. g gy s - T BT
oy wnd * e L taw .l N i - .- = I B L7

OPOTE SR 1A S

"

«
\

)

P
“-

4

D"
e AD-A197 087 REPQRY OOCUMENTATION PAGE
7 -
‘l —— —
7 - e 1b RESTRICTIV R
.': :LEC. = b. RESTRICTIVE MARKINGS
N ‘
LN 2a. SECURITY CLASSIFICATION AUTHORIT 2 . ‘]988 . DISTRIBUTION / AVAILABILITY QF REPORT
(; h ; £ is document has been approved for public
At 2b. DECLASSIFICATION / DOWNGRADING LE el¢a$e and sale; its distribution is
NS s 1 unlimited.
::-_" 4. PERFORMING ORGANIZATION REPORT NUMBER(S) | i §K=-3% 5. MONITORING ORGANIZATION REPORT NUMBER(S)
>,
Ty Report #18
1 6a NAME OF PERFORMING ORGANIZATION 60. OFFICE SYMBOL 7a. NAME OF MONITORING QRGANIZATION
’:f: Department of Chemistry (if applicable)
"\-:
: \1'. - 6¢. ADDRESS (City, State, and ZIP Code) 7b. ADDRESS (City, State, and ZIP Code)
bﬁ University of Florida
LN Gainesville, FL 32611
,1-"_‘ 8a. NAME OF FUNDING /SPONSORING 8b. OFFICE SYMBOL 9. PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER
o ORGANIZATION (if applicable)
A
O.N.R.
o 8c. ADDRESS (City, State, and ZIP Code) 10. SOURCE OF FUNDING NUMBERS
P 800 N. Quincy St. PROGRAM PROJECT TASK WORK UNIT
° Arlington, VA 22217 ELEMENT NO. | NO. NO. ACCESSION NO.
e
T 11. TITLE (Include Security g/a:s:ficanon)
o Reactions of C_H and C5H Tons with Acetylene and Diacetylene
O “ >3 >
12. PERSONAL AUTHOR(S) ,
" ; Ozturk, M. Moini, F. W. Brill, J. R. Eyler, T. J. Buckley, S. G. Lias, and P. J. Ausloos
‘S
- 13a. TYPE OF REPORT 13b. TIME COVERED 14. DATE OF REPORT (Year, Month, Day) |15. PAGE COUNT
'O Technical FROM _ 1/82 71O 5/88 1988, July 7 32
' 16. SUPPLEMENTARY NOTATION -~
.i:{ Submitted to The Journal of Physical Chemistry
v 17 COSATI CODES 18. SUB_}ECT TERMS (Continue on reverse if necessary and identify by block number)
o FIELD GROUP SUB-GROUP Fourier Transform)IOQECyclotron Eesonance)Mass Spectrometry,
Soot Formation, C5H3 Ions, CSHS Jons, Ion?Molecule
Reactions - I
19. ABSTRACT (Continue on reverse if necessary and identify by block number)

The reactions of C5H3+ and CSHS ions with acetylene and diacetylene were
investigated using a Fourier transform ion cyclotron resonance (FTICR) mass spec-
trometer, The ejection capabilities of FTICR were used to determine the reaction
mechanisms and rate constants for the reactions of ions produced from a number of
precursors. While different structures could be attributed to Cénj* ions produced from
different precursors on the basis of reactivity, this could not be done for CcH f ions,
whose reactivity was similar regardless of precursor. Different percentages of reactive
C%H5+ structure(s) were produced from various precursors using several charge transfer
JASRS . Formation of C5”5+ from norbornadiene and cycloheptatriene was studied in more
detail and existence of a second formation mechanism was shown to be gossible. Results H
are  liscussed in relation to previous work involving C3H3 and CS”S reactions and a
proposed 1onic route to soot formation,

20 DISTRIBUTION/AVAILABILITY OF ABSTRACT 21, ABSTRACT SECURITY CLASSIFICATION
CIouciassrieomnumiten O SaME AS RPT CIoTIC USERS Unclassified
224 NAME OF RESPONSIBLE INDIVIDUAL 22b. TELEPHONE (Include Area Code) | 22¢. OFFICE SYMBOL
R I R L g 9N4=392-0532
DD FORM 1473, 8a viar 83 APR ed.ti0n may be used until exhausted.

SECURITY CLASSIFICATION OF THIS PAGE

Allother editions are obsolete.




Ty
® S

XX o
(l 1‘ [ 4 "’."/

- LY

s
“ OFFICE OF NAVAL PESEARCH
:'\
N
s Grant N00014-87-G-0248
:,s
23]
oY R & T Code 4131001
o
.- TECHNICAL REPORT NO. 18
A
- Reactions of C5H3+ and C5H5+ Ions with
t¢ Acetylene and Diacetylene
A
N
o by
. . - .
Eh P. Ozturk, M. Moini, F. W. Brill, J. R. Eyler,
':l T. J. Buckley, S. G. Lias, and P, J. Ausloos
_.:'
b -.
. Submitted to
N,
x:; The Journal of the Physical Chemistry
N~
S
AN
W University of Florida
. Department of Chemistry
ij Gainesville, FL 32611
S
®
.. July 7, 1988
-:\.
o
) Reproduction in whole or in part is permitted for any purpose of the United
. States Government.,.
- This document has been approved for public release and sale; its distribution
- is unlimited.
1 .-
s ‘:'.
¥ '.:»
-
el
e
o

»
D

PRI

LN



:";:‘ - . - Eooal o gb oy syt
e
o>
1% 1y
o
Ty
(SRS
[t ‘-:\:
Lo .
:.:,': REACTIONS OF CgHy" AND CgHg' IONS WITH ACETYLENE AND DIACETYLENE
1 )
\:_\ § *
(* > Feza Ozturk, Mehdi Moini, ¥ Fred W. Brill,™ and John R. Eyler
oy Department of Chemistry
\ 'v_,‘\
i ﬂ-.},\
Rty University of Florida
‘-"l‘v
iy
Vol Gainesville, FL 32611
\jl
‘

b and
Thomas J. Buckley, Sharon G. Lias, Pierre J. Ausloos

Center for Chemical Physics

1,

",V
4
L3

National Bureau of Standards

L
s

2

Washington, D.C. 20234

»

x
.

AR
L] . =
A ff.'-'.

ABSTRACT

“l
L LR

AJo)
)

The reactions of CSH3+ and C5H5+ ions with acetylene and diacetylene were
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investigated using a Fourier transform ion cyclotron resonance (FTICR) mass
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spectrometer. The ejection capabilities of FTICR were used to determine the
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reaction mechanisms and rate constants for the reactions ol ions produced from
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a number of precursors., Wwhile different structures could be attributed to

’réﬁ CSH3+ ions produced from different precursors on the basis of reactivity, this
N
AT . - oo
:%} could not be done for C5H5+ ions, whose reactivity was similar regardless of
~
N
e . :
.- precursor, Different percentages of reactive CSHS+ structure(s) were produced
.::? from various precursors using several charge transfer gases. Formation of
-*.:
o C5H5+ from norbornadiene and cycloheptatriene was studied in more detail and
" existence of a second formation mechanism was shown to be possible, Results _ —-
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:}?. are discussed in relation to previous work involving C3H3+ and CSH; reactions
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v and a oroposed ionic route to soot formation.
’

“»
s INTRODUCTION
LAl 4
f'\-'
::-.., The C3H3+ ion is found in quite high abundance in fuel-rich and sooting
Qv
" flames'™3 and is postulated""S to react with neutrals such as acetylene,
1 \
[} |
:::f, diacetylene, and C,H in rapid, sequential condensation and condensation/elimi-
L
:'_' nation reactions, forming successively larger ions, which can rearrange to cy-
y clic species during the ion/molecule reaction chain. According to the pro-
f
o posed4'° ion/molecule mechanism of soot formation, C3H3+ forms CSH3+ and C5H5+
:.:»i_ in reactions with acetylene, and C7H5+ when reacting with diacetylene,
'.““ lHlowever, a previous study6 of the reactions of (:3}{3+ with acetylene and

+

diacetylene did not reveal facile formation of c5H3 or CSHS+ by reaction of

v et
o " L]
DI

this ion with acetylene, although C3H3+ did react readily with diacetylene,

yielding CcHy* and CyH;*.  All three of the postulated products of CyHy*
reactions with acetylene and diacetylene (C5H3+, C5H5+, C7H5+) have been
identified by mass spectrometry2'3 in flames, but it remains to be determined

which, if any, of them may be important in soot formation mechanisms. Thus,

:J as a continuation of earlier studies from these laboratories on 1ionic
AR , , PP .

YN mechanisms of soot formation,®-11 investigations have been extended to include
S

e

S study of the reactions of C5H3+ and C5H5+ ions with certain flame neutrals.

Heats of formation of the C5H}+ ion from different precursors have been

12-14

reported 1in three previous experimental studies. bannacher, et al,,

Y R
‘.: ‘_I . 'l‘.l ’A

suggested the presence of two different liaear structures for C5H3+, one
oY produced by H loss from the 1,3-pentadiyne parent ion, and one by methyl loss
e
e 14
A from the 2,d~hexadiyne parent 1one.
-
-4--#

There are many possible structures for the C5H5+ ion, and despite a num-

Lber of theoretical and experimental studies involving it, few definitive re-
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sults exist ragarding the specific relative energies of various isomeric
forms.8s9 Experimental studies concentrated on determining the appearance po-
tentral and heats of formation of C5H5+ ions from differant sources by mass
spectrometric methods.'2,15-20 These resulted in heat of formation values
ranging from 239 to 309 kcal/mole depending on the source and technigue of
C5115+ productione

Early ICR experiments in these laboratories were carried out to identify
structures of CSH5+ according to their reactivity with different

+

neutrals.8'1o Several precursors were used in the formation of CSHS ions and

the results of the reactivity studies indicated the possibility of four

different isomers of C5H5+.9 Acetylene reacted quite slowly with the CSHS+

ions,8'9

while diacetylene and aromatics with side chains reacted at an
appreciable rate.8 As a result, it has been suggested that soot nucleation
may proceed by adding a few large molecules rather than through addition of
many smaller ones.g'11 No definitive assignment of C5H5+ isomeric structure
was possible in the earlier studies.8'2 Pproton-transfer reactions involving
one relatively unreactive C5H5+ isomer gave8 a proton affinity of 227.9 + 0.3
kcal/mol for the CgHy neutral which remained after proton transfer. When
combined with estimates of the heats of formaetion of possible CgHy species,
the results were consistent with (but did not conclusively prove) a vinyl
cyclopropenylium form for the unreactive C5H5+ isomer.

A number of theoretical studies have examined C5H5+ structures.?'~26
Schleyer and co-workers located two minimum energy forms on the C5}15+ po-
tential surface, the more stable one corresponding to planar cyclopentadienyl,

23,24

“ne other one to a square-based pyramid structure. Similar results were

21

reported by Stohrer and Hoffman although they proposed the pyramidal

structure as the more stable form compared to the planar cyclopentadienyl.




':f: Recent calculations by zerner?2? have shown that the vinylcyclopropenylium
TN
~\--‘

i%'* isomer has the lowest energy (AHf = 256.7 kcal/mol) among a number of other
,Q:Q possible structures such as the Dg, planar triplet and singlet, three open-
AS

"'i
:i{ chain species, methylenecyclobutylium, and the square-based pyramid. All of

‘R
‘:;K these structures were found to be no more than 30 kcal/mol higher in energy
v )
iﬁﬁ than the lowest energy structure, 2’

S
N +
N In tiis work, the kinetics and reaction mechanisms of Cs”3 and C535+

ions produced from different precursors and reacting with acetylene and

SN
- ;‘*f.:

diacetylene have teen studied in order to identify isomeric structures and to
obtain rate coefficients. Also, the energetics of CSHS+ formation from
norbornadiene and cycloheptatriene were followed to investigate two possible
competing pathways of C5H5+ formation which could lead to different isomeric

structures.

EXPERIMENTAL

Early ICR experiments were carried out on hcme-built ion cyclotron
resonance mass spectrometers at the University of Florida and the National
Bureau of Standards which have been described previously.8'9 A majority of
the work reported here vused a Nicolet FTMS-1000 Fourier transform ion
cyclotron resonance (FTICR) mass spectrometer with a superconducting magnet of
fixed magnetic field (3.0 tesla). Basic principles of the technique and its
appllications in ion/molecule reaction studies have been reviewed 1n several

recent articles,28730 Reaction pathways were delineated using the ejection

AN capabilities3! of FTICR which make it possible to eject one ion from a
omplicated reaction mixture to determine its contribution to the mass spec-

trum of all the other ions,

.---
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TR Peaction rate coefficients were determined by monitoring the normalized
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3: intensity of the CSH3+ or CSHS+ ions, respectively, as a function of time
g ]
_: after ejection of all other ions from the analyzer cell. Details of rate
j% coefficient determination are given in a previous paper.6 Excitation
-
Y-, amplitude and total pressure were kept constant at optimized values for all
:fi the kinetic runs in order to minimize the unwanted effects of such factors on
\
e ion intensities, which have been discussed in detail elsewhere.32
W

C5H3+ ions were produced by 50 eV electron ionization of 2,4-hexadiyne

e« e"a"n"e
DI N I
e alata

-

and by reaction of C3H3+ with diacetylene. The C3H3+ ions used to produce

+

CSHB were formed by Xet charge transfer reactions with propargyl iodide at an

» 5 r s
v
Pray ]

[}

ionizing enerqgy of 15 eV. After 30 ms reaction time with CyHy, all the other

g

.
.
.

»
s’

ions except C5H3+ were ejected from the cell to follow the reactions of this

'

®
2 lon with diacetylene as a funciton of time. The CSHS+ ions were produced by
{-
: . charge transfer reactions of dicyclopentadiene, cyclopentadiene,

oot

norbornadiene, 1-penten-3-yne, and cycloheptatriene with different charge

in dry ice when not used to prevent the dimerization process. Diacetylene was

G transfer agents (Xe™, N2+’ Art) formed with an electron beam pulse of 5 ms
1, - .
.K,':‘
u;: duration at an ionizing energy of 13, 16.5, and 20 eV, respectively,
b -
o Cyclopentadiene was prepared by cracking dicyclopentadiene33 and was kept
)
)
—

prepared by dehydrochlorination of 1,4-dichloro-3-butyne in aqueous potassium

v s .
P

s "2t
2t et

e hydroxide/dioxane solution.34 All the other compounds used were obtained
L4

oA rommercially and their purity was checked by obtaining wide mass range spec-
«?} tra. All the samples were used after multiple freeze-pump-thaw cycles.,

o

- All reactions were followed at a cell temperature of 363 K. Some C5H1+
o

- and all Tgie  lons used in rate constant determination studies were produced
o 27 1on/molecule reactions in order to minimize the internal energy imparted to
e the 1ons, Also, since the total pressure in the reaction cell was almost 1 x
. -

L~ 1377 torr and the reactant ion formation time was 430 ms, substantial col-

"d. » ."l‘
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lisional relaxation of the ions took place before kinetic data were collected.
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All neutral pressures reported 1in this work were measured using an

P VOO R R

ionization gauge and then corrected by comparison to a capacitance manometer,
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RESULTS

: +
Reactions of C5H3

A very low number of C5H3+ ions were produced from 2,4-hexadiyne at
electron energies above 30 eV, Reactivity of these ions was monitored at an
electron energy of 50 eV although the ion intensity was still very low.
Although almost all of the CSH3+ ions produced reacted with the 2,4-hexadiyne
precursor, no reaction was observed with either CoHy or CyHoe

Reactions of C5H3+ with 2,4-hexadiyne were:

+ +
- CcHat + Celig » CoHat + [CoH,] (2)
s 573 676 947 212
o + +
:_-_\:_-’ CgHy" + CgHg » CgHg™ + (CgHy] (3)
.r_:.’\
b Cgly ™ + CgHg » CyHp T + [CuH,) (4)

)
+ +

"-'-\ C5H3 + C6H6 > C11H9 (5)
o + +
o Coly ™ + CgHg > CygHy3 (6)
1R
.:-"."v C5H3+ ions produced as products of the reaction of C3H3+ with C4H2 were
°
100% reactive with both propargyl iodide and diacetylene (the neutrals present
_' N in the reaction medium).
[~
:‘g': Csr{-,+ reactions with CyH, were:
o + +
Colly ™ + Cytly = Cyly  + [C2H2] (7)
(‘,5}13+ + CyHo > C.3H§+ (8)
’ + +
. -
NS CqH3" + CyHy > Cyqlig (9)
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+ - +
Cofls™ + CyHpy » Cy3iy (10)

Some of the product ions were observed to react further with propargyl iodide
by displacing atomic iodine:
+ +
CqHy" + C3H3I » CqgHg™ + I (11)

- + +
CgHg' + C3H3I » CypHg" + I (12)

C5H3+ reactions with propargyl iodide were:
CcHat + CoHaI » CoHt + 1 (13)
573 343 876

+ +

The CBH6+ ion reacted further with CyHy:

CgHg™ + CuH, » CyoHgt (15)

Icn intensity vs. time curves for the C5H3+/(C4H2 + C3H3I) system are
shown in Figqure 1. The decay of C5H3+ ions involved reaction with both CyHy
and propargyl iodide,

The procedure for rate coefficient determination used in previous studies
of q3d5+ a.nd C3:3+ ion/molesile rear+tions®s 9,11 required subtraction of the
observed rate constant for the reaction of the ion with the precursor neutral
Lrom the observed rate constant for the sum of the reactions with precursor
and reactant neutrals, In this cazc, hewever, the reactant neutral (C4H2) was
also the precursor of the 1on of 1nterest (C5H3+), and thus the subtraction
procedure  could not  be useds An  alternative method for rate constant
determination was thus requirede. Following ejection of all other ions from

the FTICR cell, the decay of C5H3+ as a function of time is given hy [C5H3+]
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+ -(n kp + qdkd)t
= [C5H3]Oe , where npkp and ngkg refer to the products of the

number densities and ion/molecule rate coefficients for propargyl iodide and
diacetylene, respectively (Reactions (7), (8), and (13)). The quantity ngkg *

ﬂpkp can thus be determined from the slope of a semilog plot of C5H3+ decay as

a function of timee. At short reaction times, the following expressions hold

. -(n k + ndkd)t
true: a/dt = ngky (M) e PP and dp/dt =

5
-{n.k_+ nk.)t 3
+ p P d-d
[C:H3 ]Oe where D and P refer to product ions of the reaction

npkp
with diacetylene (C,H;" and CgHg*, (Reactions (7) and (8)) and with propargyl
iodide (C8H6+, Reactions (13)), respectively. Thus, the ratio ndkd/npkp was
calculated from the ratio of slopes of product formation as a function of
time., Next ngka was obtained using the calculated sum and ratio of the two
rate constants. Finally the absolute rate constant was determined following

6

the usual procedure. It was found that C5H3+ ions reacted with CyHo with a

rate constant of (5.6 + 1.7) X 10~10 cm3/s.

¥inetic Modeling of C%Hq+ reactions with diacetylene

In order to better understand the reaction mechanisms involved in the
C5H3+ + CyHy reaction system, kinetic modeling studies of the ion intensity
vse. time curves shown in Fig. 1 were carried out, Details of the modeling

methodology are given elsewhere,3°

A kinetic model involving the reactions
above was fitted to the experimental data assuming steady-state concentrations

for the excited forms of (CoHg™)*, (CgHg™*, (Coig™)*  and  (cqqHg™)*

intermediate complexes. The following reaction scheme shows all steps used.

o + ~
\,5”3 + (,4”2 ———> (C9”5

~ A p2 +
\,SHB 1 1,3113[ -==> CBH()[

K
-22 .
(c9n5+)* 25, c5n3+ + 4l

SRR ST A P "-‘.‘- " ""I“"J‘_‘f'
N '-""-I“."'\J‘n"?‘-,‘-"o- e ‘J‘\-"\u’\ SN c gt
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- + =21 +
(Lg”s )* —-———=> C7H3 + C2Hz

PR M)

1

o

v~ k

o s L.
( W (C9H5+)* -==> C9H5+ (stabilized)

k
94

N Coiigt + Cuily -2-> Cy3H,"
l:': Coiat + CuH, -235 Cf Het
\";x 73 42 11495
:’.f:‘ + - + p3 +
K <o CoHy™ + C3H3I" -==> CygHgl

\ :

4 *ye 2232 +

JQF (CyqHgTI* > CoHy¥ + CyH,
) 31

» + - +

; k: (CqqHg T )* ~===> CgHy™ + CyH,

o X

N + 52 + -
(,v (C11H5 ) === C11H5 (stabilized)
e + I +

-.:f.: CSHGI -——— C8H6 + I

..IJ‘-I
RO C8H6+ _c_i__> sink (Scheme A)
~
e
A

®

:’_{f- Comparison of the model fit with the experimental data is shown in
IR
-

Figures 2a and 2b. The actual fitting parameters and best fit values obtained

I I were

- 9, = -8.7(.2)s”"
O 95 = ~4,6(.4)s™"
k = 2.8(.1)s7"
SN —21%y = 2.8(.
] [ 3
Y -1
i‘j kKgidy = 3.7 )s
‘-.
' Kgohy = 2.9(.2)s”"
¢ 1
- Kyq = +04(.06)s
-~
L -1
':'.'I, "q = B(e2)s
o
‘NI b N - L 3 -
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Effect of Precursor Neutrals: C5H5+ ions produced from different pre-
cursors exhibited behavior indicative of both reactive and unreactive popula-
tions toward both the precursors and the reactant neutrals. Figures 3a and 3b
show C5H5+ normalized ion intensity wvs. time curves for two (1,3,5-
~ycloheptatriene and 1-penten-3-yne) of the five precursors used to form ions
pefore reaction with diacetylene and acetylene, Following an exponential
lecay indicative of pseudo-first order kinetics, a substantial fraction of
unreactive ions remains at long reaction times, particularly in Figure 3b.
Table I shows the method of preparation of C5H5+ ions from different
precursors and the percent of unreactive ions remaining at long reaction
timese.

Two (norbornadiene and cyclecheptatriene) of the five precursors mentioned
above produce C7H8+ rather than C5H6+ parent ions. The C7H8+ ions produced
from norbornadiene were reported36'37 earlier to 1lead to two different

channels (Reactions (16) and (17}), for C5H5+ ion formation.

+ + -
CyHg™ ===> CyH," + H (16a)
+ o+
CoHq " ===> Cgilg® + CoH, (16b)
or
~ + +
Colig™ -==> CgHg™ + CoH, (17a)
Colg" ~--> Cglg® + 1 (17b)
Tnuas, 15u5+ ion formation pathways have been studied 1n more detail for
norvbornadiene and o -icheptatriene., When different charge transfer gases were
i3l Yoar o lonization of norbornadiene, different percentages of reactive C5H5+
‘-‘;-l‘;h > %
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were observed, as 1s noted in Table I. Also the abundances of C7H7+, CS”6+
and C5i15+ ions were measured following charge transfer ionization, and
iifferent behavior was observed for compounds with ionization potentials in
the range of 14 to 16 cV. Table II shows this effect for two reagent gases

tvr* and N,%) which have ionization energies of 14.0 and 15.7 eV respectively.

2

In order to further 1investigate this behavior, the relative ion abun-
dances vs. 2lectron energy for cycloheptatriene and norbornadiene were ob-
tained (see Figures 4 and 5)., Electron impact ionization was used for this
study and therefore the energy scale in Figures 4 and 5 should be considered
as approximate with at least %1 eV uncertainty.

‘35;{,*' reactions with diecetylene

After ejection of all ions except C5H5+ following charge transfer chemi-
cal 1ionization of a mixture of diacetylene and a precursor compound, the
ion/molecule reactions as a function of time were monitored. Independent of
“he precursor used, the main reaction was the addition of CyqHy to CSH5+ to

+
produce the C9H7 ion,

+ +
CoHg ' + CyHy » CgHy (18)

TJther minor reactions observed were:

Catls®™ # Cytiy » Coig’ + [Coiy] (19)
T PR el PR (P (20)
Y P TR Py (21)
Coliy T+ Gty > Cqailgt (22)
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For C5H5+ ions produced from cyclopentadiene, the C, addition reaction (19)

g

R A%

was not observed with CyHs.
- The rate coefficient for the disappearance of CSHS+ was calculated as
:' described earlier® and the values found for C5H5+ ions produced from different
i‘ precursors are given in Table III.
'
w5
[\~
“I
> C;qu reactions with acetylene
L
o C5H5+ ions formed €from four cof the five precursors (cyclopentadiene, 1-
. penten-3-yne, norbornadiene, cycloheptatriene) reacted very slowly with C2H2,
'v".
k! producing very small amounts of C7H7+ and C9H9+.
’
e
N
® + +
b .
p- CgHg ™ + CyH, » CqHy (23)
s
CoH,T + CoH, > CoHgt (24)
- 777 212 99
> Rate constants for the C5H5+ + CoH, reaction were about one order of magnitude
s
"o
| ; less than those for reactions with C4Hy (see Table III).
B
::'
o
DISCUSSION
o
“~ Con +
) * 1
;Qt =513
‘: T™vo different C5H3+ structures were postulated following PIPECO measure-~
o
. ments of the appearance energy of C5H3+' ions from 1,3-pentadiyne and 2,4-
Ly -
,: hexadiynes In the worx reported here, C5H3+ 1ons were produced from 2,4-
N
fa hexadiyne and from reaction of C3H3+ with diacetylene. Although C5H3+ ions
[
.,: produced elther way were reactive toward thelr precursor neutrals, C5H3+ ions
D
;: from 2,4-nexadiyne were unredctive with both Cylly and Cotly, while those formed
o 45 lon/molecule reaction products reacted with CyH, with the relatively high
@

rate constant of (546 £ 1.7) ¥ 10710 cm3/s. Dannacher et al.'4 suaqested the

P




AR Y
ERLSS NS AT

structures CH3—C£C—CEC+ and HCEC-C?C-CH2+ for the C5H3+ ions produced from

2,4-hexadiyne and 1,3-pentadiyne respectively. Experimental values of the
heat of formation of these 1ions suggested that the former probably had a
higher heat of formation (<1431 kJ/mole)13 compared to the latter (1317

kJ/mole).14 In this study, higher reactivity of C5H3+ ions produced by the

+

Cyily 7+ Cyiy reaction compared to those produced by electron ionization of
2,4-hexadiyne suggests that the former have a higher heat of formation with a
stable structure different from those reported earlier for CSH3+ ions from
both 2, 34-hexadiyne and 1, 3-pentadiyne. Enhanced reactivity does not always
correlate with a higher heat of formation, but this has often been found true
tor isomers of other small hydrocarbon ions. Our observation that C5H3+ is
formed in an exothermic reaction of linear C3H3+ with diacetylene leads to an
upper limit of 1375.9 kJ/mol for AHg of the C5H3+ ion formed in this
manner. 8 This wvalue 1s not inconsistent with either of those reported
earlier,

Reaction of the propargylium cation with diacetylene, with resultant l-ss

of acetylene, might proceed according to either Scheme B or Scheme C.

}
‘; c=C=C-H + H-C:C~CzC-H » i‘[ c=C=C gé c=on * : C=C=C 2—& + H-CzC-H
H I = - - =
H
(1)
Scheme B
S 1 H
L SmliCeH o+ H-CIC-CIC-H {1-C zc-d=C » &zcecoCczc-H + 1-CzC-H
B H-C-C =C-H H
i
(I1)
or fand

H-C T2=C + 1H-CzC-H
¥

(III)

scheme C
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The three possible CSH3+ product ions in the above schemes have structures
whnich differ from those postulated14 earlier. While no definitive theoretical
or experimental evidence as to the relative stability of these (or other)
C5H3+ isomers is available, (III) is most similar to the vinylcyclopropenylium
ion found?’ most stable among the CSHS+ isomers.s Thus (I) or (II) might be
the unstable, reactive structure formed in these experimentse.

Preliminary INDO calculations?? show that III is considerably more stable
than the geometry-optimized form of II (by 74 kcal/mol) which in turn is more
stable (160 kcal/mol) than the geometry-optimized form of III. 0f course,
cyclic structures such as III are favored in INDO calculations, so more

detailed calculations will be necessary to assess the relative stabilities of

the three isomers.

anq+ ion structures produced from different precursors

C5H5+ ions produced from different precursors all exhibited at least two
populations, one reactive, other unreactive. This behavior for numerous other
ionic reactants has been used previously‘m'46 to argue for the existence of at
least two different structural isomers; one reactive and one non-reactive.
These results are in agreement with the earlier reactivity study of C5u5+ ions
from different precursors.9 To distinguish the reactive C5H5+ structures,
thelr reaction mechanisms and reaction rates with acetylene and diacetylene
were studied, Although they reacted with their precursor neutrals with
Jifferent rates, they all reacted with acetylene and diacetylene at similar
rates wWwithin the experimental error limits, as shown in Table I[IT. Thus no
Lsomeric differentiation based on reactivity can be made. Rate coefficients
for the reaction with acetylene were similar to those determined earLier,S'g

1e2e in the range of 1n=11 cmg/s. Reaction mechanisms were similar for all
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CcHg icns with the exception of cyclopentadiene, which did not give C

2
addition reactions with CyHpe More definitive identification of CSHS+
structures may be forthcoming when better theoretical calculations?? have been

reported, although identification of the vinylcyclopropenylium ion as (one of)

the unreactive structure(s) seems reasonable in light of the calculations?’

and earlier ICR studies.®

To compare the behavior of ions produced from 1,3,5-cycloheptatriene and
norbornadiene precursors (both having the formula C5Hg), relative abundances
as a function of electron energy shown in Figures 4 and 5 were obtained, As
shown, the curves for C7H7+ (Figures 4a and 5a) and C5H5+ and C3H3+ (Figures
4b and 5b) are very similar both in terms of energetics and of general
shape. Differences 1in C5H5+ relative intensities are probably due to the
normalization procedure used in each case. An increase in the relative in-
tensity of C5H5+ ions in both cases in the energy range of 15-25 eV along with
the fact that the C7H7+ curves no longer increase in this energy range implies
that most of the C5H5+ ions are produced from C7H7+. Similar behavior is seen
for c3n3+ ions, i.e., the intensity of these ions increases at about 22 eV (on
the energy scale shown on Figure 4b and 5b) where the rate of increase in
intensity of CSHS+ is decreased. This similar behavior implies that C7H7+
ions formed from 1,3,5-cycloheptatriene and norbornadiene follow the same
fragmentation pathways 1in the same energy range. Similar behavior for C7H7+
ions from these two compounds has also been reported earlier in collisional
activation studies.?’

As seen in Figures 4db and 5b formation of C5H6+, both 1in terms of
energetlics  and relative intensity, 1is different for cycloheptatriene and
norbornadiene, indlcating that C7HR+ ions formed from these compounds by

nlectron impact have different structures (according to Reaction 17a). Based

DA YEY
.

et R et R e
PO R “c:;‘w“¢
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on the significantly higher relative intensity of C5H6+ for norbornadiene
along with the results shown in Tables I and II, there exists the possibility
of formation of C5H5+ ions from the C5H6+ channel by Reaction 17b for
norbornadiene., As shown in Table I, for norbornadiene the percent of

* increases from 5~10% to 18-20%. When the ionizing charge

unreactive CSHS
transfer energy increases from 14.0 eV to 15,7 eV, while no such change in
CgHg reactivity was observed for cycloheptatriene under the same
conditionse. Relative ion intensities at two different energies for charge
transfer chemical ionization are shown in Table II for norbornadiene, The
results indicate that when Ar+/N2+ replaces Krt as a charge donor, the
relative intensity of the observed C5H5+ increases while there 1is a
corresponding decrease in the yield of the C5H6+ ion. Thus, evaluation of the
results on CSHS+ reactivity (Table I) together with the results on the
relative ion intensity (Table II) implies that C5H5+ formed frow the C5H6+
channel has a higher percent of unreactive isomer compared to that formed from
the C7H7+ channel. Similar results were also reported -earlier for
norbornadiene.36’37

In general, a similar trend in ion/molecule reactivity with acetylene and
diacetylene has been found for C5H5+ ions as was seen® for C3H3+ ions: little
or no reactivity with acetylene, but extensive and rapid reactivity with
diacetylene. The results of bimolecular reactivity studies on both C3H3+ and
C5H5+ suggest that the proposed ion/molecule condensation reactions with
diacetylene in the ionic soot formation mechanism are quite credible while the
proposed sequential acetylene addition reactions should be reconsidered.

6

These cxperiments and those reported earlier” were carried out at relatively

low pressures (p < 5 X 1072 torr). It is thus quite possible that third-body

collislons in atmospheric pressure flames can stabilize a larger fraction of




f- the C-,H7+ reaction complexes and result 1in increased reactivity with

acetylene. In fact, such collisional stabilization of the association

complexes for the reactions of C3H3+ and C4H4+ with C2H2 has been shown to

occur in higher pressure SIFT studies, 48,49 although no such stabilization was

2y observed under ICR experimental cond:’.t:’.ons.50’51
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Tabla I:

Percentages

a

of unreactive C5n5+ found from various precursors by

charge transfer chemical ionization monitored by observing reaction with the

precursor neutral.

Precursor neutral

Ionizing technique

Percent unreactive C5H5+

dicyclopentadiene

N2+/Ar+ charge transfer

20
cyclopentadiene et charge transfer 17
1~penten-3-yne xet charge transfer 65-70
cycloheptatriene Ar* charge transfer 0-5
norbornadiene N2+/Ar+ charge transfer 18-20
Krt charge transfer 5-10

2 Estimated error is +5%.
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Table TI1I: Rate ccefficients for the reaction of CSHS

* ions from different

vrecurscrs® with diacetylene and acetylene.
Diacetylene Acetylene
Absolute rate Absolute rate
Trecursor coefficient/(10'10 cm3/s) coefficient/ﬁo_11 cm3/s)
cyclopentadiene 1«0 £ 045 4.3 £ 1.9
1-penten-3-yne 2.0 £ 1.0 2.7 £ 1.0
nornoraadiene 2.9 & 1.4 3.1 £ 1.3
cycloheptatriene 343 £ 1.9 1.8 £ 0.7
.. . b
“icyclcpentadiene 1e6 £ 0.8

A F— +
P!
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Wfferent gases as shown 1n Table I,

) -

‘on silinal for dicyclopentadiene was  too

reesiic s for the rate coetficirant,

ions were produced by charge transfer chemical 1ionization using

small to oproduce reproducible




I YIGURE CAPTIONS

L
2
( - . i A ~ o b ~ + + +
:.-: Figure 1. Reactions of Cgiy” with CyHye CgHy (0 ), CoHy (+), CgH " (€ ) and
.
-::-:- CHHS+ (A)e Disappearance of C5H3+ and product ions includes reactions with
o
-r.';ﬂ'. propergyl iodide. CgH," ions were produced from the reaction of C3H3+ with
t
«..' diacetylene within 30 ms reaction time, C3H31L ions were produced from
e
,..‘-_. propargyl 1lodide by charge transfer reactions with Xe. Pe HaT = 149 X 10—7
P 313
v, o
_-'_- - -G
~ . torr, P, 1.3 X 107° torr, Py, = 5.4 X 1077 torr,
; Cyatlsy Xe
o
WAS
TN .
S Figure 2a and 2b., Model fit to a typical data set for C5H3 + C4H2 reactions
SN
i including both the decay curve for C5H3+ and the formation curves for various
L
- product ions as a function of time.
o
el
Yo Figqure 3a. C5H5+ ion decay curves for reactions with cycloheptatriene( ),

cycloheptatriene and acetylene, and cycloheptatriene and diacetylene(([J).

::,',15*‘ ions were produced from cycloheptatriene by charge transfer reactions
. -7 -6 -
with Ar*, »p = 1.3 X 107/ torr, P 141 X 107° torr, P = 646 X 10
Clig " TCyH, ' TCy4H,
7 vorr, P - 10.4 X 10°% torr
- ’ "\r . 0y .

Fiqure b, ’:5;15” ion decay curves for reactions with 1-penten-3-yne((Q), 1-

1
+

tenton-3-yne and acetylene(+), and 1-penten-3-yne and diacetylene(Q ). CgHg

T s

- Vs were produced  from  l-penten-3-yne by charge transfer reactions with
° v = a2 % 07T rorr, po = 1.4 X 107° torr, P, 3,4 x 1077
v e "'2”2 ~_.4}{2
e torr, o, - Led w1070 torr.

“hqare ja. Pelative intenslties of C7H‘3+(+) and C7H7+( [0) ions produced from

solosentatriene as a3 function of electron impact enerqgy.




Tiaure dhe Relative intensities of C5H6+( ¢, C5H5+(+), and C3H3+(L]) ions

croiuced Zrom cysloheptatriene as a function of electron impact energye.

Figure Sa. Relative intensities of C7H8+(+) and C7H7+([]) ions produced from

norbornadiene as a function of electron impact energy.

Figure Sb, Relative intensities of C5H6+( 0, C5H5+(+), and C3H3+([3) ions

sroduced from norbornadiene as a function of electron impact energye.
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