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Abstract 27 

 28 

Real-time interconversion processes produce unconventional peak broadening in gas 29 

chromatography (GC), and can generate kinetic and thermodynamic data. In this study, a 30 

comprehensive heart-cut multidimensional GC (H/C MDGC) approach was developed to 31 

investigate diastereomerisation of E/Z oxime molecules in both first and second dimension (1D 32 

and 2D) separations. The carrier gas flow and oven temperature were selected according to initial 33 

results for 1D interconversion on a poly(ethyleneglycol) (PEG) stationary phase, which was 34 

further used as both 1D and 2D columns to result in a broad zone of oxime interconversion in 35 

both dimensions of separations. The method involved repetitive injections of oxime sample, then 36 

sampling contiguous fractions of sample into a long 2D column which is intended to promote 37 

considerable interconversion. Comprehensiveness arises from the fact that all sample is sampled 38 

from the 1D to the 2D column, with the long 2D column replacing the short 2D column used in 39 

classical comprehensive two-dimensional gas chromatography, where the latter will not promote 40 

sufficient interconversion. Data processing and presentation permits a ‘rectangular’ distribution 41 

corresponding to the separated compound, characteristic of this experiment. The form of this can 42 

be varied depending on the oven temperature and flow, which affects kinetics of the process. An 43 

unusual separation situation where two dimensional interconversion (i.e. a raised plateau in both 44 
1D and 2D directions) was observed in analysis of enantio- and stereo-isomers of 2-45 

phenylpropanaldehyde oxime with presentation in the style of comprehensive two dimensional 46 

gas chromatography, to reveal separate saddle response surfaces for each enantiomer undergoing 47 

E/Z diastereomerisation processes. 48 

 49 
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1. Introduction 50 

 51 

Separation in gas chromatography (GC) conventionally involves non-reactive and inert 52 

partition/adsorption processes, producing a single peak for each compound in the chromatogram. 53 

However, some configurationally labile molecules may undergo molecular transformation into 54 

different species on the separation time-scale, which can lead to unusual non-Gaussian peak 55 

shapes (strong peak broadening; overlapping or incompletely resolved peaks) which vary 56 

according to experimental or chromatographic conditions such as oven temperature, carrier gas 57 

flow rate, phase chemistry, and the chemical reaction type. Krupčik et al. [1] reported a number 58 

of methods for studying reaction kinetics for 1-chloro-2,2’-dimenthylaziridine R,S 59 

interconversion, such as stop-flow, on-flow, and dynamic (reaction) GC. Harju and Haglund [2] 60 

examined thermal effects for rotational isomerisation of atropisomers of 19 PCBs, but using an 61 

off-line process, where the compounds were thermally isomerised prior to GC separation. In this 62 

case, ‘dynamic’ GC isomerisation was not observed. This phenomenon may present difficulty in 63 

interpretation of GC data, for instance of some aldehydes or unsymmetric ketones which undergo 64 

interconversion within the separation timeframe. In general, interconversion is a process where 65 

two isomers undergo mutual conversion into each other, i.e. A⇌B (such as isomerisation, 66 

enantiomerisation or stereoisomerisation processes). Such processes can be observed during the 67 

timescale of chromatographic separation, for different techniques such as GC, high performance 68 

liquid chromatography and capillary electrophoresis [3]. Model on-line reactions have been 69 

studied in GC, especially interconversion of E/Z oxime isomers. Proposed mechanisms for oxime 70 

isomerisation include 1) inversion, via sp-hybridisation of the nitrogen atom with the 180  C–N–71 

O bond angle in the transition state [4,5] or 2) rotation around the C–N bond axis facilitated by 72 

polarisation of the C–N bond to result in E/Z isomerisation [4,5]. 73 

 74 

The overall separation/interconversion event defines the peak shape observed. Instead of two 75 

separate peaks of the E and Z isomers, on-line conversion of one isomer into the other causes 76 

observations somewhat like peak fronting or tailing in chromatograms. Interconversion on the 77 

separation timeframe may lead to a characteristic plateau between the two isomer peaks. The 78 

effect of temperature programming on interconversion has also been explored. Increasing the 79 

temperature of the system, increases the magnitude of the observed plateau, due to increasing 80 
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reaction rate at higher temperature [6]. The stationary phase used in the experiment also affects 81 

the extent of interconversion. Among different phases, it was found that oxime interconversion 82 

was more readily observed on a poly(ethyleneglycol) (PEG) phase [7]. 83 

 84 

Multidimensional GC (MDGC) conventionally employing two sequentially-arranged columns 85 

with different selectivity [8] has emerged as a high resolution technique, and proven useful for 86 

application to complex samples such as food, petrochemicals, fragrances, drugs and 87 

environmental [9,10]. Two main MDGC modes include single and multiple heart-cut (H/C) 88 

MDGC (GC GC), usually incorporating a Deans Switch (DS) or switching valve between 1D 89 

and 2D columns [9]. Addition of a cryofocusing device at the head of the 2D column allows 90 

trapping of H/C effluents, reducing peak broadening during transfer of bands from 1D to 2D, and 91 

enables multiple injection analysis to improve limit of detection [11]. A narrow H/C window will 92 

avoid sampling too many components into the 2D column. A long 2D column will improve 2D 93 

separation, at the expenses of longer analysis time. As a result, normally only a few target 94 

regions are sampled in conventional GC GC. The second mode, comprehensive two-95 

dimensional GC (GC GC), subjects the total sample to 2D separation, with transfer 1D effluent 96 

zones usually less than the peak width of 1D peaks, for further separation on a short 2D column. 97 

Cryogenic modulation concentrates 1D peaks into sharp, narrow bands prior to 2D separation, 98 

increasing analysis sensitivity [9]. A short narrow bore 2D column provides fast analysis time, 99 

and maintains high resolution [9] although this does reduce the 2D separation power compared 100 

with the 2D column in H/C MDGC analysis.  101 

 102 

MDGC has been applied to interconverting compounds, to study the molecular behaviour of 103 

these processes [12]. In a variation on the method, on-line interconversion in GC GC was 104 

observed where chiral phases were employed in both 1D and 2D [13], for a chiral oxime, to 105 

accomplish R/S separation and E/Z isomerisation. Enantioseparation is difficult to achieve with a 106 

short column, but the strategy employed a longer enantioselective column, allowing ‘wrap-107 

around’ i.e. 2tR > PM, but the enantiomers were resolved with a small difference in 2tR. In general, 108 

interconversion is not observed on short 2D columns, due to insufficient time to promote 109 

interconversion. Observing characteristic interconversion profiles on 2D would require a 110 

significantly faster rate of interconversion compared to the rate on the 1D column in GC GC, or 111 
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to employ an arrangement that has long columns in both 1D and 2D, which is not a usual 112 

arrangement. Considering that a long 2D column with suitable phase (PEG) is required, an option 113 

is to use a multiple H/C GC GC approach, with a sequential sampling strategy which 114 

progressively shifts the 1D heart-cuts over the 1D elution profile. This allows both long 1D and 115 

long 2D columns to be investigated to deliver interconversion in both dimensions of the 116 

separations. A strategy of using long 1D and 2D columns has been previously used in GC-GC 117 

with multiple injections for high resolution alternative fuel characterisation for trace oxidation 118 

products. [14] The final data can be reconstructed into what mimics a GC GC data presentation 119 

format.  120 

 121 

This study develops a comprehensive H/C GC–GC technique to investigate interconversion in 122 

both 1D and 2D separations employing PEG columns, with multiple repetitive heart-cuts, each 123 

offset by the sampling period, and a DS. Data analysis and the presentation approach is 124 

illustrated. Effects of temperature programs on separation results were investigated. In addition, 125 

an example for 2D interconversion in practical analysis of enantio- and stereo-isomers of oximes 126 

with GC GC will be demonstrated and discussed. 127 

 128 

2. Experimental  129 

 130 

2.1 Sample preparation 131 

For 1DGC experiments, acetaldehyde oxime (acetaldoxime; 97%, Sigma-Aldrich, MO) was 132 

prepared in 1-hexanol with ethanol used as an internal standard. For GC GC experiments, 133 

acetaldoxime was prepared in acetone. For GC GC experiments, 2-phenylpropanaldehyde 134 

oxime (synthesis and characterisation procedures described elsewhere [13]) was prepared in 135 

HPLC grade n-hexane (Merck, Darmstadt, Germany). 136 

 137 

2.2 Instrumentation 138 

2.2.1 GC–flame ionisation detection (FID) 139 

In all experiments, the compounds (1 μL, split ratio 10:1) were injected into GC with an inlet 140 

temperature of 230 C; H2 (99.99%) was used as carrier gas. The FID temperature was 250 C 141 

with the acquisition rate of 50 Hz. Isothermal 1DGC experiments were performed on an Agilent 142 
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6850GC (Agilent Technologies, Mulgrave, Australia). A Stabilwax column (30 m  0.25 mm 143 

internal diameter (I.D.)  0.25 μm df; Restek, Bellefonte, PA) was employed with the oven 144 

temperature varied from 60–160 C and flow rate of 0.3–2.5 mL/min. A SUPELCOWAX 10 145 

column (16.4 m  0.25 mm I.D.  0.25 μm df; Supelco, Bellefonte, PA) was also investigated 146 

with the oven temperature varied from 110–130 C and flow rate of 0.3–2.5 mL/min. 147 

 148 

2.2.2 H/C GC GC–FID/flame photometric detection (FPD) 149 

Isothermal multiple H/C GC GC experiments were run on an Agilent 7890A GC FID/FPD dual 150 

detection instrument (Agilent Technologies), with FPD and FID as the primary and secondary 151 

detectors, respectively. The FPD is simply used here to house the restrictor capillary. A 152 

SUPELCOWAX 10 phase column (30 m  0.25 mm I.D.  0.25 μm df; Supelco) was used as the 153 
1D column. A microfluidic Deans switch (DS, Agilent Technologies) was connected into the 154 

system such that when the valve was on, the column effluent was directed to the 2D Stabilwax 155 

column (above) terminated at the FID. When the valve was off, the column effluent went to a 156 

restrictor (a deactivated fused silica; DFS, 0.77 m  0.10 mm I.D.), and terminated at the FPD, 157 

Fig. 1A. The experimental condition is as shown in Table 1. 158 

 159 

Table 1: Settings used for 2D analyses. 160 

Temperature 
(°C) 

Carrier flow (mL/min) Inlet pressure (psi) Heart-cut 
interval (min) 1D column 2D column 1D column 2D column 

  60 0.3 1.5 10.6   9.7 0.25 
  80 0.3 1.5 11.5 10.4 0.10 
110 0.1 1.5 11.6 11.5 0.05 

 161 

2.2.3 GC×GC GC–accurate mass time-of-flight mass spectrometry system (accQTOFMS) 162 

The isothermal GC×GC experiment was conducted on an Agilent 7890A GC coupled to an 163 

Agilent 7200 accurate mass QTOFMS (Agilent Technologies), equipped with a FID and PAL3 164 

Auto Sampler (CTC Analytics AG, Zwingen, Switzerland), and retrofitted with an Everest model 165 

longitudinally modulated cryogenic system (LMCS; Chromatography Concepts, Doncaster, 166 

Australia). Cryogenic modulation was conducted at a modulator temperature (TM) of 20 °C, with 167 

carbon dioxide as cryogen coolant, and modulation period (PM) of 9 s. The overall instrumental 168 

setup is as shown in Fig. 1B. MEGA-DEX DET-Beta (diethyl t-butylsilyl-β-cyclodextrin; 25 m 169 
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× 0.25 mm I.D. × 0.25 μm df; MEGA s.n.c, Milan, Italy) was used as 1D column, with either a 2D 170 

SolGel-WAX column (1.6 m × 0.1 mm I.D. × 0.1 μm df; Trajan Scientific, Ringwood, Australia), 171 

or SLB-IL76 (2 m × 0.1 mm I.D. × 0.1 μm df; Supelco) or SLB-IL111 column (1.8 m × 0.1 mm 172 

I.D. × 0.1 μm df; Supelco). A deactivated Press-Tight connector (Restek) was used to connect the 173 

two columns. The outlet of the 2D column was connected to a DS which diverts the flow from 174 

the 2D column to the FID via a DFS (1.8 m × 0.1 mm I.D.). Helium was used as carrier gas 175 

(99.99% purity) at constant pressure mode with the 1D column inlet fixed at 46 psi and varied 2D 176 

column outlet pressure. Note that here the DS is used to control outlet pressure of the 2D column 177 

and heart-cut (H/C) operation was not performed in this analysis. The other channel of the DS 178 

was linked to an equivalent column set used to balance the pressure. The set consists of a 3D 179 

SUPELCOWAX 10 column (15 m × 0.25 mm I.D. × 0.25 μm df; Supelco) connected via a Press-180 

Tight connector to a fourth DB-5ms Ultra Inert column (30 m × 0.25 mm I.D. × 0.25 μm df; 181 

Agilent Technologies), and the outlet was connected to the QTOFMS via a DFS (0.8 m × 0.1 182 

mm I.D.). The system was based on a former study and the 3D and 4D GC configurations were 183 

not used and will not be described here [12].  184 

 185 

2.2.4 Data processing 186 

All acquired Agilent ChemStation (Rev. B.04.03, ver.15) and MassHunter (ver. B.06.00) data 187 

were converted to .csv files and edited with Microsoft Excel and/or OriginPro (ver. 8.0891, 188 

Origin, Northampton, MA) for data display. Two-dimensional contour plots were produced by 189 

data conversion to 2D matrix, followed by plot generation using Transform software (ver. 3.3, 190 

Fortner Research, VA).  191 

 192 

3. Results and Discussion 193 

 194 

In a recent report, [12] individual components of E/Z and R/S isomer forms of oximes were 195 

studied by use of a hybrid GC GC–MDGC approach to allow isolation of the individual 196 

compounds and study their interconversion kinetics. Interconversion in dynamic GC GC has 197 

been previously observed by this group where a classic GC GC long 1D and short 2D column 198 

arrangement was employed in order to perform 2D analysis in a single run. However, this 199 

configuration only effectively allows interconversion to be observed for the 1D separation; 200 
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interconversion in the 2D separation has not been clearly observed due to the use of a short 2D 201 

column, resulting in insufficient time to promote interconversion, i.e. the fast 2D separation 202 

timeframe is much ‘faster’ than the interconversion rate. A challenge for the present study is to 203 

investigate an experimental situation when a reasonable extent of interconversion occurs in both 204 
1D and 2D separation, for both GC GC and MDGC modes, where for the latter, a series of 205 

sequential heart-cuts will be made. The experimental conditions in H/C MDGC is initially 206 

designed to mimic a GC GC process, by taking contiguous heart-cuts from the whole 1D 207 

separation region of interest, with a repeat injection for every new sampling experiment. 208 

Acetaldoxime isomers were selected as model compounds in all analyses due to prior studies, 209 

which established that PEG columns induce interconversion of oximes. Acetaldoximes also 210 

allow low GC operating temperature, with a reasonable extent of interconversion, favouring fast 211 

turnaround of analysis. Methods for data processing and presentation were established and 212 

effects of oven temperature on overall isomer peak shapes in dynamic ‘comprehensive’ mode 213 

GC GC were evaluated. 214 

 215 

3.1 Interconversion in dynamic 1DGC 216 

Dynamic 1DGC experiments were initially performed in order to select appropriate 217 

chromatographic condition for further 2D analysis. An appropriate internal standard (IS) is 218 

generally required for experimental analyses. This was a difficulty in the single-column 219 

experiments, as short-chain alcohols, previously used as IS for oximes, yielded broad peaks at 220 

low temperature (e.g. 60 C) compared to the acetaldehyde oxime in hexane solvent. Oxime 221 

isomer peaks were also affected by the hexane solvent peak tailing especially on a short PEG 222 

column. As a result, ethanol was selected as a suitable IS, with hexanol as a solvent, in which 223 

case the solvent peak eluted after the other compounds. 1DGC analysis of oxime isomers was 224 

initially performed by using a 5% phenyl methylpolysiloxane phase. In this case, the two isomers 225 

were clearly separated (Fig. S1A) allowing quantification of each isomer. By contrast, separation 226 

of oxime isomers on PEG phase showed a characteristic plateau between the two isomer peaks 227 

(Fig. S1B). 228 

 229 

For on-line interconversion on a PEG column, as temperature increased, the two isomers had 230 

reduced retention time difference, and the plateau level became relatively higher (higher 231 
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interconversion rate) as illustrated in Fig. S2; the isomer peaks may eventually merge at higher T 232 

to become a single broad peak (not shown). The PEG column was thus selected for further study 233 

in H/C MDGC analysis. It should be noted that even with the same compounds separated on the 234 

same PEG phase, the extent of interconversion and peak shapes also depend on other factors 235 

such as flow rate, column length, phase thickness, column age and column manufacturer. 236 

 237 

3.2 Interconversion in comprehensive MDGC  238 

The MDGC study involves sampling of a selected elution zone from the 1D separation for further 239 

separation on the 2D column. To generate a ‘comprehensive’ mode and presentation of an overall 240 

2D isomerisation/interconversion profile, requires a display of interconversion corresponding to 241 

separation on both 1D and 2D columns, ideally in a timeframe which results in the characteristic 242 

plateau between the two isomer peaks on both the 1D and 2D columns. Matching the extents of 243 

isomerisation on each column to display the required data is necessary. Thus, the 1D separation 244 

must be continuously sampled, generating a 2D presentation of the two isomers connected by the 245 

interconversion process. Each H/C sampling of effluent from the 1D column will further 246 

interconvert and separate on the 2D column. There is now no restriction on the length, film 247 

thickness, or phase of the 1D and 2D columns in this MDGC approach. The 1D interconversion of 248 

oxime can be obtained by using a suitable 1D column and phase such as PEG. To generate 2D 249 

interconversion: 1) A long 2D column can also be applied to enhance 2D interconversion in the 250 

multiple H/C GC GC experiment (here for acetaldoxime interconversion on a PEG column at < 251 

110 C); a long column cannot be applied in classical GC GC due to mismatch between the 252 

modulation ratio that should be observed [15] and the length of the 2D column. Alternatively, 2) 253 

oximes with sufficiently fast interconversion (herein, 2-phenylpropanaldehyde oxime on PEG or 254 

ionic liquid columns at relatively high temperature) under defined chromatographic conditions 255 

can be injected. A 3rd possibility, is to use a phase with much smaller kinetics on the long first 256 

column, with a phase that has fast kinetics on a shorter second column. One aim here is to 257 

observe the effects on the 2D display of this process, since prior work has demonstrated unusual 258 

display of data in the 2D separation space, in order to be aware of the observation expected for 259 

such phenomena, should they arise in routine GC GC. 260 

  261 

3.3 Interconversion in dynamic comprehensive GC GC 262 
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Multiple H/C MDGC, with each H/C taken from a separate injection, is applied, allowing the use 263 

of long 1D and long 2D columns to simultaneously investigate interconversion in 1D and 2D. The 264 

experimental setup is shown in Fig. 1A; H/Cs were performed every 0.25, 0.1 and 0.05 min for 265 

oven temperatures 60, 80 and 110 C respectively, with carrier gas flow conditions provided in 266 

Table 1. Previous studies provide evidence of interconversion on PEG columns, hence two PEG 267 

columns (30 m) were used for both dimensions in this experiment. Although these two columns 268 

are the same nominal phases, they were from different companies and had been subjected to 269 

different uses; their interconversion performance may very well be different. Previous GC GC 270 

studies of oximes used PEG phases in both dimensions, and in similar fashion, the same IL111 271 

phase in both 1D and 2D was used for separation of fatty acid methyl esters [16], which provided 272 

interesting 2D performance. In the present case, sampled effluent will have different E/Z ratio as 273 

different segments of the 1D profile is injected into the 2D column. 274 

 275 

3.4 Data analysis and presentation 276 

Since the H/C process was performed here without trapping, each heart-cut was misaligned from 277 

the subsequent sampled zone by the period of the cuts, for instance 0.25 min for T = 60 C. 278 

Therefore, all the H/C data had to be aligned to result in accurate overlap of data for the 2D plot. 279 

When the DS was ‘on’, oximes were separated on both 1D and 2D columns. The interconverted 280 

peak shape was obtained with E and Z isomers separated (Fig. 2A). The 1D and 2D columns had 281 

different carrier flow rates, and the PEG phases were from different manufacturers. In total, 20 282 

successive heart-cuts were taken, with a 0.25 min H/C sampling window from the 1D column 283 

over a 1tR range from 7 to 12 min. Since the H/C experiments were performed without cryogenic 284 

trapping, without data correction, the 2tR will be shifted according to the H/C time, as shown by 285 

the overlaid chromatograms in Fig. 2A (uncorrected). Subtracting the 2tR value from the H/C 286 

time (i.e. to correct the actual start time for each H/C to undergo 2D separation), results in the 287 

overlay plots shown in Fig. 2A (corrected), at 60 C. A more evident example for the 288 

observation of interconversion in both 1D and 2D separation was observed at 80 C. The 289 

corrected 2D isothermal separation results at 80 C, with 0.1 min H/C, is shown in Fig. 2B. Note 290 

the stepwise change in relative ratios of the two terminal oxime isomers, as the primary column 291 

distribution is sampled successively into 2D.  292 

 293 
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All these successive H/C results can be combined as matrix data and stacked to generate a 2D 294 

contour plot, as illustrated in Fig. 3B. Since the data are presented as false colour contours, green 295 

– blue – pink – red – yellow – white, the plots demonstrate interconversion, separation, and 296 

magnitude of response in both dimensions. For example, at 1tR = 5.25 min, panel 3B, the E 297 

isomer elutes at 2tR = 5.5 min (white zone), followed by a raised interconversion plateau shown 298 

in yellow, then by the Z isomer as a white zone at 6.2 min. In this manner interconversion can be 299 

seen to occur in both 1D and 2D, giving a ‘rectangular’ shape to the isomer boundary, but also the 300 

rectangle is somewhat ‘filled in’ by interconversion, as illustrated in Fig. 3B, generated at 80 C. 301 

This seems to be similar to a 3D saddle shape. The actual shape obtained will depend upon the 302 

amounts of E and Z isomer sampled during each H/C event, and the extent of interconversion 303 

plateau seen at each H/C. Thus Fig. 3A at 60 C has little interconversion on 2D in the centre of 304 

the rectangle, but at 110 C Fig. 3C shows the E/Z distribution collapses into a smooth broad 305 

distribution on 1D, and with considerable interconversion on 2D as displayed by the yellow zone 306 

between the E and Z lines.  307 

 308 

The effects of different chromatographic parameters on interconversion were studied. The extent 309 

of interconversion increases as T is increased, since the kinetic energy given to the system is 310 

greater [1]. Lowering the column pressure or gas flow rate also results in increased 311 

interconversion yield since the residence time of the compounds in the column increases (longer 312 

‘reaction’ time), and hence a larger proportion of molecules undergo interconversion [1, 3]. 313 

Suitable conditions of T and pressure need to be balanced in order to clearly observe 314 

interconversion as well as to result in significant retention of compounds. 315 

 316 

As T increases, there is also reduced separation between the two isomer peaks. The rectangular 317 

area in the 2D plot is thus compressed at higher T, with higher signals of the interconversion 318 

plateau regions observed for results at 80 and 110 C (Fig. 3A–C).  319 

 320 

3.5 Interconversion in dynamic GC GC 321 

It is of interest to examine the prospects for interconversion to be exhibited in the GC GC 322 

experiment, rather than in a contrived ‘comprehensive’ MDGC study, since in complex samples 323 

for which GC GC is used, it might be possible to observe similar behaviour to that noted here. 324 
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An appropriate (high) extent of interaction on 2D is mandatory to illustrate the phenomenon of 325 

fast 2D interconversion in dynamic GC GC experiments. For this experiment, interconversion 326 

plateau between the resolved E/Z peaks on 2D, for 2-phenylpropanaldehyde oxime 327 

chromatographed using a 2D SolGel-WAX column was used. This experiment should 328 

incorporate a 1D phase that has a much lower kinetics of interconversion, and since the target 329 

oxime compound is chiral, an enantioselective phase will be used that also meets this criterion. 330 

As expected, a series of unusual 2D plots illustrating interconversion along the 2D time axis were 331 

obtained when presented as a linear response format (Fig. 4A), illustrating an acceptable degree 332 

of separation of E and Z on the SolGel-Wax 2D phase, and the E/Z isomerisation processes, 333 

where for the latter, an increased baseline is observed, corresponding to the diastereomerisation 334 

plateau, between the two resolved E/Z isomers on 2D. 335 

 336 

As a further example, an enantioselective column as 1D in combination with an imidazolium 337 

based ionic liquid (IL) column (SLB-IL111) as 2D, illustrated salient features of the 338 

interconversion process in both dimensions. The E/Z isomers with their corresponding R/S 339 

enantiomers (a total of 4 species) can be separated on the 1D enantioselective column with the 340 

observed characteristic plateau between each pair of E/Z isomers. The flow profile is controlled 341 

by both inlet and outlet pressures (a DS is located at the end of the 2D column), as shown in the 342 

instrumental setup in Fig. 1B. By appropriate tuning or adjustment of the 1D inlet or 2D outlet 343 

pressures, characteristic fast 2D interconversion processes could be observed. Fig. 5 344 

demonstrates interconversion behaviour found in both dimensions at the chromatographic 345 

conditions listed in the Figure caption. Note that the two characteristic “saddle response surfaces” 346 

were observed corresponding to the two sets of E/Z isomers: E(R), Z(R) and E(S), Z(S). The four 347 

main isomer peaks were separated at the corners of the rectangular peak shapes with the four 348 

edges representing the interconverted species as shown in Fig. 5B. The difficulty in adjustment 349 

of chromatographic conditions to achieve the desired result can be seen in Fig. 5C, where an 350 

SLB-IL76 (phosphonium based IL) column was used as the 2D, allowing just sufficient evidence 351 

to identify the interconversion processes; a 2D wax phase would be expected to illustrate this 352 

more clearly, but it is apparent that the IL column can also display some measure of 353 

interconversion, seen more prominently for wax phases. This observation is logical taking into 354 

account that the degree of 2D interconversion varied with the employed stationary phases, which 355 
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may be correlated with phase polarity and chemistry as mentioned in reported literature. 356 

Nevertheless, under the employed column combination and chromatographic conditions, it is still 357 

possible to experimentally illustrate the unusual dual interconversion processes occurring in 358 

GC×GC. 359 

 360 

Oximes of the type used for our recent studies, both achiral and chiral, are present in the aroma 361 

of flowers – for instance Michelia champaca L. [17] and Madagascan orchid [18]. Oximes have 362 

been noted to have unusual chromatography behaviour on wax phases, for the reasons we outline 363 

here but which apparently is not widely known. In the event that a relatively standard column set 364 

of low polarity (methyl silicone) - high polarity (wax) phases is used for GC GC, it is more than 365 

likely that chromatographic behaviour reported here will be produced. In addition, Meierhenrich 366 

[19] has reported molecular transformations of terpenes in GC GC, revealed by ‘streaking’ in 367 

the GC GC 2D plot. Such processes are rarely seen so starkly in 1D GC due to the behaviour 368 

being exhibited as a less evident baseline perturbation. Again, it is possible that such processes 369 

might produce GC GC results similar to that noted here, if a suitable combination of phases and 370 

conditions is employed.  371 

Interestingly, the chiral resolution of the 1D column here (MEGA-DEX DET-Beta) is, for E(S/R) 372 

about 15, and for Z(S/R), about 3. While the magnitude of the Z resolution is not exceptional, the 373 

E chiral resolution is of a surprising magnitude; clearly the E and Z isomers’ R and S 374 

enantiomers have markedly different interaction energies, and distribution constants, K. 375 

 376 

4. Conclusion 377 

Real-time interconversion in GC GC has formerly been observed where long 1D and short 2D 378 

columns were employed in order to perform 2D analysis in a single run. However, 379 

interconversion in the 2D column has not been clearly observed due to the use of a short 2D 380 

column. Experimental situations where interconversion occurs in both 1D and 2D separation have 381 

been demonstrated here with a ‘rectangular peak shape’ characteristic of the separated isomers, 382 

plus a zone corresponding to interconversion constituting ‘filling in’ the rectangle shape, akin to 383 

a 3D saddle shape. Two strategies were employed here: 1) use of a long 2D column, to perform 384 

comprehensive multiple H/C 2DGC since this technique allows the use of long 1D and long 2D 385 
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columns in order to simultaneously investigate interconversion in both 1D and 2D separation, or 386 

2) injection of isomers in a GC GC experiment with fast interconversion rate on the 2D column, 387 

but a slow rate on the 1D column. The flow rate on the 2D column can be controlled and tuned by 388 

using a DS in order to alter the retention time and hence extent of interconversion on the 2D 389 

column, allowing the visualisation of characteristic “saddle response surface” in the generated 390 

contour plots. 391 

 392 

Apart from establishing methods for data processing and presentation, this study provides 393 

improved understanding of the process and scope, with peak shape variation in 2DGC as 394 

illustrated here by the separation of four oxime E/Z isomers/enantiomers of 2-395 

phenylpropanaldehyde in GC GC. By understanding conditions which favour two-dimensional 396 

interconversion, analyses of such compounds can be modified to best separate and isolate 397 

interconverting compounds in various analyses. This study also highlights the unusual behaviour 398 

that can be observed in GC GC experiments when molecular transformation processes arise 399 

similar to those reported here. 400 
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LIST OF FIGURE CAPTIONS 466 

 467 

Fig. 1. Instrumental setups for (A) comprehensive GC GC and (B) GC GC analyses. Det1 = 468 

FPD; Det2 = FID. 469 

 470 

Fig. 2. (A) Overlay of eight H/C results performed at 60 C. Uncorrected retention data (above) 471 

with the corrected data (shown in lower panel) on a composite 1D + 2D column. (B) All stacked 472 

data on the 2D column at 80 C, for corrected H/C results obtained in the GC-GC experiment, 473 

using 0.1 min H/C intervals covering the 1tR range from 7 to 12 min (i.e. on the 1D column) 474 

which can be combined and transformed into a 2D contour plot (see later, Fig. 3C). The inset 475 

result when the Deans switch was turned on (without H/C) is shown in A. In total in B, 20 H/C 476 

analyses were performed but no analyte signals were detected in the H/C fractions 1-2, and 14–477 

20. This means that fractions 3-13 corresponded to stepwise sampling across the 1D oxime peak 478 

distribution. 479 

 480 

Fig. 3. Representation of the multiple H/C analysis (i.e. stepwise 0.25, 0.1 and 0.05 min 481 

sampling at 60, 80 and 110 C) of acetaldoxime interconversion result on both 1D and 2D PEG 482 

columns, with the resulting reconstructed 2D plots acquired at oven temperatures of (A) 60 C, 483 

(B) 80 C and (C) 110 C.  484 

 485 

Fig. 4. Fast interconversion of 2-phenylpropanaldehyde oxime on a 1D enantioselective column 486 

and a 2D narrow-bore SolGel-WAX capillary column, using TM of 0 °C, PM of 9 s and oven 487 

temperature of 150 °C. (A) Linear presentation of cryogenic modulation; (B) 2D contour plot. 488 

Red arrows indicated the two isomers interconverted on the 2D column over successive 489 

modulation events. 490 

 491 

Fig. 5. (A) 1D FID response of 2-phenylpropanaldehyde oxime on an enantioselective column 492 

with column head pressure of 48 psi and isothermal oven temperature of 140 °C. Contour plots 493 

generated using: (B) 2D SLB-IL111 column with column head pressure of 48 psi and outlet 494 

pressure (DS) of 30.5 psi, and (C) 2D SLB-IL76 column with column head pressure of 46 psi and 495 

outlet pressure (DS) of 32.5 psi, conducted under isothermal oven temperature of 140 °C. Red 496 
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arrows denoted the occurrence of interconversion processes on the 1D enantioselective column. I 497 

is an impurity peak.  498 
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