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Density functional theory at the B3LYP/6-315(d,p) level and ab initio calculations at the CBS-QB3 level
have been used to analyze 1,3 dipolar cycloaddition reactions of dinitraminic acid (HDN) and its proton
transfer isomer (HO(O)NNNSg. It is shown that the nitro group of HDN and thReN—N=0O functionality

of the isomer react readily with carberarbon double bonds. Cycloadditions of HDN are compared with
the corresponding reactions with azides and nitrile oxides as 1,3 dipoles. It is shown that the reactivities of
HDN and its proton transfer isomer decrease with increasing electron withdrawing power of the substituents
adjacent to the carbefrcarbon double bond. In contrast, for azides and nitrile oxides, the highest reactivity
is obtained with dipolarophiles with strongly electron withdrawing substituents. The observed reactivity trends
allow for the design of unsaturated compounds that are highly reactive toward azides and chemically inert
toward dinitramides. This may be of relevance for the development of binder materials for ammonium
dinitramide based propellants.

1. Introduction

Ammonium dinitramide (ADN) [NHN(NO,)2],1~* is con- \_}70\“ o
sidered to be a promising candidate as a new oxidizer in future N=N=N_ N\
solid rocket propellants. Today's dominant oxidizer ammonium ) N~N
perchlorate (AP) [NHCIO,4], has one important downside. It is = — S/N
unfriendly to the environment. Tremendous amounts of chlo- R R
rinated side products are produced during combustion. (' FN

In one of the earliest published works on the subject, Pak N=Ri=N N
discussed how various types of nitrile oxides might be used as N i
curing agents in an ADN-based propellari@elousov et af. ©

and Okhotnikov et al.have both reported the use of different _ y _ _
nitrile oxides as curing agents together with unsaturated Figure 1. 1,3-Dipolar cycloaddition reaction between an azide group
polyester urethanes. Furthermore, it has been suggested b resent in the GAP polymer and an arbitrary end-unsaturated linker
Manzara et af.that multifunctional acrylates might function as olecule.
curing agents together with the energetic polymer poly(glycidyl

azide), GAP. The above-mentioned polymer systems are all . o

cured via the 1,3-dipolar cycloaddition mechanism (see Figures ” |

1 and 2). Unfortunately, preliminary studies suggests that ~

unsaturated functionalities inherent in alkenes, acrylates and

ethers are chemically unstable together with the ADNsBltis -+

is cause for concern, and it is imperative to find an explanation (\N\o_

for the incompatibility. J
It is clear that to design a binder matrix that is suitable for H/ﬁk

usage with ADN, one needs to understand the different pathways

of decomposition. It has been suggested that decomposition offigure 2. 1,3-Dipolar cycloaddition between a difunctional nirile oxide

pure ADN mainly occurs via dinitraminic acid (HDN§:! (2,4,_6-tr|mc_athyllsophthalonltrlIQI,N -dioxide) andcis-1,4-polybutadiene
S . . . forming a isoxazoline cross-link.

HDN, which is a very strong inorganic acid, can be formed

Zo.rg sfo lid ADN _after _ahprorfon tran;fer}_}gNa_diEitramidE anion. self-decomposition has been investigated both experimentally
side from reacting with other species IS Know Fo € pr?ne and theoretically by several researchers and is reported to be in
to self-decomposition. The activation energy for ADN’s (HDN's) the vicinity of 35-40 kcal/moltL-15 HDN can react with sur-

. . rounding polymers at the ADNpolymer interface. It is also
* Corresponding author. E-mail:  tore@physchem.kth.se. Telephone: yqgsiple that individual HDN molecules become “solvated” by

+46 (0)8 790 8210. . . . - .
T F\’(03/a| Institute of Technology (KTH). the surrounding environment, which can facilitate decomposi-

* Competence Center for Energetic Materials (KCEM). tion.
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Figure 3. Zero-point corrected energies of the different conformers
of 2 relative 1. Energies are obtained at the CBS-QB3 level.

2d

The HDN isomer2 is formed as a result of intra or
intermolecular proton transfets.The proton transfer isomer
exists in four different conformers, which are labela 2b,
2c, and2d (Figure 3). In the gas phase the conformers are all
slightly higher in energy compared to the original HDN
molecule. However, the relative energies may shift significantly
depending on the local environment. Due to the repositioning
of the proton from the center nitrogen to one of the oxygen,
these species will react differently.

In this computational study it was discovered thats well
as its proton transfer isomér can react with carboncarbon
double bonds via the 1,3-dipolar cycloaddition reaction. The
question was raised how the kinetics of these reactions vary
with different substitution on the double bond, and also how
the rates of reaction compare to some experimentally known
cycloadditions. As a ground for comparison, all calculated
reactions withl and2d have also been performed with azide
and nitrile oxide.

Shown in Figures 1 and 2 are the two curing reactions that
have been modeled. The functionality of the GAP polymer lies
with its azide group—N=N*=N~. This group has been
simulated using a £1s—Ng unit. The nitrile oxide group was
represented by a 4€—C=N*T—O" unit. These units were
modeled together with methyl vinyl ether and methyl acrylate
to simulate the reactivity toward ethers and acrylates, and with
different alkenes such as ethene, 1-butene teanus-2-butene
to simulate the reactivity toward olefins. 2-Propenal, dimethyl

fumarate and methyl 2-cyanoacrylate were also used to inves-
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2. 1,3-Dipolar Cycloaddition

This type of reaction is in many aspects similar to the well-
known Diels-Alder reaction. The reaction enables the union
of a 1,3-dipole with a dipolarophile. A 1,3-dipole is heteroge-
neous compound (or group) that is described by at least one
zwitterionic resonance structure and reacts 1,3 in cycloadditions.
A dipolarophile is usually an unsaturated hydrocarbon or a
similar heteroatomic molecule.

Experimental studies have shown that the reaction results in
retention of stereochemistry on the double bond and that the
rate is relatively insensitive to solvent polart§This is accord
with a concerted pericyclic reaction. The issue of whether the
reaction is concerted or proceeds via a stepwise diradical
transition has been thoroughly debated in the 1966%The
possible diradical nature of 1,3-dipoles does not exclude a
concerted mechanism, and this have also been the subject of
some discussiori$:2°In early computational work on the subject
ab initio methods showed a preference for a concerted syn-
chronous mechanism, and semiempirical methods provided more
asynchronous transition state structidesloday’s modern
methods include electron correlation to a larger degree and most
such methods confirm the preference for a concerted synchro-
nous mechanisi¥. The reaction exhibits second-order kinetics.

Concerted cycloaddition is possible when twesystems
interact. Twoz-bonds are broken and two neawvbonds are
subsequently formed. The rate of reaction is known to be highly
dependent on steric and electronic influences from neighboring
groups. The dominating bonding interaction is usually of either
a or b type.

a: HOMO(1,3-dipoley-LUMO(dipolarophile)
b: LUMO(1,3-dipole}~HOMO(dipolarophile)

The HOMO-LUMO energy gap for the corresponding cases
generally determines which interaction is the most important.
The lower the energy difference the greater is the orbital
interaction. In most casea is dominating. However, this
changes as the electron donating ability of the 1,3-dipole
decreases or the donating ability of the dipolarophile increases.
The total orbital interaction is a summation over the overlaps
between many orbitals. However, the HOMO and LUMO
orbitals are usually the most important.

This approximative method to analyze reactions is referred
to as the Frontier molecular orbital theory and was mainly
developed by Fuki# It was first applied to 1,3-dipoles by
Sustmanr#* Houk has also performed extensive work on the
subject?>26The Frontier molecular orbital theory has been used
successfully in explaining the reactivities of many cycloaddition
reactions. However, the theory is a simplification and there are
cases were it fail3’

3. Theoretical Methods

All calculations were performed using Gaussian 03, revision
C.0228 The default method has been density functional theory
with Becke’'#® non local B3LYP hybrid HartreeFock ap-
proach, using a 6-3#G(d,p) basis set. No symmetry restrictions
were applied during geometry optimizations. Harmonic frequen-

tigate the effect of strong electron acceptors substituted on thecies, zero-point energies and thermodynamic corrections were

carbon-carbon double bond. The corresponding 1,3-dipolar

obtained using analytical force constants.

cycloadditions have been calculated. The barriers have been Previous work on ADN and ammonium nitrate (AN) by
compared to possible side reactions between the same unsaturFhompson et al. has shown that the B3LYP functional produces

ated molecules antl and 2, thus determining if the function-
alities are HDN/ADN compatible in this respect.

geometries of high quality when used together with sufficiently
large basis sets, such as 6-311G(d%}.
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Figure 4. B3LYP/6-31HG(d,p) optimized transition state geometries of three relevant 1,3-dipolar cycloadditions. Bond lengths are given'imAngstro
(R). Wiberg bond indices calculated from natural atomic orbitals (NAO) are shown in red. Values for reactants are in parentheses.

Ess and Houk has presented a thorough benchmark of thekcal/mol and a MAD value of 2.3 kcal/mol. CBS-QB3 has also

B3LYP-DFT method applied to 1,3-dipolar cycloadditid@s.
B3LYP/6-31G* was compared with two experimental activation

been used by Guner et al. on the same type of reactfoiis.
When compared to experimental reaction enthalpies, it was

energies. In both cases it provided an overestimation of the found to have MD value of-1.4 kcal/mol and a MAD value

barriers by approximately 2 kcal/mol.
When the B3LYP/6-31+G(d,p) method was applied to the
reaction barriers of eighteen different 1,3-dipolar cycloaddition

reactions and compared to the high level CBS-QB3 method, it

was reported to have a mean deviation (MD) of 2.7 kcal/mol
and a mean absolute deviation (MAD) of 2.6 kcal/mol. The

of 1.9 kcal/mol.

4. Results

As mentioned in the introductory section, much effort has
been put into understanding the self-decomposition of the ADN

corresponding values for reaction enthalpies were reported toSalt. Previous experimental and theoretical research points to a

be 3.0 and 3.6 kcal/mol.

decomposition barrier of approximately 35 kcal/rois It

The benchmark Study found that the accuracy of BALYP was should be noted that the barrier hEIght of 35 kcal/mol exceeds
seen to decreases with an increased size of the basis set. Whefost of the barriers observed in this study {25 kcal/mol).
the 6-311G(2d,p) basis was applied on activation energies and Thus, intramolecular self-decomposition of HDN is less likely
reaction enthalpies the MAD values were increased to 3.9 andt0 occur than the reactions that have been investigated here.

6.3 kcal/mol, respectively. When B3LYP was used on the HDN
reactions, single point calculations at the DFT-B3LYP/6-
311+G(3df,2p) level generally provided barriers-3 kcal/mol
higher than the 6-3tG(d,p) basis.

All investigated reactions have been shown to proceed via
the same type of pathway, the 1,3-dipolar cycloaddition mech-
anism. Frequency analysis on identified transition states confirms
that all reactions are concerted, in full agreement with modern

In the same paper, Ess and Houk found that the modified computational studie®. The extent of synchronicity was

Perdew-Wang one-parameter model for kinetics (MPW3K)
is better suited than B3LYP for acquiring reaction barriers of
1,3-dipolar cycloaddition reactions. The MPW1K energies was
reported to correlate more correctly with barriers obtained with
the CBS-QB3 method. At the level of MPW1K/6-85G(d,p),
it was found to have a MD and a MAD value both of 1.7 kcal/
mol.

However, in this work a different behavior for the reactions
involving HDN and its isomers was observed. The reaction
barriers calculated with MPW1K differed very little when

analyzed from the transition state bond lengths and Wiberg bond
indice$” calculated from natural atomic orbitals (NAGS)It

was found to be highly dependent on the level of symmetry of
the corresponding dipolarophile. When the 1,3-dipoles are made
to react with dipolarophiles such as ethenerans-2-butene,

the transition states are highly synchronous with a difference
in bond length of 0.040.2 A. However, when less symmetric
species such as methyl vinyl ether or 1-butene are used, the
transition state structures become more asynchronous. One of
the least synchronous structures is the one betvaskand

compared to B3LYP calculations using the same basis set andmethyl vinyl ether. This structure is depicted in Figure 4,

provided no improvement when compared to the CBS-QB3
results. The MPW1K method is optimized for barrier heights

together with two other relevant transition state structures. The
bond lengths and bond indices are in all cases indicative of an

but is also as a consequence particularly bad at reproducingearly transition state. This is in agreement with exothermic

reaction enthalpies. At the 6-315(d,p) basis the benchmark
provided MD and MAD values of-14.4 and+14.4 kcal/mol,
respectively.

To obtain very accurate decomposition kinetics, the high level

nature of the reactions. It should be noted that the type of 1,3-
dipole found in2d has never been previously investigated,

contrasting the well-known reactions of 1,3-dipoles such as the
nitro, nitrile oxide and azide groups. The synchronous-like nature

complete basis set (CBS-QB3) method of Montgomery, Ochter- of most transition states is in agreement with the recent quantum

ski and Peterson was implemenféd* CBS-QB3 applies

B3LYP/6-311G(d,p) optimized geometries and frequencies to
calculate zero-point vibrations and thermodynamic corrections.

chemical studies by Ess and Hot.
4.1. Reactions with Dinitraminic Acid (1 and 2d).Depicted
in Figure 5 are the frontier orbitals of a typical reaction between

Coupled cluster (CCSD(T)) calculations are combined with basis 1 and an olefin chain, here modeled &@ans-2-butene. The

set extrapolation using MglleiPlesset perturbation theory (MP2

and MP4) and empirical corrections to obtain reliable energies.

orbital energies are shown in Figure 6. It is clear that the
difference in energy betweells LUMO andtrans-2-butene’s

The CBS-QB3 method was used as the reference method byHOMO is by far smaller than that of the opposite HOMO

Ess and Houk in the above-mentioned benchrm&M/hen

LUMO combination. The energy differences calculated from

compared to experimental energies of activation for hydrocarbon B3LYP orbital energies are 0.113 and 0.367 hartree, respec-

pericyclic reactions, it was found to have a MD value—f.8

tively. The dominating orbital interaction is hence that of the
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Figure 5. HOMO orbital oftrans-2-butene interacting with the LUMO
orbital of 1 in a 1,3-dipolar cycloaddition.
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Figure 6. Energies of the frontier orbitals df, trans-2-butene, and
the corresponding transition state obtained at the B3LYP/#(8,p)
level.

HOMO orbital of the carbonz-system with the LUMO ofl.
This corresponds to interactidm described in the previous
section on 1,3-dipolar cycloaddition.

The only possible way fot to react directly with a double
bond is at its N@ group. The most reactive of HDN'’s proton
transfer isomers was found to 2. The reaction pathways
via the 2d conformer were often found to have the lowest
barriers also after correcting for the higher ground state energy
relativel. In 2d the proton is positioned on an oxygen, forming
an hydroxy group. The hydroxy group is turned in such a way
that a hydrogen bond to the adjacentNffoup helps to stabilize
the structure. This leaves the center nitrogen bonded only to its
two neighboring nitrogens. The nitrogenitrogen bonds are
stabilized by resonance. There are two possible reaction sites
at 2d, either on the N@group or at the O—N*=N-— position.
The latter being the most favorable one. Out of the four
conformers of2 only 2c and 2d can react over theO—N*=
N— position. 2c was found to consequently result in higher
reaction barriers tharRd or to transform into2d during
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Figure 8. Kinetically most favored products for 1,3-dipolar cycload-
dition reactions betweed and unsaturated model compounds.

2d's LUMO orbital andtrans-2-butene’s HOMO orbital is 0.084

optimization of the transition state. The energy gap between hartree. This is a considerably smaller gap than the 0.352 hartree
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TABLE 1: Relative Energies of Reaction Together with the Corresponding Transition State Barriers for the Reactions Shown
in Figures 7 and 8. All Energies are in kcal/mol.

B3LYP-DFT/6-3H-G(d,p) CBS-QB3
reaction AETSa AEresd AGTSP AGread AETS2a AGTSP reaction AETSa
Modeled Reactions witth
1 + methyl vinyl ether— 3 20.4 —11.6 33.8 2.7 16.9 —20.9 29.6 7.7
1+ ethene— 4 25.5 —8.4 38.0 4.0 21.8 —14.4 34.1 —-2.3
1+ 1-butene—5 24.6 —10.0 37.9 34 21.6 —18.1 34.6 -5.0
1+ trans2-butene— 6 24.6 —10.8 37.7 2.6 18.8 —20.3 32.0 -7.3
1+ methyl acrylate— 7 23.1 —-5.3 36.4 8.4
1+ 2-propenat— 8 25.1 -0.9 38.0 12.0 19.5 —10.8 32.3 21
1+ dimethyl fumarate— 9 25.6 0.2 39.4 13.9
1+ methyl 2-cyanoacrylate> 10 25.8 3.3 39.2 17.3
Modeled Reactions wit@d

2d + methyl vinyl ether— 11 16.1 —14.2 29.6 -0.2 11.9 —27.0 24.3 —14.1
2d + ethene— 12 20.5 —17.6 32.6 —54 14.6 —26.3 26.7 —14.3
2d + 1-butene— 13 21.5 —14.0 34.1 -0.7 13.8 —26.0 26.6 —12.7
2d + trans-2-butene— 14 20.9 —14.3 33.8 -0.7 12.2 —27.5 25.2 —14.0
2d + methyl acrylate—~ 15 21.9 —10.0 34.7 25
2d + 2-propenat— 16 22.9 -9.0 35.6 3.3 14.4 —-21.3 27.0 —-8.9
2d + dimethyl fumarate— 17 26.1 0.2 39.6 13.9
2d + methyl 2-cyanoacrylate> 18 24.3 -1.9 375 114

aRelative energy corrected for zero point vibratiohRelative gas-phase free energy.

of the opposite HOMGLUMO combination. Hence, the  QB3, the free energy of activation decreases from 27.0 to 26.7
reaction is also in this case dominated by interacbon to 26.6 and finally 24.3 kcal/mol in going fro2d—2-propenal
Some of the more important reactions that were modeled to 2d—ethene vi€2d—1-butene an@d—methyl vinyl ether. The
betweenl and unsaturated molecules are depicted in Figure 7. trans-2-butene is slightly faster than the 1-butene in all observed
Zero point corrected energies of reaction and activation and cases. This is most likely due to inductive electron donation
corresponding free energies are presented in Table 1. Structure§rom the extra methyl group. The acrylate group behaves as
3—10are the resulting products afreacting with methyl vinyl expected and gives high reaction barriers. The exception is in
ether, ethene, 1-butenteans-2-butene, methyl acrylate, 2-pro- the case of reaction witl, where a H-bond between the
penal, dimethylfumarate and methyl 2-cyanoacrylate, respec-hydrogen ofl and the carbonyl group of the acrylate acts to
tively. The corresponding products 2fl are shown in Figure  stabilize the transition state and lowers the reaction barrier.

8, which are labeled1-18. For clarity only the fastestis/ In an attempt to see if the trend of decreased reactivity with

transisomer reactions are presented. decreased electron density continues, the more heavily substi-
When one considers the enthaplic and entropic contributions tuted dimethyl fumarate and methyl 2-cyanoacrylate were also

to the free energies of activation and reactionf@nd2d (as studied. These two species proved more reactive toward the NO

well as for azide and nitrile oxide), the entropy contributions group in 1 than the —N—N=O position of 2d, when one
are in all cases dominating over enthalpy. This is expected for considers the lower ground state energylo€ompared to the
bimolecular reactions, where the translational entropy loss dueother less electron-deficient double bonds, a large increase in
to fusion of two molecular entities into one leads to a large barrier height is seen. This is clear from the transition state
increase in free energAG values of activation are typically — energies at the B3LYP levehNG'S increases from 33.8 kcal/
12—-13 kcal/mol higher than the relative SCF energies. The mol for methyl vinyl ether andL to 37.9 kcal/mol forl and
corresponding\H values are no more than 1.5 kcal/mol higher. 1-butene, and onward to 38.0, 39.2 and 39.4 kcal/mdl feith
This behavior is consistent for all investigated reactions, and 2-propanol, methyl 2-cyanoacrylate and dimethyl fumarate,
does not appear to be influenced by the bulkiness of the respectively. These values are all somewhat overestimated as
dipolarophile. However, the enthalpy correction is somewhat seen when they are compared with the more accurate CBS-
reduced for the smaller dipoles, azide and nitrile oxid®.{ QB3 energies.
kcal/mol). 4.2. Reactions with Azide and Nitrile Oxide.The discussed

In initial calculations the larger ethyl vinyl ether was used to reactions of the azide and nitrile oxide species were modeled
model an ether containing molecule. This molecule was later with the same unsaturated molecules that were used together
changed to the smaller methyl vinyl ether due to computational with 1 and2d. The most relevant of these calculations are shown
limitations when applying the expensive CBS-QB3 method. The in Figures 9 and 10, where the azide species are ndr@ed
removal of the CH group resulted in only minor changes in 26, and the nitrile oxides speci€—34. The corresponding
the barrier heights (0.650.4 kcal/mol). Calculations on methyl  energies of reaction and activation are shown in Table 2.
acrylate, dimethyl fumarate and methyl 2-cyanoacrylate reac- It has been found that neither of the orbital interactians
tions are too expensive with the CBS-QB3 method and were norb is in clear dominance when the nitrile oxide or the azide
hence not attempted at that level. group reacts with ordinary olefins. The difference between the

It is indicated from the calculations that the reactivity of the two HOMO—LUMO combinations are much smaller than for
carbor-carbon double bond increases with the electron donating the reactions ofl and2d. To clarify this, it can be mentioned
abilities of its neighboring group, ether alkane> ester> that the energy gap between the nitrile oxide LUMO orbital
aldehyde. As can be seen in Table 1, the free energy of and the HOMO orbital ofrans-2-butene is 0.229 hartree. The
activation,AG'S, for reactions with2d is generally decreasing  opposite combination gives a gap of 0.274 hartree; i.e., the
when going from more electron poor double bonds to more difference between the two gaps is only 0.045 hartree. The
electron rich ones. At the highest level of calculation, CBS- corresponding difference between the azide group tesnts
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Figure 9. Kinetically most favored products for 1,3-dipolar cycload- dition reactions between the nitrile oxide unit and unsaturated model
dition reactions between the azide unit and unsaturated model com-compounds.

pounds.

) ) 26 —o—og dimethyl fumarate
2-butene is 0.077 hartree. For comparisband2d each have . ——o— Azide
a gap difference of 0.254 and 0.283 hartree, respectively, i.e., 2 methyl 2-cyanoacrylate
a much clearer dominance bf T«g24 I o

When the graphical representations of the molecular orbitals ::, / ‘\q 2-propenal

for the transition states and ground states of nitrile oxide and -%22 ) /1-butene S—"methyl acrylate
azide are observed, it is not obvious which type of interaction 2 trans-2-butene
(a or b) is dominating. The reaction might be an almost equal S20[, ‘\\
mix of the two interaction types. Lower lying orbitals might % b/”'o\\ 5
also play a larger role, and it appears that the differences in g18f \\ V4
reactivity between different dipolarophiles is difficult to explain w \
purely based on the frontier orbital approach. 16 “methyl vinyl ether J

The fastest way that the GAP polymer, i.e., the azide group, figyre 11. Zero-point corrected energies of activation for the reactions
can react with 1-butene is in thués fashion. This reaction has  of different dipolarophiles witt2d and with the azide unit. The observed
a free energy barrier of 29.8 kcal/mol (CBS-QB3). The modeled shift in reactivity for the azide with the more electron deficient 1,3-
nitrile oxide unit has a corresponding barrier of 23.5 kcal/mol. dipolarophiles is explained by an increasetype orbital interaction.
These values should be compared to the one were the reaction
instead happens betweé&d and 1-butene, in which case itis reactions of the azide unit with and2d. A trend can be seen
26.6 kcal/mol. Due to the large similarity of the barriers2of that is different from that observed for the reactionslaind
and the azide unit, it can be argued that unsaturated molecule2d. The dominating orbital overlap between the azide unit and
of this type might react witl2d rather than with the desired its reacting counterpart appears to shift when varying the
polymer or cross-binder. It should be noted that the nitrile oxide €lectron density of the carbertarbon double bond. In the terms
unit consequently corresponds to the lowest energies of activa-Of frontier molecular orbital theory, from l-type to aa-type
tion, as well as the most thermodynamically favorable reactions. interaction. The addition of a more electron withdrawing
Polymer curing with nitrile oxide as a constituent is known to substituent lowers the frontier orbitals of the double bond so
proceed fast® This in full agreement with the presented that the “gap difference” discussed earlier shifts in favoaof
calculations. Indeed, if nitrile oxides can be used together with This means that for an increasingly electron poor double bond
a carbon-carbon bond that is unreactive toward ADN a feasible the reactivity towardl and 2d decreases, and the reactivity
system can be realized. However, this assumes that nitrile oxidegoward the azide increases.
are by themselves ADN compatible. Thus, it should be possible to optimize the reactive properties
The most important realization resulting from this work can of the double bond by introducing strongly electron withdrawing
be understood when comparing the energetics of all modeledsubstituents. This was attempted by investigating the reactions
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TABLE 2: Relative Energies (kcal/mol) of Reaction Together with the Corresponding Transition State Barriers for the
Reactions Shown in Figures 9 and 10

B3LYP-DFT/6-31-G(d,p) CBS-QB3
reaction AETS2 AEread AGTSP AGread AETS2 AGTSP
Modeled Reactions with Azide
CH3sCH:N3 + methyl vinyl ether— 19 19.6 —18.5 32.3 —4.4 18.2 29.9
CH3CH,N3 + ethene— 20 20.4 —18.7 31.9 —6.1 18.0 29.7
CH3CH2N3 + 1-butene— 21 224 —16.0 34.6 —2.7 17.5 29.8
CH3CH,N3 + trans-2-butene— 22 23.3 —-17.6 35.5 —4.1 17.9 30.2
CH3CH;N3 + methyl acrylate— 23 18.8 —-14.1 311 -1.1
CH3CH2N3 + 2-propenat— 24 19.3 —-13.7 315 -0.8 15.8 28.0
CH3;CH;N3 + dimethyl fumarate— 25 18.5 -11.2 315 2.0
CH3CH;N3 + methyl 2-cyanoacrylate> 26 16.2 —-9.7 28.8 3.5
Modeled Reactions with Nitrile Oxide

CH3:CNO + methyl vinyl ether— 27 12.5 —40.0 24.6 —26.4 9.9 21.1
CH3CNO + ethene— 28 15.4 —34.9 26.3 —22.8 12.8 23.9
CH;CNO + 1-butene— 29 15.8 —-35.1 271 —22.5 11.8 235
CH3CNO + trans-2-butene— 30 18.7 —36.5 30.1 —23.5 13.0 24.7
CH3:CNO + methyl acrylate—~ 31 135 —31.1 25.2 —18.8
CH3CNO + 2-propenat— 32 13.3 —28.4 25.4 —16.3 8.8 21.0
CH3:CNO + dimethyl fumarate—~ 33 13.9 —27.0 25.8 -14.3
CH3;CNO + methyl 2-cyanoacrylate> 34 12.1 —26.4 24.0 —-13.6

aRelative energies corrected for zero point vibratidrRelative gas-phase free energy.

of dimethyl fumarate and methyl 2-cyanoacrylate. The promising observed by heat flow calorimetry that mixtures of ADN with
results show a 7.9 kcal/mol difference in energies of activation ethers and acrylates are unstable. In particular vinyl ethers were
when comparing dimethyl fumarate reacting with azide and with extraordinary incompatible. At some instances the test vials were
1. The corresponding difference for methyl 2-cyanoacrylate is even reported to overheat and explode. Indeed the vinyl ether
even larger, 10.4 kcal/mol. In addition to the high activation group is the one suggested by this work to be the most reactive
energies betweeh and the substituted double bondlG™ > of the investigated functionalities.

39 kcal/mol), these reactions have been shown to be highly

endothermic. Hence, they are neither kinetically nor thermo- 5. Discussion

dynamically viable. The obtained trends are clearly seen in : . - . : : .
Figure 11. The discussed shifts of frontier molecular orbital The high reactivity of dinitraminic acid (HDN) in 1,3-dipolar

. cycloaddition reactions has important consequences for the
overlap @ vsb) that are believed to be the reason for the altered design of an ADN based propellant. The apparent problems with

Kinetics zzlret shov;/r:l ||n2F|gure 12 Iln tth'fs |IItL;]strat|or:. 1-but¢tr;]et;]s using most carboncarbon double bonds in such a system
gzmgeged. OI medy &Cyﬁgoa‘;fy ate for the reactions wi € severely limits synthetic possibilities, and is believed to be the
0 1,3-dipoles2d and azide. prime reason why no suitable system has been found thus far.

Thg computational results corre:'spond \.N?" With preliminary Carbon-carbon double bonds present in any of the constituents
experimental dat®.Both polyfunctional nitrile oxide cross- of a binder formulation, such as unreacted vinyl monomers,

linkers together Wit.h different un_satu_rated po!ymers and the oligomers or cross-linkers will come into contact with the ADN
GAP polymer reacting tog_ether with different V|n_yI e”_‘ers and salt, aiding the decomposition. Vinyl monomers are frequently
acrylates have been investigated. Among other things it has beerhsed in many methods such as radical or anionic polymerization.

The need for carboncarbon double bonds (or triple bonds) in

Energy the binder formulation is a necessity if the concept of cross-

(Hartree) 2d 21‘{0510’12)'1“9 Azide linking via cycloaddition is to be pursued. The reactivity of triple
0o L ' — bonds is outside the scope of the current work. However, it is
-0.001 n* - LUMO not unlikely that a similar behavior, and a subsequent need for
E43 substituent design, can be found here. After reaction with the
n* - LUMO ’ azide or nitrile oxide, triple bonds will result in aromatic five
0.1+ _0@\ ,Decreased a- membered rings. These reactions are very exothermic due to
n* - LUMO ' " type orbital gap the lower energy of the aromatic system, and this may limit
—g \ (lowers activation the applicability for binder formulation.
0.2+ 015 * energy) The concept of carboencarbon double bond substituent
t N N design might prove valuable not only in the pursuit of a feasible
Increased b- '« T - HOMO * 1 - HOMO ADN rocket propellant but also for other applications of 1,3-
type orbital gap *. 10260 0063 dipolar cycloaddition reactions. By explicitly considering the
-0.3+ (raises activation ~_ ’ HOMO and LUMO energies, and the discussed gap difference
energy) -0.306 between interacting molecular frontier orbitalsAE), we can
— n - HOMO understand and control the behavior of similar cycloaddition
-0.353 — 1-butene systems. Not only can this be applied in manipulating the
04+ p.HOMO = cyano acrylate kinetics of two competing reactions (such as azide vs HDN),

Figure 12. Energies of the frontier orbitals ¢&fd, 1-butene, methyl
2-cyanoacrylate, and the azide unit obtained at the B3LYP#(8,b)
level. The effects of a more electron deficient carboarbon double
bond are shown in blue.

but it might also be used to fine-tune the thermodynamics of a
system.

In returning to the issue of a feasible ADN system, experi-
mental trials will have to determine if the suggested function-
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