methods 



COMForTS – Chapter 4 – Proof of Concept II: 
Enhanced Peak Production 

Page 82 

4.2.1. Chromatographic conditions 
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4.2.2. Controlled generation of peak overlap 
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 4.3. Results and Discussion 

4.3.1. Separation with moderate physical overlap 

4.3.1.1. Conventional online 2DLC interpretation of the separation 
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4.3.1.2. Treatment of arrayed detector chromatograms 
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4.3.1.3. Time dependent frequency domain transform 
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4.3.1.4. Correlation of frequency/time data to time domain data 
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4.3.1.5. Conversion from the frequency/time domain to the 

time/time domain 
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4.3.1.6. Qualitative accuracy and precision 
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4.3.2. Separation with severe physical overlap 

4.3.2.1. Conventional online 2DLC interpretation of the separation 

4.3.2.2. Treatment of arrayed detector chromatograms 
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4.3.2.3. Time dependent frequency domain transform 
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4.3.2.4. Correlation of time / frequency data to time domain data 
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4.3.2.5. Sources of error in the COMForTS analysis 
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4.3.2.6. Conversion from the time/frequency domain to 

 the time/time domain 
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4.3.2.7. Qualitative accuracy and precision 

physically

10

20

30

40

50

60

70

80

90

100

110

Fr
eq

u
en

cy
 (

H
z)

 

200

300

400

500

600

700

800

900

O
ve

ra
ll 

R
et

en
ti

o
n

 T
im

e 
(s

) 

Overlapped Peaks

Pure Peaks



COMForTS – Chapter 4 – Proof of Concept II: 
Enhanced Peak Production 

Page 100 

4.3.3. Separation resolution 

2D

D
1 

D
1





0

0.05

0.1

0.15

0.2

0.25

0 500 1000 1500 2000

A
b

so
rb

an
ce

 (
A

U
) 

First Dimension Retention Time (s) 

Ac 

N 

An 

P 

C 



COMForTS – Chapter 4 – Proof of Concept II: 
Enhanced Peak Production 

Page 101 

D
2





0

0.05

0.1

0.15

0.2

0.25

0 100 200 300 400 500

A
b

so
rb

an
ce

 (
A

U
) 

Second Dimension Retention Time (s) 

Ac 

N 

An 

P 

C 



COMForTS – Chapter 4 – Proof of Concept II: 
Enhanced Peak Production 

Page 102 

4.3.4. Peak capacity and production 

n
c,2D

  

n
c,2D

T
r 
– T

0

n
c,2D

n
c,2D

n
c,2D



COMForTS – Chapter 4 – Proof of Concept II: 
Enhanced Peak Production 

Page 103 

4.3.5. COMForTS and statistical peak overlap 
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 4.4. Conclusion 
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 Chapter 5.  

COMForTS Instrumentation 

 5.1. Introduction 
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 5.2. A Prototypical COMForTS Instrument 
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5.2.1. Solvent delivery 
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5.2.2. Sample injection 



5.2.3. Detector array 
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5.2.4. Open tubular D1 capillary columns 

 

D
2

5.2.5. Packed D2 capillary columns 

5.2.5.1. Column preparation 
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5.2.5.2. Column packing 
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5.2.6. Mounting of D2 columns within the COMForTS 
detector 
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 5.3. Software Specification 

5.3.1. Instrument control 
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5.3.2. Data collection 

5.3.3. Data processing 
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5.3.4. Commonality and adaptability 
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5.3.5. User interface 
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 5.4. COMForTS Instrument Qualification 

5.4.1. Detector response 
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5.4.2. Detector sampling rate 

5.4.3. Flow rate precision and accuracy 



5.4.3.1. Flow rate calibration 



 



5.4.4. Injection volume calibration 
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5.4.5. Chromatographic performance 
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 5.5. Alternative instrument formats 





 5.6. Summary 
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 Chapter 6.  

Software for COMForTS Chromatographic 

Analysis 

“Good friends who come to read this book, 

Strip yourselves first of affectation; 

Do not assume a pained, shocked look, 

For it contains no foul infection, 

Yet teaches you no great perfection, 

But lessons in the mirthful art, 

The only subject of my heart. 

While grief would consume and rot,  

Mirth’s my theme and tears are not,  

For laughter is man’s proper lot.” 

François Rabelais in the prologue to “Gargantua and Pantagruel” 

 6.1. Introduction 

using
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 6.2. Software Design 
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6.2.1. Software architecture for experiments 
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6.2.2. Navigating the COMForTS software 
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6.2.2.1. A brief tour of Microsoft Visual Studio 

→ → →

user 

interface

→

events

event handler event

        private void DarkFrame_button_Click(object sender, EventArgs e) 
        { 
            DarkFileInfo = FileFunc.GetFileInfo(Constants.File.Type.DarkFrame); 
 
            if (DarkFileInfo.Info != null) 
            { 
                // Read the Dark Frame data from the instrument's Raw Data: 
                DarkFrameData = FileFunc.ReadRawDataFile(DarkFileInfo); 
                // Convert the Uint16[] CCD Frames to frames (of type double) 
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// of binned active pixels only: 
                DarkFrames = ExtractActiveDetectors(DarkFrameData.Signal); 
 
                // Get the dark frame that is the AVERAGE of all these dark frames: 
                DarkFrame = AverageFrame(DarkFrames, DetectorCount); 
                // now we are ready to subtract this dark frame from all raw data 
 
                // Tell the user that it's done: 
                Status_label.Text = "Dark Frame Calculated; Ready for Zero Absorbance"; 
                PlotReferenceFrame("Dark"); 
                ZeroAbsorbance_button.Enabled = true; 
                DarkFrame_button.Enabled = false; 
                SetPixelLineBinningControlsState(false); // Don't allow further changes 

// to pixel-binning settings 
                // as all files must be processed with the same settings. 
            } 
        } 

ClassObject MethodOrFunctionObject DataObject LanguageKeyword //Non-Code Comments

“LiteralText”

single

FileFunc FileFunc

within COMForTS

DarkFrame [] double CCC

DarkFrame

AverageFrame()

DarkFrame = AverageFrame(DarkFrames, DetectorCount); 

AverageFrame signature

definition how

DarkFrame

        private double[] AverageFrame(double[] FullFrameVector, int FrameLength) 
        { 
            double[] AvgFrame = new double[FrameLength]; 
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            double[] SumFrame = new double[FrameLength]; 
 
            int FrameCount = FullFrameVector.Length / FrameLength; 
            int FullFrameIndex; 
             
            for (int j = 0; j < FrameLength; j++) 
            { 
                for (int i = 0; i < FullFrameVector.Length; i += FrameLength) 
                { 
                    FullFrameIndex = i + j; 
                    SumFrame[j] += FullFrameVector[FullFrameIndex]; 
                } 
                 
            } 
 
            for (int i = 0; i < AvgFrame.Length; i++) 
            { 
                AvgFrame[i] = SumFrame[i] / FrameCount; 
            } 
 
            return AvgFrame; 
        } 

return AvgFrame

DarkFrames

DarkFrame

//comments

process

6.2.3. Modularity and data integrity 

6.2.3.1. Divide and conquer 
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return

            public static double[] Subtract(double[] Array1, double[] Array2, 
       int StartIndex = 0, int StopIndex = 0) 
            { 
                double[] Result = new double[Array1.Length]; 
 
                if (StopIndex == 0) { StopIndex = Array1.GetUpperBound(0); } 
 
                if ((Array1.Length == Array2.Length)  

&& (StopIndex > StartIndex)  
&& (StopIndex <= Array1.GetUpperBound(0))) 

                { 
                    for (int i = StartIndex; i <= StopIndex; i++) 
                    { 
                        Result[i] = Array1[i] - Array2[i]; 
                    } 
                } 
 
                return Result; 
            } 

 

divide

Array1[i] /= Array2[i];
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            double[] AbsorbanceFrame_As = CalculateAbsorbanceFrame(Fz, Fd, Fs); 
 
            private static double[] CalculateAbsorbanceFrame(double[] Fz, 
                                                             double[] Fd, 
                                                             double[] Fs) 
            { 
                double[] Fz_minus_Fd = ArrayMaths.Subtract(ref Fz, Fd); 
                // Fz_minus_Fd is now equal to (Fz - Fd) 
                double[] Fs_minus_Fd = ArrayMaths.Subtract(ref Fs, Fd); 
                // Fs_minus_Fd is now equal to (Fz - Fd) 
                double[] As = ArrayMaths.Log10(ArrayMaths.Divide(Fz_minus_Fd, Fs_minus_Fd)); 
 
         return As; 
            } 

quite

also

CalculateAbsorbanceFrame()

CalculateAbsorbanceFrame()

types

cannot

int[]
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confidence

6.2.3.2. Preserving data in the face or error 

experimental software

includes

addition

last

see

DataStruct

COMForTS COMForTS.DataStruct
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 6.3. Software validation 
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group

 6.4. Core Algorithms 

6.4.1. The Fourier transform 

COMForTS.Fourier.Transform

COMForTS.Fourier.Window

6.4.2. Partial discrete Radon transform 

partial

COMForTS.Radon

 

x
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overall

6.4.3. Linear transform 

COMForTS

FindPeakLines_Button_Click()

 

 

 

 

 

 

 

 



COMForTS – Chapter 6 – Software for COMForTS Chromatographic Analysis 

Page 139 

 

6.4.4. A method for combining signals from closely spaced 
detectors 
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6.4.5. Frequency/time to time/time conversion 
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6.4.6. Ancillary algorithms 

systematic
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 6.5. Conclusion 
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 Chapter 7.  

COMForTS 

 7.1. Fundamental Interpretation of the Nature of 
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 7.3. COMForTS Separations Formats 
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 7.4. Mobile Phase Changes 
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 7.5. Gradient Separations 
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 7.6. Signals Processing 
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 7.7. Performance Expectations and Limitations 

may
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 7.8. Applications of COMForTS 

targeted

comprehensive
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required

 7.9. Conclusion 

“Je m'en vais chercher un grand peut-être.” - François Rabelais 
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 Appendix A.  

COMForTS ECD Design and Schematics 
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 Appendix B.  

Completed COMForTS ECD 
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 Appendix C.  

CCD UV Absorbance Detector 
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 Appendix D.  

A Method for Combining Signals from 

Closely Spaced Detectors (MCSCSD) 

 D.1 Background 

 D.2 The problem 
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 D.3 The Solution 
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using System; 
 
namespace MCSCSD 
{ 
    public class MCSCD_DemoCode 
    { 
 
        int NumberOfDetectors = 50;             // Assume that we have fifty detectors 
        double d_Seconds;                       // The displacement, d, in time (seconds) 
        double SamplingPeriod_Seconds = 0.1;    // All signal samples are taken at the same 
time and at 0.1s intervals 
 
        double[] SignalData = new double[2000];    // An array containing a single individual 
signal intensity vector, sampled at a constant rate. i.e. the ArrayIndex x SamplingPeriod = 
time. In this case, SignalData(20) gives the intensity at 20 x 0.1 s = 2 s 
        double[][] AllRawSignals = new double[50][];    // An array containing all of the 
individual two dimensional signal vectors 
        double[] CombinedSignal;                        // A vector containing the combined 
signals from all detectors 
         
 
        public void PerformMCSCD() 
        { 
            for (int DetNum = 0; DetNum < NumberOfDetectors; DetNum++) // For each of the 
detectors 
            { 
                SignalData = AllRawSignals[DetNum];                     // extract the current 
detector's signal. Because data has been sampled at a regular rate and at the same time for 
each detector, we can displace the signals in time by simply moving all the data to higher 
index values within the array: 

int IndexShift = Convert.ToInt32((DetNum * d_Seconds) / 
SamplingPeriod_Seconds); // d_Seconds should be chosen to yield an integer result. 

                // But the original array is already full, so we need to resize the array (i.e. 
increase the number of indices available) whilst preserving its contents) 
                // to accommodate the shift to higher indices: 
                int NewArraySize = SignalData.Length + IndexShift; 
                System.Array.Resize(ref SignalData, NewArraySize); 
                // Similarly, the CombinedSignal array must be large enough to hold the shifted 
signals: 
                if (CombinedSignal.Length < NewArraySize) 

{ System.Array.Resize (ref CombinedSignal, NewArraySize); } 
 
                for (int i = SignalData.GetUpperBound(1); i >=0 ; i--) //Starting from the END 
of the signal 
                { 
                    SignalData[i] = SignalData[i - IndexShift];         // Shift the signal by 
the required time (i.e. to a higher array index) 
                    CombinedSignal[i] = CombinedSignal[i] + SignalData[i]; // ADD this shifted 
signal to the combined signal. 
                } 
            } 
        } 
    } 
} 
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