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a b s t r a c t 

Commercial dodecenes are a complex chemical mixture with a majority of C 12 olefins and minority of 

C 8-18 olefins. Structurally, dodecene products may consist of straight-chain alkenes, branched alkenes, as 

well as cyclic hydrocarbons. Due to the difference of feeds and catalysts used in the oligomerization re- 

action, the composition of the dodecenes is complex and their properties are very different. Knowing 

the complex composition of dodecenes can help tune the production process and select the appropriate 

products according to their end use. To reveal the complex profile of dodecenes, an analytical method 

using two-dimensional gas chromatography (GC ×GC) coupled photoionization (PI) - time of flight mass 

spectrometry (TOFMS) was developed in this study. A conventional (nonpolar × polar) column combi- 

nation (non-polar column as 1 st dimension and mid-polar column as 2 nd dimension) was selected. The 

analytical condition of GC was optimized using fractional factorial experimental design (DoE). Olefin con- 

gener grouping by carbon chain length and double bond equivalent (DBE) was achieved based on the 

detection of molecular ions by PI-TOFMS. Grouping of dodecenes by linear, mono-branched, di- and tri- 

branched subgroups was achieved based on branching index (BI) under the assumption of no retention 

time (RT) overlap among subgroups. Certain dodecene isomers were identified by retention index (RI) 

and further confirmed by PI mass spectra. The information altogether provided a multimodal character- 

ization possibility to be used with statistical tools. Principal component analysis (PCA) and hierarchical 

clustering analysis (HCA) of seventeen dodecene samples explained the composition variance between 

catalysts solid phosphoric acid and zeolite, as well as between feeds with C 4 and without C 4 . 

© 2021 Elsevier B.V. All rights reserved. 
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. Introduction 

Commercial dodecenes are petrochemical mixtures used to 

anufacture products applied in lube oil additives and surfactants, 

nd also be used as feedstocks for alcohols. They are defined as 

lefinic hydrocarbons boiling between 185 and 205 °C produced 

y oligomerization of C 3 and C 4 olefins. Some dodecene products 

re manufactured during nonene recycle (NR). A variety of cat- 

lysts, such as solid phosphoric acid and zeolites, were applied 

n oligomerization process [1] . Commercial dodecens are actually 

omplex olefin congener and isomer mixtures with a majority of 
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 12 olefins and a wide range of C 8-18 olefins as minority. Struc- 

urally they may consist of linear alkenes ( n -alkenes or n -olefins), 

ranched alkenes ( iso -alkenes or iso -olefins), as well as cyclic hy- 

rocarbons. Due to the difference of feeds and catalysts used in the 

ligomerization reaction, the composition of the dodecenes is com- 

lex and their properties are very different. Knowing the complex 

omposition of dodecenes can help tune the production process 

nd select the appropriate dodecenes according to their end use. 

owever, to comprehensively understand the composition of olefin 

ixtures has been a challenge due to the extraordinary complexity 

f the object. 

Two-dimensional gas chromatography (GC ×GC) has been ex- 

ensively applied for revealing the composition of complex mix- 

ures of volatile organic compounds (VOCs) and semi-volatile or- 

anic compounds (SVOCs) in petrochemical industry [2–4] . It is be- 

ause of the enhanced separation power and informative structural 
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lution pattern offered by GC ×GC compared with one-dimensional 

1D) GC. Time of flight mass spectrometry (TOFMS) is commonly 

oupling to GC ×GC because of its high spectrum acquisition speed 

nd no spectral skewing [2–5] . Standard electron ionization (EI) 

ith electrons possessing 70 eV of kinetic energy is the most 

ommon ionization technique for GC-MS. The fragmentation pat- 

erns can be used to identify the chemicals by comparing with 

ass spectral libraries. However, such high energy causes nonspe- 

ific fragmentation pattern with very low or even without signals 

f molecular ions for straight and branched paraffins and olefins. 

or this reason, structural identification of same classes of chem- 

cals, such as olefins in this study, can be hindered by EI mass 

pectra [6] . In contrast, soft ionization techniques such as cold 

I [7] , chemical ionization (CI) [8–10] , field ionization (FI) [11–

3] , and photoionization (PI) [ 14 , 15 ], all produce little or no frag-

entation with significantly enhanced molecular ion signals. Giri 

nd co-workers [ 2 , 5 ] evaluated GC ×GC-PI-TOFMS performance on 

etroleum base oils and demonstrated that the superior separation 

nd valuable mass spectra retaining significant molecular ion in- 

ormation and unique fragmentation patterns enabled effective iso- 

eric identification of hydrocarbons, particularly branched alkanes 

nd cycloalkanes. 

There are researches attempting to disentangle the olefin mix- 

ure “puzzle” and identify isomer structures using 1D-GC-EI-MS 

 16 , 17 ] and photodissociation-photoionization MS (PDPI-MS) [18–

1] . However, the olefins studied previously were either n -alkenes 

r iso -alkenes with carbon chain length not longer than 8. Co- 

lution on 1D-GC together with lacking of olefin isomer refer- 

nces hampered isomeric identification [22] . Moreover, the num- 

er of isomers increases exponentially with addition of carbon 

umber. To be specific, Bekker and co-workers detected 93 isomers 

f octene, whereas dodecene has 3226 isomers [22] , making sepa- 

ation and identification extra difficult. Although GC ×GC has been 

pplied in olefin identification [ 4 , 23 ], it is limited to the level of

arbon chain length; isomeric identification has not been achieved 

et. Therefore, the goal of this study is to evaluate the applicability 

f state-of-the art GC ×GC-PI-TOFMS on molecular structural char- 

cterization of complex mixtures of olefins. An analytical method 

as developed and the structural composition of commercial do- 

ecene products was obtained. First, olefin congener grouping by 

arbon chain length and double bond equivalent (DBE, calculated 

rom valence values of elements contained in the formula, e.g. an 

lement with x valence contributes with x – 2 to the DBE value) 

ere achieved based on the enhanced signal of molecular ions 

y PI. Second, the subgroups distribution, including linear, mono- 

ranched, di- and tri-branched dodecene isomers, were calculated 

nder the assumption of no overlap on retention time in the 1 st 

imension ( 1 t R ). Third, the structures of certain dodecene isomers 

ere predicted by retention index (RI) and confirmed by PI mass 

pectra. Finally, a statistical analysis based on the global informa- 

ion of dodecenes revealed that the variance of dodecene products 

as caused by different feeds and catalysts. 

. Material and methods 

.1. Chemicals and Samples 

1-dodecene and 1-tetradecene standards purchased from 

hevron Phillips Chemical Company (TX, U.S.A.) were used to eval- 

ate PI mass spectra. The branching index (BI) reference sample 

BI-reference-sample hereinafter) provided by ExxonMobil (Mache- 

en, Belgium) were used to estimate 1 t R boundary of subgroups 

linear, mono-branched, di- and tri-branched) of dodecene and to 

redict isomer structures. Seventeen dodecene products, namely 

amples A – Q, representing two types of catalysts and four types 

f feeds were collected (Table S1) and calculated for the percent 
2 
istribution of olefin congener groups and dodecene subgroups by 

eight (% w/w). The two catalysts used were zeolite and solid 

hosphoric acid, which are commercially available from reputable 

endors. Four types of feeds were short chain olefins and mixtures 

hereof, C 3 , C 4 , C 3 + C 4 , and C 3 + C 9 . All the feeds are either com-

ercial refinery grade olefins or purchased from Air Liquide. In 

ddition, the exact feed composition for Samples P and Q were 

nknown. Samples A – Q were prepared under typical oligomer- 

zation conditions, which is 180 °C and 65 bar pressure, and then 

btained by distillation in the temperature range of 185 – 215 °C. 

ample Q was used for analytical condition optimization because 

hat it contained the widest carbon chain length (C 9-18 ) distribu- 

ion among the seventeen dodecene samples evaluated. A C 7-30 n - 

lkane mixture used for Kovats’ RI calculation was purchased from 

illipore Sigma (Bellefonte, PA, U.S.A.). The n -hexane (Dioxin and 

CB grade, Biosolve, Dieuze, France) was used as dilution solvent. 

.2. GC ×GC-TOFMS instrumentation 

The instrumental analyses were conducted on a GC (7890B, Ag- 

lent Technologies, Wilmington, DE, U.S.A.) equipped with a solid- 

tate modulator (SSM1800, J&X technologies, Shanghai, China). A 

OFMS with a PI ion source (JMS-T200GC “AccuTOF GCx-plus”, 

EOL Ltd., Tokyo, Japan) was coupled to GC ×GC. The PI was a 

trictly single-photon photo-ionization with maximum energy out- 

ut of 10.78 eV at 118 nm. A technical introduction to PI was de- 

cribed elsewhere [2] . Two column sets were examined. In a con- 

entional (nonpolar × polar) column set, the first dimension ( 1 D) 

olumn was a non-polar Rxi-5MS (30 m × 0.25 mm i.d. × 0.25 

m d f , Restek Corporation). The second dimension ( 2 D) column 

as a mid-polar Rxi-17Sil MS (2 m × 0.25 mm i.d. × 0.25 μm d f ,

estek Corporation). In a reversed (polar × nonpolar) column set, 

he 1 D column was Rxi-17Sil MS (60 m × 0.25 mm i.d. × 0.25 μm 

 f , Restek Corporation). The 2 D column was Rxi-5MS (1 m × 0.25 

m i.d. × 0.25 μm d f , Restek Corporation). A 30 m Rxi-17Sil MS 

olumn was also tested as the 1 D column of the reversed (po- 

ar × nonpolar) column set in the preliminary study. However, the 

0 m column outperformed the 30 m one on the 1 D separation 

ower (data not shown). Therefore, the 60 m Rxi-17Sil MS col- 

mn was employed in the reversed (polar × nonpolar) column set 

or comparison. Data acquisition was controlled on msAxel ver. 2.1 

JEOL Ltd.). Solid-state modulator was controlled by SSCenter ver. 

.0.12.0 (J&X technologies). The 2D chromatographic space occupa- 

ions using both column sets were optimized individually based on 

emperature ramp, carrier gas flow rate, initial oven temperature 

for conventional (nonpolar × polar) column set), and dilution ra- 

io (for reversed (polar × nonpolar) column set). The experimental 

esign (DoE) was generated and evaluated using Ellistat ver. 5.29 

Ellistat, Chavanod, France). Both column sets under their respec- 

ive optimized conditions were capable on congener level separa- 

ion. The conventional (nonpolar × polar) column set was selected 

nally due to better separation on isomer level. The optimized con- 

ition was as follows. The carrier gas was helium, and flow rate 

as 0.8 mL/min. The injector temperature was 280 °C. GC oven 

as set initially at 35 °C, and ramped to final temperature of 140 

C (hold for 1 min) at a rate of 1 °C/min. Interface and ion source

emperature were 20 0 °C and 30 0 °C, respectively. A mass range of 

/z 29-450 was collected with an acquisition rate of 50 spectra/s. 

aily tuning was performed using toluene. The modulation period 

P M 

) was 4 s. Details about analytical condition were listed in Ta- 

le S2. The GC ×GC data were processed using GC Image ver. 2.5 

Zoex Corporation, Houston, U.S.A.). A Pegasus 4D (Leco Corpora- 

ion, St. Joseph, MI, U.S.A.) GC ×GC-EI-TOFMS instrument equipped 

ith flow modulator and conventional (nonpolar × polar) column 

et was used to compare EI with PI mass spectra. The configuration 

as as same as GC ×GC-PI-TOFMS. The only difference was 2 D col- 
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Fig. 1. 2D chromatogram comparison between reversed (polar × nonpolar) column set (a) and conventional (nonpolar × polar) column set (b) under respective optimized 

conditions. The dodecene product used for generating chromatograms was Sample Q. 
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mn length of 1.4 m instead of 2 m. EI was 70 eV. Data processing

f GC ×GC-EI-TOFMS was performed on ChromaTOF ver. 4.72 (Leco 

orporation). 

.3. Hydro GC-FID instrumentation 

Hydro GC-FID was applied to examine the existence of cyclic 

ydrocarbons and to determine BI. An Agilent GC (8890, Agilent 

echnologies, Wilmington, DE, U.S.A.) was equipped with a Pona 

olumn (100 m × 0.25 mm i.d. × 0.5 μm d f , Sigma Aldrich) and a

ame ionization detector (FID). The liner (5062-3587, Agilent Tech- 

ologies) was filled with deactivated wool. The catalyst located in 

he inlet of GC was a platinum (Pt) on alumina with 0.5 wt% load- 

ng, and it was purchased from Sigma Aldrich (Millipore Sigma, PA, 

.S.A.). Details on the configuration are given in Table S3. 

.4. Statistical Analysis 

Analysis of variance (ANOVA), principle component analysis 

PCA), hierarchical clustering analysis (HCA), and heat maps were 

arried out by R ver. 4.0.2 (R Foundation for Statistical Computing, 

ienna, Austria). The raw data were transformed for normality by 

og10 calculation for ANOVA. The data pretreatment on the raw 

ata involved autoscaling for plotting heat map and HCA. 

. Results and discussion 

.1. Optimization of GC ×GC separation 

To achieve the best separation, both conventional (nonpo- 

ar × polar) and reversed (polar × nonpolar) column sets were ex- 

mined. Sample Q was chosen for condition optimization as de- 

cribed in Section 2.1 . A three factor (temperature ramp, carrier 

as flow rate, initial oven temperature)-three level fractional fac- 

orial DoE was conducted for reversed (polar × nonpolar) column 

et (Table S4). The main effect plots showed that temperature ramp 

nd flow rate had positive impact on the total peak intensity; while 
3 
o factor had significant impact on 

1 D resolution ( 1 R s ) of two ad-

acent peaks (two dodecene isomers) (Fig. S1). With the conven- 

ional (nonpolar × polar) column set, the dilution ratio instead of 

nitial oven temperature was chosen as a factor (Table S5). The di- 

ution ratio was the only factor that had a positive effect on the 

otal peak intensity; while no factor had significant impact on 

1 R s 

Fig. S2). More details regarding DoE results were shown in SI S- 

. The optimized conditions for both column sets were shown in 

able S2. 

The 2D chromatograms of the two column sets under their 

espective optimized conditions are shown in Fig. 1 . Olefin con- 

eners according to carbon chain length were well separated in 

oth column sets. As seen from the expanded chromatograms of 

 12 -olefins (see inset), a rather better 1 D separation was achieved 

y the conventional (nonpolar × polar) column set. At the mean- 

hile, 2 D separation was comparable to the reversed (polar × non- 

olar) set. Therefore, the conventional (nonpolar × polar) column 

et and its optimized condition were applied for further measure- 

ents. 

.2. Comparison of EI and PI mass spectra of 1-alkenes 

EI is known as a hard ionization that produces high intensity of 

ragments with low or missing signal of molecular ions for most 

liphatic hydrocarbons. Unsurprisingly, the EI mass spectra of 1- 

odecene and 1-tetradecene showed similar pattern of fragments. 

he fragmentation was the successive loss of C 2 H 4 ( m/z 28). The 

nterval of m/z 14 presented in the mass spectra was due to the 

ultiple fragments of the primary chain. The molecular ion in- 

ensity was very low or not present ( Fig. 2 ). Contrarily, in the PI

ass spectra the highest intensity of 1-alkenes was the molecular 

on. Giri and co-workers reported that other chemical classes, such 

s n -alkanes, ketones, fatty acid methyl esters (FAMEs), monoaro- 

atic alkyl benzenes, and polyaromatic hydrocarbons also showed 

olecular ions as the base peaks in PI mass spectra [2] . This, 

f course, is a useful feature for grouping congeners which have 

he same mass weight within the same chemical classes (such 

s olefins in this study). 1-dodecene and 1-tetradecene, moreover, 
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Fig. 2. Comparison between EI and PI mass spectra of 1-dodecene and 1-tetradecene. 
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lso presented different fragment patterns in PI mass spectra. Com- 

aring to EI mass spectra, the signals of fragments m/z 97, 111, 125, 

40 in 1-dodecene (nominal mass of 168 Da) and m/z 97, 111, 125, 

39, 153, 168 in 1-tetradecene (nominal mass of 196 Da) were en- 

anced in PI mass spectra. Smaller m/z fragments did not show 

igh intensities in PI ( Fig. 2 ). The relatively high abundance of 

/z 125 in 1-dodecene and m/z 153 in 1-tetradecene were con- 

ributed by the allylic cleavage (the cleavage of allylic bond, which 

s between α-C and β-C). It was reported that the allylic cleav- 

ge is the most dominant fragmentation pathway of olefins (car- 

on chain length ≤ 9) in PI, which could be valuable for deter- 

ining the double bond location in the olefin [ 19 , 21 ]. The vinylic

leavage (the cleavage of vinylic bond, which is between the vinyl 

roup and α-C) was observed in 2-alkenes, but not commonly ob- 

erved in 1-alkenes among shorter chain olefins [18] . In this study, 

ragments m/z 140 and 168 in 1-dodecene and 1-tetradecene, were 

ttributed to vinylic cleavage with a loss of C 2 H 4 ( m/z 28). More-

ver, the intensity of m/z 168 was slightly higher than m/z 153 in 

-tetradecene, which indicated that vinylic cleavage was as com- 

on as allylic cleavage in longer chain olefins. In addition, the 

leavage of the bond between β-C and γ -C ( γ -bond-cleavage here- 

nafter) was observed in 1-dodecene and 1-tetradecene as proved 

y m/z 111 and 139, respectively. This result is consistent with 

he work of Van Bramer and co-workers who observed γ -bond- 

leavage in all 1-alkenes [18] . Interestingly, vinylic cleavage frag- 

ents corresponded to [M-C n H 2n ] 
+ • ( m/z 140 and 168), but al- 

ylic cleavage and γ -bond-cleavage fragments corresponded to [M- 

 n H 2n + 1 ] + ( m/z 125 and 111 in 1-dodecene, m/z 153 and 139 in

-tetradecene). The observed [M-C n H 2n + 1 ] + could be explained by 

 secondary loss of H 2 from [M-C n H 2n-1 ] 
+ which was directly pro- 

uced from allylic cleavage. Van Bramer also reported that the sat- 

rated radicals from larger alkenes often underwent the loss of 

 2 in secondary fragmentation [18] . Most of the resulting frag- 

ents corresponded to [M-C n H 2n + 1 ] + , except for m/z 70 and 57 

n 1-dodecene corresponding to [M-C n H 2n ] 
+ • and [M-C n H 2n-1 ] 

+ , 
espectively ( Fig. 2 ). The advantage of PI on the isomer struc- 

ure prediction, together with the enhanced separation power by 

C ×GC makes GC ×GC-PI-TOFMS a more suitable and powerful tool 
b

4 
o study the composition of dodecene products compared to tradi- 

ional GC-EI-MS. 

.3. Olefin congener distribution 

Utilizing the predominant intensity of molecular ions in PI mass 

pectra, olefin congeners were grouped by carbon chain length 

nd DBE. Most of the dodecene samples (see Table S1) evalu- 

ted consisted C 9-15 (DBE = 1) and C 11-13 (DBE = 2) congeners. 

 8 , C 16 , C 18 (DBE = 1) and C 10 , C 14 , C 15 (DBE = 2) contributed

egligibly ( < 0.06%). Hydro GC showed no significant presence of 

yclic-alkanes or cyclic-alkenes (SI S-4). Therefore, a DBE of 1 and 

 in this study indicated monoolefins and diolefins, respectively. 

he dominant congener group was dodecene, contributing 62.32 –

0.17% among the evaluated samples. The second abundant con- 

ener group was undecene contributing up to 29.46%. Sample J, 

or example, also consisted of relatively abundant shorter olefins, 

onene and decene, at 16.47% and 10.16%, respectively. The fraction 

f diolefin, however, was much lower, below 2.17% among the eval- 

ated samples ( Fig. 3 a,b). Although the production process was the 

ame, the olefin congener distribution among the evaluated sam- 

les showed large difference. This variation cannot be solely ex- 

lained by neither the feeds nor the catalysts. Therefore, an insight 

nto the dodecene structural subgroup distribution was conducted 

mong the samples. 

.4. Dodecene subgroup distribution 

BI is a measure of the average branching. It is calculated from 

t% of mono-, di-, and tri-branched subgroups within the same 

arbon chain length. Details of the calculation are given in (SI S- 

). Data for the BI calculation were obtained by hydro GC un- 

er the assumption that the retention time (RT) of linear, mono- 

 di- and tri-branched subgroups had no overlap. Due to the un- 

ertainty of separation between di- and tri-branched subgroups by 

ydro GC, the sum of these two groups were grouped, and an av- 

rage of 2.5 was used for the number of branches in this com- 

ined group. Based on the same assumption, the 1 t boundaries 
R 
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Fig. 3. The percent distributions of monoolefins (a), diolefins (b), and dodecene subgroups (c) in commercial dodecene products. 
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etween linear, mono-branched, and di + tri-branched subgroups of 

odecene were estimated by the wt% data from hydro GC and peak 

olumes from GC ×GC-PI-TOFMS. The predicted 

1 t R boundary be- 

ween linear and mono-branched subgroups was 54.3 min. The 

oundary between mono-branched and di + tri-branched subgroups 

as 50.3 min. Accordingly, the fractions of dodecene subgroups in 

odecene samples were calculated ( Fig. 3 c). Di + tri-branched iso- 

ers were predominantly present, contributing 62 – 87% to the 

roducts. Whereas mono-branched and linear dodecene isomers 

howed relatively low or neglectable contributions. 

.5. Structural identification of linear dodecene isomers based on PI 

pectra 

RI is a robust parameter for identifying isomers. Kovats’ RI on 

he non-polar column OV-101 is the only data set in the NIST 

hemistry WebBook we can refer to containing eleven linear do- 

ecene isomers [24] . Since the reference RI data were obtained un- 

er isothermal condition, the absolute value of reference RI could 

ot be directly compared with the RI in our work. However, the 

ifference in RI between two neighboring isomers ( �RI) may be 

sed for isomer identification (Table S6, S7). 

The BI-reference-sample contained more linear dodecene iso- 

ers than the dodecene samples. Nine peaks were detected within 

inear dodecene 1 t R boundary ( Fig. 4 ). According to �RI, peaks 

 – 9 were predicted as (E)-5-dodecene, (E)-4-dodecene, (Z)-4- 

odecene, (Z)-3-dodecene, (E)-2-dodecene and (Z)-2-dodecene, re- 

pectively. To be specific, the �RI between peaks 8 and 9 was 

.2, which matched to the value of 9 of the �RI between (Z)-2- 

odecene and (E)-2-dodecene in the reference. The �RI between 

eaks 7 and 8 was 7.6, which was close to �RI of 7 between (E)-2-

odecene and (Z)-3-dodecene in the reference (Table S6, S7, Fig. 4 ). 

he structures of peaks 4 – 6 were predicted likewise. However, 
5 
RI between peaks 1 – 3 did not match to reference. Therefore, 

hey may not be linear dodecenes, but mono-branched isomers 

Table S6, S7, Fig. 4 ). 

In peak 4, the fragments m/z 125 and 97 were the allylic rad- 

cals produced by allylic cleavage ( Fig. 4 ). It is reported that the 

redominant fragment in linear olefins is allylic radical produced 

y allylic cleavage. The reason is that the cleavage at the β C-C 

ond to produce an allylic radical requires less energy than frag- 

entation at other locations [18] . Moreover, the allylic radicals 

re less likely than allylic radical cations to undergo H atom rear- 

angement prior to ionic fragmentation. This is because the radical 

ations have lower rearrangement barriers than the neutral pre- 

ursors [18] . Therefore, the abundance of fragments m/z 123 and 

5 was much lower than m/z 125 and 97. Van Bramer and co- 

orkers illustrated that neutral fragmentation occurs without sig- 

ificant isomerization in PDPI-MS, which further enabled structural 

somer identification [18] . Besides allylic cleavage, vinylic cleavage 

lso occurred and was shown by the presence of the correspond- 

ng fragments, m/z 111 and 83, in peak 4. However, the abundance 

f vinylic cleavage fragments was lower than allylic cleavage frag- 

ents, which is consistent with the report of Van Bramer and co- 

orkers [18] . They also observed that vinylic cleavage fragments 

ere less abundant than allylic cleavage fragments in 2-, 3-, and 

-alkenes. Moreover, in 1-alkenes γ −bond-cleavage was observed 

s well [18] . The significant intensity of m/z 139 in peak 4 illus- 

rated the occurrence of γ −bond-cleavage in (E)-5-dodecene. 

Peaks 5 and 6 are assigned to (E)-4-dodecene and (Z)-4- 

odecene respectively. The second most abundant fragment be- 

ides the molecular ion was m/z 139 in both mass spectra ( Fig. 4 ).

his fragment was produced from allylic cleavage, which indicated 

he double bond location. The other allylic cleavage produced al- 

ylic radical was m/z 83 ( Fig. 4 ). m/z 125 was a vinylic cleavage

roduct. The other vinylic cleavage produced a saturated radical, 
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Fig. 4. The structural identification of linear dodecene isomers of BI-reference-sample by Kovats’ RI and PI mass spectra. The presented structures are predicted structures. 

α-cleavage and β-cleavage in this figure mean vinylic cleavage and allylic cleavage, respectively, in the text. γ -cleavage in this figure means γ -bond-cleavage in the text. 
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/z 99. It subsequently underwent neutral secondary fragmenta- 

ion and produced C 2 H 5 
• ( m/z 29) and C 5 H 10 ( m/z 70). γ −bond-

leavage took place and presented m/z 97. In peak 6, the allylic rad- 

cal C 10 H 19 
• ( m/z 139) formed by allylic cleavage firstly underwent 

 double bond and radical shift, then a subsequent McLafferty re- 

rrangement resulting in C 3 H 5 
• ( m/z 41) and C 7 H 14 ( m/z 98) (Fig.

3). 

The appearance of fragment m/z 153 in peak 7 suggested a dou- 

le bond locating between the 3 rd and 4 th C. A part of the m/z 153

ragments reacted further with a double bond shift and a McLaf- 

erty rearrangement. This explained the presence of C 3 H 5 
• ( m/z 41) 

nd C 8 H 16 ( m/z 112) in the mass spectrum (Fig. S3). Another part

f the m/z 153 fragment underwent a free radical delocalization, 

ollowed by vinylic cleavage producing m/z 125. The fragment of 

/z 140 was generated from vinylic cleavage between 2 nd and 3 rd 

 of original molecule. 

Peaks 8 and 9 are identified as 2-dodecene isomers. High abun- 

ance of m/z 125, 111, and 97 in peak 9 can be explained by 

he loss of H 2 of the saturated radicals C 9 H 19 
• ( m/z 127), C 8 H 17 

•

 m/z 113), and C 7 H 15 
• ( m/z 99) from vinylic, allylic and γ −bond-

leavage, respectively (Fig. S3). This is because the saturated radi- 

als in larger alkenes often undergo a secondary loss of H 2 [18] . In

eak 8, secondary fragmentation of saturated radicals C 9 H 19 
• ( m/z 

27) and C 8 H 17 
• ( m/z 113) produced C 7 H 15 

• ( m/z 99) and C 6 H 13 
•

c

6 
 m/z 85). This is followed by a loss of H 2 producing m/z 97 and 83

ragments. The secondary fragmentation of radical C 7 H 15 
• ( m/z 99) 

y γ −bond-cleavage produced C 5 H 10 ( m/z 70). The production of 

ragment m/z 139 might be explained by several subsequent steps. 

irst, C 11 H 21 
• ( m/z 153) was produced by an initial vinylic cleav- 

ge. Then, the free radical was stabilized by resonance and double 

ond isomerization. Eventually, another vinylic cleavage produced 

 10 H 19 
• ( m/z 139) (Fig. S3). The above structural identifications of 

inear dodecene isomers were based on the PI spectra and RI. Fur- 

her experiments are needed to verify the exact chemical struc- 

ures by standard compounds. 

.6. Structural identification of branched dodecene isomers based on 

I spectra 

The mass spectra of peaks 1 – 3 which are in the linear do- 

ecene zone did not show the expected allylic cleavage fragments 

f 5-dodecene ( m/z 125) and 6-dodecene ( m/z 111). Therefore, they 

ay not be linear dodecenes, but mono-branched isomers (Fig. 

4). RI references are very limited for branched-dodecene iso- 

ers in NIST Chemistry WebBook. Hence, PI mass spectra were 

pplied for structure identification. In ionization and fragmenta- 

ion of branched isomers, expect for vinylic, allylic and γ −bond- 

leavage, secondary fragmentation also took place [18] . The pre- 
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Fig. 5. Heat map of seventeen dodecene products based on percent distribution of dodecene subgroups. 
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icted structures of peaks 1 – 3 are 5-ethyl-5-decene, 6-methyl-4- 

ndecene, and 3-methyl-4-undecene, respectively (Fig. S4). In peak 

, m/z 125 fragment indicated the first allylic cleavage and the dou- 

le bond location. The m/z 84 fragment is the result of a secondary 

llylic cleavage of the allylic radical m/z 125. In peak 2, first a al- 

ylic cleavage produced allylic radicals with m/z 153, 139, and 97. 

he allylic radicals underwent a secondary allylic cleavage and pro- 

uced fragments with m/z 125, 84, and 70. In peak 3, the second 

ost abundant fragment m/z 139 was obtained by allylic cleavage. 

his is also the case for the fragments with m/z 153 and 98. Sec- 

ndary allylic cleavage resulted in fragments with m/z 125 and 84. 

he fragment with m/z 112 was from secondary vinylic cleavage 

Fig. S4). Based on all of these data, the 1 t R boundary between lin- 

ar and mono-branched subgroups was re-defined as 55.2 min. 

Some mono-branched isomers which eluted between 50.3 

nd 54.3 min were assigned to 8-methyl-2-undecene, 9-methyl- 

-undecene, 8-methyl-5-undecen, 8-methyl-4-undecene, and 9- 

ethyl-4-undecene, respectively (Fig. S5). The structural identifi- 

ations described in this section were based on PI spectra and 

ery limited reference of RI. Therefore, confirmation by the stan- 

ard compounds will be needed in the future study. Due to the 

ack of RI references and the high complexity of isomer structures, 

he identification of di- and tri-branched isomers was not carried 

ut in this study. 

.7. Statistical characterization of dodecene products 

The olefin congener distribution and dodecene subgroup distri- 

ution of seventeen dodecene samples were determined by the 

ptimized analytical condition. Heat map (distance method: Eu- 

lidean; clustering method: average-linkage) and PCA based on the 

odecene subgroup distribution well separated dodecene products 

y different catalysts as well as feeds ( Fig. 5 and S6). In catalyst as-

ect of view, sample A, B, and C produced by zeolite were higher 

n linear and mono-branched isomers than the other samples pro- 

uced by solid phosphoric acid. To the effect of feed composition, 

 4 and C 3 + C 4 produced dodecene products were with higher level 

f linear and mono-branched isomers compared to the feeds with- 

ut C 4 . Sample A, which was produced using the C 4 feed, was 

igher in di + tri-branched isomers than sample B and C which 

ere from a C 3 + C 4 feed. The feeds used to produce samples P and

 were unknown. However, the samples were distanced from sam- 

les A – C in heat map, which indicated less probability that they 

ere obtained from a C 4 containing feed. Moreover, samples K, L, 

, N, O were produced by adding nonene into samples H and I 
7 
hich were obtained by a C 3 only feed. In the heat map samples 

, O, N were clustered together with their precursor sample I, and 

amples L and M were grouped with the other precursor sample H 

 Fig. 5 ). 

Since samples A, B, and C were produced using zeolite catalyst, 

ere also the ones produced by the feeds containing C 4 olefins, 

ut PCA cannot tell which is the differentiating factor for the sam- 

les: catalyst type or feed composition. Therefore, a one-way and 

wo-way ANOVA were conducted. Taking feed (4 levels: C 3 , C 3 + C 4 ,

 4 and C 3 + C 9 ) and catalyst (2 levels: zeolite and solid phospho-

ic acid) as independent variables, and the percent distribution of 

ono-branched isomer as dependent variable, we found a statis- 

ically significant difference in the percent distribution of mono- 

ranched isomers by both feed ( p < 0.01) and catalyst ( p < 0.01)

n one-way ANOVA. However, the difference was significant only 

n the impact of catalyst type on the percent distribution of mono- 

ranched isomers in two-way ANOVA. Using the Akaike informa- 

ion criterion (AIC) the one-way ANOVA (catalyst) was the model 

hat best explained the variation in the percent distribution of 

ono-branched isomers. This model could explain 93% of the vari- 

tion. 

. Conclusions 

The fingerprint chromatogram of olefin mixtures was success- 

ully obtained by GC ×GC-PI-TOFMS. This study highlighted the 

ombination of GC ×GC and PI-TOFMS as a state-of-the art ap- 

roach for detailed molecular characterization of ultra-complex 

amples, such as olefin mixtures. The global information of olefin 

ongeners and isomers and statistical analyses solved the chal- 

enge of differentiating various dodecene products and elucidated 

he impact of feed and catalyst on the product composition. Due 

o the lack of olefin isomer mono-standards and limited reference 

I, some dodecene isomers could not be identified in this study. 

he PI ionization and fragmentation mechanisms will be better re- 

olved if more olefin standards are available. Moreover, a PI mass 

pectra simulation based on physicochemical parameters such as 

onization energy and appearance energy of possible fragments is 

lso worth developing in a future study especially in the absence 

f standards. 
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S-1. The sample information (Table S1. The feed and catalyst 
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OFMS; Table S3. The analytical condition of Hydro GC); S-3. Frac- 
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