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In a combined DFT (B3LYP) and G2MP2 theoretical study the following enthalpies of forma-
tion (∆H◦

f) and bond dissociation enthalpies (BDE) for hydrazine, methylhydrazine (MMH), 1,1-
dimethylhydrazine (UDMH) and 1,2-dimethylhydrazine (SDMH) were determined: BDE/kJ mol−1:
N2H4, 278±4; MMH, 272±4; UDMH, 259±12; SDMH, 272±12. ∆H◦

f/kJ mol−1: N2H4, 95±6;
MMH, 94± 4; UDMH, 80± 4; SDMH, 91± 4. The bond enthalpy for the N-N bond in hydrazine
amounts to BE (N-N, H2N−NH2) = 159±4 kJ mol−1.
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Introduction

Hydrazine and its methyl derivatives are extensively
used as fuels in rocket engines [1]. The development of
new hypergolic propellants on the basis of hydrazine
gels requires reliable thermodynamic data for the indi-
vidual components. Since there are large discrepancies
for the reported literature values for the enthalpies of
formation (∆H◦

f) of hydrazine (N2H4), monomethyl-
hydrazine (MMH), 1,1-dimethylhydrazine (UDMH)
and 1,2-dimethylhydrazine (SDMH) (Table 1), we re-
port here the computed N-N bond dissociation en-
thalpies (BDE) and ∆H◦

f values for hydrazine, MMH,
UDMH and SDMH on the basis of DFT (density func-
tional theory) and G2MP2 calculations.

It has to be stressed, that here we report on the com-
puted N-N bond dissociation enthalpies (BDE) and not
on the bond enthalpy terms (BE). For hydrazine, for
example, the bond dissociation enthalpy is the enthalpy
∆H◦

R of the following reaction (1) forming two radi-
cals H2N• in their equilibrium configuration.

H2N-NH2 (g) → 2H2N• (g) (1)
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The N-N bond enthalpy (BE) for hydrazine is the en-
thalpy ∆H◦

R of reaction (2) minus four times the aver-
age bond enthalpy of an N-H bond. The recommended
literature value for the N-N bond enthalpy in hydrazine
is approximately 159 kJ mol−1 [12].

H2N-NH2 (g) → 2N(g)+ 4H(g) (2)

Methods

The Gaussian G98W program was used for all
MO structure and frequency calculations [18]. All
structures were fully optimized within the symme-
try constraints indicated in Table 2, and the frequen-
cies (NIMAG = 0)∗ and zero point energies (zpe)
were calculated at the B3LYP† hybrid DFT‡ level
of theory (Table 2) [19 – 22] using a standard dou-

∗NIMAG: number of imaginary frequencies.
†B3LYP: hybrid HF-DFT method of Becke, using Becke’s gra-

dient correction to the exchange functional and Lee, Yang, Parr’s
(LYP) correlation functional and Vosko, Wilk, Nusair’s (VWN) lo-
cal correlation functional.

‡DFT: density functional theory.
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Table 1. Literature values for the enthalpies of formation
and the bond dissociation enthalpies for hydrazine, MMH,
UDMH and SDMH.

N2H4 MMH UDMH SDMH

∆H◦
f (g) / 90 [1] 92 [1] 84 [1] 92 [15]

kJ mol−1 95 [2] 94 [4 – 6] 83 [5 – 8]
151±8 [3] 95 [15] 84 [15]
50 [4]
95 [14]

∆H◦
vap / 45 [2] 40 [5, 6] 33 [1] 39 [5, 9]

kJ mol−1 39 [1] 37 [1] 35 [5, 8]

BDE / exp: 276±8 exp: 268±8 exp: 247±8
kJ mol−1 [10], [10], [10],

296±8[16,17]; calcd: 276[11] calcd: 255[11]
calcd: 293 [11],
247 [12],
247±12 [13]
251 [14]

ble zeta basis set (6-31G(d)§) [23, 24]. The B3LYP/6-
31G(d) method reproduces the experimental struc-
tures for all known hydrazine derivatives very well
(for example N2H4, exptl.(gas phase)/calcd.: d(NN)
1.45 Å/1.437 Å, d(NH) 1.02 Å/1.017 Å, torsion angle
91◦/90.5◦ [14]). Single-point energies were obtained
using an extended 6-311+G(3df,2pd) ¶ basis set at the
B3LYP/6-311+G(3df,2pd)//B3LYP/6-31G(d) level of
theory [25, 26]. This procedure has been recommended
by Foresman and Frisch [27] as the best level of the-
ory for highly accurate energies, only exceeded (in
terms of energy accuracy) by the G1 and G2 ‖ meth-
ods. Therefore, in order to accurately compute the ther-
modynamic properties, especially the enthalpy values,
G2MP2‖calculations were performed at the B3LYP/6-
31G(d) optimized geometries [28, 29]. The mean abso-
lute deviation for the total energy at this level (G2) of
theory has been stated as 1 – 2 kcal mol−1 [27].

Results and Discussion

Bond dissociation enthalpies

The total electronic energies and zero point energies
of hydrazine, MMH, UDMH and SDMH were calcu-
lated at the DFT level and the results are summarized
in Table 2.

§6-31G(d): Pople polarized valence double-zeta basis set of gaus-
sian functions.

¶6-311+G(3df,2pd): Pople polarized valence triple-zeta basis set
of gaussian functions, augmented with one diffuse function.

‖G2MP2: Gaussian 2 – Møller-Plesset second order perturbation
method (uses MP2 instead of MP4 for the basis set extension correc-
tions); Gaussian 2 stands for a defined procedure for computing very
accurate energies.

Table 2. Computational results. Total electronic energies
(−E) at B3LYP/6-311+G(3df,2pd)//B3LYP/6-31G(d) level
of theory, zero point energies (zpe) at B3LYP/6-31G(d)
level of theory and G2MP2 enthalpies (H). 1 atomic en-
ergy unit = 1 a. u. = 1 Hartree = 4.35981·10−18 J =̂
2.6254972·106 J mol−1.

Point −EB3LYP / zpeB3LYP / HG2MP2 /
group a. u. kJ mol−1 a. u.

N2H4 C2 111.918707 141 −111.673443
CH3HN-NH2 C1 151.239200 215 −150.889935
(CH3)2N-NH2 C1 190.562203 288 −190.111602
CH3HN-NHCH3 C1 190.559822 290 −190.106779
NH2 C2v 55.904955 50 −55.783338
CH3NH C1 95.232885 129 −95.001570
(CH3)2N C1 134.561453 204 −134.224068
N2 D∞h 109.566808 15 −109.386179
H2 D∞h 1.180012 27 −1.163046
CH4 Td 40.537470 119 −40.405849
H Ka

h 0.502156 – −0.497639
N Ka

h 54.600723 – −54.513945
NH3 C3v 56.587379 91 −56.453361
a The point group “Kh” symbolizes spherical symmetry (see ref. [14],
p. 175 – 178).

Table 3. Calculated dissociation energies (∆Eel,B3LYP) and
bond dissociation enthalpies at B3LYP (BDEB3LYP) an
G2MP2 level of theory (BDEG2MP2).

Eq. Hydrazine Derivative ∆Eel / BDEB3LYP / BDEG2MP2/
kJ mol−1 kJ mol−1 kJ mol−1

3 H2N-NH2 285 254 280
4 CH3HN-NH2 266 240 276
5 (CH3)2N-NH2 251 227 273
6 CH3HN-NHCH3 247 225 272

The N-N dissociation energies (∆E el) for hydrazine,
MMH, UDMH and SDMH were calculated according
to equations (3) – (6) using the energies given in Table
2 and are summarized in Table 3.

H2N-NH2 (g) → 2 •NH2 (g) (3)

CH3HN-NH2 (g) → CH3NH• (g)+• NH2 (g) (4)

(CH3)2N-NH2 (g) → (CH3)2N• (g)+• NH2 (g) (5)

CH3HN-NHCH3 (g) → 2CH3NH• (g) (6)

After corrections for the zero point energies, the work
term (p∆V = 1 RT, with 1 RT = 2.479 kJ mol−1 at
298.15 K), the translational energy (∆Utr = 1.5 RT) and
the rotational energy (∆Urot = 1.5 RT), the ∆E el val-
ues were converted into the reaction enthalpies of re-
actions (1) – (4) which are identical to the bond disso-
ciation enthalpies (BDE) of hydrazine, MMH, UDMH
and SDMH (Table 3) [30]. Table 3 also contains the
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Table 4. Reaction energies and enthalpies of reactions
(5) - (8).

Eq. ∆Eel / kJ mol−1 ∆HB3LYP / kJ mol−1 ∆HG2MP2 / kJ mol−1

7 −21 −78 −102
8 −118 −156 −171
9 −209 −226 −226
10 −215 −234 −239

BDE values of hydrazine, MMH, UDMH and SDMH,
which were computed at the G2MP2 level of theory.

Enthalpies of formation

The DFT computed electronic energies and G2MP2
computed enthalpies (Table 2) were also used to cal-
culate the reaction enthalpies of the hypothetical re-
actions (7) – (10) in order to estimate the standard en-
thalpies of formation of hydrazine, MMH, UDMH and
SDMH [30] (Table 4).

H2N-NH2 (g) → N2 (g)+ 2H2 (g) (7)

CH3HN-NH2 (g) → CH4 (g)+ N2 (g)+ H2 (g) (8)

(CH3)2N-NH2 (g) → 2CH4 (g)+ N2 (g) (9)

CH3HN-NHCH3 (g) → 2CH4 (g)+ N2 (g) (10)

With the well established standard enthalpy of forma-
tion (∆H◦

f) of methane (∆H ◦
f,CH4(g) = −75± 1 kJ

mol−1) [2, 31] one can now calculate the standard en-
thalpies of formation of hydrazine, MMH, UDMH and
SDMH in the gas phase at two levels of theory:

B3LYP/6-311+G(3df,2pd)//B3LYP/6-31G(d) level of
theory:∗∗

∆H◦
f(H2N-NH2, g) = +78 kJ mol−1

∆H◦
f(CH3HN-NH2, g) = +81 kJ mol−1

∆H◦
f((CH3)2N-NH2, g) = +77 kJ mol−1

∆H◦
f(CH3HN-NHCH3, g) = +84 kJ mol−1;

G2MP2//B3LYP/6-31G(d) level of theory:∗∗

∆H◦
f(H2N-NH2, g) = +102 kJ mol−1

∆H◦
f(CH3HN-NH2, g) = +96 kJ mol−1

∆H◦
f((CH3)2N-NH2, g) = +77 kJ mol−1

∆H◦
f(CH3HN-NHCH3, g) = +89 kJ mol−1.

∗∗∆H(T): reaction enthalpy, for a precise definition see ref. [30],
∆H = ∆U +p∆V ; ∆H(T) = ∆U(T)+Σνi RT;
∆U(T) = ∆U trans(T)+∆U rot(T)+∆Uvib(T)+∆Uel(T).

Table 5. Experimental and computed values for the en-
thalpies of formation and the bond dissociation enthalpies
for hydrazine, MMH, UDMH and SDMH.

N2H4 MMH UDMH SDMH

∆H◦
f (g) / 90 [1] 92 [1] 84 [1] 92 [15]

kJ mol−1 95 [2]
(exptl.)

∆H◦
f (g) / 78a 81a 77a 84a

kJ mol−1 102b 96b 77b 89b

(B3LYP a,
G2MP2b)

BDE / 276 ± 8 [10] 268 ± 8 [10] 247 ± 8 [10] –
kJ mol−1

(exptl)

BDE / 254a 240a 227a 225a

kJ mol−1

(B3LYPa, 280b 276b 273b 272b

G2MP2b)
a This work at B3LYP/6-311+G(3df,2pd)//B3LYP/6-31G(d) level of
theory; b this work at G2MP2 level of theory.

N-N Bond enthalpy in H2N-NH2

The N-N bond enthalpy in hydrazine was estimated
on the basis of the total dissociation of H2N-NH2 into
the atoms (eq. (11), cf. Table 2).

H2N-NH2 (g) → 2N(g)+ 4H(g) (11)

The energy of reaction (11) (∆E el,B3LYP =
+1859 kJ mol−1) was converted after correc-
tions for (∆zpe = −141 kJ mol−1), the work term
(p∆V = 5 RT), the translational energy (∆Utr = 7.5
RT) and the rotational energy (∆Urot = −1.5 RT)
into the reaction enthalpy of reaction (11) [30],
∆HB3LYP(9) = +1746 kJ mol−1. If the average N-H
bond enthalpy in NH3 (eq. (12)) is taken equal to
that in hydrazine, the desired value for the N-N
bond enthalpy in N2H4 can be estimated from the
energy of reaction (12), ∆E el(10) = 1260 kJ mol−1.
[N.B. although the assumption that the N-H bond
enthalpy in NH3 is equal to that in N2H4 seems
to be crude, it is usually justified to make this
assumption. For a more detailed discussion see
ref. [12, p. 92 – 96.]

NH3 (g) → N(g)+ 3H(g) (12)

The ∆Eel,B3LYP(12) value was converted after cor-
rections for (∆zpe = −91 kJ mol−1), the work term
(p∆V = 3 RT), the translational energy (∆Utr = 4.5 RT)
and the rotational energy (∆Urot = −1.5 RT) into
the enthalpy of reaction (12) [30], ∆H B3LYP(12) =
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+1184 kJ mol−1. If an average N-H bond enthalpy
of 395 kJ mol−1 (B3LYP level of theory) is assumed
for both NH3 and N2H4, the N-N bond enthalpy of
H2N-NH2 can be estimated to be BE B3LYP(N-N, in
N2H4) = 168 kJ mol−1.

The same calculation using the G2MP2 ob-
tained enthalpies (Table 2) yields a ∆H G2MP2(11)
of +1718 kJ mol−1 and a ∆HG2MP2(12) of
+1172 kJ mol−1. If now an average N-H bond
enthalpy of 390 kJ mol−1 (G2MP2 level of the-
ory) is assumed for both NH3 and N2H4, the N-N
bond enthalpy of H2N-NH2 can be estimated to be
BEG2MP2(N-N, in N2H4) = 157 kJ mol−1.

Conclusions

From the present combined DFT and G2MP2 study
the following conclusions can be drawn:

(i) The DFT calculated values are in good accord,
the G2MP2 computed data in excellent agreement with
the most reliable reported experimental data (Table 5).
The previously reported enthalpies of formation of hy-
drazine of 50 [4] and 151 [3] kJ mol−1 are clearly in-
correct.

(ii) The bond dissociation enthalpies (BDE) for
the cleavage of the N-N bond decreases in the order
N2H4 > MMH > UDMH > SDMH.

(iii) The computed bond enthalpy (BE) for the N-
N bond in hydrazine of 168 kJ mol−1 (B3LYP) and
157 kJ mol−1 (G2MP2) agrees very well with the lit-
erature estimate of 159 kJ mol−1 [12].

The authors of this contribution therefore suggest
the following enthalpies of formation and the bond dis-
sociation enthalpies for hydrazine, MMH, UDMH and
SDMH as the best available values:
BDE / kJ mol−1: N2H4, 278 ± 4; MMH, 272 ± 4;
UDMH, 259±12; SDMH, 272±12.
∆H◦

f / kJ mol−1: N2H4, 95±6; MMH, 94±4; UDMH,
80±4; SDMH, 91±4.

The bond enthalpy for the N-N bond in hydrazine:
BE (N-N, H2N-NH2) = 159±4 kJ mol−1.
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