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Abstract 30 

Molecular spectroscopic detection plays a crucial role in gas chromatography (GC). Some 31 

detectors constitute element-selective spectroscopy, where an element-containing species 32 

generates the detected signal, e.g. flame photometric detection (e.g. S, P, Cu); 33 

chemiluminescence detection (S, N). These respond with sensitive, selective (specific) 34 

response, usually with excellent sensitivity of detection, and reduced interferences by matrix. 35 

Classical molecular spectroscopic detectors – Fourier transform infrared, nuclear magnetic 36 

resonance, ultraviolet – respond by giving a spectrum characteristic of the (intact) molecule. 37 

Here, molecular structure response plays multi-faceted roles: it produces a unique spectrum of 38 

a molecule, provided it is resolved by the column and presented to the detector as a single 39 

compound; or the chromatogram can be generated by responding to the total signal, or 40 

selectively to a given component of the signal. This review summarises the response, 41 

sensitivities, applicability, and recent literature reports of molecular detection. An overview of 42 

sensory detection based on olfactometry and antennography – which relies on molecular 43 

structural feature of the compound – is also presented. Hyphenation with dual detection 44 

systems and brief comments on multidimensional GC is included.   45 

 46 
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1  Introduction 84 

Gas chromatography (GC) has proven to be an invaluable technique in the analytical separation 85 

of inorganic or organic volatile compounds, in which gaseous analytes of a sample are 86 

transported through a column (today, normally a capillary column) by a carrier gas (the mobile 87 

phase). It has become an important tool in diverse applications in an extraordinarily wide range 88 

of fields. Its advantages over most other techniques for monitoring volatile chemicals are its 89 

high sensitivity, linear range, exceptional resolving power, relatively good precision, fast 90 

analysis, and comparatively low cost. Excellent separation accompanies simultaneous 91 

qualitative and/or quantitative information of separated compounds, thus making reliable, 92 

efficient and sensitive detection, potentially with identification, possible.  93 

Comments on detection criteria. A GC detector can be any physical technique which has the 94 

ability to be hyphenated with GC experiments, and which offers on-line dynamic response to 95 

compounds being analysed to enable exploitation of the advantages of both GC separation and 96 

the physical process constituting the detection method. The ability of the detectors’ response 97 

to reproduce a compound’s elution profile is paramount. Several features may characterise an 98 

ideal detector. The foremost of these is a sensitivity sufficient to yield a signal at the desired 99 

concentration level for the component(s) in a sample. Sensitivities may be in the range of 10-8 100 

to 10-15 g of solute per s. When choosing a detector its sensitivity (response per amount of 101 

sample) vs specificity (normally response to a certain functional group or element within the 102 

molecule compared with its response to carbon) is to be considered.  It is desirable, but not a 103 

requirement, that the response factor (a measure of the response of a detector per mass of 104 

compound) of the detector should be similar for all analytes. Detectors may be destructive or 105 

non-destructive towards the compounds of the sample. Furthermore, robustness, ease of use, 106 

predictability and reliability are also favoured. GC detectors can be categorised based on the 107 

mechanism by which they respond to analytes; universal detectors theoretically should detect 108 

all solutes, whilst selective detectors respond to only a particular class of compounds – usually 109 

according to some heteroelement (i.e. neither carbon, nor hydrogen) in the compound. In 110 

addition to the most important feature of producing a good signal, the three factors – noise, 111 

time constant and cell volume – also play a role in a detector’s efficacy. Detectors can be 112 

classified depending on their signal relative to analyte mass or analyte concentration, as mass-113 

sensitive or concentration-sensitive respectively.  114 

Since the invention of the first GC detector in the 1950s [1], a broad range of detectors with 115 

varied selectivity, specificity and function have been introduced [2]. Apart from a few 116 

examples, there has been little revolutionary innovation in detection in GC in recent years. 117 
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However, continual incremental improvements in detector designs occur, such as 118 

miniaturisation, modifications to detection cell volume, and microelectronics in data control, 119 

acquisition and storage, as well as data display and analysis [3]. In the move to faster GC 120 

analysis, detector acquisition rate is a critical need. Very ‘fast’ GC peaks may have a width at 121 

half peak height of 0.5 s, so an acquisition rate of about 50 Hz is appropriate for adequate 122 

quantitative analysis. Some detectors with extended path length flow cells are not suited to 123 

such speed. Higher flow rate (e.g. with make-up gas) may have the effect of dilution or reduced 124 

sensitivity. Despite improvements made in analytical GC instrumentation, complex sample 125 

analysis still remains a hurdle, and steps to simplify the sample by pre-treatment to deliver 126 

discrete fractions of the sample to the instrument may be advised, where whole sample 127 

introduction proves too difficult a separation task [4]. Selective detection may be considered 128 

one way to simplify a total sample response; sample preparation may be targeted to suit the 129 

detector used. 130 

Comments on multidimensional gas chromatography. Inadequate chromatographic 131 

separation, which may result when a single column (one dimensional or 1D GC) is used, may 132 

be overcome by multi-dimensional GC (MDGC), although the vast number of laboratories 133 

retain a devotion to single GC column analysis. Importantly, MDGC also effectively delivers 134 

fewer overlapping compounds to the detector. MDGC conventionally employs (at least) two 135 

columns of different selectivity (different stationary phases) [5], connected sequentially via a 136 

sampling device positioned between the two columns. The two approaches of MDGC are (i) 137 

the conventional heart cut (H/C) method of subjecting a target portion of the first column to 138 

the second, or (ii) comprehensive two-dimensional GC (GC×GC) where the entire sample is 139 

subjected to two column separation, according to the criteria Giddings espoused [6]. Figure 1 140 

illustrates various options from 1D GC to MDGC arrangements. MDGC has greater resolving 141 

power and may improve detection limits, removing underlying chemical interferences, with 142 

larger analyte peak capacity than 1D GC [7] [8]. The development of new hardware such as 143 

micro-fluidic switches and cryogenic modulators for MDGC show distinct advantages over 1D 144 

GC towards both quantitative and qualitative analysis, including targeted, non-targeted, 145 

fingerprinting and group type analysis [9] [10]. Different experimental setups and approaches 146 

in MDGC have also been developed and reviewed [8] [10] [11]. MDGC has been used in 147 

conjunction with a variety of detectors in many applications generally with excellent 148 

quantitative and qualitative results [12] [13] [14]. GC×GC places a strict requirement on the 149 

detector for acquisition speed, and also ensuring the very fast transit of a solute through the 150 

detector is consistent with maintaining a very fast responding signal.  151 
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Among these, a versatile system that can operate in either H/C MDGC or GCGC modes can 152 

be proposed as shown in Fig. 1D. The system also allows hyphenation with several detectors 153 

in order to monitor or confirm compound identities with greater confidence. 154 

 155 

Figure 1. Diagrams illustrating example experimental setups in (A) GC (B) GCGC, (C) H/C 156 

MDGC and (D) multifunctional system operating in either H/C MDGC or GCGC modes. 1D, 157 

first column; 2D, second column; Det, detector; Mod., modulator; DS, Deans Switch; ES, 158 

effluent splitter. 159 

Data presentation of both 1D and MDGC methods rely on the fundamental property of 160 

retention time, which may be transformed to retention index data (I), and peak detection – the 161 

ability to distinguish an analyte signal from the background noise and other analyte signals 162 

[12]. Where confirmation of molecular structure based on spectroscopic detection is required, 163 

it is preferable that the molecule be detected as a unique species in the detector. This requires 164 

either adequate separation from other matrix material (best achieved with MDGC), or an 165 

effective deconvolution procedure which is able to spectroscopically isolate just the response 166 

of the target molecule.   167 

 168 

Comments on mass measurement molecular ionisation detection. Over the years ionisation 169 

detectors, those which detect gas phase ionised molecules, have been used widely in GC and 170 

their detailed structure, modes and principles have been previously reviewed [14] [15] [16]; 171 
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the mass spectrometer (MS) is the most widely adopted ionisation detector in GC capable of 172 

giving molecular information. It is not the purpose of this review to revisit this area at length, 173 

since MS is a spectrometric technique rather than spectroscopic, but since it provides molecular 174 

structure information, and is proposed as the ‘gold standard’ detector to support identification 175 

as well as provides a benchmark in universal detection, comment on MS must be made here. 176 

Over 85% of GC analyses [17] are or can be carried out using an MS, giving reliable qualitative 177 

and quantitative analysis. It is one of the most powerful tools for identification of chemical 178 

components, based on m/z ratios of analytes and their fragment ions. Of all ‘molecular 179 

structural’ detectors MS is probably the most readily hyphenated with the GC experiment, and 180 

gives a very high ‘production rate’ of valuable information; it has sophisticated and 181 

comprehensive databases with well-developed strategies for comparison of spectra. The 182 

detection limit of this technique is about 0.25 pg [7]. Since the inception of GC hyphenated 183 

with MS (GC–MS) in the 1950s [18], this technique has become one of the most information-184 

rich tools for volatile chemical analysis. GC–MS is normally applied by using electron 185 

ionisation (EI) at vacuum, with >240,000 spectra available in standard database libraries, plus 186 

a plethora of specialist libraries for specific applications, which are relatively independent of 187 

instrumental designs and MS conditions usually based on the standard 70 eV ionisation energy 188 

[7]. However for compound identification, a GC–MS spectrum alone may be insufficient for 189 

adequate characterisation, especially for untargeted analysis in complex matrix samples, 190 

primarily due to the similarity of spectra for closely related compounds. Assignment of 191 

molecular identity to peaks in GC–MS may lead to erroneous results, especially if authentic 192 

standards are not available to compare exact retentions and confirm mass spectra. 193 

Multidimensional MS (MS/MS) can be performed in order to improve selectivity and also 194 

signal-to-noise (S/N) ratio. This approach involves further fragmentation of the primary ion(s) 195 

and selective monitoring of product ions by using MS technologies, such as triple quadrupole 196 

(QqQ) or quadrupole time-of-flight (qTOF) with MS/MS capability, or with MSn capability by 197 

using an ion trap MS (ITMS). Recent advances in MS includes application of 198 

GCGCTOFMS for non-target compound analysis in saffron [19], food safety and quality 199 

analysis using MS [20], GCGC with soft and hard ionisation TOFMS in environmental 200 

analysis [21], use of QqTOF and QqQ-MS/MS for nutraceuticals analysis [22], multiple 201 

reaction monitoring (MRM) analysis with GCGCQqQMS for essential oil analysis [23] and 202 

the combination of MS/MS and exact mass analysis in shale oil analysis [24]. Such methods 203 

allow high confidence in compound analysis based on 1I, 2I retention index values, accurate 204 

mass MS, and MS fingerprint data.  205 
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 206 

Although hyphenation with MS provides useful information such as specific 207 

fragment/molecular m/z of precursor/product ions of analytes, it has limitations in 208 

differentiating isomers or compounds with very similar fragmentation patterns, and analysing 209 

labile and low mass compounds. MS may fail to provide absolute identification of compounds, 210 

which may further demand functional group identification, proton structural environment, 211 

electronic transitions or 3D structures. This emphasises the need for detectors which provide 212 

alternate or complementary information to MS. The hyphenation of spectroscopic detectors 213 

provides atomic and molecular information which can very often complement information 214 

derived from other sources, for improved compound identification. 215 

Comments on spectroscopy. Spectroscopy may be broadly defined as the study of the 216 

interactions between electromagnetic radiation and matter. Whilst atomic spectroscopy relates 217 

mainly to transitions which take place when changes to atomic electronic configurations occur, 218 

molecular spectroscopy considers the energy states corresponding to nuclei vibrations and 219 

rotations within a molecule, or molecular electronic transitions. The energy of a molecule, 220 

according to the Born-Oppenheimer approximation, is given as the sum of electronic energy 221 

(Eel), vibrational energy (Evib) and rotational energy (Erot).  222 

E = Eel + Evib + Erot                  223 

It is this energy change which takes place by the absorption, emission, resonance or scattering 224 

by functional groups, bonds, vibrations, or atoms within the molecules that leads to specific 225 

patterns in the molecular spectroscopy spectrum. Thus, molecular spectroscopy, with its 226 

potential complexity, provides useful information on molecular properties. For instance, the 227 

relatively simple UV-Vis band spectrum of molecules with low resolution spectrometers, 228 

contrasts with the infrared spectrum with its high degree of detail of the very same molecule. 229 

Needless to say, the MS offers a further contrast to these spectroscopies, and dual detection 230 

where MS occupies one detection dimension is of obvious interest. Molecular spectroscopy 231 

offers information quite distinct to MS, and is of importance in chromatographic analysis in 232 

order to improve compound identification, and to further understand the chemical construction 233 

of compounds eluted from the column, leading to the development of hyphenation with 234 

spectroscopic detectors in GC. 235 

Based on the above interaction between matter, energy and hyphenation with different 236 

operations in GC, molecular spectroscopic detectors can be classified as shown in Figure 2.  237 
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 238 

 239 

Figure 2. Diagram illustrating different hyphenations with spectroscopic detectors in GC and 240 

MDGC (MDGC is intended to also imply GC×GC) 241 

Depending on need, GC detectors can be chosen for detection of either atomic or molecular 242 

species. Although molecular spectroscopic detectors in GC have been reviewed previously [25] 243 

[26], there has been a dearth of recent reviews. Atomic spectrometric detectors for GC were 244 

reviewed recently covering theory, operational characteristics, analytical performance and 245 

practical applications [27].  In contrast the scope of this review is to present a broad view of 246 

the various molecular spectroscopic detectors used in GC, and highlight a few emerging 247 

detectors in this area. Due to superior detection limits, many available standard protocols, and 248 

widely established databases, MS technologies have overwhelmed less popular molecular 249 

spectroscopic methods, for hyphenation with GC. But the latter have their specific niche 250 

applications, and need to be considered.  251 

  252 

2.  GC–Fourier transform infrared spectroscopy  253 

Perhaps 30+ years ago, FTIR had surprisingly quite a few devotees. Personal enquiry suggests 254 

that method difficulties, reliability, and lack of support for system maintenance and upgrades 255 
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saw many abandon the technique. With its ability to provide a wealth of molecular vibrational 256 

(and fine-structure) information, related to molecular functionalities and structures, FTIR 257 

spectroscopy is recognised as a detector which can be a universal and yet molecular qualitative 258 

detection method, providing complementary information to mass-based ionisation detectors in 259 

GC. The absorption of infrared radiation leads to molecular vibrations within molecules. Due 260 

to the varied bond lengths and strengths between atoms in a molecule, the frequency of 261 

radiation absorption varies with molecular bonds and vibration modes. Since IR absorbances 262 

are very specific to stretches/wagging/rocking etc. vibrations of molecules, the IR signal 263 

fingerprint can be directly predicted based on quantum chemistry. The prediction is especially 264 

useful when approximate confirmation of functional groups, isomer structures or closely 265 

related structures of a compound is required [28]. This further extends to the use of FTIR to 266 

differentiate geometric (cis/trans or E/Z) isomers [29]. The unique spectrum obtained for each 267 

molecule also encapsulates information from the intact molecule, as opposed to molecular 268 

fragments seen in MS.  Common FTIR spectrometers consist of an infrared source, an 269 

interferometer, sample compartment, detector, amplifier and a computer for Fourier 270 

transformation. The hyphenated GC–FTIR instrument ‘simply’ requires replacement of the 271 

sample compartment, and design of the light source/detector arrangement. The mercury 272 

cadmium telluride (MCT) detector, the most used detector in GC-FTIR instrumentation, allows 273 

rapid data acquisition.  Various reviews have explored GC-FTIR as a source of spectroscopic 274 

detection [30] [31]. Why did FTIR lose most of its allure?  The emergence of MS, with its 275 

many options, keen marketing, reliability, plethora of available methods, and immediate access 276 

to a ‘molecular answer’ has a powerful reinforcement effect in GC–MS.  The FTIR, by contrast, 277 

is more difficult to maintain, suffers far less detectability, and where the main attribute is its 278 

molecular specificity and identification – which is more-or-less also provided by MS – 279 

consigning FTIR to a historical curiosity might be understood. It is necessary to directly 280 

confront this perception.  281 

 282 

2.1 Development of GC–FTIR hyphenation 283 

GC–IR was introduced in the 1960s [32], initially using packed columns. The 1980s saw 284 

approaches to hyphenate capillary column GC with spectroscopic methods for molecular 285 

detection, to improve analytical identification [33] [34].  286 

FTIR spectrophotometers are more sensitive compared to dispersion type instruments. 287 

Improved interfaces between GC and FTIR allow for simpler hyphenation, and the interface 288 
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should retain GC resolution as well as improve interaction of the IR beam with eluted analytes. 289 

Four main interface types are available for GC–FTIR [35]. 290 

The light-pipe interface is most commonly used [36]; GC effluent passes into the light-pipe 291 

through which IR radiation transits, for collection of gas phase spectra. Introduced in 1964 292 

[37], and re-designed by Azaragga [38], a heated gas phase IR flow cell with high reflectivity 293 

gold-coated internal surface and IR-transparent windows at either end facilitate reflection of 294 

the IR beam through the cell. The flow-through design offers real-time analysis, which other 295 

interface types may not. Although common, the light-pipe is least sensitive (ng range).   296 

In matrix isolation-FTIR (MI-FTIR), GC effluent in a matrix of cold inert gas (argon) is 297 

directed under vacuum for cryogenic trapping onto the surface of a gold-plated collection disc. 298 

Trapped analytes undergo interrogation via an IR beam. Costly and complex, MI-FTIR 299 

provides high sensitivities, and low detection limits to 100s of pg [39], a sensitivity comparable 300 

to some MS methods. Low temperature trapping in GC-MI-FTIR renders sharp and narrow IR 301 

peaks due to minimal thermal band broadening. 302 

Direct-deposition (DD) FTIR positions an IR microscope very close to the deposition site of 303 

GC analytes. Effluent is directed in vacuo onto a cooled (liquid N2) moving infrared substrate 304 

(ZnSe). With high sensitivity and a lower detection limit than the light-pipe design, DD can 305 

detect at sub-ng levels of analyte with no pre-concentration. In a study of FAMEs, DD-FTIR 306 

had better capacity than the light-pipe to characterise complex mixtures of variable 307 

concentration [40].  308 

Both matrix isolation and cryotrapping (Xe matrix gas; liquid N2 coolant) [41] in a 309 

cryotrapping-matrix isolation GC-FTIR interface study reported sub-ng detection limits. 310 

Sensitivity is improved by using a longer light-pipe; this can reduce GC resolution. Design 311 

compromises sensitivity and resolution, with purging He or N2 gas to tune IR sensitivity and 312 

GC resolution. The ID and length of the cell are typically 0.3–1.0 mm and 50–100 mm, 313 

respectively, and so matches the average peak volume from GC capillaries [42].  Figure 3 314 

represents a GC-FTIR setup with various interface types indicated.  315 

 316 
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 317 

 318 

Figure 3.  Schematic diagram illustrating the GC–FTIR set up with various interfaces and data 319 

processing. 320 

 321 

GC–FTIR scanning is generally carried out over 4000 – 600 cm-1; a background scan may 322 

precede the sample scan. Although derivatisation of compounds can improve detectability in 323 

FTIR by an increased IR response [43], qualitative identification via FTIR spectra might not 324 

improve. GC-FTIR enables the unambiguous structural elucidation of structures as well as 325 

confirmation of an unknown based on spectroscopic identification and chromatographic 326 

retention time (tR). Retention index (I) data in GC or MDGC allows a preliminary screen of 327 

possible compound identity. FTIR allows functional group analysis to detect hydroxyl, 328 

aromatic, aliphatic, amine, nitrile etc. groups [44], since each functional group has a 329 

characteristic vibrational absorption, which can be used for qualitative, or quantitative purposes 330 

[45]. GC–FTIR spectra can be searched against available reference spectra in digital spectral 331 

database libraries for individualised identity of a compound, and potentially class identity [36]. 332 

Since homologues show similar, but not identical, IR spectra, library searches of unknown 333 

compounds will often match the homologue, which may assist structural elucidation. The 334 

development of a two-dimensional separation approach, defined as GC×FTIR, was presented 335 

with GC capillary column separation as the first dimension and spectroscopic separation as the 336 

second dimension in the analysis of a C2-naphthalene isomeric mixture [46]. Unambiguous 337 

elucidation of structures in unknown substances thus calls for spectroscopic tools, such as 338 

FTIR, to complement MS.   339 
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2.2 Applications of GCFTIR   340 

With one of GC–FTIR’s successes residing in its ability to differentiate between geometric 341 

isomers, it finds application as a complementary method to GC–MS [36] [47] with applications 342 

covering several disciplines as outlined below.  343 

 As novel substances increasingly appear in psychoactive substances and illegal drugs, there is 344 

a need to identify substances whose isomers very often have different biological activities. GC-345 

FTIR complements GC–MS detection for structural elucidation of designer drug studies [48]. 346 

The sensitivity of FTIR spectra towards even minor changes in a molecule’s structure to 347 

provide “fingerprinting” of molecules, is an asset in forensic and clinical studies [49]. An 348 

expert system built using artificial neural networks dedicated to identification of 349 

amphetamines, confirms the efficiency and relevancy of GC–FTIR-based systems over GC-350 

MS for modelling classes of compounds [30].  351 

Increasing awareness in food and dietary supplement adulteration calls for methods to be 352 

developed for proper identification and quantification of isomers showing biological activity; 353 

the power of FTIR to differentiate structural isomers is especially of use in food adulteration 354 

studies [50]. Target components include geometric isomers in complex mixtures such as fatty 355 

acid methyl esters, essential oils, edible fats and oils. The cis/trans geometry of double bonds 356 

in the natural oil conjugated linoleic acid, often used in dietary supplements, was confirmed in 357 

GC-FTIR by differentiation in the 3000 cm-1 region of the spectrum [51] as seen in Figure 4. 358 

 359 

Figure 4. GC–DD–FTIR spectra observed at 8 cm−1 resolution discriminates between CLA 360 

geometric isomers as shown for DMOX derivatives. Adapted from reference [51] with 361 

permission.   362 
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In comparing GC-MS and GC-FTIR for clary sage oil volatiles, an MS search proposed a 363 

component at tR = 49.19 min as nerol (96% probability) or geranyl acetate (91% probability). 364 

The presence of two strong bands at 1700 and 1200 cm-1 in the FTIR spectrum identified the 365 

compound as geranyl acetate with a 98% probability library match [52]. Interfacing FTIR to 366 

MDGC systems incorporating cryogenic trapping was introduced in the early 1990s [53]. This 367 

can be used for qualitative analysis of complex mixtures [54]. 368 

Further identification and/or quantification applications of GC-FTIR include the structural 369 

elucidation of natural saccharides [55], marine origin complexes [56], toxicological 370 

compounds  [57], insect pheromones [58], environmental contaminants [59], pinene 371 

degradation studies [60], pharmaceutical analysis [61], chemical weapons convention analyses 372 

[43], characterisation of petroleum hydrocarbon [62], compound identification in fentanyl 373 

metabolites [63] and essential oil adulteration studies [64].  374 

 375 

3.  GC–nuclear magnetic resonance 376 

Amongst all spectroscopic tools, nuclear magnetic resonance (NMR) is considered to have the 377 

highest capability of distinguishing diastereomers and enantiomers (constitutional and 378 

configurational isomers; enantiomers when shift reagents are used). It is an information rich 379 

tool for assigning structures based on molecular connectivity, for the arrangement of carbons 380 

and protons in a molecule. Off-line NMR is relatively widely reported for GC separations, 381 

usually for preparative scale collection where individual resolved compounds are separately 382 

collected for transfer to NMR [65] [66]. Depending on the amount of material collected, a 383 

variety of NMR techniques can be employed for characterisation purposes, including 1H, 13C, 384 

and multidimensional NMR methods; this is the primary reason for developing a strategy with 385 

supporting NMR information, in order to confirm the structure of a compound. Of all 386 

spectroscopic methods, it provides a most robust interpretation of the entire spectrum [67] also 387 

by which the three-dimensional molecular structure of a molecule may be determined. 388 

Absorption of electromagnetic radiation is measured in the 4-900 MHz radio-frequency region. 389 

The most useful isotopes used in NMR are those with a spin value of I=1/2. This is most 390 

commonly seen for the relevant element isotopes 1H, 13C, 19F, and 31P, thus enabling the 391 

analysis of many compounds in organic chemistry. 392 

Hyphenating GC to capillary NMR gives the best spectroscopic elucidation of structures of 393 

unknown compounds [68]. This is outlined in a recent review of capillary NMR detection in 394 
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separation science, seen largely as most relevant to liquid chromatography (LC–NMR), but 395 

with comment on CE–NMR and GC–NMR [69].     396 

3.1 Development of GC-NMR hyphenation 397 

The LC–NMR hyphenation finds significant application in many fields [70] [71].  Although 398 

initially reported in the 1960s [72], on-line coupling of GC to NMR has been much more 399 

problematic as continuous recording of NMR spectra was not possible. Sample handling 400 

difficulties and low signal-to-noise ratio (S/N) of spectra at atmospheric pressure delayed 401 

development of this technique [69].  402 

Development of high-field NMR magnets partly overcomes the hurdle of poor S/N in NMR 403 

[73], along with hyperpolarisation methods [74] and spectrum processing [75] techniques.  404 

Sensitivity of NMR is significantly poorer compared to MS and IR methods, and 405 

implementation is considerably more technically demanding since the NMR flow cell must be 406 

located in a strong magnetic field. Sensitivity, chromatographic resolution and spectral 407 

resolution depend on the optimum flow rate, aided by recent developments in flow cell design 408 

[76].  Most knowledge in this area comes from developments in LC–NMR, rather than GC-409 

NMR. Continuous-flow NMR micro-coil probes developments support improved LODs [69]. 410 

Technical design improvement, in magnet and cryogenic probe technology improve sensitivity 411 

[77] [78].  Both probe design and optimum flow rate must be balanced to achieve best 412 

resolution and intensity. Advances in and uses of micro-coil capillary flow probe NMR 413 

spectroscopy in relation to GC have been recently reviewed [79] [80].   414 

 415 

3.2 Applications of GC-NMR 416 

Molecular stereo-chemical interpretation from GC–NMR provides complementary 417 

information to MS [81] [82] [83]. Capillary-GC was first used for structure analysis in 2007/8 418 

for volatile model compounds dichloromethane, tetrahydrofuran, acetone, and diethyl ether, 419 

using continuous-flow solenoid micro-coil 1H NMR measurements at 400Hz [84], and for 420 

separation of stereoisomers and enantiomers of cis- and trans-1,2-dimethylcyclohexane [75] 421 

as well as investigations using enantioselective GC separation of racemic 2,4-dimethylhexane 422 

whose enantiomers showed identical NMR spectra but different retention times  [85].  423 

Application of off-line NMR analysis of microscale capillary-preparative MDGC, with 424 

multiple sample injections and repeat collection of a single compound provides both high 425 

resolution, and increased amounts for the identification of volatile compounds [65]. Geraniol 426 
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was resolved from co-eluting compounds in this study, followed by a study of 1- and 2-427 

methylnaphthalenes in crude oil (at natural abundance of ca. 0.2%) [66]. In the latter, the use 428 

of an internal standard, dimethoxybenzene (dmb), gives a simple NMR spectrum, and provides 429 

comparative quantitative knowledge about the compounds to be collected in the prep-capillary 430 

experiment. Spectral resolution and proton connectivities in NMR can be enhanced by 2D 431 

NMR methods [44], and in all cases increased acquisition time improved S/N levels [86].  In 432 

one report [87], polyaromatic catalyst products which had equivalent mass spectra, were 433 

analysed by capillary GC collection and off-line 1H NMR, and spectrum similarities were 434 

found amongst the different products for the reactions conducted. In some cases crystals were 435 

grown after the prep-scale capillary GC collection, completing X-ray structural analysis.     436 

Thus, good data in modern NMR instruments could be obtained from relatively small sample 437 

quantities, although the amounts are still considerably in excess of those needed for MS and 438 

other spectroscopic detectors, both in off-line and online methods, and at a significant cost in 439 

experimental effort. The greatest advantages of NMR as a GC detector lies in its structural 440 

elucidation possibilities; its non-destructive nature is also useful, although its routine online 441 

hyphenation is unlikely in the near future.   442 

 443 

4.  Visible and ultra-violet absorption based detectors 444 

Absorption spectroscopy in the visible and UV region is a valuable quantitative tool for 445 

molecular analysis, although lacking detailed structural elucidation. Absorption methods rely 446 

on the ratio of radiation power measurements; one before a beam has passed through an analyte 447 

medium (P0) and the other after (P), leading to transmittance (T) and absorbance (A) 448 

measurements, which are related by the relationship A = - logT and T = log P0 /P. For 449 

monochromatic radiation, absorbance follows the Beer-Lambert law; A  c, where c = the 450 

absorbing species concentration (c).  Also A = εcL, where L = path length through the sample, 451 

whose molar absorptivity = ε.  The UV-vis detector is much more commonly employed in LC 452 

methods, but also offers useful possibilities in GC, both qualitative and quantitative.   453 

Passing polychromatic UV or vis radiation through a medium causes bonding electrons to be 454 

excited, enabling correlation of absorption bands to bonds of the molecules it passes through, 455 

leading to molecular absorption. Functional groups have different absorptivities, so produce 456 

different sensitivities, and also different absorption maxima. Therefore the wavelength is tuned 457 
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to the molecular structure. Being broad band absorptions, there is limited scope for structural 458 

identification by use of UV-vis spectra.   459 

In recent times the UV-vis region and the vacuum UV (VUV) regions of the electromagnetic 460 

spectrum have been used to develop absorption based instrumentation for GC detection, to 461 

measure substances based on absorption spectra of light in the gas/vapor phase. They are non-462 

destructive towards analytes, making sequential detection possible e.g. VUV/MS. 463 

4.1  Gas chromatography-ultraviolet-visible spectroscopy 464 

The UV and visible regions span 10-400 nm and 400-700 nm regions respectively. This Section 465 

on UV will exclude the VUV region. UV-vis spectroscopy is a routine analytical tool for many 466 

organic, inorganic and biological species, and a commonly used technique for quantitative 467 

analysis in environmental, chemical and forensic laboratories [44]. Since absorption maxima 468 

and molar absorptivities vary among different components, concentration cannot be 469 

determined by peak response alone. Rather than fixed wavelength detection, a variable 470 

wavelength, diode-array type detector is most useful, to allow a time program to be used to 471 

measure each component at their maximum absorption wavelengths. As with GC–FTIR and 472 

GC–MS, gas chromatography-ultraviolet detection (GC–UV) falls into the same category of 473 

full scan analysis. 474 

4.1.1 Development of GC–UV hyphenation 475 

UV detectors generally employ a deuterium (D2) discharge lamp light source for wavelengths 476 

190-380 nm, and a tungsten (W) lamp for greater wavelengths.  Variable wavelength lamps 477 

allow components to be measured at their maximum absorption wavelength to obtain a better 478 

sensitivity. The UV detector also comprises of an optical system housing, wavelength selection, 479 

mirrors or windows, and flow cells.  480 

Photodiode array (PDA) detectors, commonly used in high performance liquid 481 

chromatography (HPLC) [89], allow simultaneous acquisition of all wavelengths, so both 482 

chromatographic and spectrum information are obtained. A given wavelength can be selected 483 

to print out an equivalent single-wavelength response chromatogram, or used to prepare 484 

calibration data.  Thus, the PDA is suitable for quantitative and qualitative analysis [88].  485 

Use of UV detection in GC has been modest. The wide availability of alternative detection – 486 

e.g. FID – is probably the main factor. Compared with FID, gas phase absorption sensitivity of 487 

molecules in the UV range is limited, and is more difficult to interface between the GC 488 

experiment, flow cell, and passage of light, combining to complicate gas phase 489 
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chromatographic separation with UV-vis. Since the first application of GC–UV, presented by 490 

Kaye in the early 1960s [90], UV-spectroscopy in GC has developed in fits and starts. Increased 491 

environmental awareness in the 1970s promoted assessment of polynuclear aromatic (PNA) 492 

compounds. GC separation was combined with UV absorption for the rapid measurement of 493 

PNA compounds in air to quantitatively analyse coke oven effluents [91], extended to a 494 

‘tentative’ method for PAH determination in automobile exhaust, achieving a 0.1 μg lower 495 

limit of detection [92].  Early studies [93] [94] [95] [96] sought to improve instrument design 496 

to increase limits of detection and sensitivity.  Condensation of hot GC effluent within the UV 497 

detector is avoided by heating both the GC transfer-line to the UV-detector, and the UV-flow 498 

cell [97]. Total flow can be made up with carrier gas N2 flow. [98] 499 

4.1.2 Applications of GC–UV 500 

 Lagesson et al.’s extensive study lead to commercial production of a GC–UV instrument,  501 

demonstrating structural isomer differentiation by GC–UV, and  identification of organic and 502 

inorganic compounds over 168 – 380 nm [95]. Thermal desorption prior to analysis revealed 503 

that the GC–UV method had clear advantage over GC–MS for aromatic or conjugated 504 

compounds [99]. This was extended to analysis of alcohols and phenols [96], wine [100], 505 

indoor dust [98] and biomass ash [101]. An improved method for analysis of aromatic volatiles 506 

in coal tar pitch was also reported [102]. A quantitative study of volatile organic compounds 507 

(VOC) in indoor dust confirmed that sensitivity of UV methods was par on with that of MS, 508 

contrasting to the poorer sensitivity of FTIR [97].  509 

Development of GC-pyrolysis-UV detection (GC–PUD), to selectively detect functional 510 

groups in nitro organic explosives, gave characteristic UV spectra of nitrobenzene, 2,4-511 

dinitrotoluene and tetryl with linear responses [103]. Recently, GC–UV was shown to display 512 

a real time three dimensional result of retention time vs wavelength, enabling processes to be 513 

followed visually as a tool for continuous monitoring and simultaneous analyte and 514 

decomposition product detection [104]. 515 

GC–UV offers acceptable sensitivity and detection limits, plus both qualitative and quantitative 516 

analysis. Individual and chemical classes of compounds in a sample are supported by well-517 

defined UV-spectra in the vapour phase, unaffected by solvent effects.  Spectra are suited to 518 

compound classification as well as computer based searches for unknowns against a reference 519 

library, including organic and inorganic compounds, and selective analysis for chemical classes 520 

such as pyridines, naphthalenes, aliphatic aldehydes etc. Reliable quantitative determination 521 

can be obtained by GC–UV using standards of known concentrations and the absorption of the 522 
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compound based on the Beer-Lambert law, as exemplified by the analysis of polycyclic 523 

aromatic hydrocarbons in biomass combustion ash [101]. Recent reports of using GC–UV 524 

show the ability to measure elemental mercury in natural gas or light hydrocarbons with a 1.7 525 

µg/m3 detection limit [105].  Whilst it seems that GC–UV-vis has been a niche area of limited 526 

acceptance, it has many unique features; the recent development of vacuum UV detection (next 527 

section) may reverse this trend. 528 

4.2  GC–vacuum ultraviolet detection 529 

Vacuum ultraviolet (VUV) radiation corresponds to absorption of light by high energy 530 

electronic transition of bonded and non-bonded electrons.  A 2016 review refers to the 120-531 

200 nm region as far UV (FUV) with ‘vacuum UV’ referring to operation that normally 532 

requires use of spectrometers held under vacuum to reduce background absorption [106]. The 533 

term VUV will be used here since this has become synonymous with the detection technique.  534 

Most compounds have limited absorption in UV-vis, but strong absorption in the VUV region; 535 

the absorption cross-section is much stronger. Renewed interest in VUV as a universal detector 536 

for GC analytes (GC–VUV) arises from its good general sensitivity, whilst exhibiting some 537 

selectivity. VUV is broadly applicable to qualitative and quantitative analysis. VUV detectors 538 

have the added ability to differentiate cis-/trans-isomers, similar to other molecular 539 

spectroscopic techniques, due to their different absorption maxima. GC–VUV data can be used 540 

to deconvolute co-eluting molecules, and perform pseudo-absolute quantification. It may 541 

provide information in areas where MS may fail, resulting in a non-destructive, universal 542 

detector able to give full scan absorption spectra. A recent comprehensive review outlines the 543 

features, instrumentation, applications and performance of GC–VUV [17]. 544 

4.2.1  Development of GC-VUV 545 

Most molecules absorb in the VUV region, thus VUV is of interest as a high sensitivity 546 

universal detector. The FUV region classically poses some experimental instrumental 547 

difficulty, but molecular absorption spectra in the VUV region provides valuable qualitative 548 

information [107]. Early UV or VUV detectors had a limited ability to transmit light < 168 nm 549 

[108] [109]. An attempt to combine GC with FUV at 122 nm provided detection of a variety 550 

of analytes but apparently lacked qualitative analysis ability [110]. Some early studies in the 551 

VUV region were restricted to synchrotron facilities [111]. It is desirable for detectors to 552 

generate linear signal responses in this region, and suitable light sources that produce 553 

continuous, high intensity radiation, whilst overcoming significant background absorption has 554 

delayed the development of bench-top analytical instruments [112].  Schug and co-workers 555 
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progressed a range of techniques related to the GC–VUV system. A commercial benchtop 556 

VUV detector for GC represents the latest advancement in GC–VUV detectors [112], and 557 

successfully addresses many shortcomings posed by earlier spectroscopic detector 558 

technologies. Similar to earlier instruments, this has a D2 light source, heated GC transfer line, 559 

makeup gas, flow cell and grating. Coated reflective optics and back-thinned charge-coupled 560 

device (CCD) enable simultaneous collection of high quality VUV absorption data over 115-561 

240 nm for presentation of absorption spectra of GC peaks.  562 

VUV spectroscopy follows the quantitative Beer-Lambert law and produces more featured 563 

absorption spectra than that of UV. VUV gas phase absorptivity of chemical classes across the 564 

wavelength range does not vary greatly, resulting in predictability of class-response (i.e. similar 565 

response factors). Fast GC–VUV applications are supported by data acquisition rates as high 566 

as 100 Hz. Good reproducibility of VUV spectra allow software deconvolution of multiple 567 

closely related, overlapping spectra, to provide analyte differentiation, as seen in the analysis 568 

of co-eluting dimethylnaphthalene isomers [113] and mixtures of permanent gas [114]. 569 

Selective identification of classes of molecules can be achieved using ‘spectral filters’, which 570 

project GC signals for specified absorption wavelength ranges. This can improve analyte 571 

sensitivity and selectivity by reducing the impact of the background matrix components, and 572 

provide good specificity in complex mixture analysis [113]. 573 

Time interval deconvolution (TID) permitting integration of GC–VUV data sets was recently 574 

devised, assisting in faster and better speciation of constituents in a sample than conventional 575 

methods [115]. A pseudo-absolute quantification method for GC–VUV eliminates errors by 576 

performing reliable quantitative analysis, without the need for calibration [116], to model and 577 

accurately predict detector response [117].   578 

4.2.2  Applications of GC–VUV 579 

In practice, GC–VUV can be applied to a plethora of areas including petrochemicals, 580 

environmental science, agrochemicals, forensics, food technology and flavour analysis - 581 

probably as broad as GC-MS, with successful analysis of a myriad of compounds including 582 

fixed gases, PAHs, pesticides, alkanes, steroid hormones, drug compounds, fatty-acids, 583 

terpenes etc.[17].   584 

GC–VUV provides the ability to distinguish isomers and other compounds, so complements 585 

and extends beyond GC–MS, especially in measuring small or labile compounds, and 586 

differentiating isomeric species. The best VUV sensitivity is seen for organic compounds 587 

containing molecules with aromatic groups and heteroatoms; it is suited to analysing complex 588 
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sample matrices. This was used in a qualitative and quantitative study of a terpene mixture 589 

using a 125-160 nm spectral filter, with deconvolution of co-eluting peaks [118]. Figure 5 590 

represents the isomer differentiating ability of the VUV detector, obtained from the hyphenated 591 

GC-VUV instrument, illustrated for α- and γ-terpinene, and cis- and trans-nerolidol. 592 

 593 

Figure 5.   Spectra of isomeric (A) terpinenes and (B) nerolidols obtained by GC–VUV. The 594 

ratio of normalised absorption for 180 nm and 225 nm is illustrated as an inset in (B). Adapted 595 

from reference [118] with permission.   596 

 GC–VUV is useful for chemical monitoring,  exemplified in the analysis of 38 pesticides; the 597 

strong absorption of aromatic species in the 160-200 nm region helped differentiate aromatic 598 

pesticides from their non-aromatic counterparts and integration of absorbance responses 599 

increased sensitivity [119] . Although most fatty acid (FA) screening and profiling is done with 600 

GC–MS, ambiguous results can be produced in cis-/trans-isomer differentiation. This can be 601 

overcome by GC–VUV, which has been used recently in the analysis of FA methyl esters, for 602 

fatty acid profiling of commercial foods [120].   603 

Complex petroleum products are analysed for varied purposes. GC–VUV has been used to 604 

determine hydrocarbon group-type in diesels [121]. Detection limit enhancement or 605 

distinguishing different classes of compounds can be achieved using spectral filters. They can 606 

be chosen for light absorption by saturated compounds using 125-160 nm filters or unsaturated 607 

compounds using 170-240 nm filters. Strong absorbance of monoaromatics in the 180-200 nm 608 

range and naphthalene compounds in the 210-220 nm range, was employed to selectively 609 

identify these compounds in jet and diesel fuel without the need for deconvolution [113]. GC–610 

MS analysis of the 209 PCB congeners, with complex 35Cl/37Cl isotope molecular and 611 

fragment-ion patterns, causes analytical difficulties. GC–VUV however can distinguish these 612 

congeners based on their distinctive absorption spectra, including VUV software-based 613 
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deconvolution of congeners not resolved chromatographically [122]. Recently GC–VUV was 614 

used to distinguish isomers in designer drugs resulting in distinctive spectra, making this a 615 

useful tool in forensic analysis of seized drugs [123].  616 

This detector is suitable for fast GC and GC×GC due to its fast acquisition rates and signal 617 

averaging ability [17]. The increased separation capacity of multidimensional GC can be 618 

coupled with detection of isomeric compounds which are hard to distinguish with the 619 

conventional method using MS based detectors, such as studies on naphthalene [112] and cis-620 

/trans-fatty acid distribution [120]. Compounds that give poor molecular ions and/or poor MS 621 

fragment information may be favourably analysed using GC-VUV. Insufficient acquisition 622 

speed and high detection limits have impeded hyphenation of GC×GC to some optical 623 

spectroscopic detectors. The VUV detector was successfully used in a proof-of-concept study 624 

for hydrocarbon fuels using cryomodulation GC×GC [124]. The analysis of highly polar VOCs 625 

present at trace quantities in breath gas via GC×GC [125] gave a LOD up to one hundred times 626 

better than that achieved for the same samples via GC×GC–TOFMS, establishing the potential 627 

of GC×GC–VUV as a complementary method to GC×GC–MS.  Some maintenance advantages 628 

of VUV compared with MS, such as not needing high vacuum and pumps, are relevant to 629 

clinical environments.  VUV detection coupled with polar ionic liquid GC phases has been 630 

reported for the separation cis-/trans- fatty acids and their methyl esters [126].  631 

Although a comprehensive database of VUV absorption spectra is yet to emerge, spectral data 632 

obtained by synchrotron radiation provide sufficient supporting information to carry out 633 

quantitative information. The LOD of GC–VUV is in the low- to mid-picogram range [112]. 634 

GC–VUV eliminates ionisation inefficiencies that are encountered in MS analysis. With its 635 

ability to continuously and rapidly acquire full spectroscopic absorption data and present it as 636 

a single chromatographic response, GC–VUV can be promisingly applied to many fields as a 637 

universal detector; the future of this emerging detection tool across many application areas will 638 

be exciting.  639 

 640 

5.  Molecular emission based detectors  641 

An upper energy state atom or molecule transition to a lower energy state emits electromagnetic 642 

radiation, where the energy state of the emitted photon is equal to the energy difference between 643 

the two states. Different electron transitions have specific energy difference, which gives rise 644 

to different radiated energy, resulting in an emission spectrum. Molecular emission GC 645 



Zavahir et al.  Molecular Spectroscopic Detection in GC page 24 

 

detectors normally correspond to element species in a molecule, which produce small-molecule 646 

excited state species as a result of a flame or chemical reaction, with corresponding 647 

characteristic radiation. The uniqueness of molecular emission corresponding to each 648 

element’s spectrum plays an important role in identifying compounds containing that element.  649 

 650 

5.1 GC–flame photometric detection  651 

Based upon photometric detection by flame emission in a hydrogen-air flame, the flame 652 

photometric detector (FPD) has been used as a GC detector since its inception in the late 1960s 653 

[127]. Used mainly for the sensitive and selective detection of organic compounds containing 654 

sulfur (S) and phosphorous (P) compounds, it responds well to other elements including iron 655 

group metals, lead, tin, boron, antimony, arsenic, selenium, germanium, etc. [128] [129] [130]. 656 

Although reviewed previously [131] [132], the FPD is included here as a molecular 657 

spectroscopic technology; recent studies are included.    658 

In the FPD, GC effluent burns in a H2-rich flame where combustion products lead to some 659 

specific excited state small molecules which subsequently decay and emit light. This 660 

chemiluminescent reaction generates a band emission, usually with multiple emission maxima. 661 

The emitted light passes through filter which selects light unique to the desired species. A 662 

photomultiplier tube (PMT) records and amplifies the signal response. A thermal filter may be 663 

located between the chemiluminescence region and the PMT to isolate visible and UV 664 

radiation, and reduce background noise from the PMT.  665 

Selectivity towards S and P compounds – the two most commonly measured by FPD – arise 666 

from selected optical filters which isolate the respective emission bands for passage to the 667 

PMT; S compounds produce excited S2* with a S selective filter transmitting ~ 394 nm or at 668 

other maxima. P compounds produce excited HPO*, with a P selective filter usually 669 

transmitting at ~ 526 nm.  670 

Scheme 1 is a representative description of this process.  671 

S˗ or P˗containing compound(s)  
H2 flame
→         S or HPO∗ 672 

S + S →   S2
∗   → S2 +  ℎν (light emission at ~ 394 nm) 673 

 HPO∗   →  HPO +  ℎν  (light emission at ~ 526 nm) 674 



Zavahir et al.  Molecular Spectroscopic Detection in GC page 25 

 

Scheme 1 675 

Changing from one element to another is only a matter of swapping the FPD filters, although 676 

a different flame composition is often required.  677 

Generally the FPD has high sensitivity, simplicity, comparatively low price, stability, ease of 678 

use and good selectivity, and detects very low quantities of sulfur and/or phosphorous 679 

compounds. Modifications of the FPD have been proposed to overcome some limitations. 680 

5.1.1  Development of GC-FPD 681 

The initial single channel (single element) FPD was followed soon after by a dual-detection 682 

system (S + P) so that compounds containing S, or P, or both could be recorded. Replacing a 683 

reflector in the initial design with a second filter/photomultiplier combination gave rise to this 684 

dual-channel FPD [133] and allowed the atomic ratio between S and P in a molecule to be 685 

measured. Large solvent volumes could extinguish the flame, overcome by switching H2 and 686 

air inlets, to form a dual flame photometric detectors (dFPD) [134] and gave a more uniform, 687 

reproducible response [135] yet with a reduced sensitivity.  688 

The FPD has a non-linear, often quadratic, sulfur response dependency with amount, due to 689 

atomic S recombination to produce S2
* [136], and a variable, non-uniform response factor over 690 

a broad range of analytes due to the variation in S2
* emission intensity [137] [138] (partly 691 

overcome by the dual-flame FPD), and analyte response quenching by even moderate amounts 692 

of co-eluting hydrocarbons [139].  693 

The non-linear nature of S response was chemically tackled by doping the flame with a sulfur 694 

compound (e.g. CS2) to create a background of sulfur [140]. Other modifications included 695 

different flame burners [141] and geometric modifications [140]. It is advisable to ensure 696 

spectral response ratios remain constant when dual-channel models are used [142].   697 

Trace determination of sulfur compounds exacerbate sulfur quenching affects in analysis of 698 

complex samples. Many solutions have been suggested to combat quenching, such as operating 699 

in a linear mode rather than the conventional quadratic mode, with a twenty-fold greater 700 

tolerance to quenching [143]. Sulfur-emission quenching was reduced with unconventional 701 

combustion mechanisms, including the pulsed-FPD (PFPD) [144] and reactive flow detector 702 

(RFD). The PFPD pulses the flame to separate the S2* chemiluminescence from the 703 

hydrocarbon background, which isolates the flame zones in which these arise [145]. Although 704 

it had improved selectivity, sensitivity, heteroatom selectivity, quenching reduction, and 705 

hydrogen consumption rate, it had negative effects with column flow and combustor surface 706 
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[146]. Simultaneous S and C compound analysis was proposed by introducing flame ionisation 707 

to the FPD, via a pulsed flame photometric ionisation detector (PFPID) [147]. Such PFPDs are 708 

continually being optimised for new applications for GC [148] 709 

Introduction of a counter-current FPD (µFPD) method with small opposing flows of hydrogen 710 

and oxygen [149-151] gave rise to a more sensitive and robust version than the dFPD. 711 

Adaptation of this design to a multiple microflame (mFPD) format resulted in analytes 712 

travelling through several small flames burning in a series towards signal monitoring at the 713 

final analytical flame. Comparison of the single, dual and multiple flame modes of the FPD 714 

showed the mFPD had excellent analyte sensitivity and response characteristics as well as 715 

improved resistance to analyte emission quenching [152]. A new linear mFPD response mode, 716 

monitoring sulfur via HSO* emission at 750 nm, showed improved hydrocarbon quenching 717 

response in comparison to the conventional single flame S2* mode. Linearity was over about 4 718 

orders of magnitude, with detection limits nearing 5.8 x 10-11 gS/s and selectivity of S:C of 719 

approximately 3.5 x 103 [153]. This model was further improved to create a stainless steel 720 

mFPD to additionally allow for analyte emission monitoring in the multiple flames [154].  721 

Singh and co-workers substituted the optical filters with a rotating variable interference filter 722 

to monitor 100 data points over a range from 400 – 700 nm for signal averaging, adjusting 723 

background and other processing functions [155]. This resulted in a loss of sensitivity despite 724 

additional understanding of the response. Dual wavelength FPD instruments have been 725 

developed containing a single burner and two PMT housings; one with an S-filter and another 726 

with a P-filter, enabling it to acquire either or both S mode (FPD/S) and P mode (FPD/P) [156]. 727 

Performance of this detector is therefore a compromise as optimum gas flows for HPO* and 728 

S2* are quite different. Minimising operation time and increasing separation speed in GC 729 

makes faster GC method options more attractive. With the commercially available FPDs 730 

reaching data-acquisition rates >100 Hz they can be used for fast GC methods [157]. 731 

 732 

5.1.2  Applications of GC–FPD 733 

Although GC–FPD is used largely for studies on pesticides [158-160], it is also used for e.g. 734 

studies in environmental emissions [161-163], petroleum products [164] [165], food 735 

production [166, 167], human health risk [168], and Chinese medicinal wine [169]. Techniques 736 

such as purge and trap (PT) can be linked to GC–FPD systems for more efficient analysis when 737 

onsite sampling is required [170].  738 
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Use of the FPD has been extended to hyphenation to GC×GC [14], first reported in 2010 for 739 

the detection of S- and P-compounds by using a dual channel FPD system in both the S2 and 740 

HPO modes. The fast peak generation of GC×GC was compatible with FPD acquisition, and 741 

was used in analysing pesticides [171] [172], and S-heterocyclic compounds in petroleum 742 

[173]. In a study benchmarking candidate detectors for multi-residue pesticide analysis by 743 

GC×GC, FPD(P) performed better than FPD(S) as the latter had a poorer peak shape (tailing 744 

factor of 3.36-5.12) and a 10-20 fold worse sensitivity compared to its P mode [174]. The 745 

GC×GC–FPD(P) suitability, its improved resolution, and P selectivity in comparison to 1D 746 

GC–FPD was confirmed in the study of organophosphorus pesticides and esters in standards, 747 

soil and food matrices [171] [172]. The FPD performed well in comprehensive two-748 

dimensional GC (GC×GC–FPD(S)) for evaluation of S speciation and quantification in shale 749 

oil [13]. Separation of S-containing compounds from hydrocarbon matrix in the second 750 

dimension (2D) column greatly reduced quenching effects and improved the limit of detection 751 

by about 10-fold, and the S/N by about 100-fold. Linking this to a heart-cutting strategy, the 752 

potential to quantify S based on complete class separation was also explored.  753 

 754 

6. Molecular luminescence spectrometry detectors 755 

The emission of light from an excited state of a molecule, referred to as molecular 756 

luminescence, may be brought about by fluorescence, phosphorescence or chemiluminescence. 757 

Chemiluminescence results when the species’ excitation is caused by a chemical reaction. The 758 

resulting optical emission can be used for qualitative and quantitative properties. Having 759 

inherently higher sensitivity, luminescent methods have detection limits one to three orders of 760 

magnitude lower (i.e. better) than their absorption counterparts [44]. The presence of S and N 761 

compounds in a myriad of analytical samples makes their accurate determination imperative. 762 

The inadequacy of universal detectors to detect trace-levels of N and S components in a matrix 763 

demands element-selective detectors for industrial and research use.  764 

6.1 Development of GC-chemiluminescence detectors 765 

Fundamental studies [175] and application work [176] lead to development of S- and N-766 

chemiluminescent detectors (SCD and NCD). Reactions of S- and N-containing compounds 767 

produces light energy as a product. The SCD and NCD have been reviewed many times, with 768 

different scopes [177-180]. Operating principles for SCD and NCD are similar, and they 769 

complement other detector techniques.  770 
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Chemiluminescent detectors were developed mainly with ozone as reactant [177]. The sensing 771 

region is preceded by a conversion step, usually via high-temperature pyrolysis, of analytes to 772 

sulfur monoxide (SO) or nitric oxide (NO), enabling downstream S- and N- detection. The 773 

ozone reaction zone is a light-tight gas chamber where the SO or NO species and ozone mix to 774 

give a metastable species. Emission is detected using a PMT. Selectivity for the desired 775 

chemiluminescence signal is by an optical filter between the chamber and PMT. The detector 776 

normally comprises an ozone generator, and a vacuum pump to keep the reaction chamber 777 

pressure low for chemiluminescent reaction efficiency.   778 

Chemiluminescent detectors show many advantageous features over other element-selective 779 

methods [178]. The high response factor to the analyte of interest (S or N) over other substances 780 

leads to excellent selectivity; values of 107 for NCD and flame-based SCD and 108 for non-781 

flame SCDs over carbon [177] [181]. Since chemiluminescence occurs against a dark 782 

background, it has negligible background interference, so the SCD and NCD have very high 783 

sensitivity to their respective elements, with better sensitivity than FPD towards S. Both SCD 784 

and NCD exhibit a linear response, proportional to the heteroatom concentration. An equimolar 785 

response of these detectors simplifies calibration for quantitative detection of unknown N/S 786 

analytes; recoveries of 86-107% for SCD and 90-110% [182] for NCD were reported. The SCD 787 

and NCD are somewhat less robust than the FPD. 788 

Precise isolation of S-containing compounds from a matrix and their detection at trace levels 789 

can be problematic in GC analysis [14]. In 2016 Luong et al. reviewed the SCD outlining its 790 

history and recent advances [183]. Early commercial SCDs employed fluorine-induced 791 

detection [184-186].  Specificity towards S species was improved by ozone-induced 792 

chemiluminescence, which combusts all S compounds in a H2 flame to produce SO. Initially 793 

named the universal sulfur detector (USD), it had equimolar response to most S compounds, 794 

and good selectivity over hydrocarbons [187]. Improved versions of flameless designs [188], 795 

dual detection systems [189] and dual plasma systems [190] followed. The latter enhances SO 796 

production by using a lower O2-rich flame, and an upper H2-rich flame. The SCD was 797 

redesigned in 2016 for improved detector performance; increased sensitivity, linear and 798 

equimolar response, stability and ease of use were design goals.  799 

Reduction then oxidative combustion in the SCD is as follows [187] (Scheme 2).  800 

Sulfur compound(s) + O2  →   SO + H2 + other products 801 

Reduced pressure oxidation with O3 in the ozone reactor [191]:   802 
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Oxidation: SO + O3  →  SO2
∗   → SO2 + ℎ𝜈 (UV region: 280 − 460 nm) 803 

Scheme 2. 804 

The NCD and SCD are analogous technologies in respect of their design and implementation, 805 

and are conceptually similar in their underlying chemical processes and performance.  806 

Coupling the redox chemistry of NO2 with chemiluminescence produced the NCD as the redox 807 

chemiluminescence detector (RCD; 1985), following that of the SCD [192]. 808 

Universal reduction then oxidative combustion in the NCD is as follows (Scheme 3):  809 

Nitrogen compound(s) + O2  →   NO + H2O + other products 810 

followed by the chemiluminescent reaction generating near-infrared emission 811 

Oxidation: NO + O3  →  NO2
∗   → NO2 + ℎ𝜈 (Near infrared region: 800 − 3200 nm) 812 

Scheme 3 813 

Most NCD applications generate NO by oxidative combustion, but N-nitroso compounds 814 

(nitrosamines) convert to NO by thermal cleavage [193], leading to a selective nitrosamine 815 

mode. The NCD has exceptional N selectivity over C. Like the SCD, it has very little or no 816 

quenching. Its response is linear and equimolar towards various N-compounds. 817 

6.2.1 Applications of GC–SCD 818 

The SCD preceded use of the FPD to determine S compounds by GC×GC. Of main interest is 819 

the detector acquisition rate, expected to be > 50 Hz for GC×GC applications. The separation, 820 

identification and quantification of S compounds in petroleum and pyrolysis products was 821 

reported [194].  822 

Various methods to determine reduced S compounds (RSCs) in air was reviewed recently 823 

[195]. The SCD was reportedly superior in terms of its linear response, detectability and 824 

uniform S response, despite the robustness, low cost and wide applicability of the FPD(S) for 825 

such applications.  Reduced SCD S-quenching by hydrocarbons, good equimolar response and 826 

excellent selectivity for S (> 107) [188] [190] also improved this detector over the FPD(S), with 827 

better detection limits of c.a. 20 ppb [196]  and good correlation coefficients for S compound 828 

calibration (>0.9993) [183]. 829 
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The SCD is a good candidate for trace S analysis, with optimisation ensuring good compound-830 

independent S response, unparalleled by other S-specific detectors [197]. In addition to 831 

petrochemical and energy studies [198], SCD is also used for analysing photo-degradation 832 

[199], alcoholic beverages [200-202], flavours [203] and sewer waters [204]. Although S 833 

compounds may be reactive, and at low concentration systematic losses may arise, 834 

measurement of volatile organic S compounds (VOSCs) have been studied using GC–SCD 835 

with pre-concentration steps such as static headspace injection [205] and thermal desorption 836 

[204]. Combining SCDs with MDGC is mostly used for qualitative and quantitative studies of 837 

S compounds in various petroleum products [194][206] as well as process water studies [207]. 838 

In a pyrolysis oil study using different column sets and multiple detectors, the SCD and NCD 839 

were successful in conducting both quantitative and qualitative analysis [208].  840 

 841 

6.2.2 Applications of GC-NCD 842 

The SCD and NCD apparently have little mutual interference of their spectra, so provide good 843 

selectivity towards their respective element. Applications of the NCD have, like the SCD, been 844 

widest in petrochemicals [209]. Selective derivatisation of conjugated dienes with 4-methyl-845 

1,2,4-triazoline-3,5-dione quantitatively introduces a N-containing moiety to allow GC–NCD 846 

detection and characterisation of the diolefins in petroleum [210]. The NCD’s efficacy in trace 847 

N analysis is seen in studies including spices [211], the environment [212] and explosives 848 

[213].  849 

Applications of GC×GC–NCD make this detector useful to provide knowledge of molecular 850 

nitrogen species in sample matrices such as feedstock [214]. Other applications include 851 

analysis of volatile nitrosamines in meat products [215], acrylamides in starchy food [216] and 852 

quantitative analysis of urban air samples [217], and benefit from this separation-detection 853 

combination. In comparison of NCD to other detectors, it was reported to have improved 854 

equimolar response than NPD, FID and MS [218], and lower LOD and better repeatability than 855 

MS [219]. In a recent comparison of SCD and NCD to other detectors such as FID and TOFMS 856 

in GC×GC of plastic waste pyrolysis oil, molecular speciation in the 2D plot supported ready 857 

identification of different S and N classes of compounds in the complex mixture [208]. 858 

Although response tailing may be observed, this was not commented on, and it is not clear if 859 

this is a detector-based effect.  860 

 861 
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7. Detector Figures of Merit, and Applications. 862 

Table 1 summarises various analytical figures of merit for a variety of spectroscopic detectors.  863 

 864 

Detector Response 

classification  

Linear range Limit of detection / 

sensitivity  

Reference 

FTIR Spectrum of 

intact  molecule  

103 10-8 g [36] 

NMR Spectrum of 

intact  molecule 

101 10-6 g [84] 

UV Spectrum of 

intact  molecule 

102 10-6 g/ m3 [105] 

VUV Spectrum of 

intact  molecule 

101 10-6 g /mL [118] 

FPD (S) S2 emission 104 10-11 g/s [27] 

FPD (P) HPO emission 104 10-12 g/s [27] 

SCD SO2 emission >104 10-12 g/s [2] 

NCD NO2 emission >104 10-12 g/s [2] 

 865 

Table 1: Classification of detectors and relative analytical figures of merit for spectroscopic 866 

detectors 867 

8.  The ultimate ‘molecular’ detector – GC–olfactometry. 868 

The olfactory detector is by any measure a viable and important detector technology. And 869 

whilst it is simple (sniffing), and widely available (the assessor’s nose; and only requires a port 870 

for sniffing GC effluent), it is unimaginably complex, selective, and of variable performance. 871 

Based on the hyphenation of GC separation with detection by human assessors, it most 872 

decidedly provides molecular information, since a molecule will interact with olfactory bulb 873 

receptors in a very specific way in order to confirm a molecule’s odour activity. In this case 874 
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the response property is the aroma of the compound, a property intimately associated with 875 

chemical structure. It also provides a degree of quantification, based on odour intensity, and 876 

has an extraordinarily wide dynamic range, from compounds that have zero odour, to those that 877 

can be detected at pg or lower quantities. Successful operation of olfactometry normally 878 

requires suitably trained panellists, who can reliably provide aroma descriptors, and are 879 

sensitive to low levels of odour-active compounds. However the ‘O’ detector cannot be defined 880 

as a spectroscopic detector in the classical instrumental sense. A review of GC–Olfactometry 881 

(GC–O) by Delahunty et.al. [220] outlined the hardware, methodologies and performance of 882 

this detector. Odour eliciting compounds from complex mixtures can be better identified 883 

through olfactometry using higher resolution achieved through MDGC methods, ideally 884 

delivering a single odour compounds to the detector, in either off-line or online modes. [221] 885 

 Certain functional groups and chemical structural arrangements might confer some anticipated 886 

aroma activity to the compound, which is expected given that a structure-activity relationship 887 

also relates to the nasal receptors based on biological shape. For instance, the ‘sea breeze / 888 

marine odour’ range of compounds patented by Givaudan (‘Calone 1951’) had a common 889 

benzodioxepinone active site, and variants were synthesised by extending the 7-methyl carbon 890 

chain [222], whilst still ensuring adequate volatility. But a most important aspect of 891 

olfactometry studies is that notwithstanding the different aromas that might be reported, it is 892 

important to provide identification of the responsible molecules which might be very difficult 893 

for exceedingly low concentration compounds of high activity. GC–O is thus an important 894 

analytical tool for perfumers. It is used to distinguish odour active compounds from their 895 

inactive counterparts. In a study of scented consumer products the fragrance allergens linalool 896 

and limonene had the highest presence (over 50%) [223].  897 

Dual detection is often employed in GC by using olfactometry detection with other detection 898 

methods, especially MS. This is used in beverage applications, for example in flavour 899 

characterisation of orange juice pulp [224], tea [225], and wine and coffee [226]. The use of 900 

olfactometry with MDGC was exemplified in perceiving of character-impact odorants in the 901 

heart-cut MDGC–O analysis of coriander and hop essential oils [227]. 902 

In the same vein, electroantennography detection (EAD) uses the response of receptors towards 903 

specific compounds, finding considerable application for pheromone research [228]. Usually, 904 

the insect receptor (e.g. antennae) is mounted as the GC detector, and extracts of a flower or a 905 

female gland (in the case of a male antenna being used) is injected into the GC to test elicited 906 

response. Such studies are used for identifying pollinator-attracting compounds. MS is 907 

commonly used in parallel detection or in a second analysis [229] [230]. The goal here is to 908 
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identify the molecule responsible for attractant response e.g. between a floral emission and an 909 

insect. Either known compounds, or newly reported compounds may be responsible for the 910 

active response. Often synthesis of the molecule in the latter case is required. GC-EAD and 911 

EAD response profiles are of great value in studies including host-plant discrimination by 912 

parasitoids [231], pest control [232] and bioactivity data comparison [233]. 913 

 914 

9.  Selected applications of molecular detection and detector hyphenation 915 

 916 

Detection 

Technique 

Sample source Comments/ Application  Ref 

GC–FTIR Alcoholic 

beverages 

Methanol and ethanol identification and 

quantitation using library spectra 

[45] 

GC–FTIR Chemical 

weapons 

Trace analysis of convention related chemicals [43] 

GC–FTIR Insect 

pheromones 

Isomer identification [58] 

GC–FTIR Designer drugs Complimentary structural elucidation to  GC-MS 

analysis 

[48] 

MDGC–FTIR-

MS 

Fragrances Irritant identification using spectral library 

identification   

[234] 

GC–1H NMR, 

Off line 

Mix of diethyl 

ether, 

dichloromethane

, tetrahydrofuran  

Use of solenoid type micro coil for volatiles 

detection 

[84] 

GC–1H NMR 

On-line 

1,2-

dimethylcyclohe

xane 

Identification of volatile cis/trans-stereoisomers [75] 

GC–1H NMR 

On-line 

Unfunctionalise

d racemic chiral 

alkane 

Separation and identification of enantiomers  [85] 

MDGC–1H  

NMR Off line 

Crude oil Methylnaphthalene isomer identification in offline 

NMR mode 

[66] 

MDGC–2D 

NMR Off line 

Essential oils Volatile component identity confirmation [65] 

GC–UV Biomass ash PAHs and other organic compounds [101] 
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GC–UV Explosives Enables simultaneous detection of target analyte 

and decomposition product 

[104] 

GC–VUV Turpentine 

mixtures 

Co-eluting peaks deconvoluted, quantitative 

analysis of terpenes 

[118] 

GC–VUV FAME mix and 

food oils 

Co-eluting peaks deconvoluted, cis-/trans-isomeric 

differentiation of FAMEs, fatty acid profiling of 

food oil  

[120] 

GC–VUV Jet and diesel 

fuel 

Computational deconvolution,  speciation of 

dimethylnaphthalene in fuel 

[113] 

GC–VUV  Petroleum 

products 

Timed interval deconvolution applied, 

hydrocarbon speciation  

[115] 

GC–VUV Water  Natural and toxic gas analysis in Li battery run off [114] 

GC–VUV Pesticide Multiclass pesticide identification, isomer 

differentiation 

[119] 

GC×GC–VUV Breath gas Analysis of VOCs [125] 

PT-GC–pFPD Seawater Trace-level dimethylsulfide analysis [170] 

GC–FPD/P Pepper Analysis of toxic metabolites [166] 

GC–FPD Sea water Butyltin hydride extraction using quartz surface-

induced tin emission FPD 

[235] 

GC×GC–FPD Pesticides and 

Kerosene 

S and P containing compounds identified. Higher 

detection limits than 1D GC-FPD seen.  

[173] 

GC×GC–

FPD(S) 

Shale oil Sulfur speciation and quantification [13] 

GCxGC–

FPD(P) 

Spiked Diesel 

matrix 

OP pesticides & esters [171] 

GC–SCD Crude oil Sulfur compound speciation [198] 

GC–NCD Petrochemicals Nitrogen compounds speciation and quantitation [209] 

GC×GC–NCD 

GC×GC–SCD 

Plastic waste 

pyrolysis oil 

S- and N- containing groups identified [208] 

GC-MS–FTIR Li battery 

degaradation 

Identification of electrolyte degradation products [236] 

GC–

SCD/NCD/MS 

Whisky Simultaneous detection of S and N compounds  [200] 

GC–O Tea Comparison of aroma-active volatiles [225] 

H/C MDGC–O Essential oil Identification of character-impact odorants [227] 
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  917 

Table 2 Selective summary of typical applications of GC–molecular spectroscopic detector 918 

applications published since 2007. 919 

 920 

Table 2 reports example applications of GC with various spectroscopic detectors, including 921 

instances of multiple detector techniques. Multiple detectors hyphenated with GC provide 922 

additional information over and above that of a single detector. There are many reasons why 923 

this is useful. For example ECD with FPD(P) for pesticides samples can identify pesticides 924 

containing both a halogen and P, as opposed to only one or the other species. With their inherent 925 

ability to provide structural information on a molecule’s intact structure compared to the 926 

molecular fragments obtained in MS, as well as complementary information provided by 927 

isomer identification, molecular spectroscopic detectors are often hyphenated with MS.  A non-928 

destructive detector (e.g. FTIR, UV, VUV) may be serially hyphenated before another detector 929 

[17].  Hyphenation should produce better – qualitative and/or quantitative – results, such as 930 

spectroscopic detection using both MS and FTIR where the latter has capabilties for detailed 931 

isomer information [26]. The practice of multiple hyphenation and the ability of molecular 932 

spetroscopic methods such as UV-vis, FTIR, and NMR to provide complementary information 933 

to MS have been reviewed [237]. 934 

Of the molecular spectroscopic techniques, GC–FTIR/MS has been of especial interest. The 935 

first capillary GC–FTIR/MS arrangement was reported in 1982 [34], achieved by a variety of 936 

approaches such as tunable ratio post-column splitting with time-synchronised detection [36]. 937 

This can also be achieved by using two identical columns, switching between two detectors 938 

with an open cross splitter, or running the effluent stream through serially linked detectors 939 

[234]. Employing cryogenic IR methods are useful to minimise sensitivity differences between 940 

the two detectors, but is not amenable to on-line methods. The diverse applications of GC–941 

FTIR/MS include amino acid pyrolysis products [28], polymer pyrolysis studies [238], and 942 

flavour analysis [239]. In the latter study a multidimensional approach was used to isolate a 943 

specific region from a first column, then expand its retention on one of 2 second dimension 944 

columns. Each could then be recorded by using MS, FTIR or FID detection. Figure 6 945 

exemplifies a study using a parallel GC–FTIR/MS system to identify lithium battery 946 

degradation products in which FTIR show spectra different to each other, whilst MS displays 947 

similar spectra for ethylene oxide and acetaldehyde [236].  948 

 949 
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 950 

 951 

Figure 6. Parallel GC–FTIR/MS system showing MS and FTIR spectra for ethylene and 952 

acetaldehyde. Adapted from reference [236] with permission. 953 

Simultaneous use of MS and PFPD(S) in an on-line system to analyse Shochu (Japanese 954 

beverage) identified short-chain esters contributing to fruity aroma and strong flavour from S 955 

compounds, which decreased with aging [240]. Simultaneous detection with element specific 956 

detectors can be carried out in MDGC using heart-cuts to demonstrate changes during 957 

processes such as aging of whisky. This was accomplished for characterisation of S compounds 958 

with a selectable one-dimensional/two-dimensional retention time locked GC–SCD/NCD/MS 959 

system [200]. 960 

 961 

10. Conclusion and future trends 962 

Molecular spectroscopy techniques constitute important detection methods in GC. Apart from 963 

those that directly depend on molecular emission from specific elemental constituents of a 964 

sample (FPD, SCD), the role of spectroscopy includes both quantitative analysis, but 965 

importantly qualitative analysis, to support varying levels of molecular identification. The 966 

information derivable from the respective ‘spectrum’ may be related to either structural 967 

features of the molecule (functional groups, bond connectivity, carbon-proton bond moieties, 968 

bond fragmentation, bond vibrations), or the molecular electronic absorption pattern of the 969 
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species. These provide, to a greater or lesser extent, an insight into the molecule’s structure, 970 

and so contributes to its identification. The mass spectrometer has been a powerful tool in the 971 

analyst’s hands, and in full scan mode can give an immediate suggestion as to molecular 972 

identity. But the simplicity of this process can also be its biggest limitation – the first library 973 

match or ‘hit’ provided for a compound in the GC–MS experiment might not be the correct 974 

molecule. As with other spectroscopic detectors in GC, an extensive spectrum library will assist 975 

in giving a first approximation to the potential identity of a compound, and with an information 976 

rich detector such as FTIR, this might be reasonably accurate. But apart from extensive MS 977 

libraries, other techniques have limited GC database records. MS will continue to be a 978 

dominant technology for GC, and with increased access to accurate mass MS, opportunities for 979 

precise empirical formula deduction is of great qualitative and quantitative assistance. Reliable 980 

and simplified FTIR interfacing must be addressed if this it to be a more accepted technique in 981 

the future. It is unlikely that NMR will be more than a curiosity, unless again the interface and 982 

sensitivity are addressed. Off-line prep-scale NMR with GC is a much more accepted approach, 983 

and should be further promoted. The emerging GC–VUV technique seems to offer a truly 984 

‘disruptive’ technology as a sensitive, quantitative, qualitative method, which further research 985 

in the coming years will most surely extend and examine.  986 
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 1604 

Figure Captions  1605 

Figure 1. Diagrams illustrating example experimental setups in (A) GC (B) GCGC, (C) H/C 1606 

MDGC and (D) multifunctional system operating in either H/C MDGC or GCGC modes. 1D, 1607 

first column; 2D second column; Det, detector; mod., modulator, DS, Dean Switch; ES, effluent 1608 

splitter. 1609 

 1610 

Figure 2. Diagram illustrating different hyphenations with spectroscopic detectors in GC and 1611 

MDGC (MDGC is intended to also imply GC×GC) 1612 

 1613 

Figure 3.  Schematic diagram illustrating the GC-FTIR set up with interface and data processing. 1614 

 1615 

Figure 4. GC–DD–FTIR spectra observed at 8 cm−1 resolution discriminates between CLA 1616 

geometric isomers as shown for DMOX derivatives. Adapted from reference [51] with 1617 

permission.   1618 

 1619 

Figure 5.   Spectra of isomeric (A) terpinenes and (B) nerolidols obtained by GC–VUV. The 1620 

ratio of normalized absorption for 180 nm and 225 nm is illustrated inset in (B). Adapted from 1621 

reference [118] with permission.   1622 

 1623 

Figure 6. Parallel GC–FTIR/MS system showing MS and FTIR spectra for ethylene and 1624 

acetaldehyde. Adapted from reference [236] with permission. 1625 

 1626 

Table Captions 1627 

Table 1: Classification of detectors and relative analytical figures of merit for spectroscopic 1628 

detectors. 1629 

 1630 

Table 2 Selective summary of typical applications of GC-molecular spectroscopic detector 1631 

applications published since 2007. 1632 

 1633 


