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ABSTRACT: Confined compounds in SAPO-34 cages are Z
important to understand the activation and deactivation mecha- 41 )
nisms of the methanol-to-olefin process. In this work, gas
chromatography—mass spectrometry (GC-MS) chromatograms of
CCl -extracted samples of used SAPO-34 were denoised by
subtracting signals of air compounds and stationary phase bleeding

o
Q42

Relative abundance, %
i

of the chromatographic column, which enhanced the identification O \‘ y { § ‘i)
of trace compounds. In addition to the generally noted methyl g ©3 »\7‘4;_ { 2 {3'
aromatics, this work also identified alkanes, cycloalkanes, alkyl 21 0C0D Qj& 2 ? 7;
(ethyl, propyl, and butyl) compounds, partially saturated : 0 5 ¥ U A

compounds, and bridged compounds. These novel identified
trace compounds favor the evolution route depiction of
monocyclic, bicyclic, tricyclic, tetracyclic, and multicore hydrocarbons in the SAPO-34 cage. Confined compounds should grow
via step-by-step alkylation, cyclization, and aromatization processes. C,, side chains, especially Cs,, favor the growth of rings.
Alkyldihydroindenes should be key intermediates between monocyclic and bicyclic aromatics. Bridged soluble compounds provide
evidence that insoluble coke is formed across cages in the SAPO-34 crystal.

Retention time, min

1. INTRODUCTION amount of confined compounds. It was generally accepted that
Commercial methanol-to-olefin (MTO) plant with SAPO-34 confined compounds in SAPO-34 cagefg\grgefgzmethyl aromatics
zeolite as the catalyst was successfully constructed in China. with no more than four rings (pyrene). ™ Methylbenzenes
This process provides a feasible non-petrochemical route to and methylnaphthalenes act as “hydrocarbon pool” com-
produce light olefins and chemicals. SAPO-34 zeolite provides pounds and promote the conversion of methanol. Three- and
moderate acidity that favors the formation of a carbocation four-ring compounds block the diffusion channel and lead to
intermediate. SAPO-34 also possesses a unique cage structure deactlvatlon Small cyclic compounds like tetramethylcyclohex-
with highly connected small windows between cages, which ane,” adamantane,”*° and methYICYClOPentadlenesg6 7 were
provides a diffusion channel for methanol and light olefins as also identified. Recently, it has been found that even larger
well as confines “hydrocarbon pool” compounds in cages. aromatics located across cage windows can also be
Therefore, SAPO-34 zeolite shows high methanol conversion formed.”>™** Based on these identified compounds, some
activity and high olefin selectivity in the MTO process. preliminary mechanisms on the evolution route of confined

A SAPO-34-catalyzed MTO reaction involves three stages. compounds were supposed. For example, Konnov et al.**
The first stage is the coupling of methanol molecules on acidic supposed that olefins participated in the growth of rings. Dai et
sites to form the first C—C bond, which initiates the reaction. al.”” supposed that the formation of large alkyl chain aromatics
This early stage has bele? studied extensively. Indirect'” and is the most important step of deactivation. Very recently, Yu et
direct mechamsms4l " have been proposed. Recgr}tl?ré al.’® identified the presence of tetrahydro-1,8-dimethylnaph-
experimental results' " and theoretical calculations”"” thalene, dihydro-1,5,6-trimethyl-1H-indene, and 1,2-dimethyl-

have demonstrated that the carbonylation mechanism is the
most reasonable route to form the first C—C bond. The second
stage is the highly efficient conversion of methanol under the
cocatalyzation of acidic sites and confined organics. The -
reactions follow the “hydrocarbon pool” mechanism™*'’~** in Received:  September 26, 2021
this stage. The third stage is the evolution of confined AccePted: January 12, 2022
compounds from hlghly active “hydrocarbon pool” compounds Published: January 20, 2022
to polycyclic aromatics.”>~* These polycyclic aromatics block

cages and lead to the deactivation of the catalyst. The key

aspect in both the second and third stages is the type and

3-(2-butenyl)benzene. These intermediates make the trans-
formation from methylbenzenes to methylnaphthalene clear.
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American Chemical Societ¥ https://doi.org/10.1021/acsomega.1c05336

v ACS PUb| ications 3277 ACS Omega 2022, 7, 3277-3283


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mingjian+Luo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bing+Hu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Guoliang+Mao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Baohui+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.1c05336&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05336?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05336?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05336?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05336?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05336?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/7/4?ref=pdf
https://pubs.acs.org/toc/acsodf/7/4?ref=pdf
https://pubs.acs.org/toc/acsodf/7/4?ref=pdf
https://pubs.acs.org/toc/acsodf/7/4?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.1c05336?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/

ACS Omega

http://pubs.acs.org/journal/acsodf

;«Jh‘ Wl

oA

°
/8
5

[\S)
1

/'—i '

Relative abundance, %

A\

ki 0 oous
trace

trace

11
N

Is 32

S(CHy),
<CH3>2 g e
: g Lo "G LD
‘ 8 8 OO & o
(trace) 7 Z or isomer trace
T T T
5 20 35 40 45

Retention tlme, min

Figure 1. GC-MS total ion chromatogram and identified confined compounds other than the methyl aromatics from a methanol feed.

However, large alkyl chain aromatics have not been detected in
the SAPO-34-catalyzed process yet. Intermediates between
aromatics with 1, 2, 3, 4, and an even larger number of rings
are still unclear.

Confined compounds in SAPO-34 cages have been
extensively studied by GC-MS analysis of the extraction
phase of the dissolved coked catalyst.”>**~*" However,
background signals from air components and stationary
phase bleeding of the chromatographic column are unavoid-
able. They overlapped with signals of compounds, which
renders the signals of trace compounds obscure or even
unobservable. In this work, GC-MS spectra of extracted
confined compounds were denoised. Trace compounds other
than the generally noted methyl aromatics were identified.
Based on these trace compounds, the evolution route of
confined compounds in SAPO-34 cages was discussed.

2. RESULTS

Figure 1 shows the GC-MS total ion chromatogram and
identified confined compounds other than generally noted
methyl aromatics from a methanol feed. More detailed results
are shown in Table S1 and Figures S2—SS. In addition to
methyl aromatics, this work identified alkanes, cycloalkanes,
alkyl (ethyl, propyl, butyl) compounds, partially saturated
compounds (2,3-dihydro-1H-indene, 1,2,3,4-tetrahydronaph-
thalene, 2,3-dihydro-1H-phenalene, etc.), and bridged com-
pounds in all samples.

2.1. Alkanes. The first type of the newly identified
confined compound is C;,_;o alkanes (Nos. 62, 71, 75, 91,
110, 118, 130, etc., Table S1). Figures 2A and S6 show typical
fragment ion spectra of these alkanes. Olefin feeds tend to form
more alkanes than methanol feeds. For example, relative
abundances of dodecane (No. 62) were 2.05, 1.45, 5.54, and
0.42 for 1-butene, propene, ethene, and methanol feeds,
respectively. Therefore, large alkanes should be formed via the
addition reactions between olefins®' and the following
hydrogen transfer. Considering that long alkanes are easy to
crack on acidic sites at the reaction temperature (425 °C),
these large alkanes should be formed in cages with weak or no
acidic sites. Alkanes with less than 12 carbon atoms (C;,_) and
more than 20 carbon atoms (C,y,) were not observed. The
absence of C,,_ alkanes can be ascribed to their relatively small
size. They diftuse into adjacent cages with acidic sites and then
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crack or cyclize. The C,, alkanes are too large to be formed in
a cage, and thus they were not detected as well.

2.2. Cycloalkanes. The second type of novel identified
confined compounds is Cs—Cg cycloalkanes (Nos. 1—4, 6—8,
Figure 2B, Table S1 and Figure S7). They were also detected
in the product of the ZSM-5-catalyzed methanol conversion
process.*” Cycloalkanes exhibited very low relative abundances.
Even for the 1-butene feed, which tends to generate more
cycloalkanes than other feeds, the relative abundances of
cycloalkanes were in the range of 0.07—0.31%.

2.3. Alkylaromatics. The presence and role of methyl-
benzenes in the MTO process have been focused on for a long
time. Methylbenzenes are found to be high-efficiency “hydro-
carbon pool” compounds in the MTO process.”®' =234
Methylnaphthalenes are found to be about one-third as active
as methylbenzenes and tend to obtain higher ethene selectivity
than methylbenzenes.*> However, C,, alkyl (ethyl, propyl,
etc.) aromatics were not be identified before the very recent
work of Yu et al’® In their work, Yu et al. reported the
identification of 1,2-dimethyl-3-(2-butenyl)benzene and re-
garded this compound to be one of the key coke precursors.

In this work, ethyl, propyl, isopropyl, butyl, and
isobutylbenzene were detected (Nos. 9, 12, 14—16, 20—24,
26-29, 34, 37, 39, 42, etc., Figure 2C, Table S1 and Figure
S8). It was found that the formation of alkylbenzenes is related
to feeds. As shown in Table S1, the relative abundance of
ethylbenzene was 14.6% for the ethene feed, while the values
for 1-butene, propene, and methanol feeds were 1.8, 0.7, and
1.6%, respectively, which implied that ethene is much more
active to form ethylbenzene than other feeds. Similarly,
propene and 1-butene favor the formation of compounds
containing isopropyl and isobutyl, respectively. Moreover, the
relative abundances of C,, side-chain compounds were
considerably high. For example, the sum of relative abundances
of isopropylbenzene (No. 12), propylbenzene (No. 14), and
ethylmethylbenzene (Nos. 15 and 16) were 4.2, 3.1, 9.9, and
1.9% for 1-butene, propene, ethene, and methanol feeds,
respectively. The values of trimethylbenzenes (Nos. 17—19)
were 10.7, 3.0, 6.3, and 12.1%, respectively. The abundance of
C,, side-chain benzenes was similar to or of the same order of
magnitude as generally noted methylbenzenes. Relative
abundances of C,, side-chain benzenes indicate that the
alkylation of benzene with olefin is non-negligible in the
reaction network.
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Figure 2. Fragment ion spectra of typical novel identified confined alkane (A: C\,H,4 No. 62), cycloalkane (B: C;H,,, No. 3), alkylaromatic
compound (C: CoHy,, No. 14), partially saturated bicyclic compound (D: CyoH,,, No. §3), bridged compound (E: C,oH;g No. 140), and
dimethylbenzaldehyde (F: CoH,,O, No. 60). Numbers are derived from Table S1.

C,, side-chain naphthalenes were also detected (Nos. 80,
85, 89, 92—93, 96—98, 104—10S, 109, 111, 113, etc.,, Table
S1). However, Cy and C, side-chain naphthalenes were hardly
detected in samples of methanol and ethene feeds.

2.4. Partially Saturated Bi-, Tri-, and Tetracyclic
Compounds. Partially saturated bicyclic (Nos. 25, 32—33,
35-36, 49, 51, 53, 56—58, 64, 67, 77, 84, etc., Figure 2D,
Table S1 and Figure S9), tricyclic (Nos. 79, 86—88, 99, 103,
107, 114, etc.), and tetracyclic (Nos. 129, 132, 138, etc.)
compounds, which are precursors of bi-, tri-, and tetracyclic
aromatics, were identified as well. They exhibited much higher
abundances than cyclopentane, cyclohexane, and their
alkylated products. For example, the relative abundances of
2,3-dihydro-1H-indene (No. 25) were 1.3,0.27, 1.8, and 0.31%
for 1-butene, propene, ethene, and methanol feeds, respec-
tively. Values of methyl-2,3-dihydro-1H-indene (Nos. 32—33)
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were 2.9, 0.88, 3.2, and 0.68%, respectively. Values of 1,2,3,4-
tetrahydronaphthalene (No. §3) were 1.5, 0.54, 1.5, and
0.17%, respectively. Partially saturated tri- and tetracyclic
compounds exhibited relatively high abundances in olefin feed
products, while hardly observable abundance in the methanol
feed product.

2.5. Bridged Compounds and Molecules Larger Than
the SAPO-34 Cage Size. Another type of novel identified
compounds is bridged compounds (Nos. 78, 106, 108, 139—
141, Figure 2E, Table S1 and Figure S10). Biphenyl (No. 78)
and methylbiphenyls (Nos. 106 and 108) exhibited relatively
high abundances in samples from methanol and ethene feeds.
Cyclohexylmethylnaphthalene (No. 139), phenalen-1-yl-pyr-
ene (No. 140), and methylene bisphenalene (No. 141),
especially the latter two, were present in trace amounts in all
samples. The peaks were obscure in the total ion chromato-

https://doi.org/10.1021/acsomega.1c05336
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Scheme 1. Proposed Evolution Route of Confined Compounds in SAPO-34“
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“Red: commonly noted confined compounds or products; blue: novel identified confined compounds; green: probable intermediates; +H and —H:
hydrogen transfer; R,_g1,_15: H, CHj, ...; Rjp_;;: CH;, C,Hg, C3Hy, .. in ring-expanding reactions, R; = R, + CH,; Ry = Rs + CH,, or Rg = Rg +
CH,; R, = R, + CH,.

gram. However, as shown in Figure S10F, very clear peaks were exhibit a high intensity at an m/z of 119, while this compound
observed at 44.4 min (No. 140) on chromatogram of ions with shows a very weak signal at an m/z of 119. The fragment ion
m/z values of 201, 283, and 365 and at 45.4 min (No. 141) on spectrum of this compound is well consistent with that of
chromatogram of ions with m/z values of 179, 261, and 343. dimethylbenzaldehyde. Its formation mechanism and its role in

2.6. Dimethylbenzaldehyde. Dimethylbenzaldehyde the MTO reaction need further study.
(No. 60, Figure 2F), which has the same molelecular ion
(m/z value of 134) as tetramethylbenzene, is found in high 3. DISCUSSION

abundance in samples from methanol while absent3ir; samples Many studies have discussed the formation and the role of
from ethene, propene, and 1-butene. Many studies’™’ showed “hydrocarbon pool” and coke compounds in the SAPO-34-
a high content of tetramethylbenzene. However, compound 60 catalyzed MTO process.””"*****® The evolution of confined
should not be tetramethylbenzene since tetramethylbenzenes compounds has been agreed to be a step-by-step ring growth
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process. However, intermediates between aromatics are still
unclear.

The novel detected low content or even trace abundance
compounds are important intermediates for the formation of
olefins and the evolution of confined compounds. Based on
these compounds, an evolution route of confined compounds
is proposed in Scheme 1.

The formation of confined compounds should begin with
the oligomerization and alkylation of light olefins, which lead
to the formation of large olefins. The oligomerization and
alkylation of olefins are inevitable in acidic site-catalyzed
hydrocarbon conversion processes.”*”** However, no confined
olefins were detected in SAPO-34 cages. This can be attributed
to the fact that light olefins tend to diffuse out from the SAPO-
34 crystal, while the Cq,, due to their high reactivity, crack to
form light ones, hydrogen transfer to form alkanes, or cyclize to
form cycloalkanes. These light alkanes, such as methane,
ethane, etc,, are byproducts of the MTO process. Heavy
alkanes (C,,—C,,), which have low diffusivity, are trapped in
SAPO-34 cages and detected in the dissolution-extraction
phase.

Cycloalkanes should be formed via the cyclization of Cs,
olefins.*”*” Many studies have also detected cyclopentyl,
cyclopentenyl, and cyclopentadienyl with NMR spectra,’®*”"
These five-membered cyclic compounds were supposed to be
active “hydrocarbon pool” species, and they were further
transferred into methylbenzenes. Cycloalkanes were identified
in this work, which supports the supposition that cycloalkanes
are precursors of methylbenzenes. However, cyclenes and
cyclic dienes were not detected in the extraction phase. It can
be attributed to the fact that cyclenes and cyclic dienes have
high activity to undergo the hydrogen transfer reaction to form
alkylbenzenes.

Initial alkylbenzenes should be formed via the dehydrogen-
ation of cycloalkanes™”® or the dehydrogenation of Diels—
Alder products.”>® Then, these alkylbenzenes alkylate with
olefins or methanol. Methanol, ethene, propene, and butene
favor the formation of methyl, ethyl, isopropyl, and isobutyl,
respectively (Table S1). Alkylbenzenes undergo further pairing
and side-chain cracking reactions, which affect product
selectivity of the MTO process. Alkylbenzenes also further
undergo cyclization to form bicyclic compounds.

The further cyclization and dehydrogenation of alkylben-
zenes lead to the formation of partially saturated bicyclic
compounds, followed by naphthalene, tricyclic, and tetracyclic
compounds. To form alkyltetrahydronaphthalenes, the pre-
cursor alkylbenzenes should have a four-carbon length side
chain (e.g,, No. 20) or a three-carbon length side chain and an
adjacent methyl (Nos. 29, 39, etc.). However, the abundances
of these precursors were very low (Table S1). The sample from
the 1-butene feed was the only one that showed relatively high
abundances of tetrahydronaphthalenes. Similarly, a precursor
of alkyldihydroindenes requires a three-carbon length side
chain (Nos. 14, 21, 29, etc.) or ethyl with adjacent methyl
(Nos. 15, 16, 22—24, etc.). There were many of these
precursors. As a result, alkyldihydroindenes have much more
types and exhibit much higher abundances than alkyltetrahy-
dronaphthalenes. Therefore, alkyldihydroindenes should be
key intermediates between monocyclic and bicyclic aromatics.
The supposition is consistent with that proposed by Yu et al.*®

Alkyldihydroindenes undergo hydrogen transfer and ring
expansion to form naphthalene and alkylnaphthalenes. The
further alkylation—cyclization—hydrogen transfer of bicyclic
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compounds leads to the formation of tri- and tetracyclic
compounds. The identified C,, side-chain naphthalenes (Nos.
80, 85, 89, 92—93, 96—98, 104—105, 109, 111, 113, etc.) and
partially saturated tri- and tetracyclic compounds (Nos. 79,
86—88, 99, 103, 107, 114, 129, 132, 138, etc.) are
intermediates between bi-, tri-, and tetracyclic aromatics.

As discussed above, the evolution route of mono-, bi-, tri-,
and tetracyclic compounds is a step-by-step process. This
process is composed of alkylation, cyclization, and aromatiza-
tion (hydrogen transfer). The novel detected alkanes, cyclo-
alkanes, alkyl compounds, and partially saturated compounds
bridge the gap between aromatics with 1, 2, 3, 4, and an even
larger number of rings, which makes the evolution route of
confined compounds more complete. Additionally, cyclization
is the key step of ring growth. This step involves long-chain
olefin or long side-chain alkyl. 1-Butene and propene exhibit a
much higher reactivity and tend to form longer side-chain
alkyl. Thus, 1-butene and propene showed much higher coking
rates than ethene.””*"

Bridged compounds (Nos. 78, 106, 108, 139—141) might
be formed via step-by-step growth or the direct bridging
mechanism within adjacent cages (Scheme 1). The adjacent
cages share the conjunct eight-member window, which makes
the alkylation across the cage window feasible. Then, bridged
compounds are formed via step-by-step cyclization and
hydrogen transfer. Additionally, three- and four-ring species
are similar in size to the cage. If they are formed in adjacent
cages, they should be close enough to link directly, which leads
to the formation of bridged compounds like 140 and 141, too.
These bridged structures should be a precursor of recently
noted insoluble coke. Temperature programming MS*”>* and
matrix-assisted laser desorption/ionization time-of-flight mass
spectrometry (MALDI-TOF MS)**** results of insoluble coke
showed a periodic m/z group distribution with an interval of
160—200, just the mass of three- and four-ring aromatics. The
novel identified bridged compounds are also composed of
three- and four-ring aromatics. Structures of bridged
compounds provide evidence for interpreting the structure of
insoluble coke.

4. CONCLUSIONS

Alkanes, cycloalkanes, alkyl (ethyl, propyl, butyl) compounds,
partially saturated compounds, and bridged compounds were
identified in SAPO-34 cages. These novel identified trace
compounds are intermediates between aromatics with 1, 2, 3,
4, and an even larger number of rings. They favor the depiction
of the evolution route of monocyclic, bicyclic, tricyclic,
tetracyclic, and multicore hydrocarbons in the SAPO-34
cage. Confined compounds grow via step-by-step alkylation,
cyclization, and aromatization process. C,, side chains,
especially C;,, favor the growth of rings. Alkyldihydroindenes
are key intermediates between monocyclic and bicyclic
aromatics. Bridged soluble compounds provide evidence that
insoluble coke can be formed across cages in the SAPO-34
crystal.

5. EXPERIMENTS

Properties of SAPO-34 and experimental details were
described in our previous work.””*” Reactions were performed
at atmosphere pressure and 425 °C with methanol (WHSV = 1
h™') or olefin (1-butene, propene, or ethene, WHSV = 0.5 h™")
feeds for 200 min. Coke weights were 192.5, 79.7, 70.8, and 6.2
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mg ./ 8eoe for methanol, 1-butene, propene, and ethene feeds,
respectively. Coked SAPO-34 (15 mg) was dissolved in 0.5 mL
of 10% HF, extracted with 150 yL of CCl,, and then the CCl,
phase was analyzed on a Thermo Fisher Trace GC-MS
equipped with a TR-1 MS capillary column (30 m X 0.25 mm
X 0.25 um). Mass spectra were recorded in an m/z range of
15—500. Relative abundance was based on naphthalene, which
exhibited the highest abundance (100% abundance).

Unavoidable trace leakage air and column bleeding signals
were subtracted from the original total ion chromatogram to
obtain the denoised one. The m/z values of 18, 28, 32, 40, and
44, which mainly or partially relate to signals of H,0, N,, O,,
Ar, and CO,, were regarded as air signals. The m/z values of
73, 147, 167, 207, 256, 267, 281, etc., mainly or partially
correspond to signals of column bleeding. Comparison of the
original and denoised GC-MS chromatograms of the extracted
phase from the methanol feed is shown in Figure SI.
Obviously, many indefinite peaks became identifiable in the
denoised chromatogram. The identification of confined
compounds was mainly based on the matching results of
fragment ion spectra with the NIST MS database. However,
due to the presence of isomers, the overlapping of peaks, the
noise of signals, the low content, and the limitation of the
NIST database, some peaks cannot be well matched. Structures
of these peaks were deduced with consideration of feed and
reaction characteristics. Details of typical peaks are discussed in
the Supporting Information.
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