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a b s t r a c t

Molecular simulations are important to predict thermodynamic values for reactive chemicals especially
when sufficient experimental data are not available. Methylcyclopentadiene (MCP) is an example of
a highly reactive and hazardous compound in the chemical process industry. In this work, chemical
reactivity of 2-methylcyclopentadiene, including isomerization, dimerization, and oxidation reactions,
is investigated in detail by theoretical computational chemistry methods and empirical thermodynamic-
energy correlation. On the basis of molecular simulations, an average value of −15.2 kcal/mol for overall
eywords:
olecular simulation

hemical reactivity
ransition State Theory
vans–Polanyi equation

heat of dimerization and −45.6 kcal/mol for overall heat of oxidation were obtained in gaseous phase at
298 K and 1 atm. These molecular simulation studies can provide guidance for the design of safer chem-
ical processes, safer handling of MCP, and also provide useful information for an investigation of the T2
Laboratories explosion on December 19, 2007, in Florida.

© 2008 Elsevier B.V. All rights reserved.

o
a
o
a
l
c

o
n
i
a
p
h
a
i
o
a
S
d

ethylcyclopentadiene
2 Laboratories explosion

. Introduction

Appropriate assessment of reactive hazards has been a signifi-
ant concern in the chemical process industry [1]. The U.S. Chemical
afety and Hazard Investigation Board (CSB) reported that there
ere 167 reactive chemical incidents between 1980 and 2001,
hich resulted in an average of five fatalities annually [2]. The lack

f accurate knowledge about the chemistry of reactants, intermedi-
tes, and products has been one of major causes of these incidents
3]. Therefore, to prevent similar incidents, it is urgent to recognize
hemical reactivity and thermal runaway reactions of hazardous
aterials for safe operation of a chemical process facility [4].
Methylcyclopentadiene (MCP), C6H8, has recently been involved

n a serious industrial incident which occurred on December 19,
007, in Florida [5]. The explosion destroyed a T2 laboratory and

ed to four fatalities and multiple injuries. T2 Laboratories is a
mall company with about a dozen employees, who were mak-
ng methylcyclopentadienyl manganese tricarbonyl (MMT). MMT
s an additive used to boost gasoline octane rating and is marketed

s Ecotane by T2 Laboratories and is sold in about 70 nations. The
rocess chemistry of manufacturing MMT is summarized in Fig. 1
rom a U.S. Patent [6]. Among the chemical process, the first step
s carried out at 110 ◦C in diglyme, which is a common solvent in

∗ Corresponding author. Tel.: +1 979 862 3985; fax: +1 979 845 6446.
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e
c

p
i
d
o
t
a

304-3894/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2008.09.087
rganic synthesis [7]. This reaction is considered to be very haz-
rdous in a batch reactor process, because more than half a ton
f metallic sodium reacts with MCP, and release hydrogen gas as
byproduct. Preliminary findings conducted by CSB indicate that

arge amounts of thermal energies led to a runaway reaction and
aused a high-pressure reactor vessel to rupture [8].

It is well known that chemical reactivity information can be
btained from the literature sources or by using calorimetric tech-
iques in the laboratory. However, for reactive materials with

nsufficient experimental data, such as MCP, estimation methods
re of prime importance. Molecular simulation has been used to
rovide a unique and reliable approach for prediction of reactive
azards, such as hydroxylamine, NH2OH [9]. MCP is an example of
highly reactive, hazardous, and poorly characterized compound

n industry. It is reported that MCP is usually stored below −20 ◦C,
r in very diluted alcoholic solution [10]. Dimerization is measur-
ble above 0 ◦C and normally completes within 2–3 h at 60 ◦C [10].
ince MCP is not commercially available (only methylcyclopenta-
iene dimmer 93% can be purchased from Sigma–Aldrich Co.), the
xperimental evaluation of its calorimetric data is extremely diffi-
ult.

Reaction pathways, thermodynamic properties and kinetic
arameters are important parts of chemical reactivity character-
zation [11,12]. Hazardous reactions of MCP include ring expansion,
ecomposition, isomerization, dimerization, polymerization and
xidation. The pyrolysis of MCP has been examined in two shock
ubes with a variety of techniques by Ikeda et al. [13]. High temper-
ture shock tube results on the decomposition demonstrated that

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:mannan@tamu.edu
dx.doi.org/10.1016/j.jhazmat.2008.09.087
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merization compared to the 1-MCP to 5-MCP isomerization. The
values of activation energy are consistent with the experimental
results reported by McLean et al. [30]. Therefore, the reaction rate
constant k can be calculated based on Transition State Theory using
Fig. 1. Summary of the process chemistry of manufacturing MMT.

large number of higher aromatics were produced. Five-member
ing expansion in MCP is a transition from aliphatic to aromatic
ompounds, which has been theoretically investigated by Dub-
ikova and Lifshitz [14].

In this work, the chemical reactivity, especially the heat of
eaction and isomerization, dimerization and oxidation reactions
f MCP was thoroughly analyzed using the molecular simulation
pproach. The mechanisms of isomerization are elucidated using
ransition State Theory (TST). The theoretical computational meth-
ds were used to predict plausible hazardous reaction pathways
nd their heats of reactions. Identification of the dominant reaction
athways will lead to a better understanding of the thermodynamic
nd kinetic characterization of MCP.

. Theoretical methods

Density functional and ab initio computations for the gaseous
hase at 298 K and 1 atm were performed using the Gaussian-
3 program package [15,16]. A variety of theoretical methods,
ustin Model 1 (AM1) [17], Hartree–Fock (HF) [18], second-order
øller–Plesset perturbation theory (MP2) [19] and Becke 3 Lee,

ang, and Parr density functional theory (B3LYP) [20,21] were used
or geometry optimizations and frequency calculations. Employed
lso were Pople-style basis sets [22,23], 6–31G(d), including polar-
zation functions for angular flexibility to represent regions of high
lectron density among bonded atoms [24].

One way to calculate enthalpies of reaction is to calculate heats
f formation, and take the appropriate sums and difference. How-
ver, the heat of reactions can be obtained also by simply taking
he difference of the sum of these values for the reactants and the
roducts, because the Gaussian program provides the sum of elec-
ronic and thermal enthalpies [25]. The same method can be used
o calculate Gibbs free energies of reactions. Since the number of
toms of each element is the same on both sides of the reaction
nd all of the atomic information cancel out, only molecular data
re needed.

Frequency calculations at several levels of theory were per-
ormed to obtain zero-point energies and frequencies for all species
n the reaction pathways without symmetry restrictions. Each cal-
ulated structure was characterized as either a local minimum with
o imaginary frequency or a transition state with only one imagi-

ary frequency. Vibrational analysis was also at the same level of
heory to characterize the optimized structures as local minima or
ransition states. The QST2 method was used to search and optimize
he transition state structures. The calculation of intrinsic reaction
ath (IRC) was also conducted to follow the reaction pathways and

F
(
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sed to check whether a transition state connects two minima of
nterest on the potential energy surface [26].

. Results and discussion

.1. Isomerization reaction

As a product of thermal cracking of petroleum hydrocarbons,
CP has three isomers depending upon the location of the methyl

roup with respect to the sp3 carbon in the molecule (Fig. 2). All
hree isomers are optimized using AM1, HF, MP2, and B3LYP, with
he same basis set, 6–31G(d). All of the total energies and rela-
ive energies including the zero-point energy (ZPE) correction are
ummarized in Table 1. As can be seen, these theoretical meth-
ds give the consistent results that the lowest energy isomer is
-MCP.

The mechanisms of sigmatropic rearrangements have been sys-
ematized by the Woodward–Hoffmann rules of orbital symmetry,
nd concerning the nature of the [1,5] rearrangement also has
een reported by Spangler [27,28]. Particularly, the [1,5] sigmat-
opic hydrogen shifts in the heterocycles have been examined using
b initio calculations [29]. It would be interesting to know the iso-
erization mechanism and rates in the three isomers of MCP. In

his case, the isomerization reactions from 2-MCP to 1-MCP, and
lso from 1-MCP to 5-MCP can be described in a sigmatropic [1,5]
ydrogen shift mechanism, as shown in Fig. 2. The reaction coor-
inate involves a substantial H-atom motion as the carbon–carbon
ouble bonds rearrange.

A transition state is defined as the geometry that has a zero
erivative of energy and a positive second derivative of energy with
espect to movement of the nuclear coordinates for all but one
eometric movement, which has a negative curvature. The energy
f the transition state structure must be calculated to determine
he activation energy and the reaction rate. In this work, we use
he QST2 method to calculate the configuration and the energies
f the transition states of two isomerization reactions. The tran-
ition structures, TS1 and TS2 as shown in Fig. 2, are obtained
nd each have only one imaginary frequency (−1227.29 cm−1 for
S1, −1263.93 cm−1 for TS2). The energy barrier of the 2-MCP to
-MCP isomerization is 27.98 kcal/mol at the B3LYP level of the the-
ry, whereas the barrier for isomerization of 1-MCP to 5-MCP is
4.05 kcal/mol. The activation energy difference can be explained
y the relatively small endothermicity of the 2-MCP to 1-MCP iso-
ig. 2. Isomerization mechanism of three MCP isomers with two transition states
TS1 and TS2).
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Table 1
Total energies (E: au) and relative energies (�E: kcal/mol) including zero-point energy (ZPE) correction of three isomers.

Isomers HF MP2 B3LYP AM1

E �E E �E E �E E �E

2 −231.7137 0.00 −231.7135 0.00 −233.3030 0.00 0.1680 0.00
1 0.
5 3.
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−231.7134 0.25 −231.7131
−231.7077 3.78 −231.7073

ote: The same basis set, 6–31G(d) is used in this work.

q. (1):

= kBT
h e−�Ea/RT (1)

here kB is Boltzmann’s factor, h is Planck’s constant, �Ea is the
ctivation energy, T is the absolute temperature and R is the gas
onstant. Both k5–1 and k1–2 are estimated to be 1.42 × 10−5 s−1,
.86 × 10−8 s−1, respectively, at 298 K and 1 atm.

The equilibrium constant Ka is defined by the relation

a = e−�G
◦
r /RT (2)

hen the reaction system reaches equilibrium, Ka can be calculated
ccording to Eq. (2) for the chemical equilibrium among the three
somers. Therefore, the molar ratio (or ratio of concentration) of
hree isomers can be estimated to be 0.61:0.39:0.0006, for 2-MCP,
-MCP, 5-MCP respectively, at 298 K and 1 atm.

.2. Dimerization reaction

From the results of Section 3.1, because more than 60% of
somers are 2-MCP under the chemical equilibrium condition, 2-

CP is selected as the starting material in the following reactions.
imerizations of 2-MCP follows the Diels–Alder reaction, which
as been studied in great detail both theoretically [31] and exper-

mentally [32]. Three possible mechanisms have been proposed
y Woodward and Katz for the Diels–Alder reactions: a concerted
echanism, a two-step mechanism, and an asynchronous two-

tage mechanism [33]. The concerted mechanism suggests that the
eactants will dimerize directly to the final product through an
ctivated transition state barrier. However, the two-step mecha-
ism suggests the formation of various diradicals as the first step

ollowed by the formation of the product as the final step. The
synchronous two-stage mechanism is a combination of the two
revious mechanisms. Several semi-empirical and ab initio theo-
etical studies of Diels–Alder cycloadditions have been conducted:
ome studies have shown that ab initio SCF methods favor a con-
erted mechanism [34], while semi-empirical approaches favor
teps involving biradicals [35]. Diels–Alder dimerizations of a series
f substituted cyclopentadienes have been studied by Froese et al.
36], but the dimerization reaction has not been investigated. In
his work, the two-step mechanism is proposed, as shown in Fig. 3.
here are 12 reactions with three different reaction pathways and 9
nal products. To determine the dominant reaction pathways and
heir thermo-kinetic parameters, computational quantum chem-
stry calculations were performed using three different levels of
heory. The resulting heats of reaction and Gibbs free energies are
ummarized in Table 2.

To simplify the procedure of predicting the kinetics of ele-
entary reactions, a linear thermodynamic-energy correlation, the

vans–Polanyi equation [37], is commonly used to estimate activa-

ion barriers from heats of reactions:

a = E0
a + �P �Hr (3)

here E0
a is the intrinsic activation barrier, �P is the positive transfer

oefficient, and �Hr is the heat of reaction. This equation indicates

o
t
p
t
t

26 −233.3028 0.15 0.1684 0.24
91 −233.2958 4.51 0.1755 4.46

hat as a reaction type becomes more exothermic, its activation
arrier decreases. Hence, it is possible to apply Eq. (3) to identify
he dominant pathways based on activation energy predictions of
roposed elementary reactions. Since reactions 1, 2, and 3 share
he same mechanism, E0

a and �P values are expected to be the
ame for the three reactions. All three theoretical methods (AM1,
F and B3LYP) give the same results which are sufficient to con-
lude that reactions 1 and 2 are dominant over 3 since they have
he lower heats of reaction. Therefore, diradicals I-1 and I-2 will
e the main intermediates. Similarly, reactions 4–6 proceed with
he same mechanism, however, reaction 4 has much lower heat of
eaction (−10.4 kcal/mol) than reactions 5 and 6 (−2.1 kcal/mol and
.9 kcal/mol, respectively), which is expected to have lower activa-
ion barrier and therefore is more dominant. Also, among reactions
, 8 and 9, reaction 7 is expected to be more dominant.

On the basis of this analysis, the main dimerization reaction
athways are through intermediate I-1 and I-2, to form product
-1-1 (dimerization 1) and P-2-1 (dimerization 2). The optimized
olecular structures of these main final products are shown in

ig. 4. Previous experiment using a gas chromatography to sepa-
ate the mixture of dimers indicated that P-1-1 and P-2-1 are the
ajor compositions, which is consistent with the simulation result

38]. As for the overall heats of reactions, B3LYP level calculations
ield −12.75 kcal/mol and −12.41 kcal/mol, for dimerization 1 and
imerization 2, respectively.

.3. Oxidation reaction

Singlet (1�g) oxygen addition to unsaturated and aromatic com-
ounds, which involves the formation of organic peroxides and
ydroperoxides, plays an important role in chemical processes,
hich can directly initiate a chain of radical reactions [39]. 1,4-
ycloaddition of oxygen to a system containing two conjugated
ouble bonds results in the formation of the 1,4-peroxides. Two
ifferent mechanisms were suggested for 1,4-oxygen addition: a
tepwise mechanism involving a linear biradical intermediate, and
single-step mechanism with a symmetric transition structure
ith significant charge transfer from the organic donor to oxy-

en. The first mechanism involving linear biradical intermediates
eems to be reasonable. Although there is no direct experimen-
al evidence to support this mechanism, it is possible, because the
ntermediates have been observed in the reaction of singlet oxygen

ith 2,4-hexadiene [40]. In this paper, possible reaction pathways
re suggested based on the first mechanism and are illustrated in
ig. 5. The reactions will lead to the formation of highly reactive
eroxide, which may initiate the polymerization of MCP. The quan-
um computational level of theory was used to predict the reaction
hermodynamic values presented in Table 3.

According to the results of the calculations, the oxidation reac-
ion is significantly exothermic. The reaction involves the formation

f intermediates, in which the oxygen molecule is attached to one of
he terminal carbon atoms. Applying the same concepts of reaction
athway predictions on reactions with oxygen as in Fig. 5 suggests
hat the organic peroxide will be formed. Compared to dimeriza-
ion reactions, it is found that the peroxide formation reactions
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Fig. 3. Two-step mechanism of dimerization reactions.

Table 2
Heats of reactions (�Hr) and Gibbs free energies (�Gr) of dimerization reactions of 2-MCP calculated using three levels of theory.

Reactions AM1 HF B3LYP

�Hr �Gr �Hr �Gr �Hr �Gr

1 −14.26 −4.08 −4.37 4.56 −2.36 2.25
2 −14.17 −2.32 −4.34 5.69 −3.12 2.38
3 −13.09 0.61 −3.03 8.07 2.71 5.48
4 −4.75 −0.91 −9.57 −6.29 −10.40 −2.32
5 34.29 39.54 −0.39 5.52 −2.10 2.97
6 7.61 14.10 14.24 21.33 9.90 16.31
7 −4.84 −0.81 −9.33 −7.14 −9.29 −4.41
8 38.28 42.02 0.84 8.77 −0.35 5.38
9 7.58 12.39 11.56 16.56 9.61 15.10

10 1.32 3.99 −6.30 0.94 −4.63 2.38
11 50.57 53.79 45.62 50.37 35.29 43.18
12 6.44 9.41 12.90 17.82 18.67 23.63

Note: The same basis set, 6–31G(d) is used, and the unit is kcal/mol.

Fig. 4. Molecular structures of two major products in dimerization reactions.
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Table 3
Heats of reactions (�Hr) and Gibbs free energies (�Gr) of oxidation reactions of 2-MCP calculated using three levels of theory.

Reactions HF MP2 B3LYP

�Hr �Gr �Hr �Gr �Hr �Gr

1 −41.82 −32.93 −11.54 −8.58 −23.47 −14.25
2 −41.79 −33.84 −10.92 −7.95 −22.70 −13.75
3 −33.6
4 −34.3
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−0.35 4.24

ote: The same basis set, 6–31G(d) is used, and the unit is kcal/mol.

enerally have lower activation barriers (higher heat of reaction
s released) and hence may be dominant. Heat of these peroxide
eactions is calculated to be −45.57 kcal/mol using the B3LYP level
heory. The reactivity hazard of MCP is predicted to be more signifi-
ant in the presence of air or any other free radical initiator, because
he energy release associated with the oxidation reactions exceeds
hose of the dimerization reactions.

.4. Comparison of different methods

The heat of reaction for gaseous MCP was calculated under stan-
ard conditions at several levels of theories, including HF, B3LYP,
P2, and AM1. AM1 is a semi-empirical method and is convenient

o do within the Gaussian program. The most important advan-
age of AM1 is its small CPU time, even for relative large molecules.
herefore, it is recommended that AM1 method should be used at
he beginning of the modeling work to identify the possible reac-
ion pathways. This method is used for relative comparisons of the
arious proposed reactions but usually not for accurate calculations
f the overall reaction energies.

Hartree–Fock is the lowest level ab initio theory employed here.
ince HF method does not include a full treatment of electron cor-
elation, it is not accurate to optimize the structure of radicals or
iradicals in the reaction pathways. However, the overall heat of
eaction calculated with the Hartree–Fock model can still provide
ood results, because only reactants and products must be opti-
ized. In order to obtain more accurate values of heat of reaction,

igher level theory, such as the MP2 model, is also used in this
ork. The density functional methods, although not truly ab initio,

nclude electron correlation at only a moderate increase in comput-
ng cost by using functions of electron density. B3LYP is expected

o yield better results than the HF or AM1 methods. The overall
eaction enthalpies and Gibbs free energies including two dimer-
zations and an oxidation reaction are summarized in Table 4. As for
verall reaction heats in two dimerization reactions, HF and B3LYP
ethods are close with −12 to −13 kcal/mol. All three methods (HF,

Fig. 5. Proposed reaction pathways of oxidation reactions.

2

3

a
F
t
l
w
t

7 −24.07 −25.98 −22.76
0 −24.70 −26.75 −23.25

P2, and B3LYP) provide consistent results for the overall heat of
xidation, ∼−45 kcal/mol.

In order to save CPU time and obtain acceptable heat of reaction
alues, 6–31G(d) is a practical choice. It should be noted that the
ame basis set is used throughout this work, because an objective
as to compare different theoretical methods.

.5. Investigation of the T2 Laboratories explosion

As it was mentioned by CSB in its investigation on the T2 Labo-
atories explosion, excessive reactor pressure and temperature led
o a runaway chemical reaction and an explosion. Part of the reac-
or vessel ruptured and injuries occurred 750 ft from the reactor’s
ocation with debris found a mile from the blast. The CSB team may
onduct reactive chemistry testing to analyze the chemical hazards
eading to the reactor failure. But this testing and analysis could take

ore than a year to result in a published review. Molecular sim-
lation, however, is a quick and reliable approach to estimate this

ncident. Here, the available information was used to find the possi-
le causes and reduce the likelihood of such accidents. Based on the
rocess chemistry analysis and a molecular simulation approach,
ome potential causes of the T2 Laboratories explosion incident are
dentified as follows:

1. The first step of the chemical process includes the mixing of
reactive materials (MCP) with metallic sodium and generates
hydrogen gas, which will cause a pressure increase in the reactor.
Hydrogen gas is very easy to be ignited because of its low min-
imum ignition energy, a high flame speed, and a wide range of
flammability. Also vapors from MCP can ignite at 80 ◦C according
to safety warnings for the chemical solution.

. MCP is highly reactive and will dimerize even at 0 ◦C as men-
tioned previously. From the molecular simulation results, the
dimerization reaction is thermodynamic feasible and exother-
mic (�Hr ≈ −15 kcal/mol) at 298 K and 1 atm. Exothermic
reactions generate heat, which causes the temperature in the
vessel to rise. If the thermal energy is not efficiently dissipated
to the surroundings, it will finally lead to an unexpected runaway
reaction.

. Molecular simulation results also indicate that the oxida-
tion reaction is more favorable than dimerization reactions
in the presence of air. Large amounts of reaction heat
(�Hr ≈ −46 kcal/mol) will be released, and peroxide intermedi-
ates will be produced. The peroxides will increase the chance
of polymerization reaction initiation and therefore increase the
reactivity hazards.

The molecular simulation approach could provide some guid-
nce for the safer chemical processes and safer handling of MCP.

or example, since both dimerization reactions and oxidation reac-
ions are quite exothermic, it is especially important to control the
ocal temperature and pressure inside the reactor for the reactions

ith MCP involved, and efficiently dissipated the thermal energies
o the surroundings. Organic peroxides, which can be produced
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Table 4
Summary of calculated overall reaction heats (�Hr) and Gibbs free energies (�Gr) of three dominant reactions.

Methods Dimerization 1 Dimerization 2 Oxidation

�Hr �Gr �Hr �Gr �Hr �Gr

AM1 −19.00 −4.99 −19.01 −3.13 — —
HF −13.94 −1.73 −13.67 −1.45 −42.14 −29.60
MP2 — — — — −45.21 −32.65
B −12.41
A −15.03
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3LYP −12.75 −2.32
verage −15.23 −3.01

ote: For dimerizations, AM1, HF and B3LYP methods are used, and for oxidation, H
cal/mol.

y oxidation reactions, will also initiate polymerization reactions.
herefore, MCP should be handled or fed to the reactor very care-
ully under nitrogen atmosphere. Another concern is the possibility
f changing the chemical process. Roesky and coworkers reported
n improved synthesis of sodium cyclopentadienide directly by the
eaction of dicyclopentadiene with metallic sodium [41]. From the
olecular simulation results, the dimers of MCP are much more

table than its monomers. Therefore, it might explore the dimers
s the starting material and synthesize MCP, which will be used in
itu for the next reaction.

. Conclusions

Molecular simulations were performed to investigate the chem-
cal reactivity of MCP. It is possible to predict qualitatively
he dominant reaction pathways of dimerization and oxidation
hrough the application of quantum chemistry calculations and
hermodynamic-energy correlation. Both the dimerization and oxi-
ation reactions are quite exothermic. However, exposure of MCP
o air is extremely dangerous due to the relatively high value of
he oxidation reaction heat. Theoretical methods provide an under-
tanding of reactive hazards at the molecular level and also guide
trategies for safer handling of hazardous materials such as MCP.
he results reported here could provide the support to the inves-
igation of the T2 Laboratories explosion on December 19, 2007, in
lorida.
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