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The heats of formation (HOFs) were calculated for a series of polydifluoroaminocubanes by using density
functional theory (DFT), HartreeFock, and MP2 method with 6-31G* basis set as well as semiempirical
methods. The cubane skeleton was not broken in the process of designing isodesmic reactions; i.e., the cubane
skeleton was chosen for a reference compound. The contribution of difluoroamino group to the heat of formation
deviates from group additivity. The semiempirical MO (MNDO, AM1, and PM3) methods did not produce
accurate and reliable results for the HOFs of the title compounds. The relationship between HOFs and molecular
structures was discussed. It was found that the HOFs decreased dramatically initially and then gradually with
each difluoroamino group attached to the cubane skeleton. The distance between difluoroamino groups
influences the values of HOFs. The interacting energies of polydifluoroaminocubanes are in the rapge 14
kJ/mol. The interaction of neighbor difluoroamino groups discords with the group additivity. The average
interaction energy between the nearest-neighbardiéup in the most stable conformer of octadifluoroami-
nocubane is 13.94 kJ/mol at the B3LYP/6-31G* level. The, I[gfoup can rotate freely around the-®

bond. The relative stability of the title compounds was accessed on the basis of the calculated HOFs, the
energy gaps between the frontier orbitals, and the bond order bRz, These results provide basic information

for the molecular design of novel high energetic density materials.

Cubane and its derivatives contain a cage skeleton. To obtainHOFs of those demanding materi&ts2® The group additivity
novel high-density and high-energy materials, scientists have method is an empirical model with some limits in its applica-
managed to attach more nitro groups to the cubane cage skeletotion.!* MO methods are much more widely used. The param-
to form polynitrocubane. Research related to polynitrocubanes etrized semiempirical MO methods, such as MNDO, AM1, and
is motivated by their use as promising explosives with unusual PM3, are able to figure out HOFs directly and rapiéfly?3
high performance due to their high positive heat of formation, Although these semiempirical MO methods often bring signifi-
high density, and better thermal stability’ When the oxygen  cant HOFs errors for various groups and skeletons, the errors
atom in polynitrocubanes is replaced by fluorine atom that is are sometimes systematic and can be corrected. Ab initio MO
more electronegative, polydifluoroaminocubanes are formed. methods are employed to calculate HOF, too. For this purpose,
The difluoroamino is one of the essential functional groups for certain reactions need to be designed and accurate energies are
the combustiod?™** The internal rotation around the- @ bond  required. For obtaining accurate total energies, one often need

would become_ easier when the smaller difluoroamino group ;4 perform high-level calculations such as QCISD(T) and MP2
replaces the nitro group. Consequently, the rupture of thBIC o104 with electron correlation correction, which are com-
bond becomes difficult, and sensitivity is lowered since the , ;i4iionally expensive and even impossible for large molecules.
rotation process could abate some stimulating energies. As theNowadays the density functional theory (D3 methods
polydifluoroaminocubanes are potential novel explosive, propel- especially ’the B3LYBS27 hybrid DFT method that not onl,y

lant, and fuel, it is of technological Importance to probe their dproduces reliable geometries and energies but also requires less
valuable parameters related to detonation performance and to; .
time and computer resources, have been widely employed and

pioneer the design of new energetic materials, have become an important and economical tool to deal with
It is well-known that the evaluation of explosive performances portal
complex electron correlation problems.

of energetic materials requires the knowledge of the heats of ]
formation (HOFs). Moreover, HOFs are of great importance !N this paper, the HOFs have been calculated for 10
for researchers involved in thermochemistry. For stable com- Polydifluoroaminocubanes (the number of difluoroamino
pounds, of course, there are many tables that contain experi-groups: m= 1-8) using the density functional theory B3LYP
mental data of HOFs. However, it is impractical or dangerous method, HF, and MP2 methods with 6-31G* basis set via
to measure HOFs of energetic materials and unstable compoundslesigned isodesmic reactions. The approximate HOFs were also
experimentally. On the other hand, computational approachesobtained from the semiepirical MO methods. Results from
have shown their great advantages and been employed to obtailifferent methods were compared. The interactions between the
difluoroamino groups in polydifluoroaminocubanes were in-

lg:;‘tjir&%;ﬂi]v;ﬁ%’vgﬁsis&ie“ce and Technology. vestigated. The relationship between structure and stability was
* Corresponding author: e-mail xhju@mail.njust.edu.cn; F@6-25- analyzed. These results provide useful information for the
84315947. molecular design of novel high energetic density materials.
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Polydifluoroaminocubanes

1. Computational Methods
The hybrid DFT-B3LYP, HF, and MP2 methods with 6-31G*

basis set via designed isodesmic reactions were adopted for the

prediction of HOFS7-19.28.29The method of isodesmic reactions

has been employed very successfully to calculate HOF from
total energies obtained from ab initio calculations. The so-called
isodesmic reaction processes, in which the number of each kin
of formal bond is conserved, are used with application of the
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dFigure 1. Molecular framework and atomic numbering of cubane.

bond separation reaction (BSR) rules. The molecule is broken Structures were characterized to be true local energy minima

down into a set of two heavy-atom molecules containing the
same component boné%.However, usual bond separation

reaction rules cannot be applied to the molecules with delocal-

on the potential energy surfaces without imaginary frequencies.

2. Results and Discussion

ized bonds and cage skeletons because of large calculation errors 3 1 Heat of Formation. Figure 1 shows the molecular

of HOFs. To solve this problem, we do not break down the

framework and atomic numbering of cubane. Table 1 lists the

cubane cage skeletons in polydiflioroaminocubanes. To beqta) energies, zero-point energies, and the values of thermal
specific, we take cubane as a reference compound (thecorrection at the B3LYP/6-31G* and HF/6-31G* levels for three

experimental HOF of cubane is 622.1 kJ/mol in the gas phase).

This approach has been proved to be relidbkg.
The isodesmic reactions used to derive the HOFs of polydi-
fluoroaminocubanes at 298 K are as follows:
CgHg_(NF),, + mCH,— CHg+ mCH,NF, (1)
where m is the number of the difluoroamino groups in
polydifluoroaminocubane moleculests—(NF2)m and GHg

is cubane. For the isodesmic reaction 1, heat of readidpys
at 298 K can be calculated from the following equation:

AHyqg= ZAHf,P - ZAHf,R

whereAH; r andAH; p are the HOFs of reactants and products
at 298 K, respectively. As experimental HOFs of 4D, are
unavailable, additional calculations were carried out for the
replacement reaction GNH, + F, — CHsNF, + H; using
the G2 theory to get an accurate value Al for CHzNF,.
Both the experimental HOFs of reference compoungtés@nd
CH, are available. The HOFs of polynitrocubanegHg (NF2)m)

can be figured out when the heat of reacti®H,qg is known.
Therefore, the most important thing is to compute téygs.
AHagg can be calculated using the following expression:

)

AH,g5= AE,qs + A(PV) = AE,+ AZPE+ AH; + Anlg)

whereAE, is the change in total energy between the products
and the reactants at 0 KM\ZPE is the difference between the

reference compounds being enlisted in the isodesmic reaction
1. The experimental HOFs of reference compounglds@nd

CH;y are taken from refs 31 and 32. An accurate valuébi

for CH3NF, was obtained from the replacement reactionsCH
NH, + F, — CH3NF, + H; using the G2 theor$® Table 2
summarizes the total energies, zero-point energies, and the
values of thermal correction for titte compounds and the values
of HOFs obtained through using eq 2. Previous studies showed
that the theoretically predicted values of HOF were in good
agreement with experiments by choosing appropriate reference
compounds in the isodesmic reaction. An efficient strategy of
reducing errors of HOF is to keep the conjugated bonds or cage
skeletons being unbroken. This approach has been proved to
be reliablet®19.34350n that basis, data in Table 2 are supposed
to be credible, although the experimental values of HOFs are
unavailable for comparison.

As for the HOFs obtained from B3LYP method, it can be
seen from Table 2 that the value of HOF relates to the number
of difluoroamino groups. Also noteworthy is that the HOFs of
polydifluoroaminocubane isomers with the same number of
—NF, groups are affected by the position of difluoroamino
groups. As for three di-difluoroaminocubane isomers, the HOFs
of the 1,3- and 1,4-isomers are close to each other, while the
HOF value of the 1,2-isomer is larger than those of the former
two isomers by over 11 kJ/mol, indicating that the polydifluo-
roaminocubanes are more stable when the difluoroamino groups
are kept away from each other. It is on this basis that we only
compute the most stable isomers with the lowest HOF. Varia-
tions of HOFs with the number of difluoroamino group show
that the HOF decreases with each additional difluoroamino

zero-point energies (ZPE) of the products and the reactants afgroup being introduced to the cubane skeleton. However, the

0 K, andAHr is thermal correction from O to 298 K. The-
(PV) value in eq 3 is th&V work term. It equalfAnRTfor the
reactions of an ideal gas. For the isodesmic reactiaxnlz O,
soA(PV) = 0.

To determine the strength of the interactions among the
difluoroamino groups, we computed the disproportionation
energy of n molar of monodifluoroaminocubanes tgH—n-

degree of the decrement depends on the number of the
difluoroamino group already on the skeleton. The general trend
is that the HOF decreases dramatically at the beginning and
then gradually as the number of groups increases. The contribu-
tion of the difluoroamino group to the heat of formation deviates

from group additivity. The difference between the HOFs of

cubane and monodifluoroaminocubane is as large as 78.6 kJ

(NF2)» and cubane (eq 4) according to the energy change of mol~2, which is the largest decrement for one difluoroamino

the isodesmic reaction:

NCgH,NF, — (n — 1)GgHg + CgHg_(NFy), (4)
Computations were also performed with the Gaussian 98
packagé® at the MNDO, AM1, and PM3 levels as well as at
the B3LYP, HF, and MP2 levels. The optimizations were
performed without any symmetry restrictions using the default
convergence criteria in the programs. All of the optimized

group added. It is mainly due to the electronic effect when the
strong withdrawing NEgroup is attached to the cubane skeleton.
We also calculated the HOFs at both the HF and the MP2//
HF level to evaluate the method dependence. The HOFs from
the MP2//HF level, as well as their variations with the number
of difluoroamino group, are close to those obtained from the
B3LYP method. There is a very good linear relationship between
the HOFs from these two methods. Hgz = 1.1652HOBer
— 92.562, withR? = 0.9986. However, there is big difference



936 J. Phys. Chem. A, Vol. 109, No. 5, 2005 Ju et al.

TABLE 1: Calculated Total Energy (Eg), Zero-Point Energy (ZPE), Values of Thermal Correction (H1), and Heats of
Formation (HOF) of the Reference Compounds

DFT/6-31G* HF/6-31G*
compd Eo ZPE Hr Eo ZPE Hr HOF
CgHs —309.46034 338.06 14.94 —307.393906 338.30 14.74 62211
CH, —40.51838 113.98 10.02 —40.19517 111.63 10.02 —74.482
CH:zNF> —294.20586 119.32 13.79 —292.78521 120.75 13.55 —115.23

aEp is in au; ZPE, HOF, andir are in kd/mol. The scaling factors for the ZPE are 0.96 and 0.89 at the DFT and HF levels, respectively.
b Calculated value at the G2 level from the permutation reactionsNEH + F, — CH3NF, + Ho.

TABLE 2: Total Energy ( Ep), Zero-Point Energy (ZPE), Values of Thermal Correction (Ht), and Heats of Formation (HOF) of
the Title Compoundst

DFT/6-31G* HF/6-31G*

compd Eo ZPE Hr HOF Eo ZPE Hr HOF HOP
1- -563.160985 33591  23.04 54353 —550.993033  339.53 2240  553.66  537.01
1,2- -816.853905 33357 3115 48506 —812.584452 34052 3022 50537 47118
13- -816.858084  333.32 3130  473.98 —812.588641  340.34  30.30  494.27  460.36
1,4- -816.858942  333.20 3134  471.66 —812.580614  340.32  30.32 49172  458.30
1,3,5- ~1070.55226 33040  39.78  430.69 —1065.18121 340.78  38.38 46255 41112
1,35,7- ~1324.24376 32739 4832  357.02 —1317.77074 340.95 4660  398.93  328.96
1,2,3,5,7- ~1577.92388 32461 5647 33176 —1570.34687 34150 5460  390.52  298.64
1,2,34,57-  —1831.60188 32128  64.96  311.84 —1822.92064 341.95 6255 38817  272.68
hepta- —2085.27824 31824 7320  296.28 —2075.49218 34223 7053 39150  250.18
octa- —2338.95277 31552  81.04 28544 —2328.06135 342.49 7842  400.98 23193

aE, is in au; ZPE, HOF, antlr are in kJ/mol. The scaling factors for the ZPE are 0.96 and 0.89 at the DFT and HF levels, respéctively.
and 1,2- denote 1-difluoroaminocubane and 1,2-di-difluoroaminocubane, respectively; the others are® si@faat the MP2/6-31G*//HF/6-
31G* level.

TABLE 3: Heats of Formation (kJ/mol) Obtained from TABLE 4: Disproportionation Energies (kJ/mol) of
Three Semiempirical MO Methods for Polydifluoroaminocubanes and Average Mulliken Charges
Polydifluoroaminocubanes on NF, Groups at the B3LYP/6-31G* LeveP
compd MNDO AM1 PM3 compd Edisproportion avg charge on NF
1- 391.45 607.99 456.81 1- 0.00 —0.3482
1,2- 382.89 594.32 444,79 1,2- 20.28 —0.3353
1,3- 377.78 590.93 444 .47 1,3- 9.31 —0.3317
1,4- 375.55 589.28 443.18 1,4- 7.06 —0.3343
1,3,5- 371.84 581.00 438.13 1,3,5- 26.30 —0.3167
1,3,5,7- 373.18 576.97 436.72 1,3,5,7- 50.30 —0.3029
1,2,3,5,7- 394.03 577.51 446.60 1,2,3,5,7- 104.20 —0.2939
1,2,3,4,5,7- 420.58 582.20 450.06 1,2,3,4,5,7- 163.64 —0.2867
hepta- 451.71 590.31 460.55 hepta- 227.40 —0.2789
octa- 487.40 601.45 486.62 octa- 295.97 —0.2729
21-and 1,2- denote 1-difluoroaminocubane and 1,2-di-difluoroami- ~ 21- and 1,2- denote 1-difluoroaminocubane and 1,2-di-difluoroami-
nocubane, respectively; the others are similar. nocubane, respectively; the others are similar.

between the HOFs from the HF method and those from the On the other hand, when the number of difluoroamino group
B3LYP or MP2 method when the number of difluoroamino varies from 7 to 8, the HOFs obtained from MNDO and PM3
group is over 4. The more the number of difluoroamino group increase, while the HOFs from AM1 hardly change. Therefore,
is, the more the difference of HOF. This discrepancy indicates there are large discrepancies among these three methods for the
that it is necessary to include the electron correlation in the repulsion of difluoroamino groups. If the HOFs from DFT are
computation of HOF. referred to as criteria, semiempirical MO are unsuitable for
2.2. Comparison of DFT and Semiempirical Results. computing the HOFs of title compounds.
Semiempirical MO methods could give the HOFs directly and  2.3. Interactions among the Difluoroamino Groups in
rapidly for a series of compounds. However, its validity is Polydifluoroaminocubanes. The disproportionation energies
limited. Table 3 shows that the HOFs obtained from the AM1 EgisproportionOf three di-difluoroaminocubanes shown in Table 4
method are relatively large, the HOFs from MNDO method are indicated that the distance between the substituent groups
smaller, and those from PM3 method are somewhere betweeninfluences the interactions and the interaction of adjacent groups
There are large discrepancies between the semiempirical MOis much stronger than that of para groups. The interactions
results and the DFT results for the HOF values and for the between the difluoroamino groups increase rapidly as the
changes of the values with the numbers of substituent groups.number of groups increases. For polysubstituted cubane, the
The HOFs from semiempirical MO initially decrease but then group interactions include those of ortho, meta, and para groups.
increase with more substituent groups attached to the cubane The disproportionation energy of two molecules of tetradi-
skeleton, while the DFT HOFs always decrease with the increasefluoroaminocubane to octadifluoroaminocubane plus cubane
of difluoroamino groups. For three di-difluoroaminocubanes, (Scheme 1) was computed to evaluate the size of the nearest-
the HOFs from MNDO and AM1 become smaller with the neighbor interactions in octadifluoroaminocubane. The energy
substituent groups being apart from each other, while those fromof this isodesmic reaction was calculated to be 195.36 kJ/mol
PM3 are hardly affected by the distance between the groups.at the B3LYP/6-31G* level. The energy change in Scheme 1
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80 TABLE 5: Energies (au) of Frontier Molecular Orbitals and
70 Their Gaps; Average Mulliken Populations on C—NF, Bonds
60 at the B3LYP/6-31G* LeveF
ITFE‘ 4518 compd Enowmo ELumo AELumo-Homo Pen
E 30 1- —0.2641 0.0250 0.2891 0.1136
2 20 1,2- —0.2731 0.0026 0.2757 0.0975
10 1,3- —0.2767 0.0050 0.2817 0.1165
0 1,4- —0.2773 0.0072 0.2845 0.1139
1,3,5- —0.2903 —0.0124 0.2779 0.1175
0 30 60 90 120 150 180 1,3,5,7- -0.3019 —0.0272 0.2747 0.1186
Internal Rotation gc.c.n.r (degree) 12357 —0.3067 —0.0395 0.2672 0.0956
Figure 2. Energy profile for C-N internal rotation of Nk group of 1,2,3,45,7- —0.3141 —0.0498 0.2643 0.0802
octadifluoroaminocubane. hepta- —0.3188 —0.0602 0.2586 0.0661
octa- —0.3241 —0.0685 0.2556 0.0572
SCHEME 1
N al-and1,2- den_ote 1-difluoroaminocupa_ne and 1,2-di-difluoroami-
FN /NFZ FN 2\ /NFZ nocubane, respectively; the others are similar.
5 L L NF2 the optimized polydifluoroaminocubane at the B3LYP/6-31G*
FoNo |2 FoN® ~ + level. As for three di-difluoroaminocubane isomers, thE
NF,

value of the 1,2-isomer is slightly smaller, while that of the
NF FoN NF 1,4-isomer is slightly larger, indicating the latter is slightly more

stable than the former. The stability here refers to the chemical

contains 4 interactions along the body diagonals and 12 or photochemical processes with electron transfer or electron
interactions of nearest-neighbor. The former can be estimatedieap. From the\E values in Table 5, it can be deduced that the

as 4 time;s l:hEFdiSpriaortioH”alﬂg” ej[‘eégh’ Othhe i_ls_og;esmic stability generally decreases as the substituent number increases.
reaction [2GH/NF 4-GHe(NF2), sHg]. From Table Table 5 also collects the average Mulliken populations on

4, the total energy associated with these 4 times of the 1,4- . .
interactions in octadifluoroaminocubane is thus estimated to bethe C-NF bonds. As a whole, the larger the populations are,

28.24 kJ/mol. Subtracting this energy from the energy computed the more the bondmg_ overlaps are. There_fore, bonds with large
for the isodesmic reaction in Scheme 1 gives values of 167.12 populations are _relat|vely strong and resistant to ruptu_re. Our
kd/mol, which is associtated with the total of 12 nearest-neighbor €C€Nt computational results show that the energy barrieres for
difluoroamino interactions in octadifluoroaminocubane. The the skeleton €C ruptures of cage iggnpoqnds_are much larger
average energy of each such interaction is therefore 13.94 ky/fhan those of the ENO, ruptures*3 By judging from the
mol at the B3LYP level of theory. This value is 6.34 kJ/mol Similarity of NF, and NG as an electron-withdrawing group,
smaller than the corresponding values 20.28 kJ/mol for the it can be predicted that the-NF; bond is an initiator during
nearest-neighbor difluoroamino interaction in 1,2-di-difluoro- the thermolysis process. This prediction is further supported by
amimocubane. This demonstrates that the nearest-neighbothe fact that the €N population is only 0.30.5 times of the
difluoroamino interaction deviates from group additivity and C—C population. According to the principle of the smallest bond
that the nearest-neighbor group interaction decreases as th@rder (PSBOJ? octadifluoroaminocubane has the smallest\C
number of groups increases. The nearest-neighbor interactiongoopulation of 0.0572; its sensitivity is therefore large, and it is
in other polydifluoroaminocubanes are between those of di- relatively unstable for thermolysis. While the 1,3,5,7-tetradif-
difluoroamino and octa-difluoroaminocubane, ca—2® kJ/ luoroaminocubane has the largest K population of 0.1186,
mol. The contribution of the difluoroamino group to the heat its sensitivity is therefore small, and it is relatively stable for
of formation deviates from group additivity, just due to that thermolysis.

the nearest-neighbor interactions relate to the substituent

numbers. Obviously, the nearest-neighbor group interactions of 3 conclusion

octadifluoroaminocubane are referred to its most stable con-

former. Table 4 also shows that the average charge on the NF On the basis of the HOFs calculated for a series of
group decreases as the number of groups increases. There ipolydifluoroaminocubanes at DFT-B3LYP, HF, and MP2 levels
the same variability of average charge on the; lgFoup and of theory, the following conclusions can be drawn:

HOFs with the changes of the number of difluoroamino groups. (1) The HOFs for the title compounds decreased dramatically
It is therefore deduced that the nearest-neighbor interaction isjpjtially and then gradually with each difluoroamino group

partly electrostatic. Figure 2 shows the energy profile for the gi5ched to the cubane skeleton. The nearest-neighbor difluo-
C~—N internal rotation of Nk group of octadifluoroaminocubane, 04 mino interaction deviates from group additivity, and the

V\;'tht thethlatrggﬁst erﬁtqtkon b?rn?rt_of SA}I?:] kd/mol. Th'? ddterllwon- nearest-neighbor group interaction decreases as the number of
strates that the €N internal rotation of NE group could take "< criv ited groups increases.

place freely at room temperature since the neighbor group
interactions are small. In addition, the-GlF;, internal rotation (2) The average charge on the Ngroup decreases as the

barrier in the monodifluoroaminocubane is 27.8 kJ/mol at most, "UMber of groups increases. The nearest-neighbor interaction
which is about one-half of that in the octadifluoroaminocubane, 'S Partly electrostatic. The steric effects account for a portion
so there are significant steric interactions between neighboring ©f the nonadditivity of HOFs.
NF, group in fully substituted derivatives; that is, steric effects ~ (3) The HOFs from the MP2//HF level and the B3LYP
account for a portion of the nonadditivity of HOFs. method are similar. The HF method gives different values of
2.4. Electronic Structure and Molecular Stability. Table HOFs when the number of difluoroamino group is over 4. It is
5 lists energies (au) of frontier molecular orbitals and their gaps necessary to include the electron correlation in the computation
(AE) and average Mulliken populations on-GlF, bonds for of HOFs.
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