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tributed to this particular transition. 
3. Attempted Correlations oZthe W-Viible, Raman, I3C NMR, 

and X-ray Mraction Data. Table I presents some spectroscopic 
results for free and complexed isocyanide ligands. It is known 

Inorg. Chem. 1988, 27, 642-648 

the M-M force constant (Flmdyn 
( r / A )  for the 5d element: 

and the M-M separation 

(1) r(5d) = 2.01 + 1.31 exp(-F/2.36) 
that in going from CNMe to C N - ~ B U ,  there is a decrease in s 
character of the a-bonding orbital for the free ligand.& The order 
of I3C N M R  shifts observed for the terminal carbon (carbene) 
in the CNR ligands with changes in R is xylenyl >> Me > t-Bu. 
The decrease in v(CN) with increasing size of the R group, Me 
< benzyl < r-Bu and xylenyl, indicates a decrease in N-C bond 
strength. On the basis of 13C NMR* and vibrational data,25 the 
xylenyl isocyanide ligand has a large amount of sp2 character a t  
its terminal carbon atom. Stephany et a1.& have suggested that 
bending of the C N C  angle could take place due to the bulkiness 
of the alkyl R groups.47 Consequently, there is a rehybridization 
of the N atom from sp to sp2, thereby explaining the decrease in 
v(CN). The UV-visible data given in Table I suggest that for 
complexed ligands, the a-donor capacities should decrease in the 
order xylenyl >> benzyl - t-Bu > Me, in disagreement with the 
13C N M R  results for the free ligands. Therefore, the a-donor 
properties are modified during substitution as evidenced by the 
change in v(CN) between the free and complexed ligand (there 
is an increase in s character in N-C bond). When n is changed, 
v(CN) remains essentially unchanged, indicating that the C N  bond 
distances and C N C  angles remain the same from complex to 
complex. Since the value of v(CN) in the complexes increases 
as xylenyl < t-Bu < benzyl < Me, it is believed that this same 
order represents the order of decreasing a-capacity of the linear 
isocyanide ligands (in agreement with the UV-visible results). 
Thus, the relative a-donor and 7-acceptor properties of the com- 
plexed isocyanides estimated by electronic spectroscopy seem to 
correlate reasonably well with the Raman results. 

The actual Re-Re distances are as follows: Re2(CO)lo, 3.041 
(1) A;22 Re,(CO),(CN-r-Bu), 3.048 (1) Re2(C0)*(CN- 
(2,6-Me2CsH3))2, 3.048 (1) Re2(C0)7(CN(CH2C6H5))3, 
3.049 (1) A;” Re2(C0)6(CN(2,6-Me2C6H3))~, 3.079 (1) A.m The 
weakening of the M-M bond in M2(C0)10 and MM’(C0)lo 
complexes (M and M‘ = Mn, Tc, Re) has been discussed by 
Brown et a1.@ Woodr~ff4~ derived an empirical equation relating 

Woodruff calculated the Re-Re separation (3.01 A), and it ap- 
pears to be 0.03 A shorter than the one evaluated by crystallog- 
raphy. Using the previously published Raman we obtained 
similar results for our complexes. The problems that are en- 
countered here are the facts that this relationship is not accurate 
enough to take into account small perturbations and the M-M 
stretching modes are extensively mixed for these complexes. 

Since we know that electronic spectroscopy looks at electronic 
transitions only, the problem with the vibrational spectroscopy 
of Re2(CO)lo_,(CNR), complexes seems to be resolved. Our 
experimental results have shown clear monotonic progressions of 
the da* - d a  position versus n (see Figures 2-4). The accuracy 
of the experimental method is reasonable a t  room temperature 
and particularly good at 77 K. To date, no empirical relationship 
between the metal-metal separations and metal-to-metal electronic 
transitions exists. Unfortunately, it is clear that due to the lack 
of crystallographic data, very little can be done in this respect. 
Nevertheless, there is an apparent correlation between the met- 
al-metal bond length and the da* +- da  band positions for the 
xylenyl complexes (three data points), and a monotonic bond 
lengthening is expected with increase of n.  
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Hydrazine, N2H4, and its reactions with HF, F2, and Os have been studied in an argon matrix. Vibrational assignments have 
been made for hydrazine, including clarification of the u6, ul0, and 2u7 bands. Complexation of N2H4 with H F  produced a strong 
band at 2928 cm-’ (v,(HF)) and sharp bands at 940 and 922 cm-’ (ul(HF)), as well as several perturbed N2H4 submolecule 
absorptions; the frequencies of these bands suggest a chelated structure similar to that for the NH,OH-HF complex. Hydrazine 
and fluorine reacted during deposition to give the NH2NHF-HF complex (us  = 3113 cm-’, uI = 726, 680 em-’). Reaction of 
hydrazine and ozone produced hydroxyhydrazine, NH,NHOH, and minor products during deposition; photolysis increased the 
yield of hydroxyhydrazine. Evidence for an intramolecular hydrogen bond was found for NH,NHOH. This matrix study presents 
the first spectroscopic evidence for both NHINHF and NH2NHOH. 

Introduction 
One of the advantages of the matrix isolation technique Over 

other spectroscopic methods is that it can be used to study reactive 
molecules and intermediates that would otherwise be difficult to 
observe. An example of such a molecule is hydrazine, which is 
sufficiently reactive to have been used as a rocket fuel.’ Past 

experiments involving hydrazine in the gas p h a ~ e , ~ - ~  in a N, 
matrix,6 and as a salt’ have shown some disagreement in vibra- 

(1) Schmidt, E. w, Hydrazine and Deriuatiues; Wi,ey: New York, 
1984; and references therein. 

(2)  Giguere, P. A,; Liu, I. J. J .  Chem. Phys. 1952, 20, 136. 
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Figure 1. (a) Infrared spectrum of Ar/N2H4 (approximately 1OOO:l) 
sample deposited at 12 K. W = H20 absorptions. (b) Infrared spectrum 
of Ar/N2H4 (approximately 5OO:l) and Ar/HF/DF (1001) codeposited 
at  12 K. P = N2H4 polymer absorptions. 

tional assignments. Also, intermediates have been observed and 
characterized for the N2H4 + F2 and N2H4 + 0, reactions, 
yielding new clues about mechanisms of hydrazine reactions. 

Hydrazine is also interesting in terms of ongoing studies on the 
hydrogen-bonded complexes of HF and substituted amines in this 
laboratory. Past studies have investigated NH3,* NH20H,9  
NH2F,I0 NH2CN," and NH2CH3.I2 From such spectroscopic 
studies estimates can be made of the relative electron-donating 
or electron-withdrawing strengths of these substituents and their 
effect on the amine basicity. 

Experimental Section 

The vacuum apparatus and cryogenic techniques have been described 
p r e v i ~ u s l y . ~ ~ ~ ' ~  Spectra of N2H4 and HF, F2, and O3 were recorded on 
a Perkin-Elmer 983 dispersive infrared spectrometer from 4000 to 180 
cm-I, with a frequency accuracy of kO.5 cm-I. A Nicolet 7199 FT-IR 
spectrometer was used to record spectra of N2H4 and D F  from 4000 to 
400 cm-', with a resolution of 1.0 cm-' and a frequency accuracy of f 0 . 3  
cm-I. Spectra of N2H4 in solid argon were recorded on both instruments. 
Anhydrous hydrazine (Aldrich) was transfered under dry nitrogen 
through a Teflon stopcock into a Pyrex finger containing NaOH pellets; 
N2H4 vapor was introduced into the matrix by evaporation from the 
liquid at -78 'C through the Teflon stopcock and deposition tube. Hy- 
drogen fluoride gas (Matheson) was outgassed at  77 K and diluted with 
argon to concentrations ranging from 1OO:l to 400:l (Ar:HF). Deu- 
terium fluoride was synthesized by mixing equimolar amounts of F, 
(Matheson) and D2 (Air Products) sufficient to make 1 mmol of gas in 
a passivated stainless-steel can. The D F  was then diluted in argon in the 
same manner as HF.  F2 (Matheson) was diluted with argon as above. 
Ozone was generated by Tesla coil discharge of oxygen (normal isotopic 
or 180-enriched gas) in a Pyrex tube immersed in liquid N,: residual O2 
was removed at  77 K, and O3 was diluted with Ar as above.15 

Yamaguchi, A.; Ichishima, I.; Shimanouchi, T.; Mizushima, S .  Spec- 
trochim. Acta 1960, 16, 1471. 
Kahovec, L.; Kohlrausch, K. W. F. Z .  Phys. Chem., Ab?. B 1938, 38, 
96. 
Goubeau, J. Z .  Phys. Chem., Abt. B 1940, 45, 237. 
Catalano, E.; Sanborn, R. H.; Frazer, J. W. J. Chem. Phys. 1963, 38, 
2265. 
Snyder, R. G.; Decius, J. C. Spectrochim Acta 1959, 13, 280. 
Andrews, L.; Johnson, G. L. J. Am. Chem. SOC. 1982, 104, 3043. 
Lascola, R.; Andrews, L. J. Am. Chem. SOC. 1987, 109, 4765. 
Andrews, L.; Lascola, R. J. Am. Chem. SOC. 1987, 109, 6243. 
Hunt, R. D.; Andrews, L. J. Phys. Chem. 1987, 91, 2751. 
Andrews, L.; Davies, S. R.; Johnson, G. L. J. Phys. Chem. 1986, 90, 
4273. 
Andrews, L.; Johnson, G. L. J. Chem. Phys. 1982, 76, 2875. 
Andrews, L.; Johnson, G. L.; Kelsall, B. J. J. Chem. Phys. 1982, 76, 
5767. 
Andrews, L.; Spiker, R. C., Jr. J. Phys. Chem. 1972, 76, 3208. 

Table I. Infrared Absorptions (cm-I) and Assignments for 
Hydrazine 

absorptions 
solid 
argon gas" intensb assignt' 

3397 3325 W h ( A )  
3390 vw V I  (polymer) 
3371 3350 vw d B )  
3358 vw k3 (polymer) 
3310 3280 W v,(B) 
1608 1628 V I O  (polymer) 
1591 1587 v,o(B) 
1300 1493 vw u3(tent) 
1267 vw w I 1  (site) 
1261 1275 W V I I ( B )  
1086 1098 m v4(A) 
1007 W polymer 
99 1 vw polymer 
953 933, 966 vs U12(B) 

804 m V6 (site) 
708 vw 2v1 
388 374 m V l  
372 W u7 (site) 

812 780 m Y6(A) 

"Gas-phase frequencies and assignments are based on ref 2. b~~ = 
very weak, w = weak, m = medium, s = strong. 

Table 11. Absorptions (cm-I) and Assignments for Hydrazine-HF 
Complex Products 

freq 
assignt N J L  N,Ha-HF N,HA-DF 
us 2928 2210 
vl(N 922 673 
VI@) 940 723 
vsa 1966 

v4(A) 1086 1094 ( 1094) 

V12(B) 954 1043 1032 
Y6(A) 812 838 850 

Spectra were recorded after a deposition of the N2H4 and Ar/X (X 
= HF, F,, 0,) samples for 4-6 h at 3-5 mmol/h onto a 12 K CsI window 
suspended in a lo-' Torr vacuum. In the F2 and O3 experiments, the 
matrix was then subjected to photolysis by using as BH-6 high pressure 
mercury arc lamp (1000 W, Illumination Industries Inc.) for periods up 
to 1.0 h. As a final step, in all experiments (except for ozone) samples 
were annealed by heat cycling from 12-24-12 K in order to allow dif- 
fusion and further association of trapped species, and additional spectra 
were taken to characterize the diffusion products. 

Results 
N2H4 Preliminary experiments were performed with deposition 

of only hydrazine in the argon matrix. Various sample concen- 
trations and deposition rates were used to characterize monomeric 
and polymeric bands. Figure la shows a typical spectrum, with 
an Ar:N2H4 concentration of approximately 1000: 1 and an argon 
deposition rate of 3-5 mmol/h. 

Prominent absorptions include a pair of sharp bands at  1608 
and 1591 cm-' (labeled P for N2H4 polymer and v l0  for the N2H4 
fundamental), a sharp weak band at 1261 cm-' (vll) ,  a sharp band 
at 1086 cm-' (v4), a weak band at  1007 cm-' (P), a strong band 
at 953 cm-' (vI2), a doublet at 812 and 804 cm-' (vg), a weak band 
at  708 cm-' (2v7), and a strong band at 388 cm-' with a resolved 
companion at 372 cm-' (v7). These and other absorptions are listed 
in T a b l e  I. 

N,H4 + HF. Codeposition of N2H4 and HF produced ab- 
sorptions characteristic of both the base and acid, as well as bands 
that did not appear on deposition of either the acid or base alone. 
The representative spectrum shown in Figure 1 b employed an 
Ar:HF ratio of 200:l. Characteristic H F  system absorptions 
observed include (HF),, (HF),, H 2 0 ,  H20-HF, and N2-HF.I6 

(16) Andrews, L.; Johnson, G. L. J. Phys. Chem. 1984, 88, 425. 
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Figure 2. Infrared spectra of Ar/N2H4/F2 sample at 12 K: (a) spectrum 
of Ar/N2H4 (approximately 500:l) and Ar/F2 (1OO:l) codeposited at 12 
K (b) spectrum after 1.0-h Hg arc photolysis; (c) spectrum after warm- 
ing to 24 K and cooling to 12 K. H = N2H4 absorptions, with ordinate 
in absorbance units. 

Table 111. Absorptions (cm-') and Assignments for 
Hydrazine-Fluorine Reaction Products 

freq assignt freq assignt 
3113 us 1282 NHFrock 
726, 680 V I  1091 HNH wag 

1013 NF stretch 131 1 NHF wag 

Bands that appeared on deposition of only hydrazine are labeled 
vi if they represent fundamental absorptions or P if they are due 

Bands that appeared only on codeposition of the two species 
include a broad, intense band at  2928 cm-' (labeled v,) ( A  = 0.4; 
full width at  half-maximum (fwhm) = 30 cm-I), two sharp ab- 
sorptions at 940 and 922 cm-' (vl(B) and vl(A), respectively), and 
a weak, broad band at  1966 cm-' (uJ. The 2928-, 940-, and 
922-cm-' bands behaved similarly on annealing, decreasing sig- 
nificantly, while the 1966-cm-I band increased, also, the 1966-cm-' 
band became more intense relative to the other three as the 
concentration of HF in the Ar/HF mixture was increased. Other 
new absorptions noted include bands at 1094, 1043, and 838 cm-' 
(vqC, v,,~, and vgc). These bands are summarized in Table 11. 

Substitution of DF for HF produced several new absorptions, 
as shown in Figure 1 b. Due to HF impurity, the bands described 
above were seen again. New bands due to D F  polymer and D F  
complexes with water and nitrogen impurities are labeled ac- 
cordingly. Also observed were a broad band at  2210 cm-I (us) ,  
weak, sharp bands at 723 and 673 cm-I (v,(B) and ui(A)), and 
strong, sharp bands at  1032 and 850 cm-l (v12c and ugC).  These 
bands can also be found in Table 11. 

N2H4 + F2. Codeposition of hydrazine and fluorine resulted 
in the appearance of hydrazine bands mentioned above, weak NH, 
bands from hydrazine decomposition, impurities common to F2 
experiments, and new bands not seen on deposition of either 
reagent alone. These new bands include a weak, sharp peak at  
31 13 cm-' (vs), a weak, broad band at  3044 cm-l, a strong band 
at  131 1 cm-' (wHNF), a strong, sharp band at 1282 cm-' (YHNF), 
a weak band at  1091 cm-l (wHNH), a weak, broad peak at 1013 
cm-l (uNF), and weak bands at 726 and 680 cm-' (vi). Photolysis 
produced no new bands. Annealing to 28 K produced only a 
doublet of sharp bands near 1490 cm-I, attributable to F02 ,  and 
decreased the new bands noted above approximately 25%. A 
typical spectrum, with an Ar:F2 ratio of 1OO:l and an approximate 
Ar:N2H4 ratio of 500:1, is shown in Figure 2. These results are 
shown in Table 111. 

N2H4 + 03. Codeposition of hydrazine and ozone produced 
bands characteristic of the two reagents, as well as bands not seen 
on deposition of either molecule alone. These new bands can be 
divided into three classes: those that grew markedly on photolysis 

(N2H4)n. 

.e** 
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Figure 3. Infrared spectra of Ar/N,H4/03 sample at 12 K (a) spectrum 
of Ar/N2H4 (approximately 500:l) and Ar/03 (200:l) codeposited at 
12 K (b) spectrum after 1.0 h Hg arc photolysis. H = N2H4 absorptions; 
O3 = ozone absorptions; uOH, wNH(OH), B"H, and "mix" belong to Class 
I photolysis species; ordinate is in absorbance units. 

Table IV. Absorptions (an-') and Assignments for 
Hydrazine-Ozone Reaction Products 

1 8 0 %  assimthotes class I6O1 
1' 3198 3191 UOH 

2910 2896 (N,Hd):(NH,NHOH) 
2232 2225 combination bandd 
1329 1327 NH(0H) wag 
1282 1282 BNNH 
734 730 U N O  + 6 ~ ~ 0  + ~ y h ?  

IIb 3704 3698 water complex 
3537 3525 UOH 

753 715 
480 479 ? 
342 339 torsion? 

111' 3398 3391 water complex 
3250 3244 water complex 
1525 1525 NH motion 
1517 1517 NH motion 
1438 1406 ?f 
1382 1352 ?f 

535 535 ? 

Major product, NH2NHOH. Bands increased 5-fold on photolysis. 
bMinor product, structure unknown. Bands grew less than 20% on 
photolysis. Minor product, structure unknown. Bands destroyed on 
photolysis. d 8 ~ ~ ~  + NH2 wag. 'Displayed a sextet of bands in mixed 
oxygen isotope experiments (753, 745, 736, 732, 723, and 715 cm-I). 
fDisplayed multiplets in mixed oxygen isotope experiments. 

(at least 5-fold) (hereafter referred to as class I), those that grew 
slightly on photolysis (class 11), and those that were destroyed 
on photolysis (class 111). A typical spectrum is shown in Figure 
3. 

Class I absorptions include a strong band at 3198 cm-I (uOH),  
sharp bands at  1329 and 1282 cm-I (wNH(oH) and 6 " ~ ) ,  and a 
strong band at 734 cm-I (mix). In I s 0 3  experiments, these bands 
shifted to 3191, 1327, 1282, and 734 cm-I, respectively. 

Class I1 bands (labeled 11) were seen at 3704, 3537, 753, 480, 
and 342 cm-' in I6O3 experiments and at  3698, 3525,715, 479, 
and 339 cm-' in I8O3 experiments. Class I11 bands (labeled 111) 
appeared at  3398, 3250, 1525, 1517, 1438, 1382, and 535 cm-I, 
with l e 0 3  counterparts a t  3391, 3244, 1525, 1517, 1406, 1352, 
and 535 cm-l. Assignments and notes for.al1 three classes are 
summarized in Table IV. 
Discussion 

N2H4. The spectrum of hydrazine in an argon matrix has not 
been reported in the literature, although N2H4 in a nitrogen matrix 
has been described.6 Since there is some uncertainty in the as- 
signment of hydrazine bands,2*6 presentation of the hydrazine/ 
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argon spectrum will help clarify interpretation of the spectrum. 
Present band assignments are based on the assumption of the 
hydrazine hydrogens being in a gauche orientation, which yields 
a C, symmetry for the molecule. This structure has been shown 
to be the preferred state, as opposed to the cis (CzJ or trans (CZ~)  
 orientation^.'^-'^ 

As an example of the uncertainty in band assignment, the Nz 
matrix counterpart (748 cm-') of the weak band at  708 cm-' in 
the argon matrix has been previously attributed to v6, the sym- 
metric NH, wagging motion.6 However, this band is much too 
weak to be due to the usually strong wagging mode absorption. 
This band does correspond better to the second harmonic of the 
torsional NH, twisting motion, which occurs a t  388 cm-'. The 
resulting 0vertone:fundamental ratio, 1.82, is characteristic of the 
anharmonic nature of the torsion vibrational potential, as is the 
intensity ratio of nearly 1O:l in favor of the fundamental. The 
u6 wagging motion is instead assigned to the doublet a t  812 and 
804 cm-', which has a more appropriate intensity for a wagging 
motion. 

Similar uncertainty exists in the assignment of bands in the 
1500-1600-~m-~ region. However, here the question concerns the 
existence of a N2H4 band; if one were found, it would be due to 
ulo,  the antisymmetric scissors motion of the NH, groups. Our 
efforts in this regard were hampered by the presence of water 
impurity, which was almost coincident with hydrazine bands. But 
both deviations from the normal intensity pattern of the water 
vibration-rotational spectrum and comparison of spectra with 
differing amounts of water led to the clear observation of new 
bands and assignment of the 1608 and 1591 cm-' bands to vIo of 
polymer and monomer, respectively. 

Also, we found difficulty with the assignment of u3,  the sym- 
metric scissors motion. Both infrared and Raman studies have 
indicated that a band due to u3, near 1300-1350 cm-I,  exist^.^,^ 
Indeed, in solid argon there was a band at  1300 cm-', but its 
intensity did not track consistently with either monomer or polymer 
bands under changing experimental conditions. Given this situ- 
ation and considering the weak nature of the band, we reserve 
judgement on the identity of this band. 

Assignment of the remaining spectrum was relatively 
straightforward. Polymer bands were assigned on the basis of 
band growth relative to other bands with increasing deposition 
rate or increasing concentration. Similarly, the resolved sidebands 
a t  804 and 374 cm-' are assigned as site splittings of the V6 and 
u7 bands, respectively, at 8 12 and 388 cm-I. The relative intensities 
of these pairs did not change over the course of many experiments; 
therefore, the sidebands are not likely due to polymer. 

N2H4 + HF. The new product absorptions noted above were 
seen only on codeposition of hydrazine and hydrogen fluoride 
samples; deposition of only one of the species did not produce these 
bands. Therefore, these absorptions must be due to a hydra- 
zine-hydrogen fluoride complex. This is substantiated by the 
predictable behavior of these bands when D F  was substituted for 
HF.  

Comparison of the behavior of the new bands both under an- 
nealing and changes in reagent concentration allow separation 
into 1:l and 1:2 complex categories. The 2928-, 940-, 922-, 1093-, 
1043-, and 838-cm-' bands all decreased in intensity in the same 
ratio upon annealing, while the 1966-cm-' band increased. Also, 
as the Ar:HF ratio was decreased from 400:l to 100:1, the relative 
intensity of the 1966-cm-' peak grew substantially against the 
intensities of the other six peaks. It is therefore evident that the 
1966-cm-' band belongs to a higher order complex and is thus 
assigned to the 1:2 complex. The other absorptions, being less 
dependent on HF concentration, are attributed to the 1:l complex. 

Motions of the HF submolecule in the complex can be char- 
acterized as either the perturbed H-F stretching motion, us,  or 
one of the two H-F librational motions, ul(A) or vi(B), where A 
and B represent symmetric and antisymmetric motions with regard 
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to the C, symmetry of the unperturbed hydrazine submolecule. 
The appropriate bands can be found by observing frequency shifts 
upon substitution of D F  for HF; those bands due to H F  will 
decrease by a predictable ratio. The following ratios were observed 
for three bands: 2928:2210 = 1.325; 940:723 = 1.300; 922:673 
= 1.370. This supports assignment of the bands as us, ul(B), and 
u,(A), respectively; further evidence for that assignment will be 
offered below. 

Absorptions due to perturbed hydrazine submolecule modes 
include bands at  1094, 1043, and 838 cm-'. These are assigned 
respectively to the symmetric NHz rock, V ~ ~ ( A ) ,  the antisymmetric 
NH, wag, u12(B), and the symmetric NH, wag, @(A).' All three 
modes are blue-shifted from their frequencies in unperturbed 
hydrazine (1086, 954, and 812 cm-' in solid argon), which is the 
expected effect of hydrogen bonding on these types of motions. 
Other peaks identifiable as due to hydrazine, including vI  1, the 
antisymmetric N H 2  rock, as well as bands from various N H  
stretching motions in the 3400-3200-cm-' range and bands in the 
1600-1575-cm-' range due to N H 2  scissors motions, either did 
not exhibit perturbed absorptions due to the 1:l complex or were 
unresolvable from nearby hydrazine polymer or impurity bands. 

Appearance of the DF counterparts of vizc and U g c  at 1032 and 
850 cm-I, removed 11 and 12 cm-' from their HF counterparts, 
suggests coupling of these modes with some other vibrational mode 
in the complex. Considering that the HF/DF ratios for the 
librational modes are slightly different from the more normal 
ammonia ratio ( 1.315),8 one can deduce that coupling occurs 
between the librational and wagging modes in the hydrazine-HF 
complex. For example, coupling between q(A) and ugC pushes 
the wagging mode down to 838 cm-' and the librational mode up 
to 922 cm-I, which increases the HF:DF ratio to 1.370, slightly 
greater than the ammonia ratio of 1.315. When DF is substituted 
for HF, the coupling disappears as the librational mode shifts to 
673 cm-I, allowing vgc to relax to 850 cm-'. Similarly, ulzc and 
ul(B) interact, with the wagging motion increasing in frequency 
and the librational motion decreasing, explaining the lower H F D F  
ratio (1.300). Again, with D F  substitution, coupling is removed 
(ul(B) = 723 cm-l) and the wagging motion can relax to lower 
frequency. 

This coupling also serves as further evidence for the assignment 
of the librational modes as symmetric and antisymmetric with 
respect to the C, symmetry of the hydrazine molecule, which would 
otherwise be arbitrary. As only vibrational modes of the same 
symmetry can couple, this assignment is straightforward. 

The structure of the 1:l complex is comparable to that of the 
ammonia-HF complex,s with a hydrogen bond between the acidic 
hydrogen and the nitrogen lone pair. This can be seen by the blue 
shifts in the NH, wagging (V6 and u12) and rocking (u4)  frequencies, 
which is typical of such a hydrogen bond. Also, the proximity 
of the hydrazine us mode at 2928 cm-' to that of ammonia at 3041 
cm-', coupled with the electron-donating properties of the -NH2 
group compared to -H (which makes the nitrogen lone pair more 
basic and leads to a stronger hydrogen bond), supports this 
structure. 

Consideration of the proton affinities of ammonia and hydra- 
zine, however, indicates that the structure of the 1:l complex may 
not be so simple. The PA difference between the two is on the 
order of 1-2 kcal/mol~0~21 while the frequency difference between 
us bands is 113 cm-'. By a comparison with methylamine, 
NH2CH3, which supports a v, fundamental at 2816 cm-' for the 
1:l complex with H F  (225 cm-l less than ammonia',) but has a 
proton affinity 10-12 kcal/mol greater,20,21 it can be seen that 
the electron-donating properties of the -NH2 group are not 
sufficiently strong to cause the observed apparent increase in 
basicity as reflected in the us mode. 

It is therefore postulated that there is a secondary, chelating 
hydrogen bond between the fluorine and a hydrogen atom on the 

(17) Davies, M.; Spiers, N. A. J .  Chem. SOC. 1959, 3971. 
(18) Fink, W. H.; Pan, D. C.; Allen, L. C. J .  Chem. Phys. 1967, 47, 895. 
(19) Pederson, L.; Morokuma, K. J .  Chem. Phys. 1967, 46, 3941. 

(20) Johansson, A.; Kollman, P. A.; Liebman, J. F.; Rothenberg, S. J .  Am. 
Chem. SOC. 1974, 96, 3750. 

(21) Lias, S. G.; Liebman, J. F.; Levin, R. D. J .  Phys. Chem. Rex Data 1984, 
13, 695. 
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Chart I 
F F 

Lascola e t  al. 

On the basis of the frequencies of these new bands, it is pos- 
tulated that hydrazine and fluorine react to give the mono- 
fluorohydrazine-HF complex, N2H3F-HF (3), the hydrazine 
analogue of the product of the NH3 + Fz photolysis reaction, 
NH,F-HF.'O Comparison of this spectrum with that of N2H4 
+ H F  shows the two to be similar, but with several important and 
expected differences. For example, due to the electron-with- 
drawing effect of the fluo~ine substituent, one would expect the 
nitrogen lone pair to be less basic than in hydrazine, with a 
corresponding decreased perturbation of us, the H F  stretching 
frequency. This is the case, as the us band at 3 113 cm-' is of higher 
frequency than v, for the hydrazine-hydrogen fluoride complex 
(2928 cm-I). The shift of 185 cm-' is not as great as the difference 
between H F  complexes of NH, and NHzF (Av, = 348 cm-I), but 
as the fluorine electron-withdrawing effect in N,H3F is partially 
negated by the electron-donating properties of the N H 2  group, 
the smaller shift is expected. 

Also, one would expect strong new bands corresponding to the 
wagging and rocking motions involving the N H F  group and a 

' small change of these frequencies for the NH2 group compared 
to those for hydrazine. This is seen in the appearance of strong 
bands at 1282 and 131 1 cm-I, which are assigned respectively to 
the N H F  rocking and wagging motions, perturbed by the H F  
ligand hydrogen bonded to the nitrogen lone pair. As for motions 
of the NH, group, the NH2 rock shifts little (blue-shifted 5 cm-I 
to 1091 cm-I) and the wag is apparently coincident with the 
954-cm-' wag of hydrazine. This latter point strongly suggests 
H F  attachment to the N H F  group. 

One would additionally expect to see a band corresponding to 
the N F  stretching motion in the 900-1050-cm-' region; however, 
there is only a weak band present at 1013 cm-', and this is weaker 
than expected for this motion. It is possible that this mode is 
obscured by either the 974-cm-' ammonia or 954-cm-I hydrazine 
absorption. 

In some experiments a weak, broad band at 3044 cm-' was seen; 
this is attributed to v, for a minor structure involving a secondary 
chelating hydrogen bond similar to the chelating hydrogen bond 
in the hydrazine-HF complex. This bond is very weak because 
of a larger N-N bond distance due to the electron-withdrawing 
effects of the fluorine substituent. Although there is ammonia 
impurity in the sample, the band is not due to the NH3-HF 
complex, as no evidence for the very strong librational mode at 
916 cm-' was detected. 

The weak bands at 726 and 680 cm-' are assigned to v,, the 
librational modes of the H F  submolecule in the 1:l complex. 
These large shifts from the vl frequencies for the hydrazine-hy- 
drogen fluoride complex are typical of the substitution of a fluorine 
atom for a hydrogen atom in the base s u b m ~ l e c u l e . ' ~ ~ ~ ~  Un- 
fortunately, as experiments with hydrazine-d, were not done, DF 
shifts for these bands could not be observed. 

There are two possible rotomers of NHzNHF that could exist 
while the gauche configuration of hydrazine is maintained. The 
monofluorohydrazine spectrum does not yield any clues on the 
prevalence of either a hydrogen or fluorine atom opposite the 
nitrogen lone pair of the unsubstituted NH, group; however, one 
might expect electronic repulsions between the electron-rich 
fluorine and the lone pair to favor the structure shown in 3. 

The proposed mechanism for the reaction between hydrazine 
and fluorine to give the fluorohydrazine-hydrogen fluoride product 
is similar to that for the reaction between ammonia and fluorine 
to give NH2F. Fluorine reacts to.abstract a hydrogen atom from 
hydrazine and gives HF, NH2NH, and F'; the radicals then 
combine, and the H F  forms the hydrogen bond. Because the 
reaction occurs spontaneously, there is no opportunity to observe 
a hydrazine-fluorine complex band like the ammonia-fluorine 
complex;I0 however, the similar chemistry of hydrazine and am- 
monia allow a confident assumption of this radical mechanism. 

The fact that hydrazine and fluorine reacted on deposition and 
did not require photolysis is indicative of the relative N-H bond 
dissociation energies in hydrazine and ammonia. The ammo- 

(23) Johnson, G. L.; Andrews, L. J .  Am. Chem. SOC. 1980, 102, 5736. 
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opposite amine group from the one with the primary hydrogen 
bond (1; Chart I),  to account for the extra perturbation of the 
HF stretching mode. This type of structure has been seen in the 
hydroxylamine-hydrogen fluoride 1 : 1 c ~ m p l e x , ~  and the broad 
shape of the Y, band in the N2H4 experiments is similar to that 
seen in the N H 2 0 H  experiments, as opposed to the sharper peaks 
in the NH3 and NH2CH3 experiments with HF. 

The secondary hydrogen bond is feasible in terms of geometry, 
due to the skewed orientation of the NH, groups, which has the 
N-N'-H' plane nearly coincident with the N'-N-(lone pair) plane. 
Since the N-N' and N'-H bond lengths are comparable to the 
N - O  and 0-H bond lengths, respectively, in N H 2 0 H ,  hyrazine 
and hydroxylamine have essentially the same structures with 
respect to the formation of a 1:l complex with an HF molecule. 
Thus, the structural considerations for hydroxylamine apply for 
hydrazine; i.e. a cyclic complex is reasonable. 

Unfortunately, unlike hydroxylamine, there is little direct 
spectroscopic evidence in the hydrazine experiments to further 
support this model. The N H  stretching bands are very weak, and 
no complex band could be seen in that region. The secondary 
hydrogen bond is not strong enough to significantly perturb the 
wagging motion of the "free" N'H2 group; therefore, no complex 
bands are seen in that region either. Also, as for hydroxylamine, 
no perturbation of the torsional mode could be detected. This 
lack of evidence is not surprising, as the chelating hydrogen bond 
is at least as weak as its hydroxylamine counterpart, because of 
the slightly larger N-N'-H' angle compared to N-0-H and the 
longer N-H bond length compared to 0-H;' since the hydrox- 
ylamine secondary hydrogen bond is so weak that it only perturbs 
the OH stretching frequency 23 cm-I, the energy of the secondary 
hydrogen bond for hydrazine must be quite small. However, the 
proton affinity and structural considerations mentioned above 
provide sufficient evidence to suggest the cyclic 1 : 1 structure. 

A cyclic structure for the 1:2 complex (2) cannot be ruled out, 
although, as for hydroxylamine, little evidence for it was seen in 
the spectrum. The observed frequency for vsa, the stretching 
motion of the interior Ha-F molecule, at 1966 cm-' is a t  a higher 
frequency than that for ammonia (1920 cm-I), despite the greater 
basicity of the hydrazine lone pair. This suggests that some 
interaction between Hb-F and hydrazine could occur, to account 
for the decreased effect of Hb-F on vsa. Such an interaction has 
been suggested from ab initio calculations on the NH,-(NF), 
complex.22 As no supplementary bands were seen, however, 
characterization of the 1:2 complex structure must remain un- 
certain. 

NzH4 + F,. The new bands appearing on codeposition of the 
two reagents must be due to a complex formed by reaction of the 
two species, as the bands did not appear on deposition of either 
reagent alone. All of the observed ands are assigned to the 1:l 
combination of the two reagents, as they all behaved similarly on 
annealing, and all increased or decreased appropriately with 
changes in reagent concentration. 

(22) Kurnig. I. J.; Szczesniak. M. M.; Scheiner, S. J. Phys. Chem. 1986, 90, 
4253. 
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nia-fluorine reaction did not occur during sample deposition; 
photolysis was required. This suggests that the first N-H bond 
is more easily broken in hydrazine. Dissociation energy data show 
that this difference is on the oTder of 6-10 kcal mol-',] which is 
due to stabilization of the NHzNH radical by the electron-donating 
N H z  group. 

The lack of reaction on photolysis further indicates that the 
reagent pairs reacted on deposition; effective photolysis did take 
place as shown by the appearance of FOZ bands on sample an- 
~ ~ e a l i n g . ~ ~  

This is the first spectroscopic evidence for the existence of 
monofluorohydrazine as an intermediate in the reaction between 
hydrazine and fluorine; previous characterization had been ham- 
pered by the explosive reactivity of the two reagents.' Although 
the fluorohydrazine is complsxed with hydrogen fluoride, expe- 
rience with HF-amine complexes in this laboratory allow a 
prediction of the N H  wagging mode at  1250 f 20 cm-' and the 
N H F  rocking mode at  1280 A 20 cm-' for unperturbed N2H3F, 
which has not been characterized. 

N2H4 + 03. The chemistry between hydrazine and ozone is 
particularly rich, as seen by the three different classes of bands 
produced during the photolysis experiment. The most interesting 
of these classes is the one containing bands that appear on de- 
position but grow markedly on Hg arc photolysis (class I). On 
the basis of our experience with ozone photolysis  experiment^,^^^^^ 
these bands can be assigned to the product of a 1:l reaction 
between the two components. 

The 1329-cm-' band, which appears in a frequency region 
characteristic of N H  bending motions, is assigned to the N H  
wagging motion of the photolysis product; however, the I8O shift 
of 2 cm-' indicates a small effect caused by the presence of an 
oxygen atom. This plus the significant blue-shift from the fre- 
quency of the relevant hydrazine mode suggests that one of the 
hydrogen atoms has been replaced with a group containing oxygen. 
On the basis of the photolysis reaction of NH3 and O,, which 
yielded NH20H,27 a similar reaction is proposed for hydrazine 
and ozone: 
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the N H 2  wagging and rocking motions. Unfortunately, no ap- 
propriate band could be found for either mode. The 1282-cm-' 
band could not be assigned to the wag because the 300+ cm-' 
shift from the hydrazine wagging frequency was too great to be 
adequately rationalized, though the band showed an intensity more 
characteristic of a wag than a rock. It is possible that the fre- 
quencies of the modes were blue-shifted sufficiently to hide them 
under the intense ozone v3 band or under a hydrazine band. 

Hydroxyhydrazine formation also suggests the appearance of 
N N O  bond angle deformation and N O  stretching bands. Con- 
sidering the C, symmetry of the molecule, these modes would 
certainly be mixed; the band at 734 cm-' is therefore tentatively 
assigned to a mixture of these two motions, and possibly the N N  
stretching motion. This band is in the region of NO2 bending 
motions; the N N O  bend would be similar but lower in frequency 
for NH2NHOH because of the extra hydrogen atoms involved 
in the motion. Presence of some N N  stretching character ba- 
lanches the effect of the N O  stretch in terms of the lSO shift, which 
is only 4 cm-I. Other bands corresponding to different mixtures 
of these three modes could not be seen. 

The other two bands in this class of photolysis products, which 
appear at 2910 and 2232 cm-I, can only be assigned tentatively 
to an OH stretch of (NH2NHOH)-(N2H,) and a combination 
band, respectively. The 2910-cm-' band corresponds to a 1:2 
ozone-hydrazine product; the presence of polymer bands both at  
1007 cm-' and in the N H  stretching region shows that hydrazine 
dimer was formed and that a 1:2 reaction is reasonable. Trapped 
by the matrix, the hydroxyhydrazine and hydrazine molecules 
would be forced to interact, and the extra 312-cm-I shift indicates 
the strength of the intermolecular interaction as compared to the 
intramolecular interaction. As for the 2232-cm-' band, it is likely 
to be a combination of the N N H  bending motion described above 
and a typical N H 2  wagging motion. 

The appearance of these bands on deposition and before pho- 
tolysis is testimony to the high reactivity of the hydrazine molecule; 
of all the ozone matrix reactions studied in this laboratory, only 
that with trimethylphosphine took place before photolysi~.~~ This 
also shows the relative weakness of the hydrazine N H  bond 
compared with that of NH3, as ammonia required photolysis to 
react with ozone to form NHzOH. Bond dissociation energy values 
support this finding, since removal of the first hydrogen from 
hydrazine requires at least 6-10 kcal/mol less energy than for 
ammonia.' 

Requiring 20 kcal/mol less energy to break than the hydrazine 
N H  bond is the hydrazine N N  bond.' One expects that additional 
products could be formed by breaking this bond, and it is to these 
products that the remaining two classes of photolysis products are 
attributed. However, identification proved to be difficult, as the 
bands seen did not match absorptions of any known molecule. 
Rejected as possible reactions were 

NHzNH2 + 03 - N2Hz + 0 2  + HzO 
HzO2 + N 2 +  HzO 
N O  + NH2O + H20 
NH3 + H N O  + 0 2  

because there was no evidence for the formation of diimide,30 
hydrogen per~xide ,~ '  nitrous oxide3z (despite the apparent for- 
mation of water), or ammonia.s 

Although the number of bands in each class are insufficient 
to make definitive statements about the structure of the products, 
they do offer some clues. For instance, of those bands which show 
a small growth on photolysis (class 11), the 753-cm-' band, 
characteristic of an NOz bend, displayed a sextet of bands when 
mixed oxygen isotope experiments are performed, indicating that 
there are three oxygen atoms in this molecule. Also, the 342-cm-' 
band behaved like a torsional mode, shifting 3.5 cm-' in I8O3 

( h v )  
NH2NH2 + O3 - N H 2 N H O H  + O2 

This leads to assignment of the 1329-cm,-' band as the N H ( 0 H )  
wagging motion, which allows for the small lSO shift and the large 
blue-shift from the hydrazine wagging frequency. 

The strong band at 1282 cm-' is likewise assigned to a hydrogen 
motion, specifically the deformation of the N N H  bond angle. 
There is no I8O shift for this absorption, as would be expected. 
Also, this band shows a small blue-shift when compared to the 
N H 2  rock of hydrazine (1 26 1 cm-I), which may arise from re- 
pulsions with the added hydroxyl group. 

Further support for the formation of hydroxyhydrazine comes 
from the appearance of the band at 3198 cm-I, which corresponds 
to the OH stretching mode. This assignment is substantiated by 
a 7-cm-' lSO shift. Comparison of this frequency with the similar 
hydroxylamine frequency of 3635 cm-I shows a significant red- 
shift, indicative of a hydrogen-bonding interaction involving the 
hydroxyl hydrogen. The intensity of the band rules out the 
possibility of its being due to a polymer, but the structure of the 
molecule allows the possibility of an internal hydrogen bond in- 
volving the lone pair on the NH2 nitrogen atom (4). Rough 
calculations using the hydrazine rNN and hydroxylamine rNo and 
rOH equilibrium bond distances and N N O  and NOH bond angles 
of 101 give a hydrogen bond length of 1.95 A. As bond lengths 
of 1.8 A are common for the strongly hydrogen-bound base-HF 
complexes,28 this result shows that the idea of an internal hydrogen 
bond for NHzNHOH is reasonable. 

The presence of this hydrogen bond suggests perturbation of 

(24) Arkell, A. J .  Am. Chem. Soc. 1965, 87, 4057. 
(25) Withnall, R.; Andrews, L. J .  Phys. Chem. 1987, 91, 784. 
(26) Withnall, R.; Andrews, L. J .  Phys. Chem. 1985, 89, 3261. 
(27) Withnall, R.; Andrews, L. J .  Phys. Chem., in press. 
( 2 8 )  Bevan, J. W.; Legon, A. C.; Millen, D. J.; Rogers, S .  C. Proc. R.  SOC. 

London, A. 1980, A370, 239. 

(29) Andrews, L.; Withnall, R., unpublished results. 
(30) Jacox, M. E. J .  Phys. Chem. Rex Data 1984, 13, 945. 
(31) Smith, D. W.; Andrews, L. J .  Chem. Phys. 1974, 60, 81. 
(32) Nakomoto, K. Infrared Spectra of Inorganic and Coordination Com- 

pounds, 2nd ed.; Wiley-Interscience: New York, 1970. 



648 Inorg. Chem. 1988, 27, 648-651 

experiments, and the 3537-cm-’ band could be a hydrogen-bound 
OH stretch. A molecule that matches these characteristics is the 
radical 5, which would be formed by breaking both the N H  and 
N N  bonds; however, this might be expected to be photosensitive 
and to be destroyed on photolysis. 

Class 111 absorptions, which are destroyed on photolysis, include 
bands at 1438 and 1382 cm-’, which became multiplets in mixed 
oxygen isotope experiments, and bands at  1525, 1517, and 535 
cm-’, which displayed no ‘*O shifts. Possible products, involving 
only N N  bond dissociation, are the peroxyamine and nitroxide 
radicals. 
Conclusions 

The infrared spectra of hydrazine and its reaction products with 
HF, F2: and O3 have been observed in an argon matrix. Vibra- 
tional assignments were made for hydrazine, resolving uncertainties 
in the assignments of the N H 2  wag (Vg), the antisymmetric N H 2  
scissors motion (vIo), and the second harmonic of the torsion 
( 2 ~ ~ ) . ~ , ~  Introducing HF into the matrix caused the formation 
of a hydrogen-bonded complex between the two reagents, involving 
a primary interaction between the nitrogen lone pair and the acid 
and a secondary interaction between a hydrogen atom on the 
adjacent amine group and the fluorine. This is similar to the 

chelated structure found for the NHzOH-HF c ~ m p l e x . ~  
Hydrazine and Fz reacted on deposition to form the NzH3F-HF 

complex, which represents the first spectroscopic evidence for the 
monofluorohydrazine molecule. The fact that the reaction did 
not require photolysis corresponds with dissociation energy data’ 
that show hydrazine to be more reactive than ammonia, which 
required photolysis to react with fluorine to give the NH2F-HF 
comp1ex.l0 

Hydrazine and O3 reacted during condensation to give three 
sets of products, the major one being hydroxyhydrazine, NH2N- 
HOH. Evidence for an intramolecular hydrogen bond between 
the hydroxyl hydrogen and the lone pair on the a-nitrogen was 
seen from a large red-shift in the OH stretching frequency. Unlike 
most molecules, hydrazine did not require photolysis to react with 
ozone, demonstrating its high reactivity. As for N2H3F, this is 
the first evidence for NH,NHOH. 
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Excited-state absorption and resonance Raman spectra of the mixed-ligand complexes R~(bpy)~phen~+ (1) and R~(bpy)~D1P~* 
(2) (DIP = 4,7-diphenylphenanthroline) are reported. The excited-state spectra of these mixed-ligand complexes show that the 
excited-state electron is localized on individual ligands but show nonstatistical contributions from states corresponding to each 
of the ligands present in the coordination sphere. On the basis of the excited-state absorption spectra, the bpy* contribution to 
1* is twice as much as that of phen*, whereas in case of 2* the contribution of DIP* is much more than that of bpy*. Excitation 
of the mixed-ligand complexes at different wavelengths gave identical spectra, showing that the initial excited-state population 
relaxed quickly to an equilibrium mixture, which depends very much on the type of ligand. Intramolecular energy transfer is rapid. 
Excited-state absorption spectra of mixtures of parent tris chelates, in contrast, which depend upon the wavelength of excitation, 
show that intermolecular energy transfer is very slow. Excited-state localization and rapid relaxation to an equilibrium distribution 
is further supported by excited-state resonance Raman spectra of these mixed-ligand complexes. Vibrational transitions corre- 
sponding to bpy* dominate the spectrum of 1* whereas the vibrational bands of DIP* dominate in case of 2*. Consistent with 
these results are the resonance Raman spectra of the excited states of the mixed-ligand complexes R~(bpy)~(4,4’-Ph,-bpy)~+ (3) 
and Ru(bpy)(4,4’-Ph2-bpy)2T (4). These spectra clearly indicate preferential localization of excited-state energy on the 4,4’-Ph2-bpy 
ligand. Thus, it may be possible to design systematically mixed-ligand complexes that would absorb light at a wavelength of choice 
but would funnel the energy onto a desired ligand. 

The photophysics and excited-state redox properties of ruthe- 
nium complexes have received considerable attention due to the 
rich chemistry of their luminescent excited states.’ Excited-state 
resonance Raman experiments show that the lowest excited state 
is a metal-to-ligand charge transfer (MLCT) state, and in the case 
of R ~ ( b p y ) ~ ~ + ,  the excited-state electron is localized on one of 
the three bipyridyl ligands.2 In mixed-ligand complexes of the 
type Ru(bpy)2L2+, two such states might be expected to be present: 
one, in which the excited-state electron is localized on the bpy 
ligand, and the other, in which the electron is localized on the 
second ligand L.334 These states may exist in a rapid thermal 
equilibrium, leading to an effective averaging of the excited-state 
properties. Indeed the excited states of mixed complexes of Ru(I1) 
with the ligands 2,2’-bipyridyl (bpy) and 1 ,lo-phenanthroline 
(phen) show monoexponential decay in single-photon counting 
 experiment^,^^ and the excited-state lifetimes of these mixed 
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complexes are statistical averages of the parent tris chelates. These 
observations are consistent with several other excited-state 
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