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Coordination Chemistry of Metal Surfaces— 
Carbon Monoxide Chemisorption States on Pt(IIl) 

Sir: 

Delineation of the coordination chemistry of metal surfaces 
with defined crystallography under "clean" conditions is now 
a viable and extremely active research activity.1-3 Here we 
describe a valuable experimental procedure to ensure that 
chemistry ascribed to the flat, crystallographically defined 
surface is, in fact, just that chemistry—particularly for ex
periments based on thermal desorption4 and chemical dis
placement3-5 reactions. Through such experiments, we have 
shown that surface imperfections,6 invariably present even in 
carefully prepared crystal samples, play an important and 
detectable role in the spectroscopic and chemical behavior of 
a real crystal surface. In addition, we call attention to an al
ternative interpretation of vibrational spectroscopic data for 
such conceptually simple systems as chemisorbed CO on the 
close-packed platinum(lll) surface. 

A common observation in spectroscopic, diffraction, and 
thermal desorption studies is the apparent presence of two or 
more chemisorbed states, even at coverages that are substan
tially lower than one half monolayer. Consider the well-studied 
example of CO on the Pt( 111) surface. All results from ther
mal desorption studies are identical within experimental error:7 

there are two well-separated desorption maxima, one of vari
able intensity at 200 0C which shifts to ~150 0C as initial CO 
surface coverage increases and one of relatively fixed intensity 
and position at approximately 280 0C (Figure 1). With sub
stantial CO coverage, the former desorption peak is the larger 
(~80-90% of the total CO desorption). The higher tempera
ture desorption peak is present in thermal desorption experi
ments with Pt(Hl) after 15-30-min exposures of the crystal 
to the ambient, operating atmosphere in the ultrahigh vacuum 
chamber (10 -10 to 10-" Torr; 1 Torr = 133 Pa) which ana
lyzed by mass spectrometry as largely CO and H2. The major 
desorption peak has been ascribed uniformly to a CO chemi
sorption state on a Pt(111) surface and the minor peak has 
been variously associated with desorptions from other parts 
of the ultrahigh vacuum system to the edge areas of the crystal 
or to the ubiquitous imperfections6 of a real Pt(111) surface. 
We have established the last explanation to be the correct 
one. 

In our surface studies,3 thermal desorption4 and chemical 
displacement3'5 reactions play a major role in establishing the 
surface coordination chemistry. Without an experimental 
blank, there is a major uncertainty as to whether observed 
thermal desorptions or chemical displacements occur at the 
crystallographically defined surface of the very small metal 
crystal.8 We have devised a blank experiment based on a 
crystal of the metal under study that has only the flat exposed 
face of experimental study covered by a layer of gold (in the 
platinum system, the blank was prepared from a conventional 
platinum crystal wafer by vapor deposition of a thin copper 
layer followed by a thin gold layer—the sides and back of the 
crystal were masked during the deposition9). By using such 
metal crystal blanks, we have found it possible to establish with 
certainty the origin of any molecules displaced in thermal 
desorption or chemical displacement reactions from metal 
surfaces. Only in three cases have we seen any chemistry as
sociated with the gold surface in the temperature range of 
25-400 0C: methyl isocyanide expectedly was chemisorbed 

strongly on gold with a thermal desorption maximum at ~130 
0C, pyridine behaved similarly, and CH3CN desorbed at ~90 
0C. 

Our blank studies demonstrated that the observed thermal 
desorption of CO from the Pt(111) surface is totally associated 
with the real exposed crystal surface—not with the sides or 
back of the crystal or other parts of the vacuum system. The 
gold-plated crystal blank experiment showed no CO desorption 
in the 25-400 0C region (see Figure 1). Accordingly, the de
sorption maximum at 280 9C must be ascribed to thermal 
desorption from the front surface of the prepared crystal, and, 
because of the high temperature of this desorption process, 
desorption from surface imperfection sites is a logical process 
for this desorption phenomenon. It may be of electronic and 
structural significance to the issue of imperfection sites that 
a stepped Pt crystal [e.g., Pt 6(111) X (111)] exhibits a more 
intense 280 0C thermal desorption maximum and a less intense 
peak in the 150-200 0C range.7,10 Crystals with steps and kinks 
behave similarly.7b (Thus, there is no evidence of different 
activation energies for CO desorption from steps and kinks.) 
We suggest that the most common imperfections on a carefully 
prepared and annealed Pt(IIl) surface will be steps and 
kinks. 

Since there is a significant (~ 10-20%) concentration of 
chemisorbed CO at imperfections on the Pt(111) surface and 
since there is a substantial difference, ~5 kcal/mol, in the 
activation energies for desorption from the (111) surface and 
for imperfection sites, vibrational studies should detect (re
solve) both states. The first detectable state should be the more 
tightly bound state associated with CO at imperfection sites. 
In fact, two states are detected by electron loss studies10—the 
first to appear in the energy region characteristic of losses due 
to CO stretching excitation is a loss at 2080 and the second at 
1850 cm-1, regions characteristic of terminal M-CO and 
bridging Mx-CO metal carbonyls, respectively. The current 
interpretation11 of these data is that CO first chemisorbs on 
single platinum atoms in the (111) plane (terminal and linear 
M-C-O) and at higher coverages bridging sites are occupied. 
However, CO chemisorption apparently occurs first at bridging 
sites on the (111) surfaces of the closely related metals, nickel 
and palladium, a stereochemical feature fully consonant with 
coordination chemistry principles since maximal interaction 
of the CO carbon atom with surface metal atoms should lower 
most effectively the surface potential energy at low CO surface 
coverages on close-packed (111) or (001) surfaces.12-13 We, 
in fact, expect CO also to first go to bridging sites for the (111) 
surface provided that the temperature of cnemisorption is 
sufficiently high to allow CO migration on the surface and 
ascribe the first state that appears in the electron loss studies 
and which apparently involves CO bound to single metal atoms 
(2080 cm-1) to CO bound at the imperfection sites, vide infra. 
At high coverages, some CO could go to single atom sites in 
the terrace.14 

In the interpretation of the vibrational data for CO on 
Pt(111), serious consideration should be given to the possibility 
that the energy loss at 2080 cm-1 arises from CO chemisorbed 
at imperfections on a real Pt(111) crystal face15 and that the 
CO chemisorbed on the Pt(111) plane has a CO stretching 
frequency at 1850 cm -1, a region characteristic of abridging 
carbonyl—as expected by analogy to the CO chemisorption 
states on Ni and Pd(IIl) surfaces and from coordination 
chemistry principles.12-13 Vibrational data for stepped surfaces 
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Figure 1. Thermal desorption spectra for CO from a Pt(Il 1) crystal sur
face. In curve A is shown the spectrum obtained for mass 28 after exposure 
of the gold-plated platinum blank to 10 L (L = Langmuirs which is 10 - 6 

Torr s) carbon monoxide at 25 0C. Spectra for CO desorptions from CO 
states from the Pt( 111) crystal at CO exposures of 0.1 (curve B), 0.2 (curve 
C), and 0.3 L (curve D). 

support this interpretation. The intensity of the energy loss 
peak at 2080 cm -1 is much greater from the stepped surface 
[6(111) X (Ul)] than from the (111) surface7a for comparable 
exposures of CO. That is, as steps are added to the imperfec
tions which are always present, the intensity of the loss at 2080 
cm-1 compared with the 1850-cm-1 loss increases. 

In addition, we submit that another feature of the vibrational 
data for CO on Pt(111) supports the thesis that CO is on 
bridging sites (the state associated with the 1850-cm-1 loss) 
for platinum atoms in a (111) environment. For a given 
chemisorption state of a molecule or a molecular fragment on 
a metal surface, the average binding energy for the molecules 
bound to metal atoms in environments characteristic of the 
prepared surface plane should decrease generally to some small 
but detectable degree as the separation between individual 
surface molecules decreases (i.e., as the surface coverage in
creases). In some instances these slight energy changes may 
be detectable spectroscopically. In sharp contrast, chemi
sorption states of molecules on imperfection sites of a well-
prepared crystal surface should be less perturbed by coverage 
changes—the imperfection sites generally will not be ordered, 
contiguous, or subject to correlation effects. For the general 
case of CO chemisorption states characteristic of the prepared 
metal surface plane, electron transfer from metal to 7r* (ir 
antibonding) CO orbitals should be less extensive as CO cov
erage increases and the VQO (stretching frequencies) charac
teristic of this state should increase—available data from 
electron loss and infrared reflectance studies of CO on metal 
surfaces can be so interpreted.7a,n Thus, the chemisorption 
state which gives rise to the nearly coverage invariant 2080-
crn-1 energy loss for CO on Pt(111) is best ascribed to CO at 
surface imperfection sites. The chemisorption state which 
yields the lower energy (1850-1880 cm - ' ) CO stretching loss 
whose position is coverage dependent with a shift to higher 
energy with increasing coverage is best ascribed to CO bridge 
bonded to platinum atoms in a (111) surface environment. 
Note that the 2080-cm_1 loss is ascribed to the most tightly 
bound CO chemisorption state (imperfection sites). The im
perfection or stepped sites have surface metal atoms of lower 
coordination number (7) than do the terrace sites (9). This 
rationally accounts for the apparent anomaly of having the 
bound CO of higher stretching frequency being the more 
tightly bound CO chemisorption state. 

Although imperfections on single-crystal surfaces present 
substantial difficulties in the interpretation of chemical and 
spectroscopic data for chemisorption states, we believe that the 

above-described blank experiments coupled with a careful 
assessment of the coordination chemistry as a function of 
surface crystallography can eventually unravel the intimate 
features of metal surface coordination chemistry. The impli
cations presented here for platinum surfaces have substantial 
breadth; e.g., formally analogous phenomena have been es
tablished for the chemisorption of benzene and of ethylene on 
a Pt( 111) surface. 17In contrast, we have not sensed apparent 
chemisorption states due to crystal imperfections on Ni( 111) 
with a variety of small molecules—a result in keeping with the 
greater ease of preparing "nearly" perfect surfaces with nickel 
than with platinum. In the specific case of CO on nickel, both 
the (111) surface and a stepped surface show a single desorp
tion maximum, at temperatures separated by only 20 0C.'8 

Therefore, thermal desorption experiments would not detect 
steplike imperfections on a Ni( 111) surface. 
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Energy and Electron-Transfer Processes 
of the Lowest Excited State of the 
Tris(phenanthroline)rhodium(III) Complex 

Sir: 

In the last few years it has been found that the excited states 
of complexes containing aromatic molecules such as 2,2'-
bipyridine (bpy) or 1,10-phenanthroline (phen) as ligands are 
particularly suitable for energy and electron-transfer pro
cesses.1"5 These complexes are presently the focus of consid
erable interest because of their potential use in the conversion 
of light energy into chemical energy.6-10 The best studied is 
certainly the Ru(bpy)3

2 + ion, but other Ru(II), Cr(III), 
Os(II), and Ir(III) complexes have also been the object of 
photochemical and photophysical investigations.1-5 We de
scribe here the characteristics of *Rh(phen)33+, which is the 
first excited rhodium complex whose energy and electron-
transfer processes have been quantitatively investigated.11 A 
rather striking aspect of this study is that energy and elec
tron-transfer processes involving *Rh(phen)33+ have been 
observed and their rate constants have been measured without 
relying on directly observable properties (such as absorption 
or emission spectra) of the excited state.13 

In rigid matrix at 77 K Rh(phen)33+ exhibits a well struc
tured luminescence emission.15-18 The emitting state is the 
lowest 7T,7r* triplet, with £ 0 0 = 22.2 kK and T = 48 ms.15'16 In 
contrast to what happens for the analogous Cr(III), Ru(II), 
Os(II), and Ir(III) complexes,2 no emission can be observed19 

in fluid solutions of Rh(phen)33+ at room temperature. 
However, the presence of a relatively long-lived excited state 
upon irradiation (X 290 nm) of aerated solutions of 
Rh(phen)3

3 + in dimethylformamide (DMF) at room tem
perature is clearly shown by the occurrence of an energy-
transfer process (reaction 1) which causes the sensitization of 
the well-known20 C r ( C N ) 6

3 - phosphorescence: 

*Rh(phen)3
3+ + C r ( C N ) 6

3 -

-* Rh(phen)3
3 + + *Cr (CN) 6

3 - (1) 

A plot' of 1 //Sens vs. 1 / [Q] (where /Sens is the intensity of the 
sensitized emission and [Q] is the C r ( C N ) 6

3 - concentration) 
yielded a Stern-Volmer (SV) constant of 3.0 X 103 M - 1 . 2 1 

Assuming that the energy transfer occurs at diffusion-con
trolled rate (MO1 0 M - 1 s - 1) , the (lower limiting) value for the 
lifetime of *Rh(phen)3

3+ is ~0.30 /^s. In a few experiments 
carried out by irradiating deaerated aqueous Rh(phen)33+ 

solutions in the presence of biacetyl, the sensitized phospho
rescence of biacetyl was observed. As the emitting state of 
biacetyl lies at ~20 kK,22 the donor excited state of 
Rh(phen)33+ has to be either the 37r,7r* state which is seen in 
emission at 77 K ( £ 0 0 = 22.2 kK) or some other excited state 
which lies not much lower than that state. Even in the first case, 
the lack of appreciable emission from the 37r,7r* excited state 
at room temperature is not surprising in view of the five orders 

of magnitude decrease of T, which causes a proportional de
crease in the emission intensity. 

When a 4 X 10 - 5 M solution of Rh(phen)33+in acetonitrile 
was flashed at 347 nm with a ruby laser23 in the presence of 
variable amounts (1.6 X 10 - 4 to 2.0 X 10 - 3 M) of diphenyl-
amine (DPA), a transient spectrum was observed which 
practically coincided with the well-known spectrum of the 
DPA+ radical cation (Xmax 680 nm).24 This indicates that the 
reaction 

*Rh(phen)3
3+ + DPA — Rh(phen)3

2+ + DPA+ (2) 

takes place and that Rh(phen)32+ does not appreciably absorb 
in the 500-700-nm region.25 A plot1 of\/A vs. 1/[Q], where 
A is the absorbance at 660 nm and [Q] is the DPA concen
tration, yielded a SV constant of ~2.5 X 103 M - 1 . Assuming 
that reaction 2 takes place at diffusion-controlled rate (~1010 

M - 1 s - 1 ) , the (lowest limiting) value for the *Rh(phen)33+ 

lifetime in aerated acetonitrile is ~0.25 ,us, which is almost the 
same as that obtained from reaction 1 for aerated DMF solu
tions. A plot of 1J A vs. 1/[Q] for the *Cr(bpy)3

3 +-DPA sys
tem yielded a value of 7 X 109 M - 1 s - 1 for the electron-transfer 
quenching constant; this value, which is close to the diffu
sion-controlled one, compares well with that previously ob
tained for the same system by luminescence quenching ex
periments.27 This shows that the method of monitoring the 
absorbance of the electron-transfer products for obtaining the 
rate constant is reliable. Since *Rh(phen)33+ is (as we will see 
later) a better oxidant than *Cr(bpy)33+, there is no reason to 
believe that reaction 2 is not diffusion controlled. This means 
that the actual lifetime of *Rh(phen)3

3+ in aerated acetonitrile 
at room temperature has to be ~0.25 /its. 

A few experiments carried out in acetonitrile solutions with 
1,3,5-trimethoxybenzene (TMB) as a quencher showed that 
the T M B + radical cation (Xmax 590 nm)28 was generated at 
a nearly diffusion-controlled rate. Since the reduction potential 
of the TMB+/TMB couple is 1.49 V vs. SCE,29 it follows that 
*Rh(phen)33+ has to be a very powerful oxidant. This is not 
surprising because a value of 2.00 V vs. SCE is expected2 for 
the *Rh(phen)3

3 + /Rh(phen)3
2 + couple on the basis of the 

reduction potential of the Rh(phen)3
3 + /Rh(phen)3

2 + couple 
(—0.75 V)30 and the excited-state spectroscopic energy of the 
37r,7r* state (2.75 eV).15 This means that *Rh(phen)3

3+ is 
expected to be a much stronger oxidant than all the excited 
Ru(II), Cr(III), and Os(II) complexes and even than most of 
the excited Ir(III) complexes that have been studied up until 
now.' >3' The availability of excited states which cover a wide 
range of redox potentials is, of course, important for both 
systematic studies (e.g., that one described in ref 32) and 
practical applications. 

In view of the spectroscopic15-18 and electrochemical30 

analogies between Rh(phen)3
3 + and Rh(bpy)33+, the results 

reported above contribute to the elucidation of some interesting 
results recently obtained by Lehn et al.6,12 In the production 
of hydrogen upon ultraviolet irradiation of aqueous solutions 
containing Rh(bpy)33+ and triethanolamine (TEOA),12 the 
excited-state reaction has to be of the type of reaction 2. Sec
ondary reactions of Rh(bpy)32+ will then lead to hydrogen 
formation. On the other hand, in the production of hydrogen 
upon visible irradiation of aqueous solutions containing 
Ru(bpy)3

2 + , Rh(bpy)3
3 + , and TEOA,6-10-12 the excited 

ruthenium complex (E00 = 1 7 . 1 kK)2 cannot transfer elec
tronic energy to the rhodium complex. Rather, electron 
transfer from *Ru(bpy)32+ to Rh(bpy)33+ has to occur with 
formation of Rh(bpy)32+, which again leads to hydrogen 
generation, and Ru(bpy)33+, which is then reduced by 
TEOA. 

A systematic investigation on the photochemical and pho
tophysical properties of Rh(phen)3

3 + and other Rh(III) 
complexes is in progress in our laboratories. 
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