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ABSTRACT: We investigated the thermal stability of exo-
tetrahydrodicyclopentadiene (exo-THDCP, C;;H,¢) in the
absence and presence of three additives, 3,4-dihydro-2H-1,4-
benzoxazine (Benzox), 1,2,3,4-tetrahydroquinoline (THQ),
and 1,2,3,4-tetrahydroquinoxaline (THQox), which act as
hydrogen donors (H donors). Conversion of exo-THDCP was
slowed in the presence of the H donor. The order of the H-
donor effects on the decrease in the conversion of exo-THDCP
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was Benzox << THQ < THQox. The H-donor-induced decrease in the conversion of exo-THDCP was smaller at higher
temperature. In addition, the H-donor-induced decrease in the rate of <C,, product formation was smaller than that of >C,,. We
proposed the mechanism for the thermal decomposition of exo-THDCP in the presence of the H donor. The proposed
mechanism explains the unusual thermal decomposition kinetics of exo-THDCP and H donors: (i) exo-THDCP does not follow
first-order kinetics and (ii) THQ and THQox show the S-shaped concentration—time curves. We also proposed the mechanism
for H donations by Benzox, THQ, and THQox. The proposed mechanism elucidates that THQox performs faster H donation
than THQ and has higher thermal stability than Benzox, which accounts for the more effective thermal stability improvement of

exo-THDCP by THQox compared to THQ and Benzox.

1. INTRODUCTION

Fuel is subjected to temperatures above 370 °C in aircraft flying
at speeds greater than Mach 4."* Since fuel degradation and
carbon deposit formation thereupon at this temperature can
cause problems for the engine and subsystem, the thermal
stability of fuel is important for their proper functioning.

exo-Tetrahydrodicyclopentadiene (exo-THDCP, C,,H;, exo-
tricyclo[5.2.1.0%]decane) is a synthetic liquid fuel with a
bridged ring structure.> >® exo-THDCP has attracted significant
attention as a high energetic material (HEM), which is suitable
for use in volume-limited aircraft.>*”~®

A promising approach to enhance the thermal stability of fuel
is the use of thermal stabilizers.””~* Many previous studies on
thermal stabilizers have focused on hydrogen donors (H
donors), such as 1,2,3,4-tetrahydroquinoline (THQ), benzyl
alcohol (BnOH), and tetralin (THN). H donors terminate the
propagation of radicals produced upon thermal decomposition
of fuel. H donors are then converted to thermally and
chemically stable compounds.®® Among H donors, THQ_ has
been known to be the most effective thermal stabil-
izer.?73%313%49°%3 THQ enhances the thermal stability of
kerosene-based fuels (Jet A-1, JP-8, RP-1, and RP-2), model
hydrocarbon fuels (n-dodecane and methylcyclohexane), and
biodiesel fuels.

Recently, we reported that THQ_also improved the thermal
stability of exo-THDCP.>® We proposed the mechanism for the
thermal decomposition of exo-THDCP, which explains the H-
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donor-induced thermal stability improvement of exo-THDCP.
The proposed mechanism suggests that the thermal stability of
exo-THDCP can be further improved by effective additives
capable of performing faster H donation than THQ. However,
such effective additives have not been sought yet.

Here, we report the study on the thermal stability of exo-
THDCP in the absence and presence of 3,4-dihydro-2H-1,4-
benzoxazine (Benzox), THQ, and 1,2,3,4-tetrahydroquinoxa-
line (THQox) (Figure 1). The thermal stability of exo-THDCP
was improved by the H donors. The order of the H-donor
effects on the thermal stability improvement of exo-THDCP
was Benzox << THQ < THQox. We proposed the mechanism
for the thermal decomposition of exo-THDCP in the presence

solivollve

THQ

Benzox THQox

Figure 1. H donors studied for their effects on the thermal stability of
exo-THDCP.
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of the H donor, which explains their unusual thermal
decomposition kinetics. We also proposed the mechanism for
H donations by Benzox, THQ, and THQox, which elucidates
their distinct H-donation kinetics and thermal stability and
thereby accounts for the more effective thermal stability
improvement of exo-THDCP by THQox compared to THQ
and Benzox.

2. EXPERIMENTAL SECTION

2.1. Materials and Experimental Methods. Benzox was
purchased from Combi—Blocks (San Diego, CA). THQ and
THQox were purchased from Sigma—Aldrich.

Thermal decomposition of exo-THDCP (100 mL) was
carried out in a batch reactor (160 mL) as reported
previously.”> A quartz flask was inserted inside the stainless
steel reactor and a quartz plate was placed on the inside of the
stainless steel reactor cover. Quartz was used to block any
possible catalytic role of stainless steel or other metals.

Hydrocarbon compounds and the hydrogen molecule were
analyzed on gas chromatography—mass spectrometry (GC—
MS, Agilent 78904, 5975C), GC—flame ionization detection
(GC-FID, Agilent 7890A), and GC—thermal conductivity
detection (GC—TCD, Agilent 7890A) systems as reported
previously.”®

The amount of carbon deposit formed in the fuel and on the
flask wall upon thermal decomposition of exo-THDCP was
measured by weighing solid deposit, which was collected on the
filter paper and left on the flask wall, respectively, after the fuel
was filtered off.

Conversion of exo-THDCP and the composition of the
product were measured as reported previously.”> Conversion of
exo-THDCP is defined as

(RH], — [RH]

conversion of exo-THDCP(%) = RH]
o

X 100

where [RH], and [RH] are the concentrations (wt %) of exo-
THDCP at the initial and indicated times, respectively. [RH]
was determined by GC analysis as described above. The
composition of the product is defined as the ratio (wt %/wt %)
of C, to all compounds, where C, indicates all compounds with
n number of carbons, unless otherwise noted.

2.2. Kinetic Analysis. We carried out the kinetic analysis of
the thermal decomposition of exo-THDCP in the presence of
the H donor. Our proposed mechanism for the thermal
decomposition of exo-THDCP (RH) in the presence of a H
donor (DH) is as follows:

k
RH - R- + H- (1)
k,
R: 3 R~ (2)
k
DH = D + H- @)
ky
R-+DH - RH + D 4)
k
H'+DH 3 H, +D (s)
k,
R-+DHS3RH+D (6)

Radical formation steps 1—3 involve the H abstraction of RH,
radical rearrangement (or fragmentation), and the H
abstraction of DH, respectively, whereas radical termination
steps 4—6 involve H addition.
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Rate equations for the formations of [RH], [DH], [R-], [H-],
and [R’*] are as follows:

d[RH] .
= =~ klRH] + K [R][DH] (7)
O = (b + kR] + 1] + kR [DH]
(8)

dR] C IR — ERe
S = kRH] ~ B[R] ~ k[R)[DH] ©)
d[H] _ .

= k[RH] + k[DH] — k[H"][DH] (10)
AR _ 2

= kalR] = k(R [DH] (1)

We assume a steady-state approximation for all the radicals
[R']) [H']; and [R,']:

d[R-] _d[H-] _d[R"]
. dt dt (12)

Combining eqs 7—12, we obtain differential rate eqs 13 and 14
for the formations of [RH] and [DH]:

~
~

0

d[RH] _ Rk

e k,[RH] + I [RH][DH] 1)
dlpH] _ ~

v - 2k,[RH] — 2k,[DH] (14)

where k' = k, + k,[DH], which is assumed to be nearly
constant.

From the first-order differential eqs 13 and 14, we obtain the
second-order differential eqs 15 and 16:

d*[RH] 1 d[RH])d[RH] _
@ (2k3 ~ [RH] dt ) a F((RH))
(15)
d'oH] | (kl + 2k, - @[DH]]—d[DH] — G([DH])
dt 5 dt
(16)
k12k4 2
where  F([RH]) = —2kk,[RH] — 2—/[RH]

2

G([DH]) = —2kk,[DH] + :z%[DH]2

2
We assume F([RH]) # 0 and G([DH]) = 0. Solving the
differential rate eqs 15 and 16 and then normalizing the
integrated rate equations thus obtained for [RH] and [DH]
over their initial concentrations, we obtain the final expressions
of [RH]/[RH], and [DH]/[DH], in terms of the reaction time
t as follows:

[RH] ~ ek Az(kl(A - 1) - (k - kl)e_kt)

[RH], (A-1+e™P k(A -1) = (k= k)
(17)

[DH] = Ae™

[DH], A-1+¢™ (18)
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kk, [DH],

where A = and k= k; + 2k,

By using the Nonlinear Curve Fit method in the OriginPro
(ver. 8.5.1) software, experimental data were fitted to eqs 17
and 18 with regression parameters kj, k, and A, whereupon k;
and k,/k,” were obtained.

2.3. Molecular Mechanics Calculation. The geometry
optimized structures and energies of H donors and their
intermediates and products were calculated using the molecular
mechanics (MM3) method in the MOPAC program (Fujitsu
CAChe 7.7).*7* The geometry optimized structures thus
obtained were then employed to calculate the energy changes
for bond breaking and forming processes using the MM3
method. Such energy changes were used to determine the
possible reaction pathways for H donation. In Benzox, for
example, we first examined the energy change for three possible
pathways in the H donation from N1—H (—18.7 kJ/mol), C2—
H (—4.0 kJ/mol), and C3—H (—6.9 kJ/mol) of reactant la to
form intermediate I,,. Considering that a reaction progresses
toward intermediates and products when the energy release is
maximized for such progresses, we then predicted that the N1—
H bond cleavage would most likely occur in the first step.

3. RESULTS AND DISCUSSION

3.1. H-Donor Effects on the Conversion of exo-THDCP.
Conversions of exo-THDCP in the absence and presence of H
donors (0.5 wt %) at 395 and 415 °C are shown in Figure 2.
Conversions of exo-THDCP in the absence of the H donor
were 8.7% and 28.9% at 395 and 415 °C for 5.5 h, respectively
(Figure 2a and b, solid black circles and left y axis). Thus,
conversion of exo-THDCP was faster at the higher temperature.
Conversions of exo-THDCP in the presence of Benzox, THQ,
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Figure 2. Conversions of exo-THDCP in the absence and presence of
H donors (0.5 wt %) at 395 and 415 °C. Conversion of exo-THDCP
and the amounts of H donor and its product are indicated by solid
circles (left y axis) and open circles and triangles (right y axis),
respectively.
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and THQox were 7.4%, 4.0%, and 0.6% at 395 °C for 5.5 h and
29.0%, 21.8%, and 15.6% at 415 °C for 5.5 h, respectively
(Figure 2a and b, solid green, blue, and red circles and left y
axis). Thus, conversion of exo-THDCP was slowed in the
presence of the H donor. The order of the H-donor effects on
the decrease in the conversion of exo-THDCP was Benzox <
THQ_ < THQox. Conversions of exo-THDCP in the presence
of Benzox, THQ, and THQox compared to their absence
decreased by 1.3%, 4.7%, and 8.1% at 395 °C for 5.5 h and
—0.1%, 7.1%, and 13.3% at 415 °C for 5.5 h, respectively.
Actually, conversion of exo-THDCP was hardly slowed in the
presence of Benzox at 415 °C. Thus, the H-donor-induced
decrease in the conversion of exo-THDCP was smaller at the
higher temperature.

At 395 °C, the average consumption (formation) rates of
Benzox, THQ, and THQox (quinoline and quinoxaline) were
almost constant (0.070, 0.017, and 0.018%/h (0.017 and
0.018%/h)) during the entire reaction (Figure 2a, open circles
(triangles) and right y axis). Note that conversion of exo-
THDCP was slower in the presence of THQox compared to
THQ and Benzox during the entire reaction at 395 °C (Figure
2a, solid red, blue, and green circles and left y axis). Thus,
conversion of exo-THDCP was more effectively slowed by
THQox compared to THQ_ and Benzox despite the nearly
identical or slower consumption rate of THQox. It seems that
THQox performs faster H donation than THQ_ at 395 °C,
thereby terminating more effectively the propagation of radicals
produced upon thermal decomposition of exo-THDCP. After
H donations, THQ and THQox were converted into quinoline
and quinoxaline, respectively (Figure 2a, open circles and
triangles and right y axis). However, Benzox was converted to
undetectable products. It seems that Benzox undergoes thermal
decomposition without significantly affecting the conversion of
exo-THDCP at 395 °C. Taken together, THQox appears to
perform faster H donation than THQ_ and has higher thermal
stability than Benzox at 395 °C.

At 415 °C, the average consumption (formation) rates of
Benzox and THQ (quinoline) were almost constant (0.125 and
0.072%/h (0.065%/h)) during the entire reaction, whereas that
of THQox (quinoxaline) varied with the reaction time (0.049,
0.171, and 0.060%/h (0.044, 0.156, and 0.055%/h) for early,
middle, and late ~2 h) (Figure 2b, open circles (triangles) and
right y axis). Note that conversion of exo-THDCP was slower
in the presence of THQox compared to THQ and Benzox
during the entire reaction at 415 °C (Figure 2b, solid red, blue,
and green circles and left y axis). Thus, conversion of exo-
THDCP was more effectively slowed by THQox compared to
THQ and Benzox at the slower and faster consumption rates of
exo-THDCP in the early and middle stages of the reaction. It
seems that THQox performs faster H donation than THQ even
at 415 °C. In the early stage of the reaction, where there are
small amounts of radicals formed mainly from exo-THDCP, the
small propagation of radicals can be terminated more effectively
by additives capable of performing faster H donation without
high additive consumption. In the middle stage of the reaction,
where there are large amounts of radicals, their massive
propagation cannot be terminated effectively even by such
additives without high additive consumption. Conversion of
exo-THDCP was no longer slowed by Benzox despite its fast
consumption rate at 415 °C. After H donations, THQ_and
THQox were converted into quinoline and quinoxaline,
respectively (Figure 2b, open circles and triangles and right y
axis). However, Benzox was converted to undetectable
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Figure 3. Compositions of products formed upon thermal decomposition of exo-THDCP in the absence and presence of H donors (0.5 wt %) at
395 °C. Products are classified by the number of carbons. Note that the plot for C,, shown here was obtained with the ratio of C,, minus observed
(not initial) exo-THDCP to all compounds. For small compositions of products, see Figure S1 of the Supporting Information.
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Figure 4. Compositions of products formed upon thermal decomposition of exo-THDCP in the absence and presence of H donors (0.5 wt %) at
415 °C. Products are classified by the number of carbons. Note that the plot for C;, shown here was obtained with the ratio of C;, minus observed
(not initial) exo-THDCP to all compounds. For small compositions of products, see Figure S2 of the Supporting Information.

products. It seems that Benzox undergoes thermal decom-
position without affecting the conversion of exo-THDCP any
more at 415 °C. Taken together, THQox appears to perform
fast H donation without its significant thermal decomposition
even at 415 °C.

3.2. H-Donor Effects on Compositions of Products
Formed from exo-THDCP. Compositions of products formed
from exo-THDCP in the absence and presence of H donors
(0.5 wt %) at 39S °C are shown in Figure 3. Most of the
products were C,, compounds regardless of whether H donors
were present or not. C,, compounds formed from exo-THDCP

7402

were its primary decomposition products as reported
previously.”> The secondary decomposition products, which
are formed via fragmentation or recombination and thus
obtained mostly as H,, <C,,, and >C,, compounds, were hardly
formed in the presence of THQ and THQox at 395 °C.
Compositions of products formed from exo-THDCP in the
absence and presence of H donors (0.5 wt %) at 415 °C are
shown in Figure 4. Most of the products were the primary
decomposition products (C,, compounds) at 415 °C regardless
of whether H donors were present or not, although their ratio
to all compounds (products) increased (decreased) as

dx.doi.org/10.1021/jp3113599 | J. Phys. Chem. C 2013, 117, 7399—7407
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Figure S. Comparison of product compositions obtained upon thermal decomposition of exo-THDCP in the absence and presence of THQ and
THQox (0.5 wt %) at 395 and 415 °C for 5.5 h. See also Figures 3 and 4 and Table 1.

Table 1. Comparison of Product Compositions Obtained upon Thermal Decomposition of exo-THDCP in the Absence and
Presence of THQ and THQox (0.5 wt %) at 395 and 415 °C for 5.5 h”

395 °C 415 °C
yield, Y (wt %) yield, Y (wt %)
product none THQ  THQox Aty Atpqox Athqox-THQ. none THQ  THQox Aryq Atpqox AThqox-THQ.
H, 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.04 0.01 0.00 —0.03 —0.03
Ciy 0.14 0.09 0.05 —0.05 —0.09 —0.04 0.52 0.47 0.16 —0.05 —0.36 —0.31
Cs 0.45 0.29 0.05 —0.16 —0.40 —0.24 1.54 1.41 111 —0.13 —0.43 —0.30
Cs9 0.30 0.12 0.00 —0.18 —0.30 —-0.12 2.62 1.585 1.16 -1.07 —1.46 -0.39
Cypo 5.75 2.57 0.40 —3.18 =5.35 -2.17 133 9.75 7.23 -3.55 —6.07 —2.52
Ciis 168 0.66 0.11 -1.02 -1.57 —0.55 727 579 4.00 —148 327 —-1.79
Cis 1.10 0.16 0.00 —-0.94 -1.10 —0.16 3.04 2.16 1.58 —0.88 —1.46 —0.58
Cyq 0.000 0.000 0.000 0.000 0.000 0.000 0.041 0.022 0.009 -0.019 —0.032 -0.013

“See also Figure 5. Note that the composition of the product is also referred to as the yield. Atyq = Yruq = Yaones AtHQox = YTHQos —

ATHQOX—THQ = YTHQox - YTHQ

Y,

none’

compared to that at 395 °C. However, the secondary
decomposition products (H,, <C;o, and >C,, compounds)
were formed in larger amount at 415 °C than at 395 °C even in
the presence of THQ and THQox. Note that Cy solid deposit
was produced at 415 °C. The ratio of Cyq to all compounds in
the absence and presence of Benzox, THQ, and THQox at 415
°C for 5.5 h was 0.041%, 0.040%, 0.022%, and 0.009%,
respectively.

Comparison of product compositions obtained from exo-
THDCEP in the absence and presence of THQ and THQox (0.5
wt %) at 395 and 415 °C for 5.5 h are shown in Figure S and
Table 1 and Figure S3 and Table S1 of the Supporting
Information. The ratios of H,, C;_y, Cs, C4_g, C10, Cy1_14 Ciso,
and C to all compounds at 395 °C (415 °C) for 5.5 h at 0.5%
THQ and THQox compared to 0.0% H donor, where
conversions of exo-THDCP were 4.0%, 0.6%, and 8.7%
(21.8%, 15.6%, and 28.9%), decreased by the absolute Argyq
and Aryq,y values for H, and C, in Table 1. Thus, their ratios
to all products in the presence of THQ and THQox compared
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to their absence increased or decreased by the absolute Aryq
and Aryq, values for H, and C, in Table S1 of the Supporting
Information. Accordingly, the ratios of <Cy, (=C,) to all
products in the presence of THQ and THQox compared to
their absence increased or decreased by the sum of the absolute
ATHQ or ATHQOX values for Hy, C;_4, C5, and Cs_o (Cio Ciioww
Cys_, and Cy) in Table S1 of the Supporting Information.
These Aryq and Argq, values for <Cyy (>C,) were 3.5% and
7.0% (—3.4% and —6.9%) at 395 °C. Thus, the H-donor-
induced decrease in the rate of <C,, product formation was
smaller than that of >C,;. The H-donor-induced decrease in
the rate of <C,, (>C,) product formation was smaller
(higher) in the presence of THQox compared to THQ.

The amounts of carbon deposit formed upon thermal
decomposition of exo-THDCP in the absence and presence of
H donors (0.5 wt %) at 415 °C for 5.5 h are shown in Figure 6.
The amounts of carbon deposits in the absence and presence of
Benzox, THQ, and THQox were 37.0, 36.7, 20.3, and 8.3 mg in
100 mL of exo-THDCP used, respectively. Thus, the order of

dx.doi.org/10.1021/jp3113599 | J. Phys. Chem. C 2013, 117, 7399—7407
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Figure 6. Amounts of carbon deposit formed upon thermal
decomposition of exo-THDCP in the absence and presence of H
donors (0.5 wt %) at 415 °C for 5.5 h.

the H-donor-induced effects on the decrease in carbon deposit
formation is Benzox < THQ < THQox. Note the same order of
the H-donor-induced effects on the decrease in the conversion
of exo-THDCP. Accordingly, the amount of carbon deposit
decreased as conversion of exo-THDCP was decreased by H
donors.

We can summarize the key experimental results on
compositions of products formed from exo-THDCP in the
absence and presence of H donors as follows.

(i) The H-donor-induced decrease in the rate of <C
product formation was smaller than that of >C,,.

(ii) The H-donor-induced decrease in the rate of <Cj,
(>Cyo) product formation was smaller (higher) in the
presence of a more effective H donor.

Our previously proposed mechanism for the thermal
decomposition of exo-THDCP explains the experimental
results (i) and (ii) (see Figure 11 in ref 25). According to
the mechanism, exo-THDCP is converted to C,, radical
intermediates via C—C cleavage or H abstraction. They are
then converted to <C,, products via fragmentation, C,,
products via rearrangement (or H addition), or >C,, products
via recombination. C,, radical intermediates formed directly
from exo-THDCP are more rapidly converted back to exo-
THDCP in the presence of a more effective H donor and
thereby the amounts of <C,, and C,; demanded for producing
>C,, are more effectively reduced. The formation of <C,, from
C) radical intermediates via fragmentation occurs independ-
ently of the H donor, although the H donor effects the
formation of <C,, from <C,, radical intermediates. Thus, the
formation of <C,y (=C,) is slowed but less (more) affected by
a H donor. The formation of <C,, (>C,,) can be less (more)
effectively slowed in the presence of a more effective H donor.
Consequently, the proposed mechanism in Figure 11 of ref 25
is consistent with the experimental results (i) and (ii) described
above.

3.3. Thermal Decomposition Kinetics of exo-THDCP in
the Presence of H donors. The kinetic analyses of the
thermal decomposition of exo-THDCP in the absence and
presence of THQ and THQox at 415 °C are shown in Figure 7.
Generally, thermal decompositions of hydrocarbon fuels are
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Figure 7. Kinetic analyses of the thermal decomposition of exo-
THDCP in the absence and presence of THQ and THQox (0.5 wt %)
at 415 °C. Experimental data (red and blue circles) for exo-THDCP
(a) and H donors (b) were fitted to eqs 17 and 18 (curves) in Section
2.2, respectively. Experimental data (black circles) for exo-THDCP in
(a) were fitted to [RH]/[RH], ~ 1 — k;t (line), which is derived from
In [RH]/[RH], = — k;t when 1 — [RH]/[RH], < 1. Note that
In [RH]/[RH], = — kyt is the integrated rate equation for first-order
kinetics. For the fitting kinetic parameters, see Table 2.

assumed to be a first-order reaction in both the absence and
presence of the H donor.>"*? In the absence of the H donor,
thermal decomposition of exo-THDCP studied here also
showed first-order kinetics, because the plot of In [RH]/
[RH], versus reaction time t was a straight line (Figure 7a,
black). This result is consistent with those reported
previously.'®?®*® In the presence of the H donor, however,
the plot of In [RH]/[RH], versus ¢ was not a straight line.
Thus, thermal decomposition of exo-THDCP cannot be a first-
order reaction in the presence of the H donor. We therefore
proposed the mechanism for the thermal decomposition of exo-
THDCP in the presence of the H donor, whereby their thermal
decomposition kinetics could be analyzed (see Section 2.2).
Intriguingly, our experimental data for exo-THDCP and H
donors at 395, 405, and 415 °C were well fitted to eqs 17 and
18 as shown in Figure 7a and b, respectively. Importantly, our
kinetic mechanism explains the unusual thermal decomposition
kinetics of exo-THDCP and H donors: (i) exo-THDCP does
not follow first-order kinetics (Figure 7a, blue and red) and (ii)
THQ and THQox show the S-shaped concentration—time
curves (Figure 7b, blue and red).

The rate constants (k; and k;) and k,/k,” at 395, 405, and
415 °C and the pre-exponential factor (k) and activation
energy (E,) for k; in the absence and presence of THQ and
THQox are summarized in Table 2. Recall that k; and k; are the
rate constants for the H abstraction of exo-THDCP and H
donors, respectively. k,/k," is the ratio of the rate constants for
the two competing reactions, H addition to radical
intermediates formed directly from exo-THDCP and their
rearrangement (or fragmentation). That is, k,/k,’ refers to the
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Table 2. Kinetic Data for the Thermal Decomposition of exo-THDCP in the Absence and Presence of THQ and THQox

(0.5 wt %)°

ky
H donor temp (°C) k (s Ky (s74) ky/ky (M) ko (s71) E, (kJ/mol)
none 395 44 x 107° - - 5.0 X 10 256.4
405 1.0 x 107° - -
415 1.7 X 107° - -
THQ 395 8.0 x 1077 50 x 107° 72 % 10° 7.0 X 10" 254.5
405 1.6 X 107° 5.1x 1078 2.8 X 10°
415 3.0 x 107¢ 5.1 % 107° 9.7 X 10?
THQox 395 40 x 107* 50 X 107° 1.5 x 10° 3.5 x 10" 252.6
405 7.8 X 1078 5.0 % 107° 7.7 X 10*
415 1.5 x 1077 51 % 107° 3.9 x 10*
“Kinetic parameters obtained from Figure 7. See details in Section 2.2.
0, 0 0, O, o) o] 0
- - - - - -
10N N N N N N 0 H,N
N . . . .
1a l1a 123 I3a l4a I5a 2a 2a
3 4 . - X
@sz . ~ - |- | —~ | —~ D
10N N N N N N N
N . . . . .
1b b I2p I3p l4b Isp 2b

H
9@
0N 2
H
1

[

0

l1e

-0

l2¢

.
Nj
N .
)

I3¢

NeoRisoriee

lgc Isc 2c

Figure 8. Proposed mechanism for H donations by Benzox, THQ, and THQox. H donors 1 undergo heterolytic cleavage to furnish hydrogen
radicals, and concomitantly, intermediates I and products 2 are formed. See the detailed discussion in Section 3.4. For the relative energies and their
diagrams, see Table 3 and Figure 9, respectively. Note that C2, C3, and C10 indicated here in Benzox are changed to C3, C2, and C4a, respectively,
when the IUPAC system is used.

Table 3. Relative Energies of Intermediates and Products Formed from Benzox, THQ, and THQox upon H Donation”

relative energy (kJ/mol)

H donor I, 1, 1, I, I 2

Benzox N1- —18.7 C2- —-21.3 C2- —28.8 N1=Cl10 21.3 N1=C10 —-30.2 2a +2'a -93.9
C2: —4.0 C3- —-25.9 C2=C3 —-28.7
C3* —-6.9 N1=C10 21.3

THQ N1- —19.9 C2: -20.5 C2- —-17.6 C4- —-8.2 C4- —8.2 C3=C4, N1=C2 —39.6
C2: =27 C3- -35.0 C4+ =23 N1=C2 -33.6
C3* —15.3 C4- —-11.8 C2=C3 -37.7
C4- 7.8 N1=Cl10 -19.9

THQox NI1- —19.8 C2: -9.1 C2- —28.4 N1=C2 —35.8 C3- —26.9 C3=N4 —-33.3
C2- 11.5 C3- -84 C3- —28.4
C3* 11.5 N4+ —38.8
N4- —19.8 N1=Cl10 —19.8

“See details in Section 2.3. See also Figures 8 and 9. Xn is indicated in Figure 8.

effectiveness of H donors for lowering the thermal decom-
position of exo-THDCP. In the absence and presence of THQ
and THQox, k, increased with increasing temperature. The k,
and E, values for k, in the absence and presence of THQ and
THQox were 5.0 X 10" s™! and 256.4 kJ/mol, 7.0 X 10" s*
and 254.5 kJ/mol, and 3.5 x 10" s7' and 252.6 kJ/mol,
respectively. In the presence of THQ and THQox, k,/k,’
decreased with increasing temperature, whereas k; remained
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nearly unchanged at 395—415 °C. k; for THQox was smaller
than that for THQ. Thus, thermal decomposition of exo-
THDCP via H abstraction (k;) was slower in the presence of
THQox compared to THQ. k; for THQox was nearly identical
to that for THQ. Thus, consumptions of THQox and THQ via
H abstraction (k;) proceeded at similar rates. k,/k,” for THQox
was greater than that for THQ. Thus, thermal decomposition
of exo-THDCP via rearrangement or fragmentation (k,’) was

dx.doi.org/10.1021/jp3113599 | J. Phys. Chem. C 2013, 117, 7399—7407
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more effectively counterbalanced via H addition (k,) in the
presence of THQox compared to THQ, which may be
attributed to faster H donation by THQox relative to THQ.
To investigate the differences in H-donation kinetics between
THQox and THQ, we carried out molecular mechanics
calculation.

3.4. Mechanisms for H Donations by Benzox, THQ,
and THQox. The proposed mechanisms for H donations by
Benzox, THQ, and THQox are shown in Figure 8 and Table 3.
H donors 1 undergo heterolytic cleavage to furnish hydrogen
radicals, and concomitantly, intermediates I and products 2 are
formed. Benzox 1la is fragmented to cyclohexa-3,5-diene-1,2-
dione 2a and ethenamine 2’a via Claisen rearrangement of I,.
THQ_ 1b and THQox 1c are converted to quinoline 2b and
quinoxaline 2¢, respectively. 1a, 1b, and 1c furnish hydrogen
radicals from N1 and are then converted to I;,, I;p, and I,
respectively. I, and I,;, furnish hydrogen radicals from C3 via
Hofmann elimination-type heterolytic cleavage, whereas I,
furnishes a hydrogen radical from N4.

The relative energy diagrams for H donations by Benzox,
THQ, and THQox are shown in Figure 9. The energy of 2a is

oF —

3T 20t — —
>, 40 —
=
9]
=
o 60}
[}
2
© Benzox
© -80F — THQ
o

— THQox

-100 -
1 1 1 1 1 1 1

Reaction pathway

Figure 9. Relative energy diagrams for H donations by Benzox, THQ,
and THQox. See details in Section 2.3. See also Figure 8 and Table 3.
Note that the energy of 2a + 2’a (—93.9 kJ/mol) is not the sum of
energies of 2a (—48.8 kJ/mol) and 2'a (—96.3 kJ/mol).

quite lower than those of 2b and 2c¢. Thus, 1a can more rapidly
furnish hydrogen radicals than 1b and 1c. However, 1a appears
to be fragmented to 2a and 2’'a without furnishing hydrogen
radicals. Thus, thermally unstable 1a is incapable of furnishing
hydrogen radicals. Accordingly, the thermal stability of exo-
THDCP is hardly improved by Benzox. Overall, the energies of
I,.—I. are lower than those of I;,—Ig,. Thus, 1c can more
rapidly furnish hydrogen radicals than 1b. Accordingly, THQox
performs faster H donation than THQ and thereby the thermal
stability of exo-THDCP is more effectively improved by
THQox compared to THQ.

4. CONCLUSION

We investigated the thermal stability of exo-THDCP in the
absence and presence of Benzox, THQ, and THQox, which act
as H donors. The thermal stability of exo-THDCP was more
effectively improved by THQox compared to THQ and
Benzox. THQox was effective in improving the thermal stability
of exo-THDCP even at high temperatures. We proposed the
mechanism for the thermal decomposition of exo-THDCP in
the presence of the H donor, whereby their unusual thermal
decomposition kinetics could be analyzed. We also proposed
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the mechanism for H donations by Benzox, THQ, and THQox,
whereby their distinct H-donation kinetics and thermal stability
were elucidated and found to be associated with the more
effective thermal stability improvement of exo-THDCP by
THQox compared to THQ and Benzox.
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