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Reactions of Laser-Ablated Platinum with Nitrogen: Matrix Infrared Spectra of Platinum
Nitride, Complexes, and Anions
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Several new platinum nitride species are produced by the reaction of laser-ablated platinum with pure nitrogen,
and their frequencies calculated by density functional theory in addition to the complexes observed in earlier
thermal atom studies. Platinum forms PtN and a number of molecules derived from PtN including NNPtN,
PtPtN, PiN, and PtNNPt, and PtNNN from reaction withy Kadical in pure nitrogen. The PtNN complex is
characterized by the PN stretching mode at 499.6 crhand its combination band at 2669.6 chwith the

strong N-N fundamental at 2168.5 crhin solid argon. Absorptions are observed folNM, PtNN-, Pt(NN), ",

and Pt(NN} in solid argon and neon.

Introduction medium-pressure mercury arc (Philips, 175 W) with the globe
) ) ) o o removed £ > 240 nm).

The interaction between platinum and dinitrogen is important Density functional theory calculations were performed on
in catalytic processes involving nitrogen fixatibrHowever, platinum nitrides and complexes using the Gaussian 94 pro-
given enough energy, chemical reactions can occur. Reactionsyram?7 Since vibrational frequencies are most important for
of third-row transition metal atoms with nitrogen have been {nis work, the BPW91 functional was used in all calculations,
investigated in this laboratory using the methods of laser iih the B3LYP functional employed for comparison in selected
ablation, matrix isolation, and infrared spectroscépyin this cased8 20 The 6-311G(d) basis set was used to represent

paper we report the formation of platinum nitride and compare pjtrogen2! and the LanL2DZ effective-core potential for
it to the nitrides of other metals. In particular, the diatomic platinumz22.23

molecules MN are discussed in detail as gas-phase data are also

available in some cases, i_ncluding PtMAssignments are  Results and Discussion

supported by density functional theory (DFT) calculations

recently applied successfully to platinum hydritlasd found Absorptions due to platinum nitride, platinum dinitrogen
to be of similar accuracy to high level ab initio calculations for complex species, and the results of supporting DFT calculations
PtN 910 will be described in turn for nitrogen (Table 1), argon (Table

The spectra of Ni, Pd, and Pt complexes with dinitrogen were 2), @nd neon (Table 3) matrix investigations.
investigated nearly 30 years ago using thetfidand discharge  PtN, NNPIN, and PINNN in Solid Nitrogen. A sharp band
sputtering? atom sources, but only recently has the far-infrared 1S observed at 893.1 crh in pure nitrogen with a*N
spectrum been observed for dilute samples and all modescounterpart at 865.2 cm and no intermediate bands in the
assigned for NiNN# Our laser-ablation investigation provides Mixed Nz + N isotopic experiment. The nitrogen 14/15
a large yield of PtNN, and we also report the perhaps isotopic ratio of 1.0323 is very close to the harmonic PtN
surprisingly high 499.6 cmt Pt-NN stretching frequency in  diatomic value of 1.0325, and the 893.1 chband can be
the complex and detection of the corresponding anion PtNN  @ssigned to PtN as it is just below the 937.0"¢rfrequency
from electron capture. for PtN in the gas phase, based @n= 947.0 cnm! and wexe
= 5.0 cn1'! for the 2T ground staté.The interactions between
PtN and the nitrogen matrix are substantial, as shown by the
Methods sizable matrix shift. This band is almost completely destroyed
on annealing and is replaced by another sharp band at 854.7
The experiment for laser ablation and matrix isolation has cm~! with associated sharp absorptions at 2280.0 and 2272.2
been described in detail previoushé Briefly, the Nd:YAG cmL. This 854.7 cm? band also has an isotopic ratio of 1.0323
laser fundamental (1064 nm, 10 Hz repetition rate, 10 ns pulseand is assigned to the PN stretch of NNPtN where one
width, 5-50 mJ/pulse) was focused on a rotating platinum metal nitrogen molecule complexes PtN. The latter bands have a
target (crucible). Laser-ablated platinum was co-deposited with higher 14/15 ratio, 1.0345, close to that fos Nself, 1.0348,

nitrogen gasNz, 1N, N, + 15N,) onto a 7-8 K Csl window and are assigned to the perturbeet Nl stretching mode in the
at 2-=4 mmol/h for 30 min to 1 h. Complementary experiments NNPtN complex. The new mixed isotopic bands suggest slight
were done with dilute Blin argon and in neonroa 5 Kwindow. coupling between NN and PtN in this complex. When the matrix

Infrared spectra were recorded at 0.5 ¢énmesolution on a is irradiated with UV/visible light { > 380 nm is sufficient)
Nicolet 750 spectrometer with 0.1 chaccuracy using a  the new bands are completely destroyed and the 89372 cm
HgCdTe detector. Matrix samples were annealed at a range ofband reappears showing that the complexation is completely
temperatures and subjected to broadband irradiation by areversible (Figures 1 and 2).
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TABLE 1: Infrared Absorptions (cm ~1) from Laser-Ablated Platinum Atoms Co-deposited with Pure Nitrogen at 7-8 K

19N, 15N, 14N, + 15N, 14N,/15N, ratio assignment
2663.7 2577.2 2663.7,2577.2, 2642, 2598 1.0336 PH#NN)
2328.0 2249.8 2328.0, 2249.8 1.0348 2 peérturbed
2280.0 2204.0 2280.0, 2278.4 1.0345 NNPtN
2272.2 2196.4 2272.2,2198.0 1.0345 N
NPtN
2261.8 2186.5 2261.7,2189.1 1.0344 X(RN)y
2241.7 2167.1 1.0344 FRN)y
2238.1 2163.5 2178 1.0345 <ENN)y
2210.6 2136.5 1.0344 (Pt(NN)H)
2205.7 2132.2 2234.2,2205.7, 2146.2, 2132.2 1.0345 PHNN)
2203.8 2130.4 2240.3, 2203.8, 2151.8, 2130.4 1.0345 Pt(N(sjte)
2198.0 2125.1 2198.0,2125.1 1.0343 N
2173.0 2100.6 2173.0,2100.6 1.0346 PtNN
2133.0 2061.6 2061.7 1.0348 RN
2104.% 2035.0 2080.7, 2051.3, 2039.7, 2035.0 1.0341 PtNNN
2101.2 2031.8 1.0342 PtNNN site
2077.8 2009.5 1.0340 '
2048.9 1980.7 2048.9, 1980.7 1.0344 PtNN
2003.4 1937.6 1.0340 N
1862.5 1803.5 too weak 1.0327 Pt(NN)
1657.7 1603.3 1657.7,1649.4 1613.0, 1603.3 1.0339 3 N
1389.% 1343.2 too weak 1.0343 PtNNN
1386.6 1340.6 1.0343 PtNNN site
1095.2 1059.8 1095.2, 1059.8 1.0334 PtPtN
1028.9 996.0 1028.9, 996.0 1.0330 3NPt
1022.6 989.8 1022.6, 989.8 1.0331 sNP{site)
945.1 916.1 945.1, 916.1 1.0317 PN
911.2 882.8 911.2,882.8 1.0322 PtN
910.2 881.8 910.2,881.8 1.0322 xPtN
908.9 880.5 908.9, 880.5 1.0323 xPtN
897.8 869.6 897.8, 869.6 1.0324 PN
893.1 865.2 893.1, 865.2 1.0323 PtN
854.7 828.0 854.7,828.0 1.0323 NNPtN
732.1 709.2 754.6, 732.1, 709.2 1.0323 NPt
722.1 698.9 722.1,710.6, 698.9 1.0332 PtNNPt (site)
713.8 690.9 713.8,702.5,690.9 1.0332 PtNNPt

2 Absorptions observed only with C£Added to nitroger? Bands enhanced 10-fold with lower laser powed &rK substrate$ Bands decreased
10-fold with CCl, added to nitrogen.

Both the BPW91 and B3LYP functionals (Tables 4 and 5) TABLE 2: Infrared Absorptions (cm —*) from Laser-Ablated
predict a?I1 ground state for PtN and frequencies of 975.2 and Platinum Atoms Co-deposited with 2% N, in Argon at 7—8
975.8 cnTl, respectively, in reasonable agreement with the gas K

phase (937.0 crt)” and nitrogen matrix (893.1 cm) values 4N, 1N, UN/MSNpratio 14N, 4NN + 15N2  assignment
but higher than the MRSDCI value (844 cii® The frequencies  2gg9.6 2582.6 1.0337 2627.6, 2624.9 PtNN
of the nitrogen complex NNPtN have also been calculated, and 2646.6 2560.3 1.0337 Pt(NN)
the PtN stretching frequency is decreased about 80 cetative 2550.7 2466.4 1.0342 251%, (PINN")
to that in isolated PtN, close to the observed shift. The lower 2242.6 2167.1 ~ 1.0348 SENN)y
frequency and longer PtN bond indic_ates that the bonding is ggggé giggj i:ggjg (P(‘,(\I'\,{l'\;zg
weakened when the PtN molecule binds ta ®n the other 2218.2 2143.8 1.0347 PHN),
hand the N-N frequency at 2280.0 cm is above the PtNN 2200.9 2127.6 1.0345 Pt(NN3ite
value (2173.0 cml), suggesting that the PtN interaction with 2195.4 2122.2 1.0345 2159.0 Pt(NN),
N, is weaker than the Pt atom interaction with,.NThe 2172.6 2100.3 1.0344 PINN site
dinitrogen stretching mode of NNPtN is 10 times as intense as 2168.5 2096.2 1.0345 2134.4,2131.0 PINN
. . . . .3 2061.5 1.0343 AN

the PtN stretching mode, far less than the DFT intensity ratios 51583 2058.4 1.0342 2095.2,2002.4 NN
75:1 (BPW91) and 146:1 (B3LYP), which are in only qualitative 20515 1983.2 1.0344 PtNN\site
agreement. Finally, the exothermic energy change upon com-2045.8 1977.6 1.0344 2014.3, 2010.3 PtNN
plexation of PtN by N, calculated to be-37 kJ/mol (BPW91) ggéi ggié igggé 661.2 Igtpl\thN’\:lsTtg
or —32 kJ/mol (BSLYI_D), is in agreement with the observation 2996 4849 10303 492.2 PINN
of spontaneogs reaction dunn_g annealing. . 4919 4780 1.0291 RN

Since PtN is not prepared in thermal Pt atom experiments 4909 476.2 1.0309 483.2 RN

with N2, PtN must be formed here by the direct-PtN atom

reaction, which is calculated to be exothermic (390 kJ/mol, aNbEW zand'si Q?Nserie?sli\? additiﬂnlfblzlandlsl;lhz Countefp?gzi/ Nﬂ?
BPW91; 307 kJ/mol, B3LYP). The DFT energies are higher ?4$\|W +a[15Ns ‘g’ém Ie2 2226Zasr'l?dmglzf?:;Sbsar?dseggls?:rvlod Bérllds
than FOCI (.254 kd/mol) an.d MRSDCI (238 kJ/mpI) valdes. obszerved cfnly or?aﬁnealing with CGldded to nitrogert With %N,
The production of N atom; in these e>_<per|ments is attested by | 15y , sample, the 2195.4 and 2122.2 ¢rbands were observed along
the presence of strongsiadical absorption at 1657.7 c'624 with new features at 2228.3 and 2139.1éni Other mixed isotopic
The failure to observe NNPtN on deposition where excess N bands are masked (see Figure97jentative counterpart of neon matrix
is present may be due to the highly exothermic nature of reaction absorption.
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Figure 1. Infrared spectra in the 95800 cnt! region for laser-ablated platinum atoms after (a) 60 min deposition¥kh+ °N,, (b) annealing
to 25 K, (c) UV/Vis irradiation, (d) annealing to 30 K, and (e) annealing to 38 K.

TABLE 3: Infrared Absorptions (cm ~1) from Laser-Ablated PNy, PN,
Platinum Atoms Co-deposited with 2% N, in Neon at 5 K N

®

PtN,
|
PN, P{NNN
/
»

0.4
2660.0 2573.4 1.0337 2683, 2634, 2596 Pt(NN)
2328.2 2250.2 1.0347 N

JAN
N, N, No/*SN; ratio 14N, + 15N2 assignment
,

2238.7 2164.0 1.0345 Ny ©
2237.4 21631  1.0344  2250.0,2178.8  (MN) g 03
2223.8 2149.6 1.0345 RN, £ !
2212.1 (Pt(NN)") 3 NNPIN u @
2208.1 2134.4 1.0345 Pt(NpSite £ 02 | ©
2206.9 2133.4 1.0345 2238, 2150 Pt(NN) PN .
21739 2101.4 1.0345 PtNN site N, v 2 Ny
2169.5 2097.5  1.0343 PINN 0.1 ' @
2140.9 2140.9 CO (impurity) : - : ;
2090.4 2021.1  1.0343 RIN? 2300 2200 2100 2000
2054.1 1986.1 1.0342 PtNN Wavenumbers (cm™)
igégg igigé igggg 1903. 1833 ()ngtt’zll\g?\l) Figure 2. Infrared spectra in the 23401980 cntt region for laser-
1648:0 1594:0 1:0339 ’ N ablated platinum atoms after (a) 30 min deposition with,, (b)
7220 698.9 1.0331 710.3 PINNPt site annealing to 25 K, (c) UV/Vis irradiation, (d) annealing to 30 K, (e)
716.8 693.9 1.0330 705.3 PtNNPt annealing to 35 K, and (f) another irradiation with UV/vis.
2 New bands observed in addition N, and N, counterparts. energy than NNPtN €66 kJ/mol, BPW91;+77 kJ/mol,

o ) B3LYP) with strong IR bands at 2080.1 and 1198.7 ¢ém
1; annealing is required to allow the proper reagent approach (B3LYP) and 4:1 relative intensity, which are in good agreement

for reaction 2. with the 2104.4 and 1389.5 crh bands with 5:1 relative
) intensity. Both BPW91 and B3LYP functionals predict the
Pt+ N — PIN(TI)AE = —390 kJ/mol 1) symmetric N-N—N stretch too low: this discrepancy may arise

) from a difference in structure between the calculated and matrix-
N, + PtN— NNPtN(CA")AE = =37 kd/mol  (2) isolated molecules.
Similar MNNN azide molecules have been observed for Al,
Another set of sharp bands grows on annealing at 2104.2,Ga, In, and TP526 and the PtNNN spectrum most closely
2101.2 cm? (Figure 2), and 1389.5 cm (not shown). These  resembles that for the less ionic Al species, which is calculated
bands are 80% destroyed by broadband irradiation but areto have a linear structure. It was suggested from isotopic data
regenerated together on further annealing. A final irradiation that these molecules were formed by the metal atom reaction
completely destroys NNPtN but again removes only 80% of with N3 radical. In the case of platinum, the greater stability
the 2104.4 and 1389.5 crhbands. In thé®N, experimentA for NNPtN favors a like mechanism, and reaction 3 is
> 380 nm light completely destroys NNPtN with no effect on exothermic by 263 kJ/mol (BPW91). Even though the NNPtN
the latter bands. The 14/15 ratios, 1.0341 and 1.0343, point toisomer is more stable energy wise, once formed, PtNNN is
pure N-N stretching modes and the regions are reminiscent of kinetically stable in the matrix. Note, however, that NNPtN is
metal azide speci€’;?® which can be formed by the metal more photosensitive than PtNNN (Figure 2).
reaction with N radical. The antisymmetric NN—N vibration

in MNNN is expected to give a sextet of bands in g, +15N, Pt+ N;— PtINNNEA") AE = —263 kJ/mol 3
experiment: only four of these are observed owing to masking
by stronger absorptions near 2100 @mDFT calculations Other PtN Species in Solid Nitrogen.A series of bands

predict a stable trans bent PtNNN molecule slightly higher in observed in the 958900 cnt?! region shows doublets in the
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TABLE 4: Geometries, Frequencies, and Energies of Platinum Nitride Products Calculated with the BPW91 Functional

electronic state
molecule (point group)

relative energy
(kJ/mol)

geometry (A, deg)

frequencies (ch[intensities] [km/mol]

NN IS (Deop)

NN: 1.107

2349.3 [0]

PIN 2T (Cuny) 0

PtN: 1.703

975.2[8]

PINN 15+ (Couy) 0

PtN: 1.817
NN: 1.130
UPtNN: 180.0

2162.5 [250], 531.3 [8], 336.5 §42]°

Pt(N\p) A1 (Cz) +101

PtN: 2077
NN: 1.164

1891.8 [99], 397.2 [10], 214.7 [3]

PINN* 25+ (Cuuy) +900

A (Cun) +1092

PtN: 1.902
NN: 1.116
OPtNN: 180.0
PtN: 2.331
NN: 1.106
OPtNN: 180.0

2255.3 [21], 430.6 [11], 328.2 [2]2

2346.0 [44], 336.9 [8] 2, 173.8 [5]

PtNN- A" (Cy) ~139

2 +119

PtN: 1.884
NN: 1.147
OPtNN: 168.3
PtN: 2.036
NN: 1.160
OPtNN: 180.0

2028.6 [644], 455.2 [6], 132.7 [45]

1843.2 [1673], 308.0 [312], 129.3 [6]

NNPtN, 2A" (Cy) 0

43~ (Can) +19

PtN: 1.741
PtN: 2.069
NN: 1.118
ONPIN: 151.4
OPtNN: 171.4
PtN: 1.793
PtN: 2.030
NN: 1.121
ON{PtN: 180.0
OPtNN: 180.0

2201.9 [298], 889.0 [4], 310.5 [4], 287.9 [0],
273.0[2], 94.1[4]

2182.4 [451], 736.9 [10], 364.5 [0],
336.8 [16], 290.4 [2], 98.8 [3]

PtNNN A" (CY) +66

PtN: 1.876
NN: 1.254
NN: 1.155
OPtNN: 119.0
ONNN: 167.0

1993.3 [383], 1130.2 [51], 694.0 [7], 457.2 [4],
414.4[1),167.3 [5]

PuN 2B (Ca) 0

“A1(Ca) +95

PtPtN A (CY) +89

A" (CY) +158

PtPt: 2.757
PtN: 1.813
OPtNPt: 99.0
PtPt: 2.596
PtN: 1.907
UPtNPt: 85.8
PtPt: 2.368
PtN: 1.702
OPtPtN: 167.4
PtPt: 2.467
PtN: 1.754
OPtPtN: 118.2

737.8[29], 723.0 [11], 129.0 [1]

650.2 [12], 476.3 [0], 129.1 [1]

999.7 [64], 224.3 [1], 45.8 [1]

823.6 [6], 184.2 [0], 125.2 [2]

PtPINN 15 (Cur) 0

(PR)(N2) A1 (C) +25

A2 (Ca) +97

PtNNPt 155+ (Deor) +59

(PtN) A4 (Can) +337

3B1 (C2) +329

NPtPN Ay (Can) +446

PtPt: 2.421
PtN: 1.921
NN: 1.127
PtPt: 2.613
PtN: 1.957
NN: 1.198
H(NPtPtN): 0.0
PtPt: 2.471
PN: 2.308
NN: 1.147
H(NPtPtN): 0.0
Pt 1.824

NN: 1.148
PtN: 1.922
PtPt: 2.862
ONPtPt: 96.2

#(NPPtN): 180.0

PtN: 1.942
PtPt: 2.925
OPtNPt: 97.7

H(NPPtN): 158.7

PtN: 1.719
PtPt: 2.513
ONPtPt: 121.9

H(NPPtN): 180.0

2157.9 [611], 419.2 [28], 372.74%2], 202.5 [0.1],
40.0 [1x 2]

1645.0 [205], 577.9 [12], 514.0 [6], 358.4 [0] ...
155.0 [0]

1970.0 [210], 384.8 [2], 242.0[0] ...
—44.5[4]

2112.2 [0], 713.7 [81], 282.2 §02], 184.1 [0],
102.5 [8x 2]

704.6 [0], 571.8 [9], 472.5 [39], 463.6 [0],
234.1[13], 174.7 [0]

669.2 [2], 582.6 [25], 503.9 [18],
430.7 [0], 188.7 [1], 97.4 12]

941.3[0], 920.1 [112], 184.8[0] ... 71.9[7]
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molecule

electronic state
(point group)

relative energy

(kJ/mol)

geometry
(A, deg)

frequencies (cmt)
[intensities] [km/mol]

NPtPtN

PtPtN

3Au (CZh)

3B1 (Ca)

+365

+460

PtN: 1.728
PtPt: 2.496
ONPtPt: 129.3

H(NPPtN): 180.0

PtPt: 2.482
PtN: 1.747
OPtPtN: 117.2

906.8 [0], 830.6 [135], 190.6 [0] ... 65.3 [8]

928.9 [0], 825.0 [58], 282.7 [2], 182.2 [1], 151.7 [3], 63.2 [1]

Pt(NN),

24" (Deon)

0 (—155)

PtN: 1.904
NN: 1.121
OPtNN: 180.0

2240.0 [0], 2190.4 [919], 470.0 [0], 431.9 [102] ... 67.0[0]

Pt(NN)

1A1" (Dan)

(+54)

PtN: 2.006
NN: 1.121
OPtNN: 180.0
ONPtN: 120.0

2218.0, 2183.7 [637 2], 417.2 [0], 372.4[1] ... 26.5 [X 2]

Pt(NN)*

2%4" (Desh)

+894

PtN: 1.961
NN: 1.112
UPtNN: 180.0

2304.1 [0], 2278.5 [78], 464.2 {02), 413.8 [0], 397.8 [30] ...
94.4 [11x 2]

Pt(NN),~

255" (Der)

78

PtN: 1.891
NN: 1.157
OPtNN: 180.0

2012.9 [0], 1928.4 [2469], 485.8 [0], 432.8 [13] ... 86.5[2]

a|sotopic frequencies: Pt-3415: 2128.8, 522.4, 333.4 cry Pt-15-14: 2123.8, 523.7, 328.3 crh Pt-15-15: 2089.4, 515.4, 325.2 crth
b Dinitrogen stretching modes: 2222.5 [215], 2133.1 [674] for-14, 15-15 isotope and 2164.3 [0], 2116.3 [858] for (155), isotope.¢ Relative
to PtNN + N,. ¢ Relative to Pt(NN) + N,. ¢ Relative to Pt(NN).

f=4
—_
s

Absorbance

0.081

©

®)

@
I

PINNPt

T
760

T
740

T

T
720 700

Wavenumbers (cm™)

Figure 3. Infrared spectra in the 768680 cnt? region for laser-ablated platinum atoms after (a) 60 min deposition¥kh+ °N,, (b) annealing
to 25 K, (c) UV/Vis irradiation, (d) annealing to 30 K, (e) annealing to 38 K.

mixed isotopic experiment and isotopic ratios in the range patterns (Figure 3). Experiments with 2% M neon gave an
1.0317-1.0324, which are slightly below the diatomic value analogous band at 716.8 cfand a mixed isotopic triplet
(Figure 1). The bands are broader than those due to PtN orabsorption pattern. This indicates that two nitrogen molecules
NPtNN and are less intense. They are present initially, grow are involved in the creation of this product. The most obvious
during annealing, decrease on irradiation with ultraviolet/visible assignment is to a dimer of PtN, since the molecule is abundant
light, and are due to perturbed PtN species. The range of ratiosin the nitrogen matrix and the nitrogen atoms come from two
and the blue shifts in some of these bands suggest that thesdlifferent N, molecules and two platinum atoms are implicated.
are not simply dinitrogen complexes of PtN. Their exact nature Several PtN dimer structures were calculated with DFT, the
cannot be determined, but it is likely that the bands are due to bridged dimer (PtN) and the open NPtPtN and PtNNPt forms
PtN perturbed by small platinum clusters, but such assignmentswith terminal Pt-N bonds. The calculated frequencies for (BtN)

are tentative.

A sharp band is observed at 713.8¢nwith a weaker matrix

site at 722.1 cmt. The >N, counterpart bands are observed at

690.9 and 698.9 crt and give isotopic ratios of 1.0331 and

1.0332, respectively. This band is unique in the nitride region

in that intermediate bands observed at 702.5 and 71078 itm
the 1N, + 15N, mixed isotopic experiment form 1:2:1 intensity

in both singlet and triplet states are below 500&nfar too

low to account for the observed bands, and the ring structures
are high energy species (Table 4). The calculation for NPtPtN
in a triplet state with the PtN bonds in a trans arrangement is
also high energy, but the strong calculated frequency is in the
appropriate region. However, the linear PtNNPt dimer is only
59 kJ/mol above the lowest energy structure (PtPtNN) to be



7804 J. Phys. Chem. A, Vol. 105, No. 33, 2001

Citra et al.

TABLE 5: Geometries, Frequencies, and Energies of Platinum Nitride Products Calculated with the B3LYP Functional

electronic state relative energy geometry frequencies (cmt)

molecule (point group) (kJ/mol) (A, deg) [intensities] [km/mol]

NN I3+ (Deon) NN: 1.096 2444.4 0]

PtN I (Cov) PtN: 1.703 975.8 [11]

PtNN 13 (Cov) 0 PtN: 1.849 2278.1[309], 485.3 [13],
NN: 1.113 325.1[3 2]
OPtNN: 180.0

PtNN* 23 (Cuv) +871 PtN: 1.963 2397.0[9], 366.9 [7],
NN: 1.099 305.3 [1x 2]
OPtNN: 180.0

PtNN- 2A" (Cy —309 PtN: 1.883 2343.0 [543], 451.2 [4197.5 [28]
NN: 1.145
OPtNN: 178.9

NNPtN; 2A" (Cy) PtN: 1.736 2370.2 [146], 899.0 [1], 266.8 [1],
PtN: 2.165 263.1[0] ... 45.3 [4]
NN: 1.099
ON{PtN: 165.9
OPtNN: 176.2

PtNNN 20" (Cy) +77 PtN: 1.895 2080.1 [476], 1198.7 [123], 699.4 [9],
NN: 1.241 495.2 [5], 442.1 [10], 158.1 [4]
NN: 1.138
OPtNN: 119.6
ONNN: 169.8

P&tN 2B, (Ca) 0 PtPt: 2.762 740.8 [35], 725.1[3], 129.1 [1]
PtN: 1.811
OPtNPt: 99.4

PtPtN 2A" (Cy +104 PtPt: 2.414 817.8 [41], 199.4 [0], 70.4 [3]
PtN: 1.719
OPtPtN: 136.4

(PE)(N2) A1 (Ca) 0 PtPt: 2.636 1766.1[248], 574.3 [8], 488.9 [7],
PtN: 1.972 356.9[0] ... 149.4 [0]
NN: 1.177
¢(NPtPtN): 180.0

Pt(NN), 13 (Deon) 0 (—142p PtN: 1.922 2349.0 [0], 2306.7 [904], 445.7 [0Q],
NN: 1.106 409.8 [113] ... 75.1 [0]
OPtNN: 180.0

Pt(NN)* 224" (Deoh) +866 PtN: 1.992 2426.4[0], 2412.0 [35], 441.2 [0]2,
NN: 1.098 380.0[0], 363.4[18] ... 91.0 [% 2]
OJPtNN: 180.0

Pt(NN) A1 (Ca) (+66y PtN: 1.909, 2.193 2365.1 [123], 2336.8 [260], 2273.3 [659],

NN: 1.112, 1.102

446.1[0], 441.5 [32] =154.6 [8]

OPtNN: 180.0, 167.4
ONPtN: 88.8, 135.6

2 Relative to PtNN+ N.. ® Relative to Pt(NN) + N.

discussed and assigned later, and the strong antisymmetiic Pt
stretching mode computed at 713.7 ©mis in excellent
agreement with experiment. The triplet mixed isotopic absorp-
tion spacings, 11.3 and 11.6 cfrshow only slight asymmetry,
which is in accord with a symmetric PN stretching mode
much lower in frequency, as predicted by calculation. A singlet
trapezoidal structure is slightly lower in energy, but the 1645.0
cm™! calculated N-N frequency is not observed.

The 713.8 cm! absorption is assigned to linear PtNNPt
formed by dimerization of PtN. Although the-\N stretching
mode is not active, the calculated value, 2112.3 £ris lower
than the 2162.5 crit frequency calculated for PtNN, to be
discussed below.

2 PINCIT) — PINNPt (5,") AE = —496 kJ/mol  (4)

Pt;N Species in Solid Nitrogen.Sharp bands grow in at
1095.2 and 1028.9 cmi in pure nitrogen during annealing that

that only one nitrogen atom is involved in the mode. The
isotopic ratios of 1.0334 and 1.0330 for these bands are very
close to the pure nitrogen ratio of 1.0350, which indicates that
the nitrogen atom is moving against a large mass. The most
logical assignments for these bands argNPin which the
nitrogen atom moves against a small metal cluster. If the
nitrogen atom moves against a mass of Bhd the mode is
treated as pseudo diatomic, then the expected isotopic ratio is
1.0337, in close agreement with the observed ratios. The 1095.2
cm~! band has the greatest intensity before the final annealing
cycle, while the 1028.9 cm band continues to increase at the
final annealing. This suggests that the higher frequency band
is due to PtPtN, and the lower frequency band is due to a higher
cluster, probably BN.

The DFT calculations for PtPtN predict a doublet ground state
and a bent geometry. The two functionals differ somewhat in
the description of this molecule; the BPW91 result is closer to

are not present after deposition (Figure 4). Both bands give a linear geometry and has shorter bond lengths than the B3LYP

doublets in thé*N, 4 15N, mixed isotopic experiments, showing

geometry, partially canceling the tendency for the latter
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Figure 4. Infrared spectra in the 11280 cn1 region for laser-ablated platinum atoms after (a) 60 min deposition*kh+ >N, (b) annealing
to 25 K, (c) UV/Vis irradiation, (d) annealing to 30 K, (e) annealing to 38 K.

247
Pt,NN
I
18 i €
I
g ]
g v ' ()
g
< | ©
0.6 )
! ®)
0.0
@
[ [l [
Pt(N,), :
2250 2200 2150 2100

Wavenumbers (cm'])
Figure 5. Infrared spectra in the 225@080 cnt? region for laser-ablated platinum atoms after (a) 60 min deposition #iith + 15N, (b)
annealing to 25 K, (c) irradiation with UV/Vis, (d) annealing to 30 K, and (e) annealing to 38 K.
functional to overestimate vibrational frequencies. Both It the reactions in the matrix are under kinetic control rather than
stretching modes are in reasonable agreement with the 1095.2hermodynamic control. The same was found with the rhodium

cm~t band and support the assignment. nitrides, i.e., both RhRhN and R¥ were observed in pure
A new band is observed at 732.1 chon annealing with a  nitrogen?”

15 i 1 I . . . . .
N2 counterpart at 709.2 cm. No intermediate band is Pt(NN)1 2 in Solid Nitrogen. The dinitrogen complex region

indicsted, and the tsotopio faio of 10323 s very closs to that 125 been investigated previousiy> and the srong 2205.7
for PtN. I—,|owever the bgnd is of conéiderably Iov)\//er frequency cm * nitrogen matrix band assigned to the possible complexes
than that for PtN ’and the best assignment is tdPivhere a PNN).s However, the work of G_reen et al. .SUQQEStS the
nitrogen atom bridges across a platinum dimer. This would most PLNN), asfsgnrze_nt for;Eg strgng n|t|r:qgen m5atr:x b?ﬁm;]e
likely be formed from addition of a platinum atom to PtN, SPectra of Kundig et &= and our Figure 5 clearly show
intermediate mixed isotopic bands, which demonstrate the

although the combination of Pwith a nitrogen atom is also : ) :
possible. If the PtNPt bond angle is°9€hen a diatomic isotopic involvement of more than one NN subunit. For the linear-NN

frequency ratio will result, as is observed. The DFT calculations Pt=NN species, both stretching modes are infrared active in
for P&N support this assignment: the bond angle i& @&h the mixed isotopic molecule with intensities depending on the
both functionals, close to a right angle, and strong infrared Sretch-stretch interaction, as has been shown for linear
absorptions are predicted at 737.8 ¢nfBPW91) and 740.8  dicarbonyls®-30 The weaker 2173.0 cm absorption increases
cm™! (B3LYP). on 25 K annealing then decreases on subsequent annealings;
Itis interesting that both Bl and PtPtN are observed, despite this band could be due to PtNN in matrix environments where
the greater stability of the former molecule. This indicates that another N reagent is not accessible (such as a surface site),
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Figure 6. Infrared spectra in the 225030 cnt? region for laser-ablated platinum co-deposited with 2%irNargon at 5 K: after (a) 60 min
deposition, (b) 25 K annealing, (c) UV/Vis irradiation, (d) 30 K annealing, (e) 40 K annealing, and (f) 45 K annealing.

but we cannot be certain. The PtNN complex is observed at ratio is too low (calculated 1.0348) for @ mode, so this

2168.5 cmt in solid argoA213as will be discussed below.

combination must be discarded. Subtracting the 2258'cm

Our DFT calculations for these species lend support to the Raman band observed by Kundig et#land its calculateé®N,

assignments of the latter grodp3®to PtNN and the Argonne
workerss to Pt(NN); the Toronto group agrees in their later
papert?® Both functionals show the same prediction for the

counterpart from the combination bands gives 406 and 395
cm1, respectively, for possible, Pt—N, fundamentals, and
the 406/395= 1.0279 ratio is near that calculated from BPW91

dinitrogen stretching frequencies: the BPW91 frequencies of frequencies (1.0269). Hence, the unobsemgelt—N, stretching

2162.5 and 2190.4 crd for PtNN and Pt(NN) are within 15

mode is near 406 cm, slightly lower than the BPW91

cm ! of the observed values, and the B3LYP frequencies 2278.1 calculated value (431.9 cmy Table 4). In thel®N, + 15N,

and 2306.7 cm! require scale factors of 0.954 and 0.956 to
match experiment, which is typical for this functiof&alThe
extra bands at 2234.2 and 2146.27¢rm the mixedN,/15N,
experiment (Figure 5) are appropriate for symmetric and
antisymmetric N-N modes of the lineat>N'>N—Pt—14NN
molecule and support the Green ettdassignment of the nearby
argon matrix band to Pt(NM)The strong 2205.7 cm nitrogen

experiment, four combination bands are possible and several
weaker bands are observed: the strongest 2642 tand is
probably due to the 2234 crh“ oy’ plus a 408 cm* “o,” mode.
Absorptions at 2261.8, 2241.7, 2238.1, 2198.0, and 2133.0
cmtincreased markedly on annealing while the 2205.7%tm
band decreased. The latter two bands show no evidence of mixed
isotopic behavior, but the 2261.8 and 2238.1 ¢mbsorptions

matrix band must be assigned likewise. This disagrees with thedo reveal new mixed isotopic absorptions. The 2198.0%cm

earlier assignments'2of the latter band to Pt(NN)} Our DFT
calculations predict the Pt(14L4)(15-15) isotopic bands 32.1
and 16.8 cm! above the pure isotopic bands and with relative

band is destroyed by photolysis but returns on further annealing.
We believe that the 2198.0 and 2133.0énabsorptions are
due to P{NN clusters withx probably larger in the 2198.0 cth

intensity 1:3, which is in excellent agreement with the observed case. The 2261.8, 2241.7, and 2238.1 tlmands are probably
28.5 and 14.0 cmt separations and band absorbances, and due to the larger generic clusters noteg{IPi),.

strongly supports this reassignment. Finally, DFT calculations
find that naked Pt combines exothermically with two NN ligands
(—157 and—155 kJ/mol, respectively (BPW91), andl03 and
—142 kJ/mol, respectively (B3LYP), but the third attachment
is endothermic {54 kJ/mol (BPW91) and+66 kJ/mol
(B3LYP)): this means that Pt(NM)s unstable and that the
early claim for its identificatio®? must be rejected. Note that
the 2280 and 2104 cr4 bands due to PtNNN and NNPtN were
not reported previously as neither nitrogen atoms nor nitride
products were formed in the thermal platintmitrogen matrix
experimentd?

Sharp, weaker absorptions at 2663.7 and 2577.21dor
19N, and 15N,, respectively, track with the strong 2205.7 and
2132.2 cm! absorptions and are due to combination bands
involving o4 andoy stretching modes. Subtracting the latter from
the former bands gives 458 and 445 dinrespectively, for
possiblesy Pt—N; stretching modes, but the 458/4451.0292

Nitrogen matrix experiments were dona a 5 K substrate
with 0.1% CC}, added to the nitrogen to serve as an electron
trap2932 This reduced the overall band yield (by 790%),
eliminated the 1862.5 and 2048.9 chbands, reduced by 30
the N~ and P¥(NN), aggregate bands, and produced a weak
new 2210.0 cm! absorption. The latter band shifted to 2136.5
cm~1 with 15N, giving a 1.0344 ratio. Our DFT calculations
find Pt(NN)," to be a?Z;" state with strong absorption blue
shifted 88 cm® from Pt(NN). The appearance of a new band
with CCl, electron trap added is consistent with the cation
identification. Hence, the new 2210.0 ckabsorption is
tentatively assigned to Pt(NM). Argon and neon matrix
counterparts of the 2048.9 and 1862.5¢énbands will be
assigned below to Pt(NN)~, respectively.

Pt(NN)12 in Solid Argon and Neon. Experiments were
performed with 2% N in argon on 5 ad 8 K substrates, and
representative spectra are shown in Figures 6 and 7. The relative
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Figure 7. Infrared spectra in the 2682530 and 525475 cnt? regions for laser-ablated platinum co-deposited with 29inNargon at 5 K: after
(a) 60 min deposition, (b) 25 K annealing, (c) UV/Vis irradiation, (d) 30 K annealing, (e) 40 K annealing, and (f) 45 K annealing.
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Figure 8. Infrared spectra in the 2250960 cn? region for laser-ablated platinum co-deposited for 60 min with isotopiimidrgon. (a) 198N,
+ 2% NN + 1% 15N, (b) 2% N, + 2% 15N, (c) 2% °N,, and (d) 2%'N,.

populations of PtNN (2168.5 cm in argon) and Pt(NN)
(2195.4 cm? in argon) are reversed. The mixétN, + 15N,
(and N, + NI5N + 15N,) isotopic data and frequency
calculations again support the Pt(NNJ)ssignment of Green et
al.*3 Both stretching modes are observed fdNg)Pt(°N,) and

the strongest new band for PH{('°N),; unfortunately the
Pt@“N2)(2*N15N) and Pt{®Ny)(**N15N) bands are masked by
Pt“N1“N and P¥N1°N absorptions. Likewise, more isotopic
information is provided here in support of the earlier assign-
mentd213to PtNN. At lower N> concentration, we resolve the
PtNN absorption into the expected quartet for two inequivalent
nitrogen atoms (Figure 8). In addition, we observe theNRYl
stretching mode at 499.6 crh with 9% of the intensity of the
N—N fundamental in our most dilute experiment (0.2%) N
where bands are the sharpest. The 499.8'@absorption gives

a statistical isotopic triplet because the Pt-14 and Pt-15
14 bands (Table 4) are separated by less than the line width
(Figure 9). Our BPW91 calculation predicts this band at 531.3
cm! with 14/15 ratio 1.0308 and 3% of the strongest band
intensity, in very good agreement with the observed values. This
assignment to the PNN stretching mode disagrees with a weak
394 cnr! band reported earliéeb

A weak combination band at 2669.6 chtracks with the
stronger fundamental absorptions for PtNN and confirms the
assignments. Recent thermal platinum matrix isolation experi-
ments also observed the 2670 and 499 tmbsorptions for
PtNN 33 The former band is higher than the sum of stretching
modes (2168.5- 499.6= 2668.1 cm?) by 1.5 cnt?; this could
arise from different matrix shifts for the combination and
fundamentals or from a small negative anharmonicity. The
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2669.6 cm! band is 0.4% of the fundamental band intensity, 016 PNy,
but note the clear quartet scrambled isotopic spectrum (Figure Pt(N,), Pl PN
9). For P¥5N15N, the combination band at 2582.6 chis also N, co | :

higher than the 2096.2- 484.9 = 2581.1 cn1! sum by 1.5 0.12.;WM/W LJ\‘L ©
cm™L; for PEN'®N, the combination band at 2627.6 chis
higher than the 2134.4- 492.2= 2626.6 cn! sum by 1.0 JU “'L‘”\/\__Ax‘(ﬂ
cm~1, and for P¥N4N, the combination band at 2624.9 thn M/A/U

is higher than the 2131.4 492.2= 2623.3 cmi! sum by 1.6 M/A/U

cm~1. The B3LYP prediction for the PtNN stretching mode

is 15 cnt! lower than the observed value, and the bending mode 0.04
is 11 cn! lower than the BPW91 value. Clearly a higher level

Absorbance
<o
<
o0

of theory is needed to describe the—RN bond more )

accurately. 0.00 @)
The weaker bands at 2646.6 and 2560.3 tmith 1N, and 2200 2000

15N, in argon, respectively (Figures 7 and 9), track with the Wavenumbers (cm™)

strong 2195.4 and 2122.2 Cmpt(NN)? fupdamentgls. These Figure 10. Infrared spectra in the 2270920 cn? region for laser-
bands are due to the samg+ o, combination described above  ablated platinum (a) co-deposited with 2% &hd 0.2% CCJin neon
for Pt(NN), in solid nitrogen. Since thegy (NN) fundamental for 60 min, (b) co-deposited with 2%Nn neon for 60 min, (c) after
is not known, no prediction of the, (Pt—N) mode can be made, 4 > 630 nm irradiation, (d) aftet > 470 nm irradiation, (e) aftet >

but these modes will be slightly lower than the nitrogen matrix iB;)nr;r:ailg:%diation, (f) afte > 240 nm irradiation, and (g) after 10
values. '

Similar investigations with 2% hin neon gave complemen- €M 1), argon (2195.4 cm), and neon (2206.9 cm) and
tary spectra, but owing to more reagent diffusion before sample the BPW91 prediction (2190.4 cm confirms this identifica-
solidification, the relative populations of PtNN (2169.5 ¢m tion.

; ; . The combination band observed at 2660.0€m solid neon
in neon) and Pt(NN)(2206.9 cmitin neon) are again reversed . A _
(Figure 10). The mixedN, + 15N, isotopic pattern for is 9.6 cn1! below the 2669.6 cmt PtNN combination band in

antisymmetric and symmetric stretching modes of-15-Pt- solid argon. Since PY(NN)dominates PINN (Figure 10), the

14—14 at 2150 and 2238 crh, respectively, again substantiates PYNN}; assignment is more likely (a PINN assignment would

the li lecul . £ Th d f th require an unlikely 9.6 cmt argon to neon red-shift in the Pt
€ linear molecule assignment. These modes are of the Same fundamental). Subtracting the above 2256 ¢my; mode
symmetry, they interact, and the stronger antisymmetric mode

N i i ~-* estimate from 2660 cn gives a 404 cm! gy, prediction, which

is displaced (20 cm) below the median of the pure isotopic s i excellent agreement with the deduction from the nitrogen
antisymmetric modes, and the weaker symmetric mode gainsmatrix absorption and DFT calculations but not with the 360
intensity and is displaced higher by a like amount. From these -1 frequency reported earlié® Four combination bands are
displacements, a 2256 crhestimate for the forbidden sym- possible in theN, + 15N, experiment, and new bands were
metric N—=N stretching mode of Pt(NN)in solid neon can be  opserved at 2683, 2634, and 2596 @all much weaker than
made. This is 49 cmt higher than the strong observed the pure isotopic 2660.0 and 2573.4 Gnfieatures (Figure 12).
antisymmetric mode. Our BPW91 calculation predicts the Note that the mixed isotopic band profile is different for the
symmetric mode higher by 49.6 cth The observation of  fundamental (Figure 11) and the combination band because of
virtually the same spectrum for Pt(NNh solid nitrogen (2205.7  the combination band selection rules. Subtraction of the two
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Figure 11. Infrared spectra in the 228930 cn1? region for laser-
ablated platinum co-deposited for 60 min witiN, + 15N, in neon at

5 K: (a) 1%%N, + 1% 15N, + 0.2% CC} in neon, (b) 0.5%“N, +
0.5%1'°N; in neon, (c) after annealing to 8 K, and (d) after annealing
to 10 K.

observed Pt(1414)(15-15) N—N stretching modes gives 446
and 396 cm? values for the two PtN; stretching modes. These
differences are slightly lower than the BPW91 calculated values
as found above for Pt(3414), and support the identification
of the bis dinitrogen platinum complex. The unique character
of the linear centrosymmetric molecule combination band
selection rules confirms this assignment.

Pt,NN in Argon. In experiments with 0.2%, 1%, and 2%
N, a new 2132.3 cmt feature appeared on annealing, decreased

J. Phys. Chem. A, Vol. 105, No. 33, 2002809

band was also observed using the sputtering discharge atom
sourcé® but not with thermal atom¥:32 The 2045.8 cm!
feature shows no intermediate components with mixdg +

15N, but weak intermediate bands are observed at 2014.3 and
2010.3 cmt with scrambled“N; + NN + 15N, (Figure 8).

The 2045.8 cm! absorption is due to another end-bonded
dinitrogen species. Doping with 0.1% C@b capture electrons
eliminated this band from the spectrum, the 2168.5¢RtNN

band was reduced by 20%, and a new band appeared at 2230.3
cmL In comparable 29%°N, experiments with CGJ the 1977.6
cm! counterpart band was eliminated, the 2096.2 tlvand

was reduced by 35%, and a new band appeared at 2155%7 cm
A weaker 2550.7 cmt band decreases with the 2045.8 ém
absorption on annealing and exhibits a similar band contour.
The weak 2550.7 cri feature is tentatively assigned to the
stretching mode combination band for PtNNthe difference
(2550.9— 2045.8= 505.1 cnt?) is slightly higher than the
BPW91 predicted 455.2 cm value for the P+N stretching
mode.

The neon matrix counterpart at 2054.1 @mexhibited

analogous behavior: this band decreased slightly on photolysis
and annealing, disappeared with ¢@bded (Figure 10), and
exhibited a pure isotopic doublet withN, + 15N, (Figure 11).
The small blue shift (8.3 cri) from argon to neon is typical:
NiCO™ blue shifted 13.7 cmt. The isoelectronic PtCOspecies
was observed at 1896.3 ¢ 169.2 cni! below PtCO in solid
neond? whereas PtNN is 115.4 cn! below PtNN.

Numerous studies have shown that added,C&btures most
of the ablated electrons, thus reducing the yield of product anions
and correspondingly increasing the yield of product catfdi3.

markedly on photolysis, reappeared on higher annealing, andThese observations support assignment of the 20458 lsamd

shifted to 2128.8 cm! on 40 K annealing (Figure 6). This
feature exhibited only pure isotopic absorptions witN, +

to PtNN~ and the new 2230.3 cm band to a nitrogen product
cation in solid argon.

15N and two sharp intermediate components were also observed The PtNN™ assignment receives strong support from DFT

at 2095.2 and 2092.4 crhafter annealing thé*N, + 1“N15N
+ 15N, sample. These isotopic data verify the stretching mode
of a single NN subunit with inequivalent atomic positions such
as PtNN but 36.2 cmi lower. The first 2132.3 cmtt band is
assigned to PtPtNN and the annealing product to the higher Pt

calculations. The BPW91 functional predicts a strong NN
fundamental for PtNN(?A") at 2028.6 cm?, 133.9 cnt below
the value for PtNN, which are in excellent agreement with the
experimental observations. The electron affinity implied here
from the BPWO91 energies (1.4 eV) is in the range for TM

NN complex; both of these bands are photosensitive. Green etdihydrides3* On the other hand, PINN(2=") is predicted to

al 13 reached the same conclusion about the 2132 @mnealing

have a weak NN fundamental at 2255.3 cmih 92.8 cn!

band in their spectra and proposed that aggregation of Pt is moreabove PtNN, which is not observed here.

favorable than aggregation of,Nwhich is in agreement with
our observations. BPW91 calculations predict a 4.6 trad-
shift in the N—N stretching mode for PtPtNN relative to PtNN,
which is in qualitative agreement with our observed 36.2tm
shift.

Pt+ N,— PtNN (=) (AE= —157 kd/mol)  (5)

Pt-+ PtNN— PtPtNN (=) (AE = —225 kJ/mol)  (6)
@)

The 2242.6, 2233.2, and 2218.2 thrbands produced on
annealing were also observed by the Argonne gfSupere
we find a small secondaryNsotopic dependence and suggest
that these bands are due tQ(RiN), wherey = 2 is most likely,
again in accord with the more dominant diffusion of Pt than
N2. Note that the second Pt binds to PtNN more strongly than
the second M

Pt(NN)1 2 in Solid Argon and Neon. A new 2045.8 cm?

N, + PtINN— NNPtNN (AE = —155 kJ/mol)

Additional charged species are observed in solid neon. The
sharp 2237.4 cmt feature is enhanced by CCland is
independent of metal. This band is in excellent agreement with
the (NN)* absorption in solid neon produced by discharge
excitation3® which means that energy in excess of 15.6 eV, the
ionization energy of N3¢ is available in the laser plume to
produce N' in these experiments for reaction with b form
(NN)2*. An analogous conclusion was reached about the
formation of CO".2° The sharp 1648.7 cnd band is between
the solid nitrogen (1657.7 cm) and gas phase (1644.7 cih
fundamentals for Nradical®2437and is assigned accordingly.

The weaker 1869.0 cmt neon matrix band is even more
photosensitive, i.e., substantial reduction by> 630 nm
radiation, and is eliminated by CC{Figure 10). The crucial
mixed isotopic evidence is shown in Figure 12: this feature
matches the mixed isotopic spectrum for Pt(AN)he inter-
mediate mixed antisymmetric stretching mode isotopic com-
ponent at 1833 cmi is below the median of pure isotopic values
(1839.5 cm'), and the weaker symmetric counterpart is
observed at 1903 cm. Our BPW91 calculations find a linear,

argon matrix band sharpens on annealing and decreases slightlgentrosymmetric Pt(NNY anion 78 kJ/mol more stable than

on irradiation and more on higher annealing (Figure 6). This

Pt(NN), and predict a very strong (2469 km/mol) antisymmetric
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Figure 12. Infrared spectra in the 276@560 and 19381770 cn1* regions for laser-ablated platinum co-deposited with28 + 2% 5N, in
neon at 5 K: (a) after 30 min deposition, (b) after 60 min deposition, (c) after 80 min deposition, (d§ &ftannealing, and (e) after > 240
nm irradiation.

TABLE 6: Experimental and Theoretical Frequencies (cnt?) for Mononitrides of the Third-Row Transition Metals

medium LaN HfN TaN WN ReN OsN IrN PtN
gas phase 923.9 1121.9 1137.0 1113.6 937.0
argor? 1063.0 1059.5 1121.4 1130.3 1004.5 927.9
nitroger? 761.7 883.4 962.9 1027.9 1083.8 1049.6 1002.3 893.1
DFT (BPW91) 786.6 950.6 1099.7 1080.7 1164.7 1219.1 1198.6 975.2
[state] [=1] (2] ['=7] [“=7] [*=7] (2A] ['=7] [211]
1037.0
[3A]°

a References given in matrix reports, refs 3, 4, 6, 7, and réfR&ferences 27, this work.c The singlet and triplet states are within 1 kJ/mol.

N—N stretching mode at 1928.4 cry in excellent agreement ~ PtN. This is probably due to the increasing electron count across
with the observed frequency. Considering that this is a platinum the series which initially strengthens the bond by filling bonding
complex species and an anion, this agreement is even moreorbitals but eventually weakens it as antibonding orbitals become
remarkable. We note that the antisymmetrie @ mode of occupied.
Pt(CO)~ observed at 1844.0 cthhas a high calculated infrared In most cases MN absorptions in both argon and pure nitrogen
intensity (2898 km/mol) and is below the fundamental for are observed. The former is due to isolated MN, whereas the
PtCO™ observed at 1896.3 crh (infrared intensity 1132 km/  |atter is probably complexed by additional Ngands and/or
mol).32 interacts more strongly with the nitrogen matrix. This com-
What is the possibility of detecting Pt(NN\y" cations, which plexation can cause a significant red-shift in the absorption
are surely made in these experiments? Recall that Pi(£0) frequency: a good example is OsN, which absed&® cnt?!
cations were observed in similar carbonyl experiments. How- lower in a pure nitrogen matrix than in argbin other cases,
ever, the latter cations have calculated infrared intensities of the red-shift is far smaller and there is no obvious correlation
321, 744, and 1140 km/mét,and the Pt(NN);" cations have  between the size of this shift and the position of the metal in
calculated infrared intensities of only 21 and 78 km/mol (Table the periodic table. Gas phase absorption frequencies are com-
4). The Pt(NN)™ cation is tentatively identified at 2210.0 cin monly very close to the argon matrix values; the ReN
in solid nitrogen. A weak 2212.1 crhband observed with C¢l comparison is a good case in point.

doping (Figure 10a) increases slightlp 8 K annealing and DFT calculations for these molecules are commonly very

disappears on UV/Vis irradiation. Unfortunately, #t, region useful, although direct comparisons between calculated frequen-
is masked by other absorptions. This weak band is tentatively cies and nitrogen matrix values are Compncated by the red-
assigned to Pt(NNJ. shift discussed above. The MN frequencies calculated using the

Third-Row Mononitrides. Almost all of the third-row  Bpwg91 functional are consistently high by several tens of
transition metal nitrides MN have been observed in argon or wavenumbers and are a useful tool in assigning spectra. For
nitrogen matrices, and gas-phase data are available in most casegxample, they indicate that the singlet state of TaN is the correct
The only exception is AuN, which has not been obseffed. ground state since the frequency for this state is high by 36.7
Calculations at the BPW9L1 level for AuN predict the molecule cm-1 whereas the calculated triplet frequency is below the
to be an extremely weak infrared absorber (1 km/mol) at 575.7 gpserved values.
cm for the3=~ ground state, and it is likely that the molecule
was made but could not be detected.

As shown in Table 6, the overall trend in frequencies is a
steady increase from the start of the row, reaching a maximum Platinum atoms have been reacted with pure nitrogen to
at ReN and OsN, and then a decrease at the far right, ending aproduce several new metal nitrides. The platinum products are

Conclusions
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dominated by PtN and species derived from PtN including
NNPtN, PN, PtNNPt, and Rt-PtN. The azide PtNNN
increases on annealing from the reaction of Pt withradlical.
The NNPtN isomer is more photosensitive than PtNNN.
New information is obtained for Pt(NNromplexes: (a) the
important PENN stretching mode has been observed at 499.
cm™! for PtNN along with the strong NN stretching mode
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and their combination band, (b) mixed isotopic data in the strong 58, 5453 (Pt+ N»).

fundamental and combination band confirm the identification
of linear Pt(NN), and (c) the earlier identification of Pt(NN)
must be rejected. The-A\N fundamental for PtNN in solid neon
at 2169 cn! is lower than the fundamental for chemisorbed
N, at Pt(111) defect sites (2222 and 2234 ¢#%-1it appears
that the N interaction with a single naked Pt atom is stronger.
However, we note absorptions in the 2222260 cnt? region
for higher metal cluster RINN), species.

Complementary neon matrix investigations facilitate identi-
fication of the charged species PtNIdnd Pt(NN)~: the latter
is photosensitive to red light. The-\N fundamental is 115
cm~! lower in PtNN- than in PtNN, which is in accord with
alkali promotion of N dissociatiorf? In addition, the (NN)"
cation is observed in agreement with previous wirk.

DFT using the LANL2DZ pseudopotential reproduces the

experimental results better for nitrogen complexes than for
platinum nitrides; the calculated frequencies are consistently too

(14) Manceron, L.; Alikhani, M. E.; Joly, H. AChem. Phys1998 228
3 (Ni + Ny).
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V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B;
Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.;
Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.;
Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head-
Gordon, M.; Gonzalez, C.; Pople, J. Baussian 94revision B.1; Gaussian,

Inc.: Pittsburgh, PA, 1995.

(18) Becke, A. D.Phys. Re. A 1988 38, 3098.

(19) Perdew, J. P.; Wang, Yhys. Re. B 1992 45, 13244.

(20) Becke, A. D.J. Chem. Phys1993 98, 5648.

(21) Krishnan, R.; Binkley, J. S.; Seeger, R.; Pople, J.AChem. Phys.
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(25) Zhou, M. F.; Andrews, LJ. Phys. Chem. 2000 104, 1648 (Ga

high by several tens of wavenumbers using the BPW91 + Ny).

functional. Higher level calculations on PtNN are warrarfted.

The results for PtN are compared with those for the other

mononitrides of the third-row transition metals and are found
to complete the trend in frequencies.
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