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Rhodium Dinitrogen Complexes Rh(NN) (x = 1—3) and Anions: Matrix Infrared Spectra
and DFT Calculations

Xuefeng Wang and Lester Andrews*
Department of Chemistry, Usrsity of Virginia, Charlottesille, Virginia 22904-4319

Receied: September 13, 2001; In Final Form: December 4, 2001

Reactions of laser-ablated rhodium atoms with molecular nitrogen in excess neon produce the rhodium nitrogen
complexes Rh(NN)(x = 1—3) and their counterpart anions through the capture of ablated electrons. The
observed absorption bands are identified by isotopic substitution and DFT calculations of vibrational

fundamentals. The NN stretching fundamental at 2162.0 chior RhNN and the antisymmetric-NN mode
for Rh(NN), at 2199.3 cm? in solid neon are in accord with earlier argon matrix assignments. Thred N
stretching frequencies at 2185.2, 2203.3, and 2235.6" ame assigned to Rh(N})which is calculated to
have a T-shaped structure with?A; ground state. The photosensitive Rh(NNJx = 1—3) anions are
eliminated with CCJ doping to capture ablated electrons.

Introduction Experimental and Theoretical Methods

The chemistry of rhodium is very important in surface science  The experiment for reactions of laser-ablated metal atoms
and catalytic technology since the metal can easily coordinatewith small molecules during condensation in excess neon has
with many organic and inorganic molecules, which are in turn been described in detail previousf2® The Nd:YAG laser
very reactive and widely used both for fundamental studies in fundamental (1064 nm, 10 Hz repetition rate with 10 ns pulse
the laboratory and catalysis in industrf. For example, the  width) was focused onto the rotating rhodium target (Goodfel-
supported unsaturated Rh(CO) species can activate tHeé C  low). The laser energy was varied from 1 to 20 mJ/pulse. Laser-
bond in alkanes and the-+HH bond in hydrogef.” Recently, ablated rhodium atoms were codeposited with nitrogen mol-
the reactions of laser-ablated Rh atoms with small molecules ecules (0.1 to 0.3%) in excess neon, argon, or pyremto a
in excess argon and neon have been investigated in this research K Csl window at 2-4 mmol/h for one h using a Sumitomo
group, and several unsaturated rhodium carbonyls and nitrosyls,Heavy Industries Model RDK-205D Cryocooler. Isotopibl,
as well as cations and anions have been identffiééiThese and N, + 15N, mixtures were used in different experiments.
species are important models to understand rhodium catalystinfrared spectra were recorded at 0.5 @nmesolution on a
systems. The interaction of ;Nwith rhodiunt2458 is of Nicolet 750 with 0.1 cm! accuracy using an MCTB detector.
particular interest here. Matrix samples were annealed at different temperatures, and

The bonding type of Blcoordinated to transition metals has selected samples were subjected to photolysis by a medium-
been an issue for many organometallic complexes with dini- pressure mercury arc lamp (Phillips, 175W) with the globe
trogen and for Madsorption on supported metal surfaces. Both removed.
end-on {') and side-on?) have been investigated on metal ~ DFT calculations were performed using the Gaussian 98
surfaces; however, end-on bonding is more stable and muchprogram systerd All equilibrium geometries were fully
more prevalent! Early thermal Rh atom matrix isolation  optimized with the BPW91 density functional (Becke exchange
investigations identified neutral Rh(NN) scomplexes in solid with Perdew and Wang correlatiéAf3 and 6-313#G(d) basis
argon and Rh(NN)in solid nitrogen** In addition, laser-ablation  set for nitrogen and LANL2DZ pseudopotential for rhodigftr?
experiments with the rhodium and nitrogen gave rhodium The relative energies of calculated species were corrected for
nitrides RhN, RBN, and RhN; in solid argon and nitrogeH. zero-point energy. The harmonic vibrational frequencies were
We report here reactions of laser-ablated rhodium with nitrogen obtained analytically at the optimized structures.
in excess neon, argon, and pure nitrogen, which produce neutral
complexes and a small yield of rhodium dinitrogen complex
anions. The vibrational frequencies of the reaction products are Results
confirmed using isotopic substitution upon the infrared spectra

and density functional (DFT) calculations. Finally, it is interest-  Infrared spectra are presented for reaction products of laser-
ing to compare the stoichiometry obnd CO complexes with ~ ablated rhodium atoms with Nin solid neon, argon, and

a given metal. In the case of Pd and Pt, only twoliyands nitrogen. For comparison, the infrared spectra and structures
can bind whereas tetracarbonyls are obseté&tRecent studies ~ Of various rhodium and dinitrogen complexes are reproduced
involving sequential bond energies for Ni(GOand Ni(Np)*" by theoretical calculations.

show that the carbonyl bonds are considerably stroHger. Neon Spectra.Figure 1 shows infrared spectra of laser-
Rhodium tetracarbonyl is a stable molecule, based on experimentablated rhodium codeposited with 0.4%iN excess neon using
and theoryt! but how many N ligands can attach to the naked very low laser energy, and the absorptions are listed in Table
Rh center? 1. Additional experiments were performed with 0.2 and 1% N
in neon to profile concentration dependence. Absorptions
*To whom correspondence should be addressed. E-mail: Isa@virginia.edu.common to these experiments, namely, N4, and N;, have
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Figure 1. Infrared spectra in the 225150 and 20561930 cnr? Wavenumbers (cm)
regions for laser-ablated Rh atoms codeposited withifNexcess Figure 3. Infrared spectra in the 2050850 cn! region for laser-

neon: (&) 0.4% Nin neon deposited at 4 K for 40 min, (b) after  apjated Rh atoms codeposited witiN, and 1N, mixture in excess

annealing to 8 K, (c) after annealing to 10 K, and (d) after annealing peon: (a) 0.19%8%N, + 0.1%5N, in neon depositedta@ K for 60 min,

to 12 K. (b) after annealing to 8 K, (c) after broadband photolysis for 10 min,
and (d) after annealing to 10 K.
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Figure 2. Infrared spectra in the 225080 cnT? region for laser- 2200 2150 2000 1950
ablated Rh atoms codeposited wittN, and >N, mixture in excess Wavenumbers (cm”)

neon: (a) 0.1%*N, + 0.1%*N; in neon depositedta K for 60 min,

(b) after annealing to 8 K, and (c) after annealing to 10 K. Figure 4. Infrared spectra in the 224140 and 20161920 cnt?

regions for laser-ablated Rh atoms codeposited withirNexcess

; 7,20,27-31 . argon: (a) 0.3% W in argon depositedtad K for 80 min, (b) after
been reported previoush: Aiter deposition, a group of 2 5 iy 'i6 20 K. (c) after 380 nm filter photolysis for 10 min, (d)

upper bands at 2235.6, 2203.3, 2199.3, 2185.2 and 21631 cm after broadband photolysis for 10 min, and (e) after annealing to 35 K.
and a group of lower bands at 2029.0, 1989.3, and 19574 cm

were observed. ThEN, + 5N, mixture samples gave isotopic

distributions as shown in Figures 2 and 3. Different temperature  Argon Spectra. Several experiments were done in an argon
annealing and wavelength range photolysis were done tomatrix with 4 K deposition, which favored the stabilization of
characterize the absorptions. Briefly,> 380, 290, and 240 anion and other unstable species, and the spectra are shown in
nm irradiations destroyed the 1957.4, 1989.3, and 2029:6 cm Figure 4 and the product absorptions are listed in Table 2.
bands, respectively. In addition, experiments were done with Different temperature annealing and wavelength range photoly-
0.02% CC} added to 0.2% Mto serve as an electron trap in  sis were done, and N, + 15N, mixture sample was used to
the neon matrix and the lower group bands were almost assign the absorptions as shown in Figure 5. It is noted that the
eliminated from the spectra. The lower group of bands can beenchemistry of the species observed in the argon matrix is very
assigned to anions. similar to that of the neon counterparts.

TABLE 1: Absorptions (cm~1) from Codeposition of Laser-Ablated Rh with N, in Excess Neon at 4 K

14N, 15N, 14N, +15N, LAN/SN assignment
2610.8 Rh(NN)
2237.4 2162.9 2265.9, 2037.4,2178.8, 2162.9 1.0344 & N
2235.6 2161.0 2235.6, 2228.8, 2223.6, 2202, 2161, 2143.5 1.0345 Rh(NN)
2203.3 2129.8 2208.1, 2203.2, 2197.7, 2146.7, 2143.5, 2129.8 1.0345 Rh(NN)
2199.3 21259 2199.3, 2140.9, 2125.9 1.0345 RhENN)
2185.2 2112.4 2185.2,2124.1,2121.9, 2112.6 1.0345 Rh(NN)
2163.1 2091.1 2163.1, 2091.1 1.0344 RhNN (site)
2162.0 2090.0 2162.0, 2090.0 1.0344 RhNN
2160.7 2088.9 2160.7, 2088.9 1.0344 RhNN (site)
2029.0 1961.1 2029.0, 2000.4, 1979.2, 1961.1 1.0346 Rh(NN)
1989.3 1923.5 1989.3, 1945.0, 1923.5 1.0342 RhENN)
1987.3 1921.3 1.0343 Rh(NR)(site)
1957.4 1892.5 1957.4,1892.5 1.0343 RHNN

1778.1 1718.6 1778.1,1718.6 1.0346 o)
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TABLE 2: Absorptions (cm~1) from Codeposition of Laser-Ablated Rh with N, in Excess Argon at 4 K

14N, 15N, 14N, +15N, 1AN/I5N assignment
2230.7 2156.5 a 1.0344 Rh(NNy
2228.4 2154.1 a 1.0345 Rh(NNJ(site)
2196.8 2123.7 a 1.0344 Rh(NNy
2193.3 2120.1 a 1.0345 Rh(NN)(site)
2188.4 2115.2 2188.4,2132.8,2115.2 1.0346 RheieNg)
2185.9 2112.8 2185.8,2128.9, 2112.8 1.0346 RhENN)
2178.4 2105.9 2178.4,2142.8,2133.6,2113.7, 2105.9 1.0344 RR(NN)
2173.5 2101.1 2173.5,2140.8,2129.3,2111.3,2101.1 1.0345 RE(EitH)
2157.8 2086.2 2157.8, 2086.2 1.0343 Rh(NN)(site)
2153.5 2081.7 2153.4,2081.7 1.0345 Rh(NN)
1993.2 1926.4 1993.3, 1964.3, 1947.4, 1926.4 1.0347 Rhy(ite)
1975.6 1909.8 1975.2,1931.8, 1909.6 1.0345 RhENN)
1969.9 1904.2 1969.4, 1926.4, 1904.0 1.0345 Rh@N(s)te)
1958.9 1893.4 1958.1, 1893.0 1.0346 Rh(NN)
1954.5 1889.5 1954.4, 1889.5 1.0344 Rh(N(sijte)
1950.9 1885.9 1950.7, 1885.8 1.0345 Rh(Nsite)
1762.3 1704.3 1762.2,1703.7 1.0340 20RhB)

@ Region too congested to observe distinct absorptions.
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Figure 5. Infrared spectra in the 2242060 and 20161870 cn1?
regions for laser-ablated Rh atoms codeposited Wit + 5N, in
excess argon: (a) 0.29%N, + 0.2% N, in argon deposited at 4 K
for 80 min, (b) after annealing to 20 K, (c) after annealing to 30 K, (d)
after 380 nm filter photolysis for 10 min, (e) after broadband photolysis
for 10 min, and (f) after annealing to 35 K.
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Figure 6. Infrared spectra in the 2272170 and 20461960 cn?
regions for laser-ablated Rh atoms codeposited with pure ()
deposited 84 K for 60 min, (b) after annealing to 30 K, (c) after
broadband photolysis for 10 min, (d) after annealing to 32 K, and (e)
after annealing to 35 K.

. . . . TABLE 3: Absorptions (cm~1) from Codeposition of
Nitrogen Spectra.A complementary series of nitrogen matrix | aser-Ablated Rh with Pure N, at 4 K

experiments was done @ K using lower laser energy than

. . . 14N, N, 14Nz +15N; NN assignment
previous laser-ablation wof®. Very simple spectra were
obtained as shown in Figure 6, and the absorptions are listed in 2322-5 2250-3 2328.2,2250.4 0%0346 2 N
Table 3. The lower region was dominated by a sharp 8634 cm 2226'1 2%1'2 a 1'0322 SE(NN'\I\IJ)V
featurel® and higher rhodium species were not observed ' z2 ’ (NN
eature,™ and hig um sp rved. 2226.7 21525 a 1.0345 RK(NN),
Calculations. Four rhodium nitrogen complexes with end- 22024 21288 a 1.0346 Rh(NN)
on NN bond type, Rh(NN)(x = 1—4), were calculated using ~ 2200.9 2127.5 a 1.0345 Rh(NN)site)
the BPW91 functional, and doublet ground states, and were 2178.2 2105.7 2178.2,2121.8, 1.0344 Rh(NNy
found for all four molecules at this level of theory. The-Rh 2115.6,2105.7 8
. . . 2028.7 1961.0 a 1.0345 Rh(NNy
NN complex has a linear structure with shortestfRhdistance -
. 2003.3 1936.6 2003.3,1966.5, 1.0344 N
(1.864 A) and longest NN distance (1.134 A) and the strongest 1947.8, 1936.6
interaction of dinitrogen with rhodium for the four neutral 1999.4 1932.9 1999.4,1964.8, 1.0344 N~ (site)
rhodium nitrogen complexes. The RN bond distance in- 1936.2, 1932.9
creases, but the NN bond length decreases from Rh(NNO 1978.4 19122 1978.4,1928.3,1912.2 1.0346 Rh¢NN)

Rh(NN),, indicating that interaction of rhodium atom with NN 1657.6  1603.4 1657.6,1649.4, 10337 N

. - . 1613.0, 1603.3
weakens as more NN ligands are coordinated to rhodium. The
Rh—N bond length reaches 2.056 A and the-N bond aRegion too congested to observe distinct absorptions.
decreases to 1.120 A for Rh(NA\¥showing very weak bonding The rhodium dinitrogen complex anions were computed at
of Rh and N in this Dyy symmetry complex. Our DFT  the same level to compare with the neutral counterparts. The
calculations find a linear Rh(NM)complex and a T-shaped RhNN~ anion has a linear structure with'2* ground state
Rh(NN): species. Parameters are given in Tables 4 and 5.and the RN and N—-N bond lengths are 1.783 and 1.158 A,
Previous DFT calculations on RhNN found linear structdfés, respectively, indicating the NN bond in rhodium nitrogen
and one study of Rh(NNYonsidered only théB, form 32 which complexes elongates on electron attachment. Two isomers for
is 9.3 kcal/mol higher than th&," structure. Rh(NN)~ were obtained; the ben®,, structure withA;
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TABLE 4: Rhodium Nitrogen Complex States, Relative Energies, Geometries, and NN Vibrational Frequencies, Calculated at

the BPW91/6-311#G(d)/LANL2DZ Level

molecule state  relative enefgy geometry (A, deg) NN stretching

RhNN (C..y) 2A 0.0 RhN,1.864; NN,1.134; RhNN,180.0 2099.0 (394) 470.1 (12) 251:4 %y

RhNN- (C..,) 3+ —28.5 RhN,1.783; NN,1.158; RhNN,180.0 1978.9 (824) 560.2 (0.2) 314.% (2B

Rh(NN) (Dwn) 234" 0.0 RhN, 1.939; NN, 1.125; RhNN, 180.0 2148.6 (121202.7 (0)

Rh(NN), (Cy,) B, +9.3 RhN,1.949; NN,1.126; RhNN,175.0; NRhN,107.3 2132.1(806) 2167.6 (113)

Rh(NN), (Cy,) °Aq +63.6 RhN, 1.895; NN, 1.133, RhNN, 168.6; NRhN, 89.2  2006.6 (1138) 2091.2 (824)

Rh(NN)™ (Cz) 1A, —45.3 RhN,1.893; NN,1.145; RhNN,180.0; NRhN,159.1 2010.8 (2209) 2066.9 (42)

Rh(NN),™ (Den) I, —20.6 RhN,1.932; NN,1.155; RhNN,180.0; NRhN,180.0  1923.3 (2859) 1963.7 (0)

Rh(NN); (Cz,) 2A1 0.0 RhN,1.985; RhN2.015; NN,1.122; NN1.121; 2170.8 (992) 2176.4 (401) 2214.5 (18)
RhNN,180.0; RhINN',180.0

Rh(NN)~ (D3n)  2A: —-52.9 RhN,1.960; NN,1.140; RhNN,180.0 2036.8 (1642)

Rh(NN) (D2g) B, 0.0 RhN,2.056; NN,1.120; RhNN,180.0.0; RhN,151.1;2167.0 (153) 2181.1 (85% 2) 2219.6 (0)
NRhN',93.6

N2 (Do) DI 0.0 NN, 1.107 2349.3 (0)

2 kcal/mol.® Frequencies, crt (intensities, km/mol)¢ Frequencies for 1515-R-14-14 isotope are 2093.5 (916), 2184.2 (261) and for Rk(15
15), isotope are 2076.0 (136), 2128.2 (0). Other frequencies are 41«42(2 401.6 (107), 396.8 (0), 282.1 (0 2), 52.4 (1x 2).

TABLE 5: Dinitrogen Stretching Frequencies (cnt?) and Infrared

Intensities (km/mol) of Isotopic Rh(NN)3; and Rh(NN),

Complexes Calculated at the BPW91/6-3HG(d)/LANL2DZ Level for Ground State Rhodium Nitrogen Complexes

moleculé b, & &
Rh®*NN)2(**NN) 2170.8 (992) 2176.4 (401) 2214.5 (18)
Rh(*NN)2(**NN) 2097.4 (926) 2102.8 (374) 2139.7 (16)
Rh®*NN)2(**NN) 2170.8 (992) 2113.4 (367) 2203.5 (29)
Rh(NN)2(*NN) 2097.4 (926) 2196.0 (239) 2120.6 (174)

RhENN, 5NN)(3NN)°
RhENN, 15NN)(3SNN)°

2107.4 (659)
2101.1 (565)

2174.9 (550)
2121.7 (484)

2205.6 (165)
2190.9 (304)

moleculé b, e e a
RhENN)o(1NN), 2167.0 (153) 2181.1 (855) 2181.1 (855) 2219.6 (0)
Rh(*NN)2(*NN), 2093.8 (143) 2107.4 (798) 2107.4 (798) 2144.6 (0)
RhENN)o(15NN), 2107.4 (798) 2111.1 (114) 2181.1 (855) 2201.5 (34)
RhENN, 5NN)(NN), 2109.2 (459) 2172.2 (432) 2181.1 (855) 2212.4 (86)

RhENN, 15NN)(*NN),

Rh(“NN, SNN)(NN, 15NN),

2097.4 (276)
2099.9 (408)

2107.4 (798)
2121.4 (588)

2129.1 (384)
2174.7 9567)

2193.2 (312)
2204.9 (239)

aMode symmetry for natural isotopic molecufeDouble statistical weight in 50%N, + 50% 5N, mixture.

symmetry is the ground state and the linBay, structure’zq"
state is 24.7 kcal/mol higher. The Rh(NfN)anion is predicted
to have dA; ground state witlDa, symmetry. Similar structures
were found in previous calculatioffsand for the carbonyl
analogued!

the observed value of 1.0344. Although our BPW91 calculation
found a slightly benfA’ ground state for RhNN, a B3LYP
calculation probably correctly predicts the ground statéAa®

The DFT frequencies are usually slightly higher than observed
values? however, the BP86 frequency calculated¥4rRhCO

is 19 cnt?! lower than the neon matrix observatitn.

Rh(NN),. A strong, sharp band at 2199.3 chincreases on

RhNN. In the neon matrix, a strong band centered at 2162.0 €arly annealing, but holds while the 2185.2¢rhand overtakes
cm! is assigned to the RANN complex. This band appeared ON final annealing in solid neon. TR&N, counterpart at 2125.9
after sample deposition, split into sites on annealing, and shifted M * gives the isotopic ratio of 1.0345. In tHéN, + N,
down to 2090.0 cm* with N, sample, giving a 1.034#N/ experiment two newN,Rh®N, bands at 2140.9 and 2226.2
15\ isotopic frequency ratio. THEN, + 5N, experiment reveals ~ CM™*were observed in addition to the puf&l, and**N, bands
a clear 2162.0 and 2090.0 cimixed isotopic doublet; hence, ~ (Figure 2). The intermediate 2140.9 ciband oceurs much
one NN submolecule is involved in these vibrations (note the lower than the median of RH{\z), at 2199.3 cm® and

matching site structure in Figure 2). Furthermore, the 2162.0 Rh(**N2)2 at 2125.9 cm* with approximately the intensity of
cm! band is the only nitrogen species observed in other the pure isotopic bands; however, the new 2226.2 cband

Discussion

rhodium experiments when Ns present as a trace impurity.
The NN stretching mode for RhNN in the argon matrix is red-
shifted 8.5 cm? relative to neon, and the same isotopic
frequency ratio is found. This assignment is in agreement with
previous worki®15The RhCO complex exhibited a similar 14.9
cm~1 neon-to-argon red shitt The 2162.0 cm! neon matrix
frequency for RhNN is 914+ 5 cnt! lower than for N
chemisorbed on metallic rhodiub#;>which suggests a stronger
interaction with a single atom. The same is found for platifdm.
The DFT calculation for this complex reproduces the
experimental values very well; the calculatee-N stretching
frequency is 46 cm! lower than the neon matrix value, and
the calculated“N/*>N isotopic ratio is 1.0350, very close to

is just above the mode for RHN,), at 2199.3 cm®. The
reduced intensity and displacement of the intermediate com-
ponent are due to coupling of the “symmetric” and “antisym-
metric’ modes in thelN,RhN, molecule. The infrared
intensity of the “symmetric” mode is enhanced by this coupling,
so the 2226.2 cm band is much stronger than pure isotopic
N—N symmetric modes, which are not observed. Similar
behavior was found for Pt(NM}” Clearly, the 2199.3 cmt
band can be assigned to the antisymmetrid\\stretching mode
of Rh(NN).

Experiments with 0.2% pin argon m a 5 Ksubstrate give
the representative spectra shown in Figure 4. A strong band at
2185.9 cm! and satellite at 2188.4 crh are due to the
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antisymmetric N-N stretching mode of Rh(NN) The strong antisymmetric stretching with the strongest intensity is predicted
band shows the same mixé&tN, + 5N, isotopic distributions to show effectively a “quartet” with (992992):659x 2:565
in argon as in the neon experiments, which indicates the Rh- x 2:(926+926) or approximately 2:1:1:2 relative intensities;
(NN) identification. The argon matrix band is 13.4 chibelow however, the other two modes are calculated to have six-band
the neon matrix band and in agreement with the previous profiles. As compared with experimental observations, these
assignment® calculated results agree extremely well. First, the three funda-
The Rh(NN} assignment is strongly supported by the DFT Mentals are predicted low by 216 cntt with 50/20/1 relative
frequency calculations presented in Table 4. TheNNanti- intensities, in excellent agreement with the observed 40/12/2
symmetric mode for this linear complex is predicted at 2148.6 relative intensities. Second, the observed mixed isotopic profiles
cm?, only 57.7 cnt? lower than the neon matrix value. The (Figure 2) match the calculated frequencies and intensities with
predictions of two modes fdfN,RhN, at 2093.5 and 2184.2  Similar accuracy (Table 5). Accor.d.ingly, the above three-band
cm ! with 3.5 to 1.0 relative intensity are 47.4 and 42.0¢m  Sets are assigned to Rh(NN)n addition, the weak 2610.8 crh
lower than the neon matrix bands and match the experimentalPand is probably a combination band involving the strorg\N
relative band intensity (3.5 to 1.0, Figure 2b). It should be noted fundamental and the;&h—(NN); stretching mode; the 425.6
that the early thermal work suggested that Rh(NN)linear cmt difference is near the 400 crhcal_culated value for this
based on only one absorption at 2188 solid argon's mode. It is now clear that the previous bands assigned to
The Rh(1)(Nb)2 species on supported Y zeolite absorbs at 2243 RN(NN), are in fact due to Rh(NN) and the characterizations
and 2217 cm* and on alumina at 2188 crh#8 Although these ~ Of RN(NN); and Rh(NN) in that work® are not correct, although
bisdinitrogen species are bent, comparison with our 2199:3 cm & 2196 cm* band was assigned to the tris complex.
observation of linear Rh(NN)s informative as the calculated ~ The DFT/BPWOL1 calculation predicts’, ground state for
antisymmetric frequency difference between bent and linear e RN(NN) complexinDz symmetry. The calculated isotopic
forms is only 19 cm® (Table 4). McKee and Worley report a  fréquencies are listed in Table 5, and the most intense mode is
much larger 154 crt increase for théB, cation over théB, doubly degenerate at 2181.1 thThis mode should exhibit a
neutral®2 This strongly suggests that the supported Rh@4N broad doublet distribution with mixed'N, + _15N2 isotopic
species frequencies are not high enoughlfer +1 although substitution; however, other modes are predicted to have less
there may be a small fractional positive charge on the supportedth@n 10% of this intensity. Therefore the observed spectrum
Rh center. A similar interpretation has been offered for the cannot be assigned to the Rh(NMjolecule. o
supported Rh(1)(CQ)species!120ur new neon matrix results In_the early rhodium d|n|tro_gen (_:omplex investigation, the
and calculations suggest strongly that the Rh(N&®mplex is domllnant bands at 2177 cthin solid argon and 2179/2203
linear. The symmetric NN stretching mode should be in the €M " in solid nitrogen were unfortunately assigned to Rh(NN)

clean 2246-2260 cn? region, and the failure to observe this With Dza symmetry based on comparison with analogous
band again evidences the linear structure. Ni(NN), spectra and force constant calculatid®hsMixed

Rh(NN)s. In neon experiments a new band at 2185.2 tm isotopic frequencies for these bands were observed but believed

increased on annealing at 10 K, decreased on full arc photolysis too complicated to interpret. The present isotopic frequencies
g ! P YSIS:and DFT calculations require assignment of this species as

and increased 3-fold on annealing to 12 K. A medium intensity Rh(NN) and rule out the observation of Rh(NN)Unlike

band at 2203.3 cni and a very weak absorption at 2235.6¢ém
. Rh(CO), the Rh(NN) complex does not appear to be formed,
track the strong band at 2185.2 cinThese three bands shift even in solid dinitrogen.

i i 5
to 2161'0’,[212.3]'8’ anotll21t%]2.4 chn reslpggzg\tlallils,l\:n_th? N? Bonding Considerations.This assignment is also supported
experiment with_exactly the same L. ISotopic by calculations of energy changes for the formations of

i 4 15] i i i i
frequency ratio. Thé Nz + ™Np mixed isotopic experiments Rh(NN), (x = 1—4). Reactions 1, 2, and 3 are exothermic by
give a very complicated distribution pattern for each funda- 28.4,19.4 and 16.9 kcal/mol at the BPW9L1 level, respectively,

mental as listed in Table 1 and shown in Figure 2; the pure b . - .
ut reaction 4 is much less exothermic, and hence, the
144 15] JfTB H ’ ’
Nz and “N, bands at 2185.2 and 2112.4 Thare dominant thermodynamic driving force to give Rh(NNis limited.

and medium and weak mixed isotopic bands are produced. The
argon matrix counterparts for these bands are at 2178.4, 2196.8, . 2 _

and 2230.7 cmt, respectively, which are slightly red shifted Rh+ NN = RhNN(A) AE 28.4 kealimol - (1)
relative to neon values, but show the same annealing and . 35 +
photolysis behavior. Rhodium atoms codeposited with pure Rh(NN) +NN — Rh(NN), ("%, ")

nitrogen molecules yielded three bands at 2179.3 (strong), AE = —19.4 kcal/mol (2)
2202.4 (medium), and 2236.1 (weak) chin this range (Figure 5

6). The relative intensities of these three bands are essentiallyRN(NN), + NN — Rh(NN); (“A,)

the same as the modes observed in neon and argon matrices. AE = —16.9 kcal/mol (3)
However, the bands decreased in concert on stepwise annealing

and disappeared on broadband photolysis, and more complicateqlqh(NN)3 + NN — Rh(NN)4(ZBZ)

Rh(NN), complexes appeared. AE = —0.9 kcal/mol (4)
Both Rh(NN} and Rh(NN) are considered as possible
sources for these three NN stretching modes. Here the In contrast, energy changes for the analogous carbonyls are

theoretical frequency calculations are extremely helpful becausemore exothermic, hence the carbonyls are more stable, based
the isotopic patterns are complicated. The Rh(Nédmplex is on the conventional wisdom that CO is a strongefonor and
predicted to be T-shaped with?A; ground state, and three  z acceptor than the isoelectronig Rolecule3* The BPW91/
N—N stretching modes are obtained at 2170.8 Efantisym- 6-311+G(d)/LANL2DZ energy changes for reactions-8 are
metric NN—-Rh—NN), 2214.5 cnm! (symmetric NN-Rh—NN), considerably higher than for their,NMinalogues. Our BPW91
and 2176.4 cmt (symmetric RR-N'N’). The isotopic frequency  energies may be too high as reaction 5 is computed to be
calculations for these modes are listed in Table 5. The exothermic by only 42 kcal/mol at the CASMCSCF level of
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theory3® The carbonyl structures and frequencies are close to
values reported earlier using the BP86 functioral.

Rh+ CO— RhCO ¢A) AE = —59.1 kcal/mol

(5)
RhCO-+ CO— Rh(CO), (*=,")
AE

—37.8 kcal/mol (6)

Rh(CO), + CO— Rh(CO), (°A,)
AE

—35.5 kcal/mol (7)

Rh(CO), + CO— Rh(CO), (°B,)
AE = —22.1 kcal/mol (8)

The greater stability of carbonyl complexes relative to
dinitrogen complexes is clearly illustrated in a recent thermo-
chemical investigation using gaseous Nations'® The NiCO"
and NiNN' dissociation energies were found to be 41.6 and
26.6+ 2.5 kcal/mol, respectively, and the (GR)*—CO and
(N2)sNi*t—N; dissociation energies were 17430.7 and 10.1
+ 2 kcal/mol, respectively. The fourth ligand is clearly bound
less strongly than the first and;ls a weaker ligand than CO
at all coordination numbef$.Thus, the gas-phase studies and
theoretical calculations both show that I8 a weaker ligand
than CO, as expected.

Wang and Andrews

sample annealing and > 380 nm photolysis but disappears
onA > 290 nm photolysis. Doping with C¢to trap electrons
from the ablation proce¥s!?1617gliminates the 1989.3 cr
band, which strongly suggests the anion assignment. A dominant
triplet profile with a very weak upper band is obtainediN,

+ 15N, experiments, much like that observed for Rh(MNN)
indicating that two equivalent NN submolecules are involved
in this vibration. The weak upper band is due to the symmetric
mode of “N,Rh®N,~. The 1983.9 cm! band is assigned to
the antisymmetric NN stretching vibration of the Rh(NN)
anion. A similar band was observed in the argon matrix at
1975.6 cn! with a site at 1969.9 cnt. This band again shows

a triplet distribution in“N, + 15N, experiments, and a weak
higher symmetric mode fol*N,Rh!5N,~ tracks together. The
1975.6 cn1! argon band exhibited the analogous behavior
compared to the 1989.3 crthneon band on sample annealing,
photolysis, and CGldoping experiments. The 13.7 cfargon-

to neon matrix shift is slightly larger than that found for neutral
Rh(NN),, indicating a stronger argon matrix effect for ionic
species as expected. The counterpart band of Ri{NiNas
also observed at 1976.2 chwith a site at 1978.2 cni in
pure nitrogen.

The Rh(NN)~ anion assignment is further confirmed by DFT
calculations. A strong antisymmetric mode at 2010.8¢(2209
km/mol) is predicted for Rh(NNJ, which is only about 21.5
cm~1 higher than the neon matrix value. The symmetric mode

It is interesting to compare the geometries, frequencies, andfor this molecule at 2066.9 cm is too weak (42 km/mol) to

natural bond orbital charges for RhNN and RhCO. Both
molecules are predicted to be linear, withground states, and
the N—N bond in RhNN is elongated 0.027 A from free NN,
whereas the CO bond length in RhCO is increased 0.024 A
compared to free CO. In a neon matrix the NN stretching
frequency in RhNN is red shifted 166 cifrom free NN;
however, the CO stretching mode in RhCO shows a 118'cm
red shift from free CO. These results suggest more electron flow
to NN from Rh through back-donation than with CO in RhCO,
although CO is believed to be the stronger ligand in the general

case’* Further comparisons can be made between the simple

RhCO and RhNN complexes using the calculated natural bond
orbital charge®d Rh (+-0.065) C ¢-0.389) O (-0.455) and Rh
(+0.208) N (-0.160) N (-0.048). These charges show that Rh
is more positive in RhNN, which is consistent with slightly
greaterr back-donation to Min RhNN, in contrast to what is
normally expected, although RhCO is overall more strongly
bound than RhNN.

A small difference is found between the carbonyl frequencies
in Rh(CO)-4 and N-N frequencies in Rh(NN).4. In the
carbonyl case, the strong neon matrix fundameHitéad in the
2031-2018 cn1! range around RhCO at 2022 cin but in
the dinitrogen case the strong Rh(NNfundamentals at 2199
and 2185 cm! are less red shifted than RhNN at 2162¢m
Calculated ligand stretching frequencies, including the unob-
served Rh(NN) molecule exhibit the same relationship: the
average calculated €0 frequencies for Rh(CQ} 4 (2022,
2011, 2008 cm?) are slightly above the RhCO value (2004
cm 1,11 but the average calculated-M frequencies for
Rh(NN) 34 (2176, 2187, 2187 cmi) are substantially higher
than the RhNN value (2099 crf). Hence, any advantage RhNN
appears to enjoy int back-donation is lost in the higher
dinitrogen complexes probably owing to less favorable orienta-
tion, which accounts for the weaker bonds in Rh(DN)n the
other handg donation suffers no such loss with structure, and
Rh(CO), is correspondingly more stable.

Rh(NN)"123 A weak band observed on deposition of
rhodium and nitrogen in neon at 1989.3 Thsharpens on

be observed, but the predicted-N stretching vibrations for
(**N2RhN,)~ at 1960.3 cm? (1713 km/mol) and 2048.5 cm
(463 km/mol) match the experimental values very well.

In solid neon the very weak band at 2029.0¢énecan be
assigned to Rh(NNJ. The 2029.0 cm! band decreased on
sample annealing, decreased orr 380 nm photolysis, and
disappeared on > 240 nm photolysis. The 3:1:1:3 isotopic
distribution was obtained N, + 15N, experiments indicates
that three equivalent NN subunits are involved in this molecule,
and Rh(NN}~ is the best candidate. Doping G@h the Nb/Ne
sample with 1/10 concentration of,Neliminated this band,
suggesting anion species identification. The very weak band at
1993.2 cm! in the argon matrix is due to the Rh(N{N)
complex. The calculations for Rh(NN) predict a'A; ground
state withDs, symmetry, a degenerate frequency at 2036.8'cm
and isotopic distributions which agree with the experimental
values.

The 1957.4 cm! band in solid neon shows similar behavior
with Rh(NN)~ on sample deposition, annealing, and doping
with CCly. In addition the yield of this species in neon is much
less than Rh(NN), and the band is destroyed ér>380 nm
photolysis, indicating this is the most unstable of the three
anions. The weak doublet observediN, and®N, experiments
and very close 1978.9 crh DFT prediction support the
Rh(NN)~ assignment. The absorption of RhNMas observed
at 1950.9 cm! with two sites at 1954.5 and 1958.9 chin
the argon matrix where this band appeared as the dominant ionic
species on sample deposition since argon freezes more quickly
and limits diffusion and reaction better than neon. However,
this band decreased in intensity about 90% on annealing to 25K,
and the bands due to Rh(NN)and Rh(NN}~ increased in
great quantity (Figure 4), indicating that Rh(NNand Rh(NN}~
are more stable and can be formed from Rh(NN)

The ground states of Rh(Np) and Rh(NN}~ were calcu-
lated to be 45.3 and 52.7 kcal/mol lower in energies than the
counterpart neutral molecules, hence the electron affinities of
Rh(NN), and Rh(NN} are expected to be 2.0 to 2.3 ev. However



Rhodium Dinitrogen Complexes J. Phys. Chem. A, Vol. 106, No. 11, 2002463

the electron affinity of RhNN is estimated to be 1.3 ev, which be more exothermi Finally, the characterization of a side-
is about 1 ev lower than that of Rh(NNand Rh(NN3). These bonded RR(N,) species is supported by observation under the
theoretical electron affinity estimations are in general agreementpresent more dilute matrix conditions.

with our photolysis experiments wheke> 380, 290, 240 nm, Reactions of metal atoms withylh excess neon, argon, and
respectively, were required to destroy the Rh(NAp anions. nitrogen are complementary. More reagent diffusion on con-
As shown in Figure 1, the intensity ratio of neutral Rh(Nk9) densation in neon relative to argon favors the formation of higher

RhNN is approximately 2:1 in neon after sample deposition, complexes, which are dominant in pure nitrogen. Finally,
but the intensity of Rh(NN) is much stronger than Rh(NN) deposition of argon and nitrogeh 4K results in better matrix
(about 50:1). Although the electron affinity of Rh(NN$ close isolation than deposition at 8 or 10 K.
to that for Rh(NN}, the band due to Rh(NM) is weak because
the neutral Rh(NNycomplex is produced in low yield on sample Acknowledgment. We gratefully acknowledge support from
deposition. N.S.F. Grant CHE 00-78836 and computer time from the San
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