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SURFACE-ENHANCED RAMAN SPECTROSCOPY OF PENTAAMMINEOSMIUM(111)/(1I) AND

PENTAAMMINERUTHENIUM(II) CONTAINING PYRIDINE, PYRAZINE, OR b4'~

BIPYRIDINE LIGANDS AT SILVER ELECTRODES: VIBRATIONAL ASSIGNMENTS

¥ .
Stuart Farquharson, Peter A. Lay , and Michael J. Weaver*

Department of Chemistry, Purdue University, West Lafayette, Indiana 47907

ABSTRACT

Detailed vibrational assigaments are described for Surface Enhanced Raman
(SER) spectra of pentaammineosmium(IIL), (II) and pentaammineruthenium(II) containing
pyridine (py), pyrazine (pz), and 4,4"'-bipyridine (bpy) ligands adsorbed at the
silyver-aqueous interface. 'The assignments are based on group symmetry analysis,
deuteration effects, and by comparison with corresponding normal Raman and infrared
spectra for the solid-phase complexes and surface and bulk Raman spectra for the

corresponding free ligands. Most bands present in the normal Raman and/or

infrared spectra also appear in the SER spectra. This results from the high
intensity of the SER spectra along with the relaxation of vibrational selection
rules for adsorbed molecules. The appearance of intense SER spectra for
Os(NH3)5py(III)/(II) and Ru{f(NHé)spy is noteworthy since unlike free pyridine,
these lack an available nitrogen for surface coordination. The results illustrate
the virtues of electrochemical SER spectroscopy for examining the detailed
vibrarional properties of coordination compounds, including those in oxidation

states (such as 0s(II) here) that are difficult to obtain pure in bulk media.

.‘,

"epartmeut of Chemistry, Stanford University, Stanford, CA 94305.
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Although only in its infancy surface-enhanced Raman spectroscopy (SERS) has

~
) ‘.":
l‘ .;.'
fi}; been demonstrated to be a valuable tool for gaining detailed structural informa-
ot
- tion for molecules adsorbed at metal surfaces.l Preliminary investigations have

- P&y

demonstrated that a variety of adsorbates can be detected, from simple halide and

X
P
0

Rog

5‘3: pseudohalide anionsz’3 to complex molecules such as cytochrome c.“ It also ap-
232& pears that the SERS effect may be limited to a select group of metal surfaces, most
\J~$ prominently silver, copper and gold.l Although a large proportion of SERS

;:; investigations have been aimed at elucidating the mechanism responsible for the
-{tj unexpected signal enhancement, several practical applications are beginning to

s emerge. Thus SERS has yielded information on the nature of adsorbate-electrode
3l * . 3 5

iE;f bonding, and the alterations brought about by variations in electrode potential.”’
-E&S Also, recent studies indicate that under favorable conditions the Raman intensities
‘_. are approximately proportional to adsorbate coverage.

.EE: SERS studies are also starting to appear on adsorbates that undergo electro-

. #5 chemical react:ions.7-l We have recently demonstrated that SERS can be utilized

‘ to follow heterogeneous electron transfer for several adsorbed redox couples,g'9

P
{EE including pentaamminepyridineosmium(III)/(II) and pentaamminepyrazineosmium(I111)/(II),
;i; at the silver-aqueous interface. These and related pentaammineosmium and penta-

 :  ammineruthenium complexes containing nitrogen heterocycles are of particular interest

X : since they form structurally simple transition-metal complexes that are substitutionally
? s inert in both III and II metal oxidation states.8 We have made quantitative

o comparisons of the potential-dependent SER spectra with the redox thermodynamics

E;f of these electroactive adsorbates obtained using conventional electrochemical

Eis techniques.8b
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The present communication contains detailed vibrational analyses of SER
spectra for Os(NH3)5Py(III)/(II) [py = pyridine], Os(NH3)5pz(III)/(II) [pz =
pyrazine], Os(NH3)sbpy(III)/(II) (bpy = 4,4'-bipyridinel, RuII(NHB)Spy, and
RuII(NH3)5pz. Vibrational mode assignments are based on group symmetry consider-
ations, combined with the frequency shifts observed upon selective deuteration,
and comparison with corresponding bulk-phase normal Raman and Infrared spectra
for these and related nitrogen heterocycle compounds. This report of the
spectral details complements the comparisons of the potential-dependent spectral
features with the electrochemical redox behavior of the complexes given in
ref. 8b.

Although the silver electrode does perturb the vibrational properties of
these adsorbates, the extent is small, especially for the pyridine adsorbates which
lack an additional nitrogen for surface binding. The most detailed spectra data
were gathered for Os(NH3)5py(III)/(II) for which the most well-defined change in
redox state from Os(III) to Os(II) is apparent upon altering the potemntial to

more negative values.8 Besides the remarkable intensity and richness of the

SER spectra, some of these results demonstrate the virtue of the electrochemical
SERS technique for obtaining detailed vibrational information for coordination
compounds in very dilute solutions that are difficult or even impossible to

observe by means of bulk-phase Raman or infrared measurements.

EXPERIMENTAL

The OsIII(NH3)5py, OSIII(NH3)5pz and OsIII(NH bpy complexes were prepared

3)5
as trifluoromethanesulfonate or halide salts as detailed in ref. 1l2a, and the
corresronding RuIII and RuII complexes as in ref. 12b. The SER spectra were

cotained for 0.05 - 1 mM aqueous solutions of these complexes in either 0.1 M

NiCl or NaBr. For the pyridine complexes, 0.1 M HCl was added in order t»
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suppress base-catalyzed disporportionation,l3 Other relevant details are given
in ref. 8b.

The SERS electrochemical cell consisted of a cylindrical glass container
with an optical flat base through which the laser beam was focussed on
to the silver surface.l4 This electrode was of rotating disk construction,
having an exposed face of diameter 0.4 cm, encased in a Teflon shroud. It was
mechanically polished successively with 0.1y and 0.3y alumina immediately before
immersion in the cell, and then electrochemically roughened in order to optimise
the SERS intensities bv means of an oxidation-reduction cycle (ORC) in the

1a,8b The cell also contained an isolated silver-silver

conventional manner.
chloride or saturated calomel reference electrode, a platinum wire counter
electrode, and an argon inlet tube for purging the solution.

Raman excitation was obtained using either a Spectra Physics Model 165
Kr+ laser (647.1 nm) or Ar+ laser (514.5 nm). The laser beam of 100 mW intensity
was spot focussed at an incident angle of 60° to the electrode surface. The
Raman scattering.was collected at 90° to the surface, and focussed into a
Jarrell-Ash Model 25/100 scanning double monochromator. The spectral resolution
was ca. & cm-l. The signal was detected with an RCA C31034 photomultiplier tube,
amplified by a Victorean Model CTE-1 micro-microammeter, and displayed on a Hewlett-
Packard Model 7100 strip chart recorder using a 1 cm sec-l scanning rate and a 1 sec
time constant. All spectra were frequency calibrated using laser plasma emission
lines. Normsl Raman and Fourier transform infrared spectra of the complexes were
recorded as solid samples in KBr or Csl pellets. The former employed a rotating wheel
to minimize photodecomposition. The latter were obtained using a Nicolet Model

7194 FTIR spectrometer.

|

L e et T e W T T T L S e .‘..'_-:
PSRNV AN VTN TN T TR T US DU DU AT TR TG U YOI VLR, S




NS " DAL RN ~ & g

AR CA S A AR A AR A RS RS

e T E T ETE T T R A= dma = w T a7 AT m s  mas . v e e e e e e o
SRR MO A A SR AL 1

Electrode potentials are quoted versus the saturated calomel electrode

)

(sce). All experiments were conducted at 23 #* 1°C.

Py e
L

RESULTS AND DISCUSSION

Listings of the various surface-enhanced Raman (SER), normal Raman (NR),
and infrared (IR) vibrational bands seen for each complex are given in Tables

1-5. SER spectra for the complexes are given for a representative pair of

electrode potentials in order to provide a basic summary of the potential-
induced spectral changes. For OS(NH3)5py, Ru(NHB)Spy, and Os(NH3)5pz(Table 1, 2,
and 3, respectively) normal Raman and/or infrared data are given for both III

and T1 metal oxidation states. For the first complex, the SER spectra obtained
at -150 mV. vs sce are consistent with OsIII(NH3)5py on the basis of frequency
comparisons with the corresponding normal Raman spectrum, whereas that obtained
at -750 mV corresponds to OsH(NH3)Spy.8 On the other hand, the SER spectra
for Ru(NHB)Spy and Ru(NH3)5pz are consistent with the presence of Ru(II)

throughout the observable potential region negative of ca -100 mV. at

2}

silver electrodes.  [The surface 0s(III)/(II) formal potential, Ez, equals

8b

-670 mV. "] Similarly, a number of potential-induced changes in the Os(NH3)5pz

SER spectra are consistent with reduction of 0s(III) to Os(II) (Eﬁ = -310 mVBb),
although for this complex as well as for Os(NH3)5bpy these changes

do not appear to be associated simply with electroreduction of 0s(III) to Os(II).gb
(For simplicity the osmium and ruthenium oxidatioﬂ states associated with particular
vibrational modes will .not be designated except where they are clear cut and/or the

II
frequencies are sensitive to the oxidation state). For OsIII(NH py and Os (NH3)5py,

3)5

SER frequencies are also given for samples where the pyridine ring or the ammine

ligands were separately deuterated (Table 1),
Nearly all of the observed vibrational bands listed for these complexes
in Table i~5 can be accounted for in terms of metal-ligand, ammine, or nitrogen

heterocycle modes. Included in these Tables along with the vibrational assignments

are the associated symmetry species as well as a brief description. Following
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standard nomenclature the stretching modes are designated v, the in-plane
bending modes §, the out-of-plane bending modes Yy, and the rocking modes (

The nitrogen heterocycle bands are additionally given Wilson mode numbers in
accordance with established procedure.lS

Metal-ligand modes.

The vibrational mode assignments are well established for transition-metal

. 16 . 1
hexaammines and for several pentaammine complexes. 7 For such pentaammine

complexes with C4v symmetry there are fifteen predicted metal-ligand vibrations;

éAl, 281, 182 and 4E symmetry species. (Note that enly eleven wnique modes

result since the E modes are doubly degenerate%s) All of these

modes are Raman active, whereas only the

totally symmetric Al and the degenerate E modes are IR active. These modes

are generally observed between 250 and 600 cm-l.l7’19 In the present spectra

as many as nine modes are observed in this spectral region. This compares

favorably to the normal Raman spectra of metal halopentaammines

which yield only four to seven observable peaks.17
Similarly, at most three IR and two normal Raman peaks in this frequency region

are observed for the present complexes (Tables 1-4). The avsence of further

peaks is presumably due to low signal intensities and accidental degeneracies.
In addition to the modes given in Tables I-IV, the SER spectra also contain
a low frequency band attributed to a silver surface-halide stretching mode from

0
either the bromide or chloride ions used as the supporting electrolyte.2 The

presence of these anions is desirable for the production of stable intense SER

8b
spectra following the ORC.

' .

..'.‘-‘

These surface-halide bands are easily identified

fd

o e
s 2 2

AL

by a frequency shift from around 240 to 180 cm”1

)

that occurs upon the substitution

et

of bromide for chloride anions;zo

8b

the SER spectra for the present complexes are

D}
Lo

LA A

otherwise unchanged.

SO0

.

The most interesting and indeed prominent band in the low frequency region

® of the SER spectra occurs around 300 cm—l, and is attributed to a metal-nitrogen
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- heterocycle stretching mode, I (the metal-ligand modes are labelled with Roman
A

i& numerals, see Tables 1-5). The unexpectedly high intensity of this mode may

g,

be attributable to interaction between the heterocycle with the electrode

-iz surface, via physical (or electrostatic) adsorption as in the case of the

;S pyridine complexes and possibly via chemisorption of the remote nitrogen

] for the pyrazine and bipyridine complexes. Indeed, the greater surface-heterocycle
S
{&; interaction expected with the latter adsorbates may well be related to the
i;: particular intensity of this and the other SERS bands with these systems.8b

1 The band at 267 cm¢l seen for Os(NH3)5py at -750 mV 1is ascribed to Os(I1)-

Es; pyridine stretching. Although a very weak band at 291 <:m_l appearing at less

i& negative potentials was originally ascribed to an 0s(I1Il)-pyridine vibration,sa

'f this assignment 1is probably incorrect.Sb For the pyrazine complexes, mode I is

N

}ﬁi tentatively assigned to the band that occurs between 300 and 350 cm-l (Tables 3
EZ} and 4). The appearance of a band at 304 <:m-1 at more negative potentials for
;l‘ Os(NH3)5pz may be associated with the 0s(I1) complex. However, these potential-
:;f dependent changes do not appear to be associated with a simple adsorbed redox

232 couple since the higher frequency band (345 cm-l) persists even at negative
:??‘ potentials (Table 3).8b A puzzling feature is the surprisingly high frequencies
i:& at which these bands appear for the pyrazine complexes: metal-pyrazine stretching
-Sg modes are typically observed for divalent pyrazine complexes at ca. 250-280 cm—l.22
W The present higher frequencies may arise from surface binding of the pyrazine
;EE ligand. Peaks around 300-330 cm-l, ascribed to metal-pyrazine stretching, can also
;is he ecen for binuclear metal complexes containing pentaamminepyrazineruthenium(lI).23’24
'éé The <trrong SER bands seen at 370-400 cm-l for Os(NH3)5bpy (Table V) are also
;}, sco:what puzzling in this regard. However, intense modes at similar frequencies
R
:i: ncve slso veen observed for RuH(Z,2'-bipyridine)(py)l0 both at silver electrodes

s
:%: 1ad in hulk media.zlJ
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i&g The metal-ammine modes are expected to shift to lower frequencies by a
“ factor of 0.92 upon deuteration of the ammine modes on the basis of the
SRS
‘E:. square root of the ligand mass ratio (17/20)%. Such deuteration effects were
co
;” examined for SERS of Os(NH3)5py(III)/(II) for which the most well-defined
_ ) metal-ammine modes were observed (Table 1). Precisely such a shift occurs
?:i for the OSIII(NH3)5py band at 494 cm-l and the OSII(NH3)5py band at 468 cm—l
;:. although these bands also exhibit small decreases upon deuteration of thr
\‘ pyridine ligand (Table 1), these shifts can be rationalized in terms ofi
i&: coupling between the metal-ammine and metal-pyridine modes. Such coup’ ;
Y
ig is anticipated for E symmetry metal-ammine modes.1
s The band around 415 cm_l for Os(NH3)5py is most likely due to a pyridine
Esi ring mode (vide infra). Although several other SERS bands occur in the
55 frequency region 400-550 cm_l for the various complexes which are probably due
;ﬁ; to other metal-ammine modes, unambiguous assignments are lacking in some
::l cases (Tables 1-5). A difficulty with the pyrazine complexes is that most
ig metal-ligand modes are dwarfed by the intensity and breadth of the metal-
:: pyrazine modes noted above. Several of these modes are nonetheless observed
:h in the IR and Raman spectra and are assigned according to their expected activity
i_' from selection rules (Tables 3 and 4).
:? Internal Ammine Modes
'? All five internal ammine vibrational modes expected are commonly observed
?i as strong bands in the IR spectra for metal ammine complexes.16’19 Of these,
“ SERS bands at 3200, 1620, and 1350 cu © are observed for Os ' (NH,)spy which
v can be ascribed to N-H stretching, and asymmetric and symmetric NH3 bending, respectively
;

(Table 1). The last-named mode is of particular interest as its irequency

decreases about 100 cm—l, from 1354 to 1254 cm-l, upon reduction of 0s(II1) to

&0

0s(II) (Table 1). Such a strong sensitivity of this band to the nature of

2%

the coordinated metal, including the metal oxidation state, has been noted

.
>
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prcvimxr;ly.lb This assigoment 1s also supported by the large deuterium isotope
effect observed for this mode (Table 1). The assignment
for the 1620 cm-l band is also supported by the substantial frequency decrease
seen upon deuterium isotope substitution (Table 1). However, the band at
3200 cm_l appears to be complicated by accidental degeneracy with the C-H
stretching modes also expected in this region (Table 1). Several of these
amodes also appear in the SER spectra for the other complexes, although they are
probably obscured in some cases by the more intense heterocycle ring modes.
The ammine rocking moée is observed in the SER spectra for Ru(NH3)5py, nearly
coiacident in frequency to its IR value of 815 cm_l (Table 2).

It should be noted that the appearance of metal-ammine and internal
ammine modes in the SER spectra is in itself noteworthy since the ammine
ligands aire not expected to interact with, and may well be relatively remote
from, the metal surface. Nevertheless, we have recently demonstrated that intense
SER spectra are obtained even for transition-metal hexaarmine complexes that are
electrostatically adsorbed at silver electrodes in halide media.9 Bands associated
with both metal-ammine and internal ammine modes are observed.9 These conditions
are similar to those employed here and indeed suggest that both adsorption and
the consequent appearance of SER spectra of the nitrogen heterocycle complexes
may b2 assoclated as much with strong electrostatic attraction of the multicharged
cationic complexes to the specifically adsorbed halide anions as with surface

bIndipg of the heterocyclic ligands.8b




-

o

A .."‘-;o‘:o

Internal Pyridine Modes

Nearly all the remaining SER vibrational bands can be accounted for in
terms of internal nitrogen heterocycle modes. The SERS vibrational mode
assignments for the present pyridine and pyrazine complexes are aided considerably
by the availability of detailed SERS studies of the adsorbed free ligands at

26,2 .
27 Summaries of representative SER spectra for free

silver electrodes.
pyridine and pyrazine obtained in the present work are also given in Tables 2
and 4, respectively. A further aid to spectral assignments was provided by the
influence of pyridine ring deuteration upon the SERS vibrational frequencies
for Os(NH3)5py (Table 1).

The 27 vibrational modes expected for pyridine, assuming C2v symmetry,

15,27 All these modes

consist of lOAl, 3A2, 9B1, and SB2 symmetry modes.
are expected to be both Raman and IR active. Although there are three

fewer vibrational modes predicted for pyridine than benzene (those absent have Wilson
mode numbers 7a, 9b, and 17b15), the lower molecular symmetry for pyridine

lifts the degeneracy of the remaining modes, yielding more spectral peaks.

Most of these modes are observed in the SER spectra of adsorbed pyridine; and

as expected, bands arising from the A1 modes are the most intense.27 The

frequencies are very close to those for bulk-phase aqueous pyridine.26’27
Bands corresponding to most of these modes are also seen in the SER spectra

of Os(NH3)5py and Ru(NH3)5py (Tables 1 and 2). For free pyridine at silver

the most prominent SERS bands occur at ca. 1007, 1035, 1216, and 1597 cm_l,
corresponding to the totally symmetric ring breathing mode (Wilson mode 1),

the trigonal ring breathing mode (12), a symmetric in-plane C-H bending mode

(9a), and another ring breathing mode (8a; Table 2). For SERS of OSIII(NH3)5py, these

modes are observed at 1020, 1076, 1216, and 1592 cm * (Table 1). It is

interesting to note that similar frequencies are seen for these modes in the
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bulk-phase IR and normal Raman spectra, although the latter spectrum is
relatively sparse.

Electroreduction of adsorbed OsIII(NHg)Spy to OsII(NHB)Spy yields noticeable
frequency decreases of the 1020 f:.m-l band to 992 cm_l and the 1076 cm-l band
to 1054 cm—l, whereas the other two modes noted above remain relatively unaltered
(Table 1). These frequency shifts can be understood in terms of the
additional electron denmsity expected on the pyridine ring when
coordinated to Os(II) rather than Os(III), 8 For RuII(NH3)5py, these four
SERS bands occur at 1011, 1054, 1222, and 1591 cm * (Table 2). The higher
frequency of the first mode for Ru(II) relative to that for 0s(II) is compatible
with the smaller extent of metal-pyridine back bouding expected for the former
complex.8b Additional A1 modes are observed in the SER spectra for these

1

complexes at ca. 650 (6a), 1050 (18a), 2900 (13), and 3200 cm ~ (2). The

opposite assignments are usually given for modes 12 and 18a. The present assign-
ment is made, albeit tentatively, on the expectation that the more symmetrical
trigoral ring breathing mode 12 will have a larger intensity as well as a
greater sensitivity to the metal oxidation state.

Deuteration of the pyridine ring on OéIIRNHB)Spy and OsII(NHB)Spy shifts
the 6a, 1, 12, 18a, and 8a modes to lower frequencies by factors close to the
ratio 0.97 observed for bulk-phase pyridine and metal pyridine complexes
(Table l);28 such shifts are consistent with the assignment of these bands
to ring modes.28 The corresponding deuteration frequency ratios for the 12,
9a. #2) 13 modes were around 0.73, as expected for C-H modes, and again

consistznt with the effects of deuteration upon bulk-phase pyridine spectra.

Although pyridine deuteration shifts Wilson mode 2 for OsIII(NH3)5py to

Bl R

round 2300 cm-l, a simaller peak remains at 3200 cm—l (Table 1). This is
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most likely due to the N-H stretching mode appearing upon removal of the
accidental degeneracy of these two modes (vide supra). The breadth of the
latter adds to the difficulty in making distinct assignments in this frequency
region. Thus although the 20a mode is also anticipated in this region, it is
not observed and may be buried beneath stronger peaks. The assignment of

the 2900 and 3200 cm_l bands to modes 2 and 13 is based on their expected

greater intensity.

modes (10a, l6a, l7a), only the first is
1

Of the three predicted A2

detected in the SER spectra, appearing for RuII(NH3)5py at ca. 735 cm
(Table 2). Most of the nine Bl modes can be accounted for in the present
spectra. Peaks at ca. 1150, 1450 and 1575 cm—l for pyridine on silver (Table 2)
are similarly observed for the pyridine complexes and thus are assigned 9b,

19b and 8b, respectively. The 1150 cm L band for Os(NH3)5Py could alternatively be

assigned to mode 15. The absence of the pyridine mode 6b for SERS of Os(NH3)5py and
Ru(NH3)5py (Tables 1,2) may be due to accidental degeneracy with mode 6a.
Since a large change in dipole moment and reduced symmetry will favor the
appearance of modes 3, 7b and 20b to a greater extent in the IR than the

NR spectra, it is not too surprising that they are not detected in the SER

spectra. Their appearance in the IR spectra at ca. 1245, 2950, and 2980 cm--l

support these assignments. Mode 14 occurs in both the IR and SER spectra of
- 8 -
Os(NH3)5py at 1385 cm 1 and shifts as expected2 to ca. 1320 cm 1 upon

deuteration (Table 1).

The remaining 5B, modes are all out-of-plane vibrations and are observed

2

below 1000 cm—l in the SER spectra of Os(NH3)5py. Some of these modes can

be identified by comparison with the pyridine SER spectra. Thus the 415 cm_l

band for Os(NH 5Py (Table 1) is close to the frequency expected for the

3)
pyridine ring mode l6b.27 Indeed pyridine deuteration decreases the frequency
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by the factor 0.92, in good agreement with that seen for pyridine and other
pyridine complexes.28 Further support to this assignment over the alternative
designation as a metal-ammine vibration (vide supra) is given by the observed
insensitivity of the frequency to the osmium oxidation state (Table 1).
Assignment of the band around 900 cm-_l for Os(NHB)Spy to the C-H stretch mode
10b is similarily supported by the frequency decrease by the factor 0.78
seen upon pyridine deuteration (Table 1). Modes 10a, 11 and 4 are expected
tc occur around 700 cm—l.l5 The latter two modes are expected to yield strong
IR bands on the basis of their BZ symmetry; they are thereby assigned to
the bands at ca. 740 and 760 cm-l, respectively for Os(NH3)5py (Table 1).
In addition, several unassigned peaks are observed in the SER spectra,
most notably at 1271 cm-l for Os(NH3)5py, and 518 cm_l and 1176 cm_l for RuII
(NH3)5py. These peaks may be due to combinations, overtones, Fermi resonance, or
to adsorbed impurities.
Several general trends are apparent when viewing Tables 1 and 2. 1In

particular, complexation of pyridine to osmium or ruthenium shifts several modes by

10-20 cm_1 to higher frequencies. A similar observation has also been made

for other metal pyridine complexes, and attributed to coupling of the pyridine
ring modes with the metal-ligand vibracions.Zla As noted above, similarly to
the metal-ammine modes several of the pyridine modes shift significantly upon

alteration of the metal oxidation state. However, it also should be noted that

)

)
NSNS

tne frequencies of the SER spectra are not significantly shifted (<5 cm-l) compared

4:::

7
IS

L

o .he corresponding IR and normal Raman values for the complexes. This is

irdicative of ouly weak interactions between the adsorbed complexes and the
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Internal Pyrazine Modes

There are 24 predicted vibrational modes for pyrazine, consisting of
SAg, lBlg’ ABZg’ and 2B

1y’ ZBZU’ and 4B

3g Raman-allowed modes, 2Au forbidden modes, and

4B infrared-allowed modes for D2h symmetry (g: gerade;

3u

u: ungerade). Thus there are five fewer modes expected for pyrazine than

pyridine; these are the two Au modes (l6a and l7a), one B3g mode (10b),
one B3u mode (18b), and one Blu mode (20a). Although the symmetrical nature of
pyrazine makes the appearance of Raman and IR modes mutually exclusive,

31

adsorption as well as metal coordination will relax this rule somewhat.
Furthermore, the greater adsorbate-surface interactions expected to result
from surface attachment of the remote pyrazine nitrogen may well shift the
band frequencies and alter their relative intensities, making the assignments
somewhat more tentative.

Again the most prominent modes in the normal Raman and SER spectra for
Os(NHB)sz and Ru(NH3)5pz, as well as the SER spectra of free pyrazine, are
the totally symmetric modes (Ag; Tables 3 and 4). The observed frequencies
at ca. 1020, 1230, and 1600 cm—'1 for these complexes are assigned to modes 1,
9a and 8a, as deduced from the similar frequencies found for liquid
pyrazine,ls pyrazine adsorbed at silver,27 and bulk-phase metal pyrazine
complexes.30 The appearance of these modes for the complexes with considerable
intensity in the IR spectra is indicative of selection rule breakdown.

The other two A8 mode assignments are not so clearcut. Several peaks
appear between 600 and 750 cm-l, where the 6a mode is expected along with
modes 6b (BZg) and 4 (B3g)' The lower two frequency peaks have been alternately

assigned to modes 6a and 6b, while mode 4 is generally assigned to the highest
15,27,31,32

frequency.

Of these the most intense peak in the Raman spectra for
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Os(NH3)5pz and Ru(NH3)5pz occurs at ca. 700 cm_l and is therefore assigned

to the Ag mode 6a. Modes 6b and 4 are then assigned to the 660-680 et

and ca. 735 cm-'l peaks, respectively.

The final A mode (2) is left unassigned; N-H stretching modes occur in
the ca. 3100 cm-l frequency region, where this band is expected (vide supra)
(Table 3 and 4). Although a C-H stretching mode is observed for Ru(NH3)5pz

at 3010 cm_l its frequency corresponds most closely to mode 7b (Bzg) for

pyrazine at silver Two other C-H stretching modes are seen for these complexes,

but only in the IR spectra. They are assigned to the ungerade symmetry modes
13 (Blu) and 20b (BBu)’ on the basis of data for similar metal-pyrazine

30
complexes,

Of the B u modes, only the trigonal ring breathing mode 12 is clearly

1
detected in the SER spectra for OsIII(NH3)5pz and RuII(NH3)5pz. Although mode

18a is expected at similar frequencies - it may be hidden by the more intense

mode 12. The remaining Blu modes 13 and 19a are observed in the IR spectra

as expected (Tables 3 and 4).

For the remaining symmetry species only a few modes [4 (vide supra), 10a,
11, 14 and 19b)show detectable SER bands. These modes were again assigned
chiefly by comparison with previous analyses for bulk-phase and adsorbed pyrazine.
A number of additional bands are found in the IR spectra and are assigned based
on symmetry arguments and comparison with literature assignments. 0 Several
peaks at ca. 520, 1040 (Raman and IR only) and 1420 cm-1 for Os(NH3)5pz and ca.
520, 1050,1260 and 1420 cm-l for Ru(NHs)sz remain unassigned, and again may be
attributed o overtones, combinations or Fermi resonance.

Similar to the pyridine complexes, Os(NH3)5pz and Ru(NH3)5pz exhibit

~.everal bands having potential-dependent frequencies, in particular metal-ligand
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mode I and pyrazine modes 1, 6a, and 12. However, as mentioned above these shifts
are not wholly associated with an oxidation state change for the coordinating metals,
especially since the formal potential for the Ru (II1/II) couple is positive of

the potential region studied.8b These potential dependencies appear to be due in
part to the involvement of different surface sites, molecular orientations,

etc., possibly associated with specific interactions of the pyrazine ligand with

the silver surface.8b

Internal Bipyridine Modes

The Os(NH.,) .bpy SER spectra are necessarily more complicated, due to the

3)5
increased number of vibrational modes. The measurements were limited to

a relatively cursory study of the SERS of Os(NH,)_.bpy and bipyridine (Table 5).

3)5
However, reasonable assignments can be ascertained if a flat molecule is

assumed, i.,e. the rings are contained in the same plane. The molecule then has

D2h symmetry with 54 predicted vibrations. Group symmetry arguments yield 10Ag

3B, , 9B, and 5B Raman active modes, 4Au forbidden modes and 9B, , 5B
1lg 28 3g lu 2u

and 9B3u infrared active modes. Most of the observed modes can be assigned

primarily by comparison with previous vibrational analyses of related molecules,

especially biphenyl.33

In group symmetry analyses the choice of axis labels is somewhat arbitrary.

The x, y and z axis were chosen in the present study to be consistent with the above

[y

.
L )
_4

™ St
‘:f: analysis of pyridine and pyrazine. The axis have therefore been interchanged
3
é;:: with those employed for biphenyl such that the Wilson numbering scheme can be
T~ maincained.33 Each pyridine mode is split into an in-phase and out-of-phase
.Q.:_v
\; component for the bipyridine complex. Thus the pyridine A1 modes
YRS
”,
téﬂj become an Ag mode where the two ring metions
o
A are in-phase and a B, mode were the ring motions are out-of-phase. By analogv
% Lu
EA)
o0 to biphenyl, the former modes are shifted to higher frequencies, whereas the latter
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;5: modes are unaffected and are comparable in frequency to the corresponding
it ; pyridine modes. Although extensive normal coordinate analysis has been carried
.i;: out for only the in-plane biphenyl modes?Bthese constitute the majority of
E:g the experimentally observed modes. These include the Ag’ Blu’ BZg and B3u
- modes.
i:{ Similarly to pyridine and pyrazine ligands, the most intense SERS bands
'gzj for Os(NH3)5bpy and bipyridine were found to be the symmetric in-phase stretching
?:; modes (Ag) (Table 5). The remaining Ag modes 2 and 13 occur in the high frequency
E:i region, but unfortunately these peaks were broad and weak and therefore
ESE are not reported in Table 5. The out-of-plane compliments to the Ag modes, the
::' Blu modes, also have significant intensity in the SER spectra. These modes are
:f: easily assigned by their nearly coincident frequencies with those for pyridine.
E;i; Of the remaining eighteen in-plane modes only four (6b, 8b, 15, 18a) are observed
513;: for bipyridine and two (6b, 8b) for Os(NH,) bpy (Table 5). Since the in- and
4 . out-of-plane component of these modes are predicted to occur at approximately
Ko
;33 the same frequency and only one spectral peak appears, no phase assignment 1isg
ESE made for modes 15 and 8b. Several out-of-plane modes also appear but are generally
v'; weak. Other bands due to out-of-plane modes are also anticipated to be
;;; relatively weak. Since they are expected to occur at similar frequencies to the in-
;SE plane modes, they may not be observed due to accidental degeneracy.
1:: Additionally, two new modes occur in the spectra due to inter-ring
:Eg stretching. Both are of Ag symmetry and are found at ca. 355 and 1295 c:m-l
iz& ror Lipvridine and ca. 1305 cm—l for Os(NH3)5bpy. For the latter adsorbate
;;' the lower frequency mode may be hidden by the intense metal-ligand mode 1
(Table 5).
'-
%
e

G L e e e N
Ca e ae e falat e e



L 18
i:': Viewing Table 5 reveals several general features. It is noticably devoid

v

xi\: of metal-ammine and other metal-ligand modes. This may be due to a reduced SER
f;iz enhancement caused by the greater distance between the metal center and the ¢lectrode
iii: surface. The totally symmetric pyridine modes (Al) are nearly all observed as pairs
oo composed of in- and out-of-phase components although, the former modes are
e
:ﬁé generally more intense. By analogy with the potential-dependent Os(NH3)5py

Q?S and Os(NH3)5pz spectra, the appearance of the band at 996 cm_l for Os(NH3)5bpy
\:ﬁ' as the potential is made more negative may be associated with the formation of

\fi the 0s(I1) oxidation state, as is the appearance of a lower frequency metal-ligand
5&; stretching mode under these conditions. Indeed, such a redox state change is

é:ﬁ. consistent with the electrochemical data.8b However, as for Os(NH3)5pz the

SES higher frequency band also survives at more negative potentials, suggesting that
{;; more than one type of adsorbate stereochemistry may be involved. However, the
\‘ additional structural complexity of the bipyridine adsorbates render such

Ege interpretations somewhat speculative.

o CONCLUSIONS

-fp The intensity and richness of the present SER spectra, coupled with the

'$55 need to employ only very small quantities of material, suggest that the

.if technique may have wide utility for obtaining detailed vibrational information

;:& for coordination compounds that can be chemically or electrostatically

%S; adsorbed at metal surfaces. Indeed the signal intensities are commonly as

'jzi great as those obtained for resonance Raman spectroscopy. Although the relaxation
JTﬂ‘ of selection rules for SERS yields more complete vibrational spectra, this

e

E;: makes the assignment of vibrational mudes necessarily more complicated.

)

E;g Nevertheless, this can be minimized by careful comparisons with bulk NR and IR

!: spectra. An additional important virtue of the SERS methéd is that it enables spectra
i; to be obtained for species, such as 0s(Il), that are difficult to examine in

hIs

32

el




T 1o

o bulk media due to their chemical instability. Further applications of SERS
for examining the molecular structural details of electrochemical redox
N processes involving coordination compounds at silver and gold electrodes are

being pursued in this laboratory.
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rable 3. Sumeary ot SERL Raman, and intrared spectra tor ()::(Ni(j)()p?.(ll!;,all); etle Lot aliini
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Y. Sumentry ot SER, Raman, and infrared spectra for Ru(NHB)sz(II); comparison

#lln Sk spectra tor pyrazine.
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Table 5. Summary ol SER spectra tfor Os(NHJ)pry(lll),(ll) and 4,47 -

bipyridine.
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Frequencies listed are typically accurate to within 2-3 cm~l.

Explanation of symobls: w = weak, m = medium, s = strong, vs = very strong,
. br = broad, sh = shoulder.

K
K
K
L]
Footnotes to Tables 1-5. i

PR

1
»

a .
. Arabic numerals are Wilson numbers as assigned for benzene.

Assuming C, symmetry for nitrogen heterocycles; C4v symmetry for metal-
nitrogen modes.

N “Vibrational assignments; see text for details. Symbols: Vv, stretching mode;
) §, in-plane bending mode; Yy, out-of-plane bending mode; rock = rocking
:4 mode; sy = symmetric; as = asymmetric; u = unassigned band.

i = in=phase vibrations; o = out-of-plane vibrations.

“Bulk Raman spectra recorded as 1l:1 mixture of Cl, ClOa, I-, or PF
salt to KBr or Csl in solid pellet.

6

LA

hloride salt

gperchlorate salt

- h,

- iodide salt

7 1hexfluorophosphate salt

{ jSER spectra obtained using ca 0.1 - 1 mM complex at roughened silver
electrode in either 0.1 M NaBr-or 0.1 M NaCl - based electrolyte (see
text for details). For E&ridine complexes, electrolyte also contained
0.1 M HCl to suppress hydrolysis. Electrode potentials quoted versus

. saturated calomel electrode (sce).

E IR ‘V"‘

kSolution contained 10 mM pyridine; 1 mM pyrazine, or 1 mM 4,4'-bipyridine
A in 0.1 M NaCl.

*SER spectra for complex containing pentadeuterated pyridine.

o &t
v

)

ok

o

2 PSER spectra for complex containing deuterated ammine ligands; o

: prepared by dissolving complex in neutral D20 before adding acidified
;g supporting electrolyte.
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Figure Caption

SER spectra in 200-1700 cm_l region for OS(NHB)sz at silver-aqueous interface

following oxidation-reduction cycle at (A) =550 mV. (B) -150 mV vs. sce.

_."' v""' .l' .‘l ..' .

Solution contained 0.1 mM Os(NlI3)5pz3+ in 0.1 M NaCl. Spectral conditions: .
514.5 nm excitation, 100 mW incident power, scan speed 1 cm—l sec ~, time

. -1 . .
r... constant 1 sec, resolution 4 ¢cm ~. Note that spectra A is not smoothed, i.e.

-, actual noise level is as shown.
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