10250

J. Am. Chem. S0d.996,118,10250-10256

Nitrogen Chemisorption on the Coordinatively Unsaturated Rh

Site on AbOs

Edward A. Wovchko and John T. Yates, Jr.*

Contribution from the Surface Science Center, Department of Chemistryetdity of Pittsburgh,

Pittsburgh, Pennsyhlnia 15260
Receied January 29, 1996

Abstract: The UV (3.8 eV) photolysis of atomically-dispersed'®&0), species supported on an 8 surface in

the presence of Nat 175 K caused the replacement of CO by IMands. Therefore dinitrogen chemisorption
effectively probes the coordinatively unsaturated Rh(CO) species generated during photodecompositi@Qy/Rh
Al,Os. Two infrared bands, observed at 2234 and 2048'care attributed respectively tq, andvcoin Rh(N;)(CO),

and a band at 2188 crhis assigned to Rh(}), surface species. The assignments are based on frequencies and the
relative rates of spectral development for the twgddntaining species. The Rhf]N species on AlO; exhibits
identical N—N stretching modes to a similar species produced by matrix isolation methods. It is shown that both the
Rh—CO bond and the RAN, bond may be broken by photolysis.

1. Introduction

The ultraviolet photolysis of RECO), species, supported on

Rh sites were of low intensiit=22 Only recently have there
been reports of a molecular complex of rhodium with mixed
CO and N ligands or two N ligands?324 In several of the

Al;03 (designated RECO)/Al-Oy), produces an unstable and  apove mentioned studies, the molecular orientations of the
coordinatively unsaturated Rh(CO) intermediate which can g4sorped N species were considered. Attempts were made to

activate the G&H bond in alkané€s* and the H-H bond in
hydroger® The atomically-dispersed RIEO), supported on

Al ;O3 is produced from disruption and oxidation of alumina-
supported metallic Rh particles in a reaction with CO gas and

surface hydroxyl group%.1* A critical step for successful bond
activation in alkanes and inHs the temporary adsorption of

the molecule on the photochemically-generated Rh(CO) centers.
For each of the above alkane and hydrogen bond activation
studies, no direct observation of this temporarily existing

intermediate was possible. In contrast, by photolyzinff@&n),

in the presence of nitrogen gas, we can successfully probe the;

photochemically generated Rh(CO) center by adsorbingoN
generate Rh()(CO) and Rh(N). species.

There have been several infrared studies patisorption on
supported metal surfaces, such as NiSifORuU/AI,O3,® Ru/
MgO,!¢ and Pt/SiQ.17 Only a few studies have involved the

distinguish between two Nbonding possibilities»-end-on
bonding andy?-side-on bonding. In these instances, the exact
type of bonding could not be determined.

In this paper, we have employed infrared spectroscopy and
ultrahigh vacuum techniques to investigate the ultraviolet
photolysis of RHCO),/Al,O3 in the presence nitrogen gas at
175 K. Nitrogen adsorption occurs on the photochemically
generated Rh(CO) species, leading ultimately to the production
of Rh(Np)2/Al,O3 species. Infrared spectra and Gaussian curve
peak fitting were utilized to identify the RFN, species.
sotopic substitution experiments were conducted to examine
the bonding orientation issues.

2. Experimental Section

All experiments were conducted in the special transmission infrared

Chemlsorptlon Of u on Supported Rh Surfacesy and In these cell described in detail previousﬁ’?e The cell is a stainless steel cube

cases the infrared bands associated with adsorbed Ketallic
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couple spot welded on the top center of the tungsten grid. The " T T T T
temperature could be held constant and maintaine#t2oK in the I ot
range 150 to 1500 K. The cell was flexibly connected to a bakeable 10'025 +
stainless steel vacuum and gas delivery system. The system was R=2em’ 2099

pumped by 60 L st turbomolecular and 30 L'$ion pumps achieving ;z ZZ?TO" +

base pressures of1 x 1078 Torr. The system was equipped with a h:'; 384056V
Dycor M100M quadrupole mass spectrometer for gas analysis and leak )
checking. Gas pressures were measured with a MKS 116A Baratron
capacitance manometer.

The 0.5% Rh/AIO; samples were prepared by dissolving RRCI
3HO (Alfa 99.9%) in ultrapure BD (10 mL/g of support). The 5
solution was mixed with the appropriate amount of powdereAl 60
(Degussa, 101 #g) and ultrasonically dispersed for approximately 45 360
min. This slurry was mixed with acetone (Mallinckrodt, AR) (9/1 1200
acetone/HO volume ratio) and sprayed onto the tungsten grid using a *
nitrogen-gas pressured atomizer. The grid was warmé&3Q K) and 2034 *
spraying was interrupted intermittently to allow for solvent evaporation. , 2188
The mixture was sprayed or¢h section (3.6 cr) of the grid leaving
a shielded/; (1.8 cn¥) section clear for background scans. Deposits . ' ' . l
ranged from 25 to 34 mg (8.1 to 10.4 mgRnuepending on the 2300 2200 2100 2000 1900
spraying time. o

Immediately after spraying, the sample was transferred to the infrared Wavenumber (cm™’)
cell and evacuated at 475 K for 3@0 h. Following evacuation the  Figure 1. Infrared spectra measured in the-N and G-O stretching
sample was reduced at 475 K using four 190 Tosielposures at 15, regions during 1200 min of photolysis of RBO)/AI,Os in the

30, 45, and 60 min with evacuation after each exposure. The samplepresence of 185 Torr of Nat 175 K. The arrows indicate the direction
was evacuated at 475 K for another 18 to 20 h then cooled to 303 K of the absorbance changes.

and exposed to 5 Torr of CO for 10 min to convert the metallic Rh to
RH(CO). The cell was evacuated and cooled to 172 K prior to nitrogen
addition and photolysis experiments. The temperature never exceede he 1200-mi hotolvsi - t i " |
179 K during each experiment (except for the photolysis d{&), € min photolysis experiment reveaiing a. coln Inua
under vacuum (Figure 5, lower section) where the temperature was decrease of the (_:afbonyl bands at 2099 and 2028 (dfirection
200 K). of development is indicated by the dark arrows). The decrease
Infrared spectra were measured using a nitrogen-gas purged Mattsorin the dicarbonyl bands is accompanied by the development of
Research Series | Fourier transform infrared spectrometer equipped withtwo bands centered at 2234 and 2188 ¢émThese frequencies
a liquid nitrogen cooled HgCdTe wide band detector. Spectra were fall in the range for gaseous dinitrog&mand dinitrogen species
recorded by averaging 1000 or 1250 scans at 2 or 1*apectral adsorbed on single crystal and supported metal surfacég?-33
resolution, respectively. The cell was translated laterally so the beam Upon inspection, one can see that at earlier photolysis times (5

could pass through the unsprayed portion of the grid to obtain the and 15 min) the band at 2234 cingrows at a faster rate than
background spectra. Small background features due to small deposits[he 2188-cm* band. The increase in intensity of the 2234-

on the KBr windows were observed. Absorbance spectra were obtained - ; -
by ratioing single beam spectra of the sample to background single .Cm mode between 360 and 1200_ min is much less than the
beam spectra. All spectra were baseline corrected. increase of the 2188-cmh mode during the last stages of the

A 350-W high-pressure mercury-arc lamp provided the ultraviolet photolysis process. Both of these species were stable after
light for photolysis experiments. The optical bench was equipped with evacuating the nitrogen gas at 175 K. A small intensity increase
af/1 two-element UV fused silica condensing lens, an iris diaphragm, is also observed around 2048 thibetween the two dicarbonyl
and a shutter. The light was filtered by a 10 cm water infrared radiation bands at 2099 and 2028 cfnas photolysis progresses. Bands

filter and a 3.8+ 0.5 eV (325+ 50 nm) bandpass filter. Thermopile i this region are typical for carbonyl species bonded in a
measurements indicate that the photofluxes of the filtered UV light terminal fashion to Rh centefsl4

were 7.4x 10 photons cm? s~ 4= 10%. Photochemistry and infrared . . .
measurements were conducted simultaneously without disturbing the 1h€ Nitrogen features generated during the photolysis of
position of the cell or UV lamp. This was done by orienting the Uv  RI/(CO)/AI,O3 can be removed both thermally and photo-
light source perpendicular to the infrared beam. The tungsten grid was chemically by an exchange process with CO. In Figure 2,
aligned in such a way that the infrared beam and the UV light were spectrum a represents the surface after 1200 min of photolysis
focused at a 45angle to the normal of the grid. in the presence of nitrogen (from Figure 1). After the sample
Carbon monoxide (Matheson, 99.9%C*°0 (Icon, 99%'°C, 95% is exposed to 5 Torr of CO at 175 K for 60 min followed by
1#0), MN™N (Icon, 99%**N), and**N; (CIL, 98%**N) were obtained o\ acyation, spectrum b is obtained. A partial loss of the 2234-
in glass breakseal flasks and used without further purification. and 2188-cm! bands is observed along with an intensification
Hydrogen (Matheson, 99.9995%) and nitrogen (Matheson, 99.9999%) of the dicarbonyl bands at 2099 and 2028 ¢émThis thermal
were obtained in steel cylinders and also used without further exchange rate slowed and the nitrogen species were then further

tyy» (min)

O:J
5

Absorbance

e irradiated. Spectra were measured at various times during

purification. - e a
removed by irradiating in the presence of 5 Torr of CO at 175
3. Results K (spectrum c¢). The dicarbonyl bands are regenerated back to
3.1. Photolysis of RWCO)/Al20s in Nitrogen. The (28) Szymanski, H. SRaman Spectroscoplenum Press: New York/

ultraviolet photolysis of R{CO),/Al ;O3 in the presence of 185  London, 1970; Vol. 2. _
Torr of nitrogen gas at 175 K is shown in Figure 1. The Ph@%ggffggoggég-:Zenobh R.; Xu, J.; Xu, Z.; Yates, J. T.JJChem
. . VS , .

Sp.eCtrum .measured prior to any UV light exposuig (: 0 (30) Arumainayagam, C. R.; Tripa, C. E.; Xu, J.; Yates, J. T.Sirf
min) conains a doublet at 2099 and 2028 éroharacteristic Sci 1996 360, 121.
of the symmetric and antisymmetric€© stretching modes of S (3lc)hBandcy, B.J; (igggir;gé N. D. S.; Hollins, P.; Pritchard). Chem

i i i i i ocC, em Commun .
the RH(CO)Z _speues_ generated by t.hengIdatlon.and dlsrUptlon (32) de Paola, R. A.; Hoffmann, F. M.; Heskett, D.; Plummer, E. W.
of Rh crystallites during CO adsorptién'* After this spectrum Phys Rev. B 1987, 35, 4236.

was recorded, the shutter was opened allowing the sample to (33) Ho, W.; Willis, R. R.; Plummer, E. WSurf Sci 198Q 95, 171.
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Figure 2. Thermal and photochemical exchangé®f, surface species
with CO(g) at 175 K. (a) Spectrum measured after 1200 min of
photolysis of RHCO), in 185 Torr of nitrogen (from Figure 1). (b)
Spectrum measured after evacuation efgds and exposure to 5 Torr

of CO for 60 min at 175 K followed by evacuation. (c) Spectrum
measured after photolyzing in 5 Torr of CO for 60 min followed by
evacuation. The arrows indicate the direction of the absorbance
changes.

their original intensity demonstrating the reversibility of the
photoexchange process.

The adsorbed nitrogen also exchanges with itself upon
irradiation. This is illustrated in Figure 3. HerEC80 was
initially utilized to create isotopically labeled gem-dicarbonyl
species, shifting the infrared bands appropriately to 2001 and
1940 cnt!. The sample was then irradiated under 10 Torr of
isotopically labeled®N, at 175 K for 1200 min to produce the
spectrum indicated at 0 min. Here two bands very similar in
character to the bands generated usfivg are observed around
2161 and 2117 crit. Upon evacuation 0N, and introduction
of 10 Torr of14N,, virtually no exchange takes place thermally
after 180 min at 175 K. However, after exposing the sample
to UV light an immediate exchange takes place between
adsorbed®N; and gas-phaséN,. Both the high-frequency and
low-frequency bands decrease in intensity for 1, modes
and both increase in intensity for tAéN, modes. Complete
replacement of'®N, species is achieved after 1200 min of
irradiation. A slight decrease in carbonyl mode absorbance
occurs during irradiation. This is consistent with the replace-
ment of carbonyls by nitrogen as shown in Figure 1.

3.2. Absorbance Ratio of Nitrogen Infrared Bands. It

1
1900

can be seen in Figure 1 that the two nitrogen infrared bands

developing during photolysis grow independently and at dif-

ferent rates. To inspect this in better detail, the peak absorbance

of the 2234- and 2188-cr4 features are plotted versus
photolysis time in Figure 4. Formation of the high-frequency

J#fdko and Yates
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Figure 3. Photochemical exchange of isotopically labeled, surface
species with*N,(g) at 175 K. The spectrum to the right of the dashed
line at 0 min represents 1200 min of photolysis of (EC'%0),/Al .03

in 10 Torr of*®Nx(g). The spectrum indicated at 180 min was measured
in the presence of 10 Torr 6fN; after 180 min withno irradiation
indicating that thermal exchange of, Ngands does not occur at 175

K. Spectra to the left of the dashed line represent spectra measured
during irradiation in 10 Torr of“N,.
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Figure 4. Sequential formation of Ninfrared bands as a function of
photolysis time. Absorbances of the 2234- and 2188dpands are
plotted in the lower portion. The absorbance ratio of the 2188cm
band to the 2234-cnt band is plotted in the upper portion.

3.3. Developments in the Carbonyl Region during Pho-
tolysis. The gem-dicarbonyl infrared bands are lost during the

band occurs immediately and to a much greater fractional extent!V Photolysis of RHCOR/AIOs in nitrogen. However, a small
than the low-frequency band. It is not until the later stages of Pand near 2048 cm was observed to grow between the two

photolysis that the low-frequency band grows faster than the

former. This effect is more clearly represented by the absorb-

ance ratio of the 2188-cm-band absorbance to the 2234-¢m

dicarbonyl bands in Figure 1 as irradiation took place. The
difference spectrum measured after 360 min of irradiation in
Figure 1 is displayed at the top of Figure 5. One can clearly

band absorbance. The absorbance ratio is small at the earlysee the two positive bands attributed to nitrogen species and
photolysis times, and the ratio increases for increasing irradiationalso a positive feature at 2048 cin(indicated by cross-
time. The absorbance of the low-frequency mode approacheshatching). The 2048-cnt feature is due to a carbonyl species

that of the high-frequency mode for long irradiation times. This
behavior indicates that the two infrared bands arise from two
separate nitrogen-containing species.

as confirmed by a similar feature that develops at 1961'cm
when photolyzing isotopically labeled RFC?O),/Al,Os in
nitrogen.
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Figure 5. Infrared difference spectra ofNand CO modes during 23'00 22'50 22'00 21'50 2100

photolysis. The upper spectrum was measured after 360 min of
irradiation in 185 Torr of N at 175 K. The lower spectrum was
measured after 360 min of irradiation ax51078 Torr of N at 200 K.

To more clearly understand the 2048-¢rfeature, an infrared
difference spectrum of R{€CO),/Al .05 irradiated with UV light
at 200 K in vacuum €5 x 1078 Torr) is shown in the lower

portion of Figure 5. The spectrum has been normalized so that

the loss of the 2099-cnt symmetric dicarbonyl stretching mode
matches the loss of the 2099-cthhmode of the difference
spectrum obtained for photolysis ino,Nas shown above.

Photolysis of the dicarbonyl species under vacuum results in a

similar loss of dicarbonyl bands, but positive features develop
around 2061 and 1984 crh Assuming that the same contribu-
tion is present at 2061 cm for the photolysis under nitrogen
case, there is still an additional contribution from a feature at
2048 cnt! (cross-hatched portion) that is not present in the
vacuum experiment. This suggests the presence of a distinct
carbonyl species in the nitrogen experiment. Also the magnitude
of the band observed to develop at 1984 érfor the nitrogen
experiment is much less than that observed in the vacuum
experiment. The 1984-cm band is indicative of CORh—
Rh—CO species which do not form extensively in the presence
of nitrogen during photolysis.

3.4. Curve Fit Analysis of Nitrogen Infrared Bands. The
two nitrogen bands centered at 2234 and 2188caverlap
with each other. At later stages of nitrogen uptake, the low-

frequency band contributes somewhat to the high-frequency

Wavenumber (cm™)

Figure 6. Curve fitting to experimental data for the-xegion spectra.
(A) Experimental spectra measured during 1200 min of photolysis in
10 Torr of No. (B) Two-peak Gaussian curve fit to experimental spectra
in part A. (C) Combination of fitted Gaussian curves in part B.
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absorbance. The extent of contribution can be determined byFigure 7. Nitrogen isotopic substitution effects. The upper section

fitting the experimental data to Gaussian curves.

This is Shows infrared spectra of separate samples measured after 1200 min

presented in Figure 6. Experimental data measured during q0f photolysis in 10 Torr of nitrogen for each isotope. The lower section

1200-min UV irradiation of RK3C'80),/Al,0z in 10 Torr of

nitrogen are displayed in Figure 6A. A two-peak Gaussian
curve fit of each spectrum in Figure 6A is shown in Figure 6B.
The combination of the two fitted peaks for each spectrum is
displayed in Figure 6C. One can visually see the close
correlation between the combined fit (Figure 6C) and the original
experimental data (Figure 6A). More importantly, the individual
development of the high-frequency component (Figure 6B)

represents the split, shifted, and normalized spectra from above.

and begin to decrease during the latter stages of photolysis. The
low-frequency component also increases continually. This
indicates that the two nitrogen-containing species are produced
simultaneously and can mutually exist together. The 2234'cm
band observed in Figure 6A does in fact grow at a decreasing
rate throughout the entire irradiation experiment, a®d),
species are being consumed.

increases in each sequential spectrum during the photolysis range 3.5. Nitrogen Isotopic Substitution Experiments—Halfwidth
and the plot of the relative absorbance of the 2188- and the and Quarterwidth Analysis. The effect of nitrogen isotopic

2234-cnt! features shown in the Gaussian fit curves strongly

substitution during the UV photolysis of isotopically labeled

resembles the absorbance ratio measured directly from theRh (13C180),/Al, 05 is shown in Figure 7. Infrared spectra of

experimental curves at the top of Figure 4. At no point does

the nitrogen stretching region measured after 1200 min of

the intensity of the high-frequency component reach a maximum irradiation at 1-crm? resolution for three separate samples can
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Figure 8. Halfwidth of the high-frequency nitrogen mode versus

photolysis time for two““N,, one“N®N, and one'*N, experiment.

be seen for each nitrogen isotope. The dashed line portion o
each spectrum (209050 cnt?) represents a small contribu-
tion from 5%73C60 impurity in the isotopically labeletC10.

Both nitrogen modes shift to lower frequency as one progresses

from 14N, to NN to 15N,. Within the experimental frequency
accuracy, one can see that both bands shift in a parallel
fashion as the isotopic composition of the N changed.

In the lower portion of Figure 7, the spectra from above were

shifted, normalized, and separated for purposes of illustrating

the line width behavior for the different isotopic versions of
the same surface species. The full width at half maximam)

is indicated for the high-frequency mode, and the full width at
quarter maximumWy4) is drawn for the low-frequency mode
for each isotope. The maximum change in halfwidth for the
high-frequency mode is less than 1.1 ¢nand the maximum

change in quarterwidth for the low-frequency mode is less than

3.6 cnTl, for the various isotopic species.

In Figure 8, the halfwidth of the high-frequency nitrogen
mode is plotted as a function of photolysis time for thfbl,
experiments, and for orféN?°N and one>N, experiment. One

can see that the range of halfwidths measured for a given

photolysis time is 0.51.5 cnt! with an overall average
halfwidth difference of 0.9 crmt (from eight time measurements)
independent of which isotopicAspecies was used. In Figure
7, the maximum difference between quarterwidths of the low-
frequency mode was 3.6 cth The influence of the absorbance
due to3C%0 impurity is more significant for the quarterwidth
for both thel*N15N and'>N, at short photolysis times. Because
of this, a comparison for the low-frequency mode is not
presented.

4. Discussion

4.1. Photochemistry of RK(CO),/AI,Oz in Nitrogen.
Irradiation of RW(CO),/Al O3 causes the desorption of CO to
produce the coordinatively unsaturated Rh(CO)DAlspecies.

This species provides an active site for the dissociation of the

C—H bond in alkanes# and the H-H bond in H.> For
RH(CO), photolysis in the presence ofy(g), the N species

J#fdko and Yates

stretching frequency near 2331 ch#%21.34 The two bands at
2234 and 2188 cmt differ from the frequency measured for
N, chemisorption ommetallic Rh sites which was at 22%8or
2248 cn1t.22 Ny adsorption on metallic Rh sites producesN
absorption bands which are much weaker than the bands
observed in this work9-22

4.2. Identification of the Two Nitrogen Species. Based
on what is known about the photolysis of 'RRBO),/Al ;03175
and the reversibility of carbonyl and nitrogen exchange during
photolysis (Figure +3), the most logical species generated
during irradiation in nitrogen gas are indicated in the following
reaction sequence:

hw+N,

hv +N

RH(CO), —— Rh(\,)(CO) Rh(N,), (1)
The photolysis of RCO)/AI,Oz results in the loss of a
carbonyl ligand and the subsequent adsorption pfoNorm a
Rh(N,)(CO) species. An additional loss of the second carbonyl
¢ligand leads to the formation of a Rhf}d species. The Rh-
(N2)(CO) species would be expected to exhibit infrared bands
in the N, and CO stretching regions. The Rhjiwould only
display infrared band(s) in theJétretching region. Since the
high-frequency mode at 2234 cis predominately formed at
the early stages of photolysis, it will be assigned to RN
(CO) and the 2188-cmt mode, which develops fully only at
later stages, will be assigned to RAN This is consistent with
reaction sequence 1. An alternate assignment of the 2234- and
2188-cnt! bands to symmetric and antisymmetric coupled
modes for Rh(M); is inconsistent with the changing absorbance
ratio for these two bands as photolysis takes place as shown in
Figure 4. The changing absorbance ratio differs from the
unchanging ratio observed during the formation of(RD).”

A carbonyl feature at 2048 crh develops during photolysis
in Figure 1. This spectral band is more clearly seen in the
difference spectrum displayed in Figure 5. The actual intensity
of the 2048-cm? band may be attenuated on its low-frequency
edge by the strong negative difference feature at 2028'cm
caused by depopulation of the dicarbonyl species. The 2048-
cm~1 band is superimposed on a positive feature at 2061'cm
which is observed as a singular feature in this spectral region
for photolysis experiments in vacuum (bottom of Figure 5). We
assign the 2048-cm mode to Rh(N)(CO) and the 2061-cmt
mode to coordinatively unsaturated Rh(CO). The assignment
of the 2048-cm! mode to Rh(M)(CO) is consistent with other
assignments, for example Rh(H)(CO) at 2020-2045 c#r38

A second feature which is prominent in the photolysis
experiment in vacuum is the 1984-ctband. This band is
not strongly observed when R80), photolysis occurs under
N2(g). Itis possible that it is due to CERh—Rh—CO species
which preferentially form by dimerization of photochemically
produced Rh(CO) species when ¥ unavailable to bond to
the coordinatively unsaturated site.

The assignment of Rh{@\} at 2188 cni! is in excellent
agreement with 10 K matrix isolation experiments involving
the co-condensation of Rh atoms with 18 form Rh(N,), with
n=1-43% In that work, a single band measured at 2188 &m
was assigned to Rhg species, in exact agreement with our

are adsorbed on the coordinatively unsaturated Rh sites, butband at 2188 crt. For isotopically labeled REN,), the band

N—N bond scission does not occur.
consequence of the isoelectronic nature gfald CO.

The N—N stretching mode foF*Ny(g) is at 2331 cm®.28 N,
chemisorbed on metallic surfaces exhibits a lowerNN
stretching frequency in a 200-cthrange below that of Ng).
The two infrared frequencies observed ¥, in this work at
2234 and 2188 cmi fall within the range of chemisorbed,N
but not of N, physisorbed on A3, which exhibits an N-N

This is a reasonable

(34) Neyman, K. M.; Strodel, P.; Ruzankin, S. P.; Schlensog, N.;
Knbdzinger, H.; Rech, N.Catal. Lett 1995 31, 273.

(35) Henderson, M. A.; Worley, S. 0. Phys Chem 1985 89, 1417.

(36) McKee, M. L.; Dai, C. H.; Worley, S. DJ. Phys Chem 1988 92,
1056.

(37) Solymosi, F.; Psztor, M.J. Catal. 1987 104, 312.

(38) Solymosi, F.; Kiiminger, H.J. Chem Soc, Faraday Trans199Q
86, 389.

(39) Ozin, G. A.; Voet, A. V.Can J. Chem 1973 51, 3332.
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Table 1. Spectroscopic Assignment of Surface Species Table 2. Predicted N-N Stretching Frequencies for Both
A Rh“N®N and RA®N“N Species Using an Unsymmetric Triatomic
Species vCO VNp Ref. Linear Oscillator ModeP and Assuming a RAN Stretching
(cme1 (cm-1y Frequency of 345 cri 3°
Kk ke
oc_ ,co Rh—N=N
Rit 2099 This work and
i s work am ki, K, n-n(HNIN), n-n(BNN), AVN-N,
2028 many others [6-14] Nm-! Nm! cmt cmt cmt
100 2000 2169.0 2167.2 1.8
,CO 150 2000 2184.8 2182.1 2.7
Rh 2061 . This work 200 2000 2200.5 2196.9 3.6
250 2000 2216.1 2211.6 4.5
300 2000 2231.6 2226.2 54
N, €O 350 2000 2247.0 2240.7 6.3
Rh 2048 2234 This work 400 2000 2262.2 2255.1 7.1
450 2000 2277.4 2269.4 8.0
500 2000 2292.5 2283.6 8.9
NZ\ /NZ
Rh - 2188 This work

species is best seen in the Gaussian fits shown in Figure 6, where
it is seen that the rate of development of the 2234“chand

N ‘RhO’NZ 218 39 assigned to Rh(}(CO) continually decreases as the RN
i (391 band at 2188 cm' develops. This behavior is in accordance
oc o with the sequential photochemical development of Ry
“Rti—~RH way of the intermediate species RRBJ{CO), although the

1984 - This work consumption of Rh(B)(CO) was not observed even after 1200
min of photolysis. Even though the intermediate species
Rh(Np)(CO) is being consumed to produce RBN it is also

. . ) . . being reformed from RHCO), throughout the entire 1200-min
shifted to 2113 cm?,3°in good agreement with our isotopically experiment.

shifted band for RA{N2), at 2117 cm*. The matrix isolation Both of the N stretching modes for RhgNCO) and Rh(M),
Rh(N2)n speC|e§lproduced infrared bands displaying h?m""dths shift slightly to lower frequency as the intensity and surface
of only 1-2 cm™, compared to halfwidths of 2730 cn * for coverage increases (Figure 6B). This may be due to inhomo-

Rh(N;)(CO)/AIz0; and quarterwidths of 2734 cnt for geneities in the AlO; sites which bind the Rh centers.
RA(N)2/Al20s in this work. It should be noted that the matrix = 4 4. Nitrogen-Bonding Issues. The question of molecular
isolation experiments were done with Rlatom deposits,  gientation of N in the M—N, moiety (M = Mo, Ni, Ru, Rh
whereas our studies involve Rh centers whose oxidation numberyy “and v, for example) has been an issue for numerous

cannot be determined in this work. ~ organometallic complexes with dinitrogén®® and for some
Table 1 shows the spectroscopic assignments of all the speciegyrface studie¥2°47 The issue is whether the dinitrogen ligand
observed in this work. is bonded by aml-end-on configuration, involving primarily

The possibility that RROCN and/or R-NCO species are 4 bonding between the metal center and only 1 nitrogen atom,
generated during the photolysis can be eliminated based on thepy j2-side-on type bonding, in which the bonding occurs through
results of our iSOtOpiC substitution experiments. In Figure 7, the r bonds between both nitrogen atoms. Examp|es of both
where RW(*3C'80), was initially produced prior to photolysis,  ponding types are found in the literatfe® but end-on
the 2236- and 2190-cm infrared bands fof“N, are nearly  ponding is much more prevalent. Molecular orbital studies of
identical to the bands observed in Figure 1, wher§'RE'0), RhCI(PH;)»(N>) indicate that end-on bonding is more stable.

was initially present. These bands at 2236 and 2190'@re  This is because the Rh center receives much larger electrostatic
much too high in frequency for potential RFPO*CN and Rh- stabilization as a result of slightly largerMonation fromy?-
N3CI80 species, respectivef). N2 bonding than fromy?-N, bonding?® In principle, end-on

A study involving high-temperature (523 K) COp+and N bonded Rk-N, species would be spectroscopically distinguish-
flow experiments on Rh supported on dealuminated Y zeolite able from side-on RhN; when isotopically labeledN®N is
surface was reported recently by MiesstferSeveral infrared  the ligand. A splitting of the infrared band is expected due to
bands were observed in both the nitrogen and the carbonylthe formation of two species, RINSN and RASN4N, in the
stretching regions. He assigned a 2060-tmarbonyl band end-on bonded RAN,. Table 2 shows the predicted-\N
and a band at 2251 crhin the N, region to Rh(CO)(N) stretching frequencyvi—n) for both RANN and RESNN
species. The nitrogen species were only stable at high nitrogen
pressure under flowing conditions. Although the CO and N
frequencies are somewhat higher, the assignment is similar to  (42) Hidai, M.; Mizobe, Y.Chem Rev. 1995 95, 1115.
this study. These differences may be due to preparation (43) Gambarotta, Sl. OrganometChem 1995 500, 117.
procedure differences or to large temperature differences in the, (44) Busetto, C.; D'Alfonso, A.; Maspero, F.; Perego, G.; Zazzetta, A.

(41) Chatt, J.; Dilworth, J. R.; Richards, R. Chem Rev. 1978 78,

J. Chem Soc, Dalton Trans 1977, 1828.

Spectroscopic measurements. (45) Thorn, D. L; Tulip, T. H.; Ibers, J. Al. Chem Soc, Dalton Trans
4.3. Production of the Two Species Involving B Ac- 1979 2022. _ o
cording to reaction sequence 1, the production of RJ¥N (46) Ozaki, A.; Aika, K. InCatalysis-Science and Technologyderson,

g A > .R.,B M.; Eds.; Spri Verlag: New York, 1981; Vol. 1, Ch
depends first upon the formation of RRKRCO). The detailed % + Boudart, M.; Eds.; Springer Verlag: New York, 1981; Vol. 1, Chapter

development of the two NN stretching modes for the two ' (47) Fang, T. H.; McKee, M. L.; Worley, S. [Can J. Chem 1994 72,
519.
(40) Paul, D. K.; McKee, M. L.; Worley, S. D.; Hoffman, N. W.; Ash, (48) Sakaki, S.; Morokuma, K.; Ohkubo, K. Am Chem Soc 1985

D. H.; Gautney, JJ. Phys Chem 1989 93, 4598. 107, 2686.
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species using a simple unsymmetric triatomic linear oscillator zz* antibonding orbitals. This backbonding leads to a strength-
model#® Frequencies were calculated over a range of possible ening of the RR-N bond and weakening of the-\N bond thus
Rh—N force constantskf), assuming a NN force constant of  lowering the N-N stretching frequenc$:505! For the Rh(N)-
2000 N n1? (k;) and a Rk-N stretching frequency of 345 crh (CO) species, the stronger bonding CO ligand would extract a
(the observed infrared frequency is in ref 39). The change in greater percentage of electron density from the Rlorbitals
frequenciesAvn—n) spans from 1.8 to 8.9 cmd over the range into its z* orbitals than the N ligand. In this case, the NN

of Rh—N force constants. The expected frequency difference bond would not be weakened to the extent of theNNbond in

is 3.6 cnt! for the frequency closest to the observéd—15N Rh(N), species and thus have a highe—N stretching
frequency of 2198 cm¥, according to this model, as may be frequency. This supports the assignment of the 22341dva
seen by inspection of Table 2. In the Rh atom/bb- band to Rh(M)(CO) and the 2188-cmt N, band to Rh(N)..

condensation matrix isolation studi@gand splitting (1.7 cmt)
was observed for RRMNIN and Rh-1°N1“N species, un- i ) _
equivocally proving end-on bonding. These bands were very The following conclusions can be made about the ultraviolet
sharp, displaying halfwidths of1—2 cnm! (as opposed te-30 irradiation of RW(CO),/Al O3 in the presence of nitrogen gas
cm! halfwidths measured here). at 175 K. ) _

The average halfwidth difference for th#\,-, 14N5N-, and (1) Molecular nitrogen adsorbs on the photochemically-
15N,-containing species was 0.9 ci‘nmeasuyred at \;arious generated coordinatively unsaturated Rh(CO) center. Infrared
photolysis times up to 1200 min (Figure 8). For the expected bands which develop "’.‘t 2234 anq 2048 €rare attributed to
frequency shift of the two RR1“N5N and Rh-1N1“N species the N>- and CO-respective stretching modes of R)(BO) and
[1.7 e (ref 39) to 3.6 cmi* (model)], the superposition of a band at 2188 cmt is assigned to the Nstretching mode of
broadened and shifted Gaussians (30-tfmalfwidth) would RA(No)2. o .
yield an experimental broadening sf0.7 cnt! which would . (@) Thg Rh(N)(CO) SPEcIes 1s initially produced and IS an
be unobservable in our experiments. Therefore we Cannc)tmtermedlate surface species for the formation of Rjybpecies

P : o by continued photolysis.
distinguishz-N2 bonding from#?2-N, bonding. .
Forg the 77spezcies Rh%)b aZtisyinmetricgand symmetric g;) BhOth Rh(sz(COLanddRh(l\j)?] suT;ace Species are ?ble
. . . ’ D t t ited, Nind CO t ti
vibrational coupling effects between the twg oieties would o be pnotoexcred, andzan PNOIOCIESOTPUON OCELIrS from

X o these excited face species, leading to (a) CO replacement
be expected. Although the width of the spectral transition for S exel suf Specties ing 10 (2) rep

: - by isotopic CO, (b) CO replacement by,Nc) N, replacement
Rh(Nzc)lz excee;]ds th(;:\t for th?\ RhéDI;CO) sple(:les,I no Sp“ttm?l bz isoton))ic " a(no? @ N Feplacement)ébg 3202 p
is evident. This indicates that vibrational coupling is smaller 4) 1sotobi ’ bstituti : ts to discrimi N
between N ligands than between CO ligands in the RREN (4) Isotopic substitution experiments to discriminafeN;

) . andn?-N, species in Rh(B(CO) were unsuccessful. However,
species compared to REO), species. The bandshape of the based on exact NN frequency agreement with matrix isolation
2234-cnt! Rh(N,)(CO) band remains essentially constant d yag

(AWy = 1.4) throughout the 1200-min photolysis in Figure 1 experiments for Rh(),, in whichn-bonding occurs, it is likely

that the Rh(M)(CO i Iso involveg-N, bonding.
This constant halfwidth also eliminates the possibility of a at the R(I(CO) species also involveg™-N; bonding

. X . (5) This work, through the stabilization and observation of
E:r(]'(\jlz)z coupling component overlapping with the RRJ{CO) the Rh(N)(CO) species, is the first spectroscopic study of the

] ) ) bonding of a molecule to the coordinatively unsaturated Rh site
The difference in the infrared band frequency (2234 and 2188 j, Rn(CO)/ALO; preparations.

cm™Y) for the two dinitrogen species may be explained by the
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5. Conclusions
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