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We have carried out a normal mode analysis of the molecular vibrations of pyridine adsorbed
on silver surfaces or coordinated to various molecules and ions. There are two types of bonding
that result in distinct shift patterns of the normal mode frequencies upon adsorption or
coordination. “Metal ion-type bonding” is characterized by a strong pyridine-substrate bond
which results in large frequency shifts, while “halogen-type bonding” causes comparatively
smaller shifts due to weaker bonding. Adsorption on silver surfaces corresponds to weak
halogen-type bonding, and the major cause of the observed frequency shift is the electron
transfer (back donation) into the aromatic ring upon adsorption.

I. INTRODUCTION

Vibrational spectroscopy is one of the important meth-
ods of investigating the site and orientation of surface ad-
sorbed molecules as well as the dynamics of adsorbate—sub-
strate interactions. To obtain the vibrational spectra of
adsorbates, one may use electron energy loss spectroscopy
(EELS), infrared absorption and reflection spectroscopy
(IRARS), or Raman spectroscopy (RS).! The relevant in-
formation one obtains by these methods are the frequency,
linewidth, and selection rules of various molecular vibration
modes. Changes in these quantities upon adsorption reflect
the structure of the adsorption site and the strengths of
bonding, and in extreme cases some of the vibrational modes
may even disappear due to dissociation.?

In this paper we focus on the frequency shift of normal
modes of the pyridine molecule upon adsorption on metal
surfaces. The vibrational modes of adsorbed pyridine have
been investigated extensively, particularly in connection
with the surface enhanced Raman scattering (SERS) phe-
nomena.® In its Raman spectra the totally symmetric ring
breathing mode (v, ) at 992 cm ~ ! (for free molecules) shifts
about 12 to 1004 cm ~! while the trigonal breathing mode
(v,,) at 1032 cm~' shows no frequency shift.* This is an
interesting observation that deserves close analysis, but to
our knowledge there has been no careful study of the fre-
quency shift of the normal modes of pyridine upon adsorp-
tion. The observed difference in the behavior of the two
modes must arise from the different motional patterns and
the change in the spring constants of specific bonds upon
adsorption. The change in spring constants is in turn caused
by redistribution of bond charges in the molecule and the
consequent change in the bond order. Thus from a normal
mode analysis we may expect to gain information not only
on the change in the spring constants but also on the electron
density distribution of adsorbed molecules.

The main purpose of this paper is to explain the different
behavior of the v, and v,, modes of pyridine in particular,
and more generally to understand the pattern of frequency
shifts of normal modes when a molecule is adsorbed. Coordi-
nation of molecules to ions is similar to adsorption, and it
affects the normal mode frequencies by causing redistribu-
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tion of electrons among different bonds. Thus we will con-
sider coordinated pyridine along with the adsorbed species.

This paper is organized in the following fashion. In Sec.
IT we review some of the known facts about the frequency
shift of the normal modes of pyridine upon adsorption and
coordination, and in Sec. III we discuss fitting of the force
constants in the normal mode analysis. Section IV contains
the results of the analysis and the discussion of the results as
well as their implications on the bonding mechanism.

il. REVIEW OF EXPERIMENTAL DATA

In Fig. 1 we reproduce the Raman spectra of adsorbed
pyridine on a well-defined (100) surface of Agin UHV.* The
v, mode, which is seen at 992 cm~! for gaseous pyridine,
shifts its frequency to 1004 cm ! for about a monolayer
coverage (10 L), while the v,, mode, which is seen at 1032
cm ~ ' for gaseous pyridine, remains at the original frequency
for all coverages. These are the spectra that originally drew
our attention to this problem. In Table I we summarize the
frequency shifts of Raman and IR lines of molecular vibra-
tions of adsorbed and coordinated pyridine. Only the 4,
modes are listed, because they are the ones that are strongly
affected by coordination or adsorption. The table contains
data for pyridine adsorbed on Ag surfaces, pyridine-metal
compound complexes, pyridine-halogen complexes, and
pyridine-water complex. For the Ag-adsorbed species we
list two sets of data for rough surfaces by Van Duyne® and by
Yamada,® and two sets of data for smooth surfaces by
Udagawa et al.* and by Campion et al.” The data for the
coordinated species with metal compounds are taken from
the work by Goldstein et al.*® and Akyiiz e al.'° The data by
Goldstein et al. are for 2(pyridine)CuCl, and those by
Akyiiz et al. are for copper tetranickelate complexes. The
data for halogen molecules are from the work by Haque and
Wood.®'! Those for water is from Stidham and DiLella.®'?

As we have already noted, on a smooth silver surface the
frequency of the v,, mode does not shift while the v, mode
shifts its frequency by about 12 ¢cm~'. In contrast both
modes shift their frequencies on a rough silver surface. Thus
it appears that pyridine molecules adsorbed on rough and
smooth silver surfaces behave differently. When we look at
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FIG. 1. Raman spectra of pyridine on a smooth Ag(100) surface for three
exposures, and in the gaseous and liquid phases. (After Ref. 4.)

coordinated pyridine, we can notice a similar but more dis-
tinct difference between coordination to metal ions on one
hand and to halogen and water molecules on the other; i.e.,
the v, mode shows a larger shift for metal ion coordination

than for coordination to halogen and water molecules. Also
other modes including the low frequency modes show a simi-
lar trend for the two groups of coordinated species. There
appears to be a clear difference between the two types of
bonding. Thus we will distinguish them by calling them met-
al ion-type bonding and halogen-type bonding. From the
frequency shift pattern we can classify adsorption to both
rough and smooth silver surfaces as halogen-type bonding.

iil. NORMAL MODE ANALYSIS

Although there are several previous calculations of the
vibrational normal modes of pyridine, including a recent
a priori calculation with anharmonic potentials,'* we will
follow, as did Long et al.,'* the conventional method by Wil-
son with only harmonic potentials.'® Frequency shift due to
force constant change is sensitive not to the model of the
force fields, but rather to the symmetry or the displacement
pattern of the mode in question. Thus a harmonic model is
sufficient for the present purpose.

Figure 2(a) illustrates and defines the in-plane internal
coordinates of the free pyridine molecule. We define the
force constants corresponding to each internal coordinate.
For stretching and bending forces we use the symbol K and
H, respectively, with the corresponding internal coordinate
designation added as a subscript as in K, and Hg. Super-
scripts o, m, and p will be used to specify the location of the
force constants at ortho, meta, and para positions in the aro-
matic ring. The off-diagonal force constants were not varied
in our calculation, and we used the values given by Long et
al.

To check our computer program we first compared the
calculated results with those of Long et al.'* As can be seen in
the “test program” column in Table II, we can reproduce the
results of Long et al.'* quite well, although we had to make
the C-H stretching force constant (X ) slightly smaller than
that used by Long et al. The mode patterns are also identical
to their results. Thus, we convinced ourselves that the pro-
gram is working properly.

TABLE I The frequency shifts of the A, and the low frequency modes observed for adsorbed and coordinated pyridine. The frequencies in parentheses are
for vibrations of bonds between two halogen atoms. The initials in **Adsorbed species on Ag” columns areR. V. = R. P. Van Duyne, H. Y. = H. Yamada,
M.U. = M. Udagawa,and A.C. = A. Campion. The data by Udagawa et al. are for the silver (100) surface, those by Campion and Mullins with underlines

are for the silver (540) surface and the rest are for the silver (111) surface.

Adsorbed species on Ag Coordinated species
Rough surf. Smooth surf. In benzene

Freq. Wilson
(cm™") no. R. V. H.Y. M. U A.C Cu?** Cu?* Ni?+ Ni*+ I, IBr ICl H,O
3057 2 10 13 18 8 12
1582 8a 12 14 21,14 27 21 23 11
1483 19a 35
1217 9a -2 -2 7 8 0.5
1068 18a 4 0 -1 -1 -1 0.5
1032 12 4 4 0 -2 10 14 10 8 -2 -1 -2 3

992 1 16 18 12 0,11 24,17 30 25,21 23 14 18 19 10

604 6a 19 41 37 28 19 13 26 12
Low fregq. 230 268 103 134 140

mode (172) (206) (292)

Reference 5 6 4 7 8,9 10 8,9 10 8,11 8,11 8,11 8,12
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B B,

FIG. 2. The model and the in-plane normal coordinates of (a) free pyridine
and (b) coordinated or adsorbed pyridine.

TABLEII. Free pyridine vibration frequencies by Long et a/. and from this
work. The third column shows the result of the test calculation for a check
of the program {for configuration of Fig. 2(a)}. The fourth column shows
the present results in which v,, v,,, and v,,, modes are fitted to the experi-
mental data, using the configuration of Fig. 2(b) with K¢ = 0. Only the
varied force constants are listed and those not listed in this table are the
same as those by Long and Thomas (Ref. 11). For definitions of the force
constants see the text.

Long and

Mode no. Thomas Test program This work
20a 3075cm~! 3075.0cm ™! 3085.2cm ™!
13 3069 3069.2 3080.2

2 3053 3053.2 3063.6

8a 1597 1597.6 1660.7
19a 1486 1488.6 1608.8

9a 1178 1181.6 1262.4
18a 1030 1033.7 1067.8
12 1007 1008.6 1032.0

1 984 985.1 991.9

6a 605 606.0 630.0
Bond length (A)

C-H 1.05 1.05 1.08
C-C,C-N 1.400 1.400 1.395
Force const.

(X 10° dyn/cm)

K3me 5.093 5.059 5.059
K7 5.553 5.553 6.133
Y i 5.553 5.553 5.451
HZ™ 0.864 0.864 1.049
HY 1.031 1.031 1.219

eteforeiofe
/J /

-
. 420
v / -
mL%m / '/ fo
1 !
20 g
13)3;c2m" / ] <
/| k2
{0 €
Vi /1 / 7, 8
992 / 0 T
o &
vGG_‘ T - Ll e | o / ] g‘
605cm / / / _3002
oo™
#ow % /{100
req. 0
MOd A i 1) 141 211 1 | A i JJ 1111
6 84 6 6 81210140 24
0 m N S
K K KR HOM HE K

Force Constonts(105dyn/cm)

FIG. 3. The shifts of normal mode frequencies as functions of the force
constants.

Figure 2(b) shows our model of the adsorbed or coordi-
nated pyridine molecule. S is an atom of the substrate direct-
ly connected to pyridine, and B represents other atoms of the
bulk or molecule. They are attached along a straight line to
the nitrogen atom. We assume this model bonding geometry,
because the pyridine molecule is most likely bonded to other
molecules through this nitrogen atom by donating the lone
pair electrons.®!® We need to introduce four new internal in-
plane coordinates corresponding to the new bonds; i.e., the
stretching of N-S and S-B bonds (.S, and .S, ) and the bend-
ing of C-N-S and N-S-B bonds (3, and £ ;) illustrated in
Fig. 2(b).

First, we set all the force constants associated with the
new bonds equal to zero and calculate the unshifted normal
mode frequencies for the free molecule. The results are listed
in the “this work” column of Table II. In this calculation the
force constants are adjusted so that the v,, v,,, and v,
modes appear at 992, 1032, and 1068 cm ~ ', respectively.
K ?:K K’ ratio was taken to be 1:0.9:0.9 following Pongor
et al."* Then with the above frequencies as unshifted values
in the “this work” column in Table II, we calculate the shift
of the normal mode frequencies of the 4, modes, when one
of the force constants within the pyridine molecule is
changed or the force constants of the N-S and S-B are intro-
duced. There is not enough information about the bending
force constants of C-N-S and N-S-B bonds, H} and Hjp;
thus we set them equal to zero throughout the calculation.

Figure 3 represents the frequency shifts of the 4, modes
against the force constant changes of different bonds in
bonded pyridine molecules. On the horizontal axis we plot
the values of different force constants, K¢, K", K%, Hg",
H §,and K ¢, and the vertical axis represents the correspond-
ing frequencies of different modes indicated on the left-hand
margin. The top figures illustrate the location of the respec-
tive force constants. We chose to vary these force constants,
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because they are the ones most sensitively affected by coordi-
nation or adsorption. The three force constants, K¢, K 7°,
and K'# for the C—C bonds at the ortho, meta, and para posi-
tions from the nitrogen atom are sensitive to electron trans-
fer within the ring. Similarly, the in-plane bending force con-
stants of the C—-C-H bonds, H; = HJ, are sensitive to
electron transfer into or out of the C-H bonds. The bending
force constant of the C-N-C angle, HY, is expected to be
sensitive to adsorption or coordination at the N atom site.
The N-S stretching force constant X | representing the pyr-
idine—substrate bonding strength was also varied in the pres-
ent calculation, while the S-B force constant K ? was kept
constant at 7 X 10’ dyn/cm. The masses for S and B were set
equal to the values for Cu and Cl,, respectively, in calculat-
ing the effect of changes in K ;.

From Fig. 3 the effect of the force constant change is
very clear. The v, mode shifts when K {, K ", K?,and K ; are
changed, but it does not shift when H3™ or H{ is changed.
This is because the v; mode is a symmetric C-C stretching
mode. The v,, mode shifts when the HY and K: are
changed, but it does not shift when X 7, K", K'¥, and H;™ are
changed. This is because the v,, mode is a C-C-C, C-N-C,
and C-C-N bending mode. The frequencies of v,;, and v,
modes shift when the force constants are changed except in
one case; i.e., the v, mode is unaffected when K7 is
changed. In addition the two low frequency modes emerge
corresponding to the N-S and S-B stretching vibrations
when these bonds are taken into account; we only show the
N-S stretching mode in Fig. 3.

Table III summarizes the calculated values of the fre-
quency shifts and the best fitting force constants for adsorp-
tion on rough and smooth Ag surfaces, and for coordination
toCu?* ion, I,, H, O. In the table m, and m, are the masses
of S and B atoms, respectively. AK 7" is the increase in the
force constant K " and AK 2 is the increase in the stretching
force constants of the five C-H bonds.

IV. DISCUSSION

As we have indicated at the beginning of this paper, the
present normal mode analysis was initially motivated by the
desire to understand the different shifting behaviors of the v,
mode and the v,, mode of pyridine upon adsorption on Ag
surfaces. We have found in the above analysis that the in-
crease in the meta C—C bond strength AKX }* upon coordina-
tion or adsorption is mainly responsible for these frequency
shifts. This stretching force constant changes by about the
same amount for both metal ion-type bonding and halogen-
type bonding. Its change is due to charge transfer from the
coordinated molecule or substrate to pyridine.

This effect can be understood in analogy with the elec-
tron transfer upon UV excitation of aniline."” The aromatic
ring of aniline contains excess electrons in the ground state
like that of pyridine, and when aniline is excited by UV light,
the excited electron is transferred to the bond between the
aromatic ring and the amino radical. To counterbalance the
charge, electron is supplied to the meta C—-C bond of the
aromatic ring. Thus the order of this bond and consequently

the force constant increases. This transformation into quin-
oid is certainly occurring in both adsorbed and coordinated
pyridine, and this interpretation is consistent with the NMR
result on the pyridine halogen complex,® EELS and SERS
results on adsorbed pyridine on Ag surfaces, and also a re-
cent theoretical work.'® For adsorbed pyridine the second
electron transfer has been called back donation."

The present results shed some light on the mechanisms
involved in SERS. Ueba et al.'® and Yamada® reported that
SERS of pyridine on roughened silver surfaces is mainly
caused by the usual resonant Raman enhancement due to a
charge transfer band created in the visible range by back
donation. However, the present work suggests that back do-
nation is not a sufficient condition for SERS to occur. Ac-
cording to the present analysis of the force constant K [,
back donation occurs even in the case of pyridine on a well-
defined (540) surface of Ag where surface enhancement is
not observed as reported by Campion e# al.” In order to un-
derstand this question of electron transfer theoretically, one
needs to calculate the change in electronic distribution upon
adsorption or coordination. We plan to carry out such calcu-
lations and see if we can reproduce the above changes in
spring constants.

From the present normal mode analysis, we see that the
difference between the metal ion-type bonding and halogen-
type bonding originates from the difference in the force con-
stant K between the pyridine molecule and the substrate.
K¢ is large for the metal ion-type bonding and small for the
halogen-type bonding. Larger K { results not only in higher
pyridine—substrate stretching frequency naturally, but also
in higher frequencies for all 4, modes. A similar point for
pyridine coordinated to metal compounds has already been
discussed by Akyiiz ez al.,'® and the result is consistent with
our analysis. This difference in X'} is understandable, when
we consider the electrostatic properties of the molecule (ion
or substrate) to which pyridine is adsorbed or coordinated.
Cu?* ion is electrically positive and attracts electron donor
molecules. On the other hand, halogen, water, and metal
substrates, which are electrostatically neutral, bond not so
strongly to pyridine as does the Cu”>™* ion.

The vibrational frequency shifts of the v, and v,, modes
also depend on whether pyridine is adsorbed on a rough
(SERS active) or smooth Ag surface (see Table I). This
difference results from the difference in the force constant
K for these two cases (see Table III); K] is 0.57 for the
rough surface and essentially zero for the smooth surface.
The difference in K § in turn can be attributed to the fact that
a roughened surface is chemically active; a rough surface
contains many high index facets which attract electrons and
bond strongly, while a smooth surface of a low index face is
less chemically active with small bond strength.

Now let us consider the vibrational frequency of the pyr-
idine-substrate stretching mode for the adsorbed species on
rough and smooth surfaces. For the rough surface its fre-
quency is 230 cm ~ ' according to the Raman data by Ya-
mada.® For the smooth surface, Raman data are not avail-
able, but there are EELS data by Demuth et al.'® which show
this mode at about 200 cm ~ !. The calculated frequencies are
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TABLE III. Calculated normal mode frequency shifts and the frequencies
of the N-S and S—-B bonds according to the model in Fig. 2(b). The frequen-
cies appearing in the first column are the experimental data for free pyr-
idine. Only the varied force constants, the mass, and the force constants due
to new entities are listed. For definitions of force constants see the text. The
force constants with underlines are the ones important for the present anal-
ysis.

Adsorbed species
on Ag Coordinated species

Freq. Wilson Rough  Smooth

(em™!') no. surf. surf, Cu?+ I, H,0
3057 2 13.0 cee 18.0 <o+ 120
1582 8a 39.2 344 36.9 28.8 18.2
1483 192 2.4 12 7.3 1.9 1.5
1217 9a 8.5 7.5 11.3 6.5 43
1068 18a 6.0 0.7 74.7 4.8 3.9
1032 12 4.1 0.2 16.9 34 3.0
992 1 18.0 12.0 219 14.2 10.1
604 6a 209 7.0 93.5 16.4 13.6
N-§ 106.4 3.6 268.2 103.0

(S-B

mode) (605.9) (172.1)

mS

(amu) . 108 108 63.5 127 1
mp

(amu) 107 107 71 127 17
K? 20 20 7 0.91 7
K: 057 000 355 048 043
AKT 068 063 035 050 031
AKe 0.042 s 0.059 s 0.040
(x10°

dyn/

cm)

106.4 and 3.6 cm ~ ! for the rough and smooth surfaces, re-
spectively; these results are in clear disagreement with ex-
periments. In order to explain this discrepancy between ex-
periment and theory, we can consider additional lateral
interactions between adsorbed pyridine molecules. Demuth
et al.'® reported that there may be an attractive , -nitrogen—
lone-pair interaction. Through this lateral interaction the
molecule s tilted from its vertical adsorption position. '® This
out-of-plane force may increase the pyridine-metal stretch-
ing vibration frequency, but may have little effect on the
intramolecular in-plane modes, in particular the v; and v,,
modes. And thus the frequency of the pyridine-substrate
stretching mode may be raised without increasing the in-
plane intramolecular mode frequencies. If this is the case, we
are underestimating the size of effective K3, because we
choose its value to produce proper frequencies for the intra-
molecular modes by combining with a well-chosen value of
K.

V. CONCLUSION

We have carried out a normal mode analysis of the ad-
sorbed and coordinated pyridine molecules. The normal
mode frequencies shift upon adsorption or coordination ac-
cording to two distinct patterns, which we call the metal ion-
type bonding and the halogen-type bonding. For the former
type, the frequency shifts are mainly caused by the introduc-
tion of a strong coordination bond between pyridine and
metal ions. On the other hand, for the latter type, the fre-
quency shifts are mainly due to the change in the force con-
stant for meta C-C stretch in the aromatic ring. This change
in the meta C-C bond strength involves electronic charge
transfer just like that found in aniline excited into a quinoid-
like structure by UV light. The frequency shift pattern for
pyridine adsorbed on Ag surfaces corresponds to the halo-
gen-type bonding. The difference between the rough and
smooth surfaces lies in the bonding strength between the
molecule and substrate, and not in the degree of back dona-
tion charge transfer.
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