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The photoion yield curves of N2H,+ , N,H+, and H,+ from N,H, have been studied by 
photoionization mass spcctrometry. The adiabatic ionization potential of N,H, determined 
(9.589 * 0.007 eV) is in excellent agreement with that obtained by photoelectron 
spectroscopy (PES). The appearance potential of N,H + ( 10.954 f 0.019 eV at 0 K) is in 
good agreement with earlier electron impact measurements. The appearance potential of H,+ 
( < 13.52, + 0.03; probably (13.403 + 0.036 eV, at 0 K) leads to mz (N,H,) > 43.8 f 0.7; 
probably 246.6 + 0.8 kcal/mol. Consequently, proton affinity (PA) (N,) < 121.8 f 0.8; 
probably < 119.0 f 0.9 kcal/mol, which is in good agreement with results from proton transfer 
experiments and with most ab initio calculations. The N=N “double bond” energy determined 
from N,H,-+2NH is < 126.6 f 1.0; probably < 123.8 f 1.1 kcal/mol. The adiabatic ionization 
potential of N,H, is found to be 7.61 f 0.01 eV. This observation leads to D, (H,NNH- 
H) = 80.8 f 0.3 kcal/mol, and D,(HNNH-H) ~43.8 + 1.1 kcal/mol. 

I. INTRODUCTION 
The N,H + species is a known constituent of interstellar 

clouds.’ One of the most important reactions postulated’ to 
occur in this medium is 

I%+ +N, -+N,H+ +H,. 
Although the molecular structure3 and the three normal 
mode frequenciesa are now known experimentally to high 
accuracy, the value of the proton affinity of NZ [ (PA) 
(N,) J , or alternatively AH; (N,H + ), is still a matter of 
some controversy. Two types of experiments have been ap- 
plied to deducing this quantity. 

(i) Determining the appearance potential (AP) of 
N,H + from N2H2, after having established mj: (N,H,) , 

(ii) Determining the difference in proton affinity 
between N, and some secondary standards from the kinetics 
of proton transfer reactions. 

Unfortunately, the results from these experiments dif- 
fer. In an experiment of type (ii), Bohme et al7 have deter- 
mined the difference in proton affinity (APA) between N, 
and 0 to be 1.3 f 0.5 kcal/mol. Using as reference value PA 
(0) = 116.1 + 0.2 kcal/mol, they deduce PA 
( N2) = 117.4 f 0.7 kcal/mol. A more circuitous route in- 
volves APA (CO,-Xe) = 10.6 f 1.2 kcal/mol and APA 
(Xc-N,) = 0.63 f 0.19 kcal/mol from Bohme et al7 to- 
gether with our’ recent value for PA ( COZ) = 129.2 f 0.5 
kcal/mol to arrive at PA (N,) = 118.0 f 1.3 kcal/mol. 
Lias et aLg7” give PA (N,) = 118.2 kcal/mol in their compi- 
lations. 

The type (i) experiment has been performed by Willis et 
al.” and by Foner and Hudson,‘2*‘3 both using electron im- 
pact methods. They differ only slightly in their determina- 
tions of AP N,H + (N,H,). Willis et al. obtain 10.98 f 0.05 
eV, while Foner and Hudson report 10.89 + 0.08 eV. How- 
ever, there is a major difference in their determinations of 
Lw$! (N,H,). Willis et al. chose to measure AP N,f 
(N,H*); they obtained 14.00 f 0.05 eV for this quantity. 
Subtracting this value from the well-known ionization po- 

tential (IP) ( N2) = 15.5808 eV,“one obtains AH; (N,H,) 
= 1.58 eVr 36 kcal/mol. Their estimated error is & 2 

kcal/ mol; no attempt is made to distinguish between AH;! 
and Ml,,. Combining their AH; (N2H2) with their AP 
(N,), they obtain A$ (N,H + ) = 237 kcal/mol, and PA 
( N2) = 128.7 kcal/mol= 5.6 eV. 

Foner and Hudson’* were unable to duplicate the mea- 
sured AP N,+ (N,H,) reported by Willis et al. and ques- 
tioned their result. Instead, they chose to measure AP 
N,H,+ (N,H,). Their ion yield curve amounted to 2.5 X lo6 
counts/set at 50 eV electron energy, lo4 counts/set at 15 eV, 
but in the critical onset region it was “a few counts/se?‘. In 
other words, there was significant curvature. “This unusual- 
ly large diminution of intensity in going from high energy to 
the threshold region contributes substantially to the diffi- 
culty in measurement of AP (N,H,+ ).“I’ They inferred 
10.75 eV for this threshold. Utilizing a photoelectron spec- 
troscopic value for IP (N,H,) of 9.59 eV and AHyO (N,H,) 
= 26.155 kcal/mol (Lias et ai.” give 26.1 f 0.2 kcal/mol), 

they extracted Ai??: (N2H2) = 52.4 f 2 kcal/mol, and 
AH;*,, (N,H,) = 50.7 + 2 kcal/mol, about 15-17 kcal/ 
mol higher than the result of Willis et al.” Upon introducing 
their valueI for AP N,H + (N,H,), they obtained PA 
(N2) = 4.93 + 0.11 eV= 113.7 f 2.5 kcal/mol. 

In summary, experiments of type (ii) are consistent 
with PA (N,) = 118.2 + 1 kcal/mol, whereas experiments 
of type (i) deviate significantly from this quantity, and in 
opposite directions. The critical factor in the type (i) experi- 
ments is the determination of AH: (N,H,). 

The elusive AH; (N,H,) can also be related, through 
AH; (NH ) , to a measure of the N=N double bond energy. 
Pauling I5 has used bond additivity arguments to arrive at 
single and double bond energies, which he then compares to 
the N=N triple bond energy. Thus, an average N-H bond 
energy is deduced from AH; (NH,). This is then assumed to 
represent the N-H bond energies in (for example) N,H,. By 
subtracting four N-H bond energies from the heat of atom- 

4370 J. Chem. Phys. 95 (6), 15 September 1991 0021-9606191 /184378-07$03.00 @  1991 American Institute of Physics 



B. Rustic and J. Berkowitz: N,H, and N2H3 bond energies 4379 

i&ion of NZHd, he arrives at 38.4 kcal/mol for the N-N 
single bond energy. An alternative approach, based on the 
reaction 

N,H,-, 2NH,, 

yields a very different value, 65.5 f 0.4 kcal/mol [using 
LUJ~ (NH,) = 45.8 f 0.3 kcal/mol’6]. 

From the heat of formation of azoisopropane and auxil- 
iary average bond energies, Pauling obtains 100 kcal/mol for 
the N=N double bond energy. Since the triple N=N bond 
energy is knownI to be 225.0, kcal/mol, Pauling concludes 
“that there is an abnormality in the structure of the nitrogen 
molecule such as to increase the N=N bond energy from 
147 (his inferred value) to 226 (currently 225.06) kcal/mol. 
This abnormality is not shown by the N=N and N-N 
bonds. Its nature is not known.“15 

Our alternative approach to the single N-N bond ener- 
gy gives a much higher value than Pauling’s. It is interesting 
to inquire about an alternative to Pauling’s approach to the 
N=N double bond energy. 

The heat of formation of N,H, is poorly known, at best. 
Our goal here was to obtain an accurate adiabatic ionization 
potential for this free radical” which, when combined with 
the appearance potential of N,H,+ (N,H,), would provide 
us with AH; (N,H,) and Do (H,NNH-H). The latter 
could then be compared with Pauling’s average N-H bond 
energy obtained from NH, to test the transferability hypoth- 
esis. 

II. EXPERIMENTAL ARRANGEMENT 

The basic approach was to use photoionization mass 
spectrometry, with an apparatus that has been described 
previously. l9 N,H, was produced by the two methods de- 
scribed by Frost et aLI4 -a very weak microwave discharge 

through N2H4, and pyrolysis of sodium tosylhydrazide.” 
Both methods produced N,H, for study, but the pyrolysis 
method was more advantageous for examining weak frag- 
ments, since extraneous sources of these fragments were less 
likely. A more conventional experiment was also performed, 
searching for the N,H,+ fragment from hydrazine. N,H, 
was prepared in situ by the reaction of hydrogen atoms with 
hydrazine. l6 

Ill. EXPERIMENTAL RESULTS 
A. NW U%Hd 

This process was examined in earlier work from this 
laboratory. l6 We have repeated this experiment because of 
its potential value in establishing AH: ( N2H2), but our re- 
sults were the same. The parent ion, N*H,+, is four orders of 
magnitude larger than the background level of M30 in the 
relevant wavelength region (il > 1140 A). In fact, the wing 
of the M32 peak probably accounts for this background. As 
shown in Fig. 3 of Ref. 16, M30 does not display a significant 
signal above this background below - 15.2 eV (817 A), 
which is approximately the energy for dissociative ionization 
into N,H,+ + 2H, about 4.5 eV above N,H,f + H,. 

B. N&U @J&b) 
Parent diimine ion was observable from both the weak 

microwave discharge through hydrazine and from pyrolysis 
of sodium tosylhyrazide, but the latter proved to be a cleaner 
source. The photoion yield of the parent ion is shown in Fig. 
1. Step stpcture is observed from threshold to - 10.35 eV 
( - 1200 A). This is roughly the energy region in which vi- 
brational fine structure is seen in the He I photoelectron 
spectrum. l4 The midrise of the first observable step occurs at 
1293 f 1 AF9.589 f 0.007 eV, in excellent agreement with 

WAVELENGTH, ANGSTROMS 

FIG. 1. The photoion yield curve of N,H; (N,H,). 

J. Chem. Phys., Vol. 95, No. 6,15 September 1991 



4380 B. Rustic and J. Berkowitz: N,H* and N,HI bond energies 

the adiabatic ionization potential obtained by PES 
(9.59 f 0.01 eV). 

C. N2H+ (NzHz) 
Under the same conditions as III B (above), the M29 

position was scanned. The threshold region for 
N,H + (N,H,) is displayed in Fig. 2. The approach to 
threshold is linear, the onset occurring at 
1137 f 2 As 10.905 +_ 0.019 eV. The sample was pyro- 
lyzed at 70 “C, which was taken to be the temperature of the 
vapor. Hence, applying a correction for the internal thermal 
energy of N2H2, the 0 K threshold becomes 10.954 + 0.019 
eV. This value is consistent with the two electron impact 
thresholds (10.98 f 0.05 eV” and 10.89 f 0.08 eV13), but 
more precise and well defined with respect to temperature. 

at 920 + 2 L&E 13.47, f 0.03 eV, or 13.52, f: 0.03 eV at 0 K. 
This is a clear upper limit for AP Hz (N,H,). A more 
careful examination of the threshold reveals one additional 
lower energy point, still distinctly above background, but 
displaced from the smooth curve drawn through the four 
higher energy points. We choose as a less rigorous upper 
limit, but a probable value, the midpoint between the last 
significant point above background and the following point, 
i.e., 928.5 & 2.5 A= 13.353 f 0.036 eV, or 13.403 f 0.036 
eVatOK. 

E. M-WbHs) 

At 1047 A = 11.84 eV, the N,H + /N,H,+ intensity ratio 
was l/18.5. 

D. N,+ and Hz from N2H2 

Even with the cleaner pyrolysis source, there was a per- 
sistent weak signal at M28 (attributed to an impurity) 
which masked the wavelength region of interest. Hence, we 
were unable to test the assertion of Willis et al.” that a 
threshold for N2+ could be observed, nor its negation by 
Foner and Hudson. I2 However, the M2 position did not suf- 
fer from this background. Furthermore, since IP (HZ) is 
15.4259 eV,” and IP (N,) is 15.5808 eV,” the Hc (N,H,) 
threshold should be lower than N,+ ( N2Hz), in the absence 
of possible dynamic factors. It should be noted that both 
appearance potentials are expected to occur below their re- 
spective ionization potentials. 

A weak Hc signal was observed. At 810 A= 15.3 1 eV, 
the H,+/N,H,+ intensity ratio was - l/200-300. The pho- 
toion yield curve for H,+ (N,H,) is shown in Fig. 3. The 
approach to threshold is more gradual than that of 
N, H + (N,H,) shown in Fig. 2. This is often the case for a 
higher energy process, and/or one which involves a tight 
complex. A smooth curve drawn through the last four points 
distinctly above the background level intersects the base line 

The photoion yield curve of N,H,+ (N,H,) is displayed 
in Fig. 4. The smooth curve is a spline function fitted to the 
experimental points. Steplike structure can be seen. The ion 
yield has not yet reached the background level at the longest 
wavelength ( 1620 A) for which data points exist. Therefore, 
the adiabatic IP is < 7.65 eV. (With the grating used in these 
experiments, the light at longer wavelengths was extremely 
weak. ) 

Figure 5 is the energy derivative of the smooth curve, 
which should simulate a photoelectron spectrum if direct 
photoionization is the dominant mechanism. This derivative 
curvehaspeaks (ineV) at 7.81,7.99, and 8.20eV ( + 0.01). 
The average spacing is 0.19, eV = 1570 + 80 cm - ’ . If we 
take this spacing to be the dominant vibrational progression, 
then (since the photoion yield curve in Fig. 4 has not yet 
reached the background level) at least one more peak in this 
progression should exist, and consequently IP (N,H,) 
~7.61 f 0.01 eV. 

0.6 
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001 
‘1040 1060 1080 1100 1120 1140 1160 1180 1200 1220 

WAVELENGTH. ANGSTROMS 

The integrals over peak intensities (or the step heights in 
Fig. 4), which we have assumed to be a Franck-Condon 
distribution of some vibrational progression, can be approxi- 
mated by a Poisson distribution (an/n! )e - ‘. The measured 
step heights form the proportion 0.38 : 0.95 : 1.00 : 0.67, 
where 0.38 represents the sum of all possible step heights 
above - 1610 A (below -7.70 eV). We can calculate the 
expected relative intensities in a Poisson distribution corre- 
sponding to 1,2, or 3 missing vibrational intensities at lower 
photon energy, and hence to adiabatic ionization potentials 
of -7.61 f 0.01, - 7.42 + 0.02, or - 7.22 f 0.03 eV. From 
the ratio of step heights at 7.8 1 and 7.99 eV, a value for the 
parameter a = 2.10, 3.15, and 4.20, respectively, can be in- 
ferred. The resulting intensity patterns over the complete 
distribution can now be derived, 
( 1) 0.45 : 0.95 : 1.00 : 0.69. 
(2) 0.80 (r0.20 + 0.60) : 0.95 : 1.00 : 0.79. 
(3) 1.08 (~0.08 + 0.32 f 0.68) : 0.95 : 1.00 : 0.84. 

Pattern (3) can be ruled out, since this pattern deviates 
too strongly from their experimental one. Pattern (1) fits 
very well, pattern (2) less well. Hence, on the basis of the 
simple Poisson distribution, we select 7.61 f 0.01 eV as the 
adiabatic ionization potential of N2H3. Pople and Curtiss2i 
have calculated the structures of N2H3 and N,H,+ in their 
ground states. They find that the N-N distance diminishes 
upon ionization by 0.112 A, and hence one might expect the 
presumed vibrational progression in the experimental spec- 
trum to be characteristic of an N-N stretching frequency. FIG. 2. The photoion yield curve of&H + (NJ&). 
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WAVELENGTH, ANGSTROMS 

FIG. 3. The photoion yield curve of H,f (N,H,). 

The N-N stretching frequency in H,N-NH, is only about 
1100 cm - ’ ,22 considerably smaller than the observed spac- 
ing of 1570 f 80 cm- ’ . However, the N-N stretching fre- 
quency in HNNH is about 1530 cm - ’ (Ref. 23 ) , and that in 
tram H,CN-NCH, is 1574 cm - ‘. These latter molecules 
can be expected to exhibit N = N double bond characteris- 
tics, and hence have larger stretching frequencies. Perhaps 
surprisingly, the N-N distance in N,H,+ calculated by Po- 
ple and Curtiss is 1.240 A, whereas the N-N distance in 
tram-HNNH is found to be 1.252 f 0.002 A.24 Hence, the 
observed frequency and the calculated N-N distance in 
N2H$ are characteristic of an N-N bond which is essential- 
ly a double bond. 

121 

lo- 

9 _ 
w 8 
F 

$ 6- 
5 

g 2 4- 

oi I,. ( .,‘,‘,‘, * ,‘( 
1480 1500 1520 1540 1560 1580 1600 1620 1640 

WAVELENGTH, ANGSTROMS 

FIG. 4. The photoion yield curve of N,Hl (N,H,). The smooth curve is a FIG. 5. The energy derivative of the smooth curve of Fig. 4, simulating a 
spline function fitted to the data points. photoelectron spectrum of N,H,. 

IV. INTERPRETATION OF RESULTS 
A. AH %WM 

Of the various experiments attempted, the only one pro- 
ducing a significant result concerning AH; (N,H,) was AP 
H,+ (N,H,) . The relevant energy relationship is 

AH; (NJ%) = AH; (Hz+ ) - AI’ Hz+ (Wbh 

where AHFo (HT ) is IP (H,). Utilizing the two alternative 
values for AP H2+ (N,H,), we obtain 

AH; W,H,) 
> 43.8 f 0.7 
246.6 f 0.8 

kcal/mol, 

JO-. 
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and (using the conversion from AH; to AH& given in Ref. 
251, 

C. The N=N double bond energy 
We assume that the energy relationship 

N,H, + 2NH (1) 
is representative of the N=N double bond energy. From a 
previous study,16 AH: (NH) = 85.2 f 0.4 kcal/mol. 
Hence, the derived enthalpy for reaction ( 1) at 0 K is 

AH;,, (NJ%) ’ 42’ ’ * Oe7 
245.0 f 0.8 

kcal/mol. 

6. A/ij(N*H+) and PA (N2) 

For M:( N,H + ), the relevant energy relationship is 

M;(N,H+) =AP N2H+(N,H,) 

- AH; (HI + AH; (W-W. 

Utilizing our value for AP N,H + (N2H2) = 10.954 
f 0.019 eV, the well-established” AZY: (H) and our de- 

rived limits for Lwi (N,H,), we obtain 

AH;(N,H+ 1 > 244.8 + 0.8 
a247.6 f 0.9 

kcal/mol, or (Ref. 26), 

AH;,, ( N,H + 1 > 243.9 
)246.7 

kcal/mol. 

The proton affinity is conventionally compiled at 298 K. 
From AHxY8 (N,H + ) and Mx,, (H + ) = 365.7 kcal/mol, 
we obtain 

PA Wd 
< 121.8 + 0.8 
< 119.0 f 0.9 

kcal/mol. 

These values, together with the results obtained by other 
methods directed at PA (Nz) are summarized in Table I. 

TABLE I. Proton affinities of Nz obtained from experiment and theory 
(k&mol). 

< 126.6 + 1.0 
~123.8 f 1.1 

kcal/mol. 

D. LWy0(N2HO) and Do(H2NNH-H) 

Earlier,16 we had studied the reaction 

N,HI + hv+N,H,+ + H + e 
in this laboratory, and obtained a threshold of 1121.2 ( f 1) 
A= 11.058 j, 0.010 eV. With an internal thermal energy 
correction of 0.054 eV this threshold becomes 11.112 f 0.01 
eV at 0 K. Upon subtracting from this quantity our selected 
adiabatic ionization potential of N2H3, 7.61 f 0.01 eV, we 
obtain 3.50,& 0.01, eV= 80.8 f 0.3 kcal/mol for the disso- 
ciative reaction 

N,H,-+N,Hj + H. 

Now taking AHyO (N2H4) = 26.13 f 0.12 kcal/mol*’ and 
AH: (H) = 51.634 kcal/mol, we obtain 55.3 &- 0.3 kcal/ 
mol for AH: (N,H,). 

PA,OK PA, 298 K 

Type (i) experiment 
Willis, et al.” (128.,)* (1%) 
Foner and Hudson’ 
Present results 

Type (ii) experiment 
Bohme et al.’ 
Other combination“ 
Lii et al.’ 

113.7 * 2.5 
< 120.4 f 0.8 < 121.8 f 0.8 
< 117.6 f 0.9 G119.0 f 0.9 

117.4*0.7 
118.0 f 1.3 

118.2 

In Sec. IV A, we deduced Mz (N,H,) >46.6 f 0.8 
kcal/mol. The preferred value for PA (N,),,, is 118.2 -f 1 
kcal/mol (see Table I, vide injhz), which can readily be re- 
lated to “Ii (N2H2) = 47.4 f 1.1 kcal/mol. From the 
latter value, and the aforementioned hH2 (N,H,) 
= 55.3 f 0.3 kcal/mol, we infer Do (HNNH-H) = 43.8 
f 1.1 kcal/mol. The various ionization and appearance po- 

tentials, heats of formation, and bond energies discussed in 
this paper are summarized in Table II. 

V. DISCUSSION AND CONCLUSIONS 

Ab initio calculation 
Forsen and Roes’ 
Vasudevan et aLs 
DeFrees and McLean” 
Kraemer et al.’ 
Pople and Curtiss’ 
Botschwina’ 
Ikuta’ 

116.6 118.0 
119.6 121.0 
117.0 118.4 
118.4 119.8 
116.8 118.2 
116.6 118.3 
118.7 120.1 

’ Reference 11. There is no distinction made here between PA ( 0 K ) and PA 
(298 K). 

’ Reference 13. 
‘Reference 7. 
dA PA (CO,-N,) from Ref. 7; PA (COz) from Ref. 8. 
‘Reference 9. 
f Reference 29. 
*Reference 30. 
‘Reference 32. 
i Reference 33. 
j Reference 2 1. 
’ Reference 3 1. 
‘Reference 34. 

The present results for PA (N,), i.e., < 121.8 f 0.8 and 
probably < 119.0 + 0.9 kcal/mol, based on a type (i) experi- 
ment, are now closer to the type (ii) value ( 118.2 f 1 kcal/ 
mol) than either of the two previous type (i) experiments 
cited. In their compilation, Lias et aZ.‘*” have tried to recal- 
culate PA (N,) from the AP N2H + (N,H,) given by Wil- 
lis et al. and by Foner and Hudson, using a value for AH; 
(N,H,) ostensibly obtained by an independent calculation 
(the reference is to Casewit and Goddard”). However, the 
value for MT (N2H2) used by Casewit and Goddard in 
their paper (see their Table IV) comes from Foner and Hud- 
son. I2 A truly independent a& initio calculation has been per- 
formed by Pople and Curtiss,*’ who obtained Mi ( N2H2) 
= 49.6 kcal/mol, closer to our lower limit, >46.6 -& 0.8 

kcal/mol. 
Several ab initio calculations2’*29-34 have been directed at 

the determination of PA (N,). These are summarized in 
Table I, together with the experimental results previously 
discussed. The calculated values usually refer to the minima 
of the respective potential wells, which we shall call PA 
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TABLE II. Ionization and appearance potentials, heats of formation, and 
bond energies for N,H, systems. 

(A) Ionization and appearance potentials (eV) at 0 K 
NzH,-+NzHI+ + e 8.36 f 0.03’ 
NzH,-+N,H,f + H + e 
N2HJ-+N,H: + e 
N,Hz+ N,H: + e 

11.112*0.010~ 
7.61 f 0.01’ 
9.589 f o.007c 
9.59 f O.Old 

N,H,-N,H+ + H + e 10.954 f 0.019’ 
10.98 f 0.05’ 
10.89 f 0.08f 

N,H,-+H: + N2 f e <13.403 f 0.036” 

(B) Heats of formation (kcaUmo1 at 0 K) 
W-4 26.13 f O.lT 
NJ% 55.3 f 0.3’ 
W %  >46.6 f 03 

47.4 f l.ih 

(C) Bond energies (kcal/mol at 0 K) 
D,, (H,NNH-H) 80.8 f 0.3’ 
DO (HNNH-H) 43.8 f 1.1” 
D, (E&N-NH, ) 65.5 f 0.4b 
DO ( HN-NH ) <123.8 f 1.1’ 

l M. E Akopyan, F. I. Vilesov, and A. N. Terenin, Izvest. Akad. Nauk 
USSR 27,1083 (1963). 

b From Ref. 16, with internal energy correction. 
‘Present results. 
d Reference 14. 
’ Reference I 1. 
r Reference 13. 
s Reference 27. 
“Based on PA (N,), = 116.8 kcal/mol (seeTable I and text). 

(N2)c. When zero point energies are included, the result 
becomes PA (N2) 0 K. The zero point energy difference, 
when computed from the experimental frequencies of 
N2Htti and N2,i7 amounts to 6.45 kcal/mol. For consis- 
tency, we have used this quantity to correct each of the ab 
irzitio values of PA ( N, ) e to PA (N,) 0 K. Addition of 1.4 
kcal/mol then gives PA ( N2) 298 x . The calculations of De- 
Frees and McLean, Pople and Curtiss, and Ikuta use a simi- 
lar method, but Ikuta’s calculation is at the MP3 level of 
perturbation theory, whereas the others are at a higher level. 
Hence, we assume that an extension of Ikuta’s calculation 
would yield essentially the same value as the others using 
this method. With this proviso, five calculations result in PA 
tN2)298K between 118.0-l 18.4 kcal/mol. This range is in 
excellent agreement with PA (N,),,,n = 118.2 + 1 kcal/ 
mol obtained from the type (ii) experiments, and also with 
the current type (i) experiment. The calculated values of 
Vasudevan et al. and (to a lesser extent) Kraemer et al. seem 
a bit high. 

The N=N double bond energy obtained in this work 
< 126.6 f 1.0 
~123.8 Ifi 1.1 

kcal/mol 
> 

is more than Pauling’s value” ( 100 kcal/mol), but still sub- 
stantially smaller than the N=N triple bond energy. The 
incremental increase between single and double bond now 
becomes 

<61.1 
~58.3 

kcal/mol, 

while that between triple and double bond is 

> 98.5 
>101.3 

kcal/mol. 
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Hence, the first and second bonds are more nearly equal, but 
the third bond is about 40 kcal/mol larger. Rather than con- 
cluding that the strength of the third bond is an indication of 
an abnormality in the structure of the nitrogen molecule, we 
prefer to view the discrepancy as a measure of the weakness 
of the first and second bonds, influenced as they are by the 
presence of N-H bonds. 

We have found that Do (H,NNH-H) = 80.8 T~I 0.3 
kcal/mol. This is the closest we can come to “an N-H bond 
energy in N,H,“. Previously,16 we had found Do (N-H) 
= 79.0 f 0.4 kcal/mol, D,( HN-H) = 91.0 + 0.5 kcal/ 

mol, and Do ( H2N-H) = 106.7 f 0.3 kcal/mol. Hence, the 
N-H bond energy in N,H, comes closest to the first H atom 
addition to nitrogen, and is quite far from the average bond 
energy in NH,, 92.3 kcal/mol, which Pauling transferred to 
the hydrazine molecule in estimating the strength of the N- 
N single bond. 

ACKNOWLEDGMENT 

This work was supported by the U. S. Department of 
Energy, Office of Basic Energy Sciences, under Contract No. 
W-31-109-ENG-38. 

‘B. E. Turner, Astrophys. J. 193, L83 ( 1974); P. Thaddeus and B. E. Tum- 
er, ibid. 201, L25 (1975); L. E Snyder, J. M. Hollis, D. Buhl, and W. D. 
Watson, ibid. 218, L61 (1977). 

*E. Herbst and W. Klemperer, Astrophys. J. 185,505 (1973); W. D. Wat- 
son, Rev. Mod. Phys. 48,513 (1976). 

3J. C. Owrutsky, C. S. Gudeman, C. C. Martner, L. M. Tack, N. H. Rosen- 
baum, and R. J. Saykally, J. Chem. Phys. 84,605 ( 1986); P. G. Szanto, T. 
G. Anderson, R. J. Saykally, N. D. Piltch, T. A. Dixon, and R. C. Woods, 
ibid. 75,426l (1981). 

%Z. S. Gudeman, M. H. Begemann, J. Pfaff, and R. J. Saykally, J. Chem. 
Phys. 78,5837 (1983). 

%. C. Foster and A. R. W. McKellar, J. Chem. Phys. 81,3424 (1984). 
6T. J. Sears, J. Opt. Sec. Am. B2,786 (1985). 
‘D. K. Bohme, G. I. Mackay, and H. I Schiff, J. Chem. Phys. 73, 4976 
(1980). 

*B. Rustic, M. Schwarz, and J. Berkowitz, J. Chem. Phys. 91,6772 ( 1989). 
9S. G. Lias, J. F. Liebman, and R. D. Levin, J. Phys. Chem. Ref. Data 13, 
695 (1984). 

“S. G. Lias, J. E. Bartness, J. F. Liebman, J. L. Holmes, R. D. Levin, and 
W. G. Mallard, J. Phys. Chem. Ref. Data 17, Suppl. No. 1 (1988). 

“C. Willis, F. P. Lossing, and R. A. Back, Can. J. Chem. 54, 1 ( 1976). 
‘*S. N. Foner and R. L. Hudson, J. Chem. Phys. 68,3162 (1978). 
‘?S. N. Foner and R. L. Hudson, J. Chem. Phys. 68,3169 ( 1978). 
“‘D. C. Frost, S. T. Lee, C. A. McDowell, and N. P. C. Westwood, J. Chem. 

Phys. 64,4719 (1976). 
15L. Pauling, The Nature ofthe Chemical Bond (Cornell University, Ithaca 

1960), pp. 88, 142-3, 191. 
I%. T. Gibson, J. P. Greene, and J. Berkowitz, J. Chem. Phys. 83, 4319 

(1985). 
17K P Huber and G. Herzberg, Molecular Spectra andMolecular Structure . . 

IV. Constants of Diatomic Molecules (Van Nostrand Reinhold, New 
York, 1979). 

“In previous work from this laboratory, which focused upon the NH, radi- 
cal (Ref. 16), the N,H, species was observed in weak abundance. A cur- 
sory scan was performed, and a preliminary value of - 7.7 eV was report- 
ed. 

J. Chem. Phys., Vol. 95, No. 6,15 September 1991 



4384 Et. Rustic and J. Berkowitz: N,Ha and N2H3 bond energies 

IgSee, for example, J. Berkowitz, J. P. Greene, H. Cho, and B. Rustic, J. 
Chem. Phys. 86, 1235 (1987), and Ref. 16. 

‘ON. Wiberg, H. Bachhuber, and G. Fischer, Angew, Chem. Int. Ed. 11,829 
(1972). 

r’J. A Pople and L. A. Curtiss, J. Chem. Phys. 95, 4385 ( 1991) following 
paper. 

“J. R. Durig, S. F. Bush, and E. E. Mercer, J. Chem. Phys. 444238 ( 1966). 
*3V. Bondyhey and J. W. Nibler, J. Chem. Phys. 58,2125 (1973). 
a4M. Carlotti, J. W. C. Johns, and A. Frombetti, Can. J. Phys. 52, 340 

(1974). 
=M. W. Chase, Jr., C. A. Davies, J. R. Downey, Jr., D. J. Frurip, R. A. 

McDonald, and A. N. Syverud, J. Phys. Chem. Ref. Data 14, Suppl. No. 1 
(1985). 

?he normal mode frequencies for N,H + used for calculating Hzg8 -HO 

were the experimental frequencies given in Refs. 4-6. 
*‘V. P. Glushko, G. A. Bergman, I. V. Veits, V. A Medvedev, G. A. Khach- 

kuruzov, and V. S. Yungman, Termodinamicheskie Svoistva Individual- 
‘nikh Veshchestu, Vol. 1 (Nauka, Moskow, 1978). 

“C. J. Casewit and W. A. Goddard III, J. Am. Chem. Sot. 104, 3280 
(1982). 

“S. Forsen and B. Roos, Chem. Phys. Lett. 6, 128 ( 1970). 
30K. Vasudevan, S. D. Peyerimhoff, and R. J. Buenker, Chem. Phys. 5,149 

(1974). 
3’P. Botschwina, Chem. Phys. Lett. 107, 535 (1984). 
“D. J. DeFrees and A. D. McLean, J. Comput. Chem. 7,321 ( 1986). 
33W. P. Kraemer, A. Komomicki, and D. A. Dixon, Chem. Phys. 105,87 

(1986). 
%. Ikuta, Chem. Phys. Lett. 109,550 (1984). 

J. Chem. Phys., Vol. 95, No. 6,15 September 1991 


