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The SERS modelling of o-, m-, and p-methoxybenzonitrile has been performed following the same method-
eywords:
FT calculations
ERS spectra modelling

ology that in Part I. Optimized structure obtained from DFT calculations in a B3LYP-LANL2DZ level of
calculation shows different tilted positions for the isomers under study. From correlations obtained by
comparison of Raman and SERS spectra concerning geometrical parameters, frequency shifting, change
in band intensity, and force constants is possible to give insight about the different effect of the metal
surface on these molecules and the structural reasons of this behaviour. Frontier orbital analysis gives
further information and reveals a ligand to metal charge transfer mechanism for all isomers, as well as its
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relative importance.

. Introduction

On the base of DFT calculations in Part I [1] it was concluded that
he mechanism affecting the SERS spectrum of benzonitrile (BN) is

ainly charge transfer (CT) in nature. The aim of this paper is to
xamine how well the model and theoretical considerations previ-
usly reported to obtain reliable insight into the SERS mechanism
or BN, will be able to lead to consistent results in the mono-
ubstituted derivatives of this molecule. Furthermore, we want to
nquire about changes eventually produced in the orientation of
hese molecules on a metallic surface as a consequence of the posi-
ion of the pendant group in the BN ring, as well as to quantify
he degree of the CT mechanism involved in each molecule. The

ethoxy group is suitable to study such a perturbation because of
ts strong donor character and its consequent electronic effect on

he CN group.

Experimental vibrational studies, as well as normal coordinate
nalysis of p- and m-methoxybenzonitrile, have been performed by
umar and Rao [2,3]. Electronic and vibrational spectra and ther-
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E-mail addresses: guillermodiaz@upla.cl, ruben diaz@entelchile.net
G.D. Fleming).

2

i
p
t
t
c
L
e
p

odynamic functions of m- and p-methoxybenzonitrile have been
eported by Goel and Agarwal [4].

SERS spectra of o-, m-, and p-methoxybenzonitrile have been
tudied by Boo et al. [5]. In that work has been reported qualitatively
tilted orientation of these molecules on the silver surface in the
asis of the SERS selection rules [6] but they cannot arrive to defini-
ive conclusions without new experiments, so that the present work
an give more insight on the orientation and the SERS mechanism
rom a theoretical point of view.

In the SERS modelling of o-, m-, and p-methoxybenzonitrile we
ave considered the same methodology as in Part I, although the
mphasis is focused on the comparison of the SERS effect in the dif-
erent isomers, as well as on the structural reasons of this behaviour.

. Computational methods

Calculations of the structure and vibrational spectra of the
nvestigated compounds were performed using the Gaussian 03
rogram package [7]. All calculations were carried out with Becke’s
hree-parameters hybrid method using the Lee–Yang–Parr correla-

ion functional (B3LYP) [8,9] together with the LANL2DZ basis set
orresponding to the D95 basis on first row atoms [10] and the
os Alamos DZ on silver [11]. For the optimized structure of the
xamined species no imaginary frequencies modes were obtained,
roving that a local minimum on the potential energy surface was

http://www.sciencedirect.com/science/journal/13861425
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Table 1
Calculated bond lengths (Å) of the three methoxybenzonitriles

OMBN MMBN PMBN

C–C ring 1.407 1.411 1.413
C–H ring 1.087 1.085 1.086
C ring-O 1.385 1.392 1.388
C–CN 1.437 1.441 1.437
O–C methyl 1.460 1.458 1.460
C–N 1.183 1.183 1.184
C–H methyl 1.098 1.099 1.098

Table 2
Calculated and experimental thermodynamic functions (cal/mol K) for OMBN,
MMBN, and PMBN at 298.15 K

This work Experimental [4]

OMBN S0 91.40 –
C0

p 34.33 –

MMBN S0 91.45 87.08
C0

p 34.34 32.50

PMBN S0 91.56 86.98
C0

p 34.32 32.45

Table 3
Calculated bond lengths (Å) of the three methoxybenzonitrile–silver complexes

OMBN–Ag MMBN–Ag PMBN–Ag

C–C ring 1.423 1.409 1.415
C–O 1.383 1.391 1.386
C–CN 1.433 1.438 1.434
C–H ring 1.086 1.085 1.086
O
C
N
C
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Table 4
Selected geometrical parameters values of the three methoxybenzonitriles and
methoxybenzonitrile–silver complexes (SERS)

CN (Å) N–Ag (Å) C–N–Ag (◦) Ring-O (Å) O–Me (Å) C–CN (Å)

OMBN 1.183 1.385 1.456 1.437
OMBN–Ag 1.181 2.543 152.7 1.383 1.461 1.433

MMBN 1.183 1.392 1.458 1.440
MMBN–Ag 1.181 2.550 152.7 1.391 1.460 1.438

PMBN 1.183 1.388 1.457 1.437
PMBN–Ag 1.182 2.562 148.8 1.386 1.461 1.434

Table 5
Selected diagonal stretching force constants (mdyn/(Å)

OMBN OMBN–Ag MMBN MMBN–Ag PMBN PMBn–Ag

Ring
CC (M) 5.31 5.14 5.24 5.25 5.13 5.11
CC (M, CN)* 5.14 5.00 5.32 5.30 5.23 5.19
CC (CN) 5.02 5.17 5.08 5.07 5.06 5.01
CC 5.13 5.14 5.12 5.09 5.21 5.06
CH 5.66 5.70 5.65 5.66 5.72 5.72

Ring-CN
C–CN 5.93 5.94 5.79 5.78 5.88 5.90
CN 17.56 17.53 17.58 17.53 17.45 17.37

Ring-M
CO 6.00 6.04 5.86 5.89 5.94 5.98

Methoxy
O–C 4.71 4.68 4.75 4.72 4.71 4.70
CH 5.27 5.28 5.25 5.26 5.27 5.28
CH 5.27 5.29 5.25 5.26 5.27 5.27
CH 5.57 5.58 5.56 5.56 5.55 5.57

N

(
n

p
[

p

–Me 1.461 1.459 1.461
–H methyl 1.098 1.099 1.098
–Ag 2.543 2.550 2.562
–N 1.181 1.181 1.182

ound. The energies of the Frontier orbitals discussed in the last sec-
ion are in fact those of the � orbitals, close examination showed
hat there is almost no difference to the corresponding � orbitals
ith the additional � spin orbital (a HOMO) being located purely
n the Ag atom.
Calculated wavenumbers have been scaled by 0.9695 to account

or anharmonic behavior incomplete incorporation of electron cor-
elation and the use of finite basis sets in the theoretical treatment.
his value has been applied to all regions of the spectra, so it is
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Fig. 1. B3LYP/LANL2DZ-optimized structures of o-methoxybenzonitrile (OMBN

Fig. 2. B3LYP/LANL2DZ-optimized structures of the OMBN–Ag (
–Ag 0.19 0.15 0.16

M) and/or (CN) indicates that the CC stretching is related to methoxy (M) and/or
itrile (CN) groups, *only OMBN.

ossible that some vibrations are affected stronger than others
12].

Conversion from Cartesian to internal coordinates and decom-
osition of the potential energy distribution (PED) was carried out

sing the program FCART01, a major modification of previous soft-
are [13]. With the internal force constants matrices of the PED

re obtained which provide a measure of each internal coordinate’s
ontribution to the normal coordinate at the above-mentioned the-
retical level. For the sake of brevity, the complete tables of the

), m-methoxybenzonitrile (MMBN) and p-methoxybenzonitrile (PMBN).

left), MMBN–Ag (center) and PMBN–Ag complex (right).



Table 6
Calculated Raman frequencies (cm−1) and intensities (Å4/amu) of the methoxybenzonitriles

OMBN MMBN PMBN Assignment

Frequency Intensity Frequency Intensity Frequency Intensity

122 1 134 5 126 0 CH3–BN torsion
129 6 151 0 137 3 CCN–CH3 in-plane bending
203 1 199 3 205 1 CH3 torsion
238 0 243 2 238 2 BN–CH3 in-plane bending
257 0 258 0 275 0 CH3 torsion, BN out-of-plane bending
394 3 392 3 370 10 Ring in-plane, CCN bending in-plane
400 8 395 8 414 0 BN (meta) in-plane bending, CCN bending in-plane
437 6 455 3 471 4 Ring (CN) symm in-plane bending
497 2 479 2 478 2 Ring (meta) out-of-plane bending
566 7 528 7 550 3 Ring asymm in-plane bending
577 2 581 1 561 3 CCN in-plane bending
585 3 628 3 638 6 Ring (CN) symm out-of-plane bending, CCN out-of-plane bending
708 22 695 0 660 1 Ring (meta) symm in-plane bending
752 1 696 14 736 1 CH symm out-of-plane bending
771 0 805 0 791 40 CH asymm out-of-plane bending, BN asymm out-of-plane bending
791 3 858 5 831 0 Trigonal breathing, CO stretching, O–CH3 stretching
873 0 904 1 854 0 CH asymm out-of-plane bending, ring symm out-of-plane bending
964 0 919 0 969 0 CH symm out-of-plane bending
983 4 976 41 982 2 Trigonal breathing, O–CH3 bending

1000 0 993 1 986 0 CH asymm out-of-plane bending
1031 30 1013 9 998 0 CC asymm stretching (1)
1102 1 1086 3 1110 1 CC asymm stretching (2)
1117 8 1116 9 1115 8 CH3 rocking xz plane
1153 4 1136 3 1156 8 CH3 rocking yz plane
1174 8 1162 8 1176 51 CH (ortho) in-plane bending, ring in-plane deformation
1183 19 1184 7 1193 29 CH (para) in-plane bending out-of-plane
1240 30 1247 33 1238 12 CH in-plane bending C–O stretching
1278 2 1293 1 1306 2 Trigonal breathing
1329 10 1342 7 1325 7 CH in-plane bending CC stretching
1425 1 1423 2 1411 4 CH3 bending symm
1445 4 1443 14 1438 7 CH3 bending symm, CC stretching, CH in-plane bending
1467 5 1469 2 1469 25 CH3 bending asymm, CC stretching, CH in-plane bending
1471 22 1471 24 1470 10 CH3 bending asymm
1482 16 1472 10 1494 12 CH3 out-of-phase deformation
1576 14 1571 22 1559 8 CC asymm stretching, CH3 out-of-phase deformation
1594 80 1607 62 1610 174 CC symm stretching, CO stretching
2198 397 2197 435 2189 626 CN stretching
2945 136 2940 143 2943 145 CH3 symm stretching
3031 49 3024 49 3029 48 CH2 symm stretching xz plane
3101 84 3095 104 3097 115 CH ring asymm stretching (1)
3107 44 3112 51 3121 50 CH ring asymm stretching (2)
3121 77 3135 47 3123 34 CH ring asymm stretching (3)
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3138 36 3143 20 3144
3146 156 3147 194 3148

umber in parenthesis in assignment indicates the group reference of the vibration

nternal force constants and PED are not reported here, but can be
ownloaded as Supplementary material.

As in Part I, the surface was modeled by a single Ag atom at
n initial distance of 3.0 Å in a position near perpendicular to the
N group for all the molecules under study. No constrains were
sed during the geometry optimization of the adsorbate–surface
ystem.

. Results and discussion

The quality of the present level of theory can be tested by
omparison of our optimized geometrical parameters with current
xperimental values. In Fig. 1 are shown the optimized struc-
ures of o-methoxybenzonitrile (OMNB), m-methoxybenzonitrile
MMBN) and p-methoxybenzonitrile (PMBN). In general, the cal-
ulated geometrical parameters for these molecules (Table 1) are

n good agreement with those obtained from NMR investigations
f benzonitrile, BN [14] and those reported in Refs. [2,15,16].

The accuracy of the employed level of calculation can be also
stimated from the good agreement of our calculated thermo-
ynamic functions S0 and C0

p with experimentally obtained data

a

i
e
a

18 CH ring symm stretching (1)
05 CH ring symm stretching (2)

4] for MMBN and PMBN at 298.15 K. These values are given in
able 2.

Fig. 2 shows the optimized structures of the molecule–Ag sys-
ems obtained in the SERS modelling. As expected, the Ag atoms
re displaced from an almost right angle toward near linearity dur-
ng the optimization. The calculated equilibrium position should be
roportional to the SERS effect, and consequently produce intensity
nd/or frequency variation of some specific bands. While Table 3
ives calculated bond lengths for the OMBN–Ag, MMBN–Ag and
MBN–Ag systems, we present in Table 4 a comparison with those
btained in the Raman modelling. From this data it is observed that
MBN and MMBN have the same tilt in relation to the Ag atom,
hile the largest bent angle was calculated for PMBN. Furthermore,

he shortest distance N–Ag corresponds to OMBN (shorter than the
ne in the BN–Ag system), while the longest N–Ag distance corre-
ponds to PMBN. No significant changes are calculated in the ring-O

nd CN bond lengths in the presence of the Ag surface.

A selection of stretching (�) force constants for the different
somers obtained at our theoretical level for Raman and SERS mod-
lling is given in Table 5. The calculated values for the ring moiety
re in agreement with those expected for aromatic systems, while



Table 7
Calculated SERS frequencies (cm−1) and intensities (Å4/amu) of the methoxybenzonitrile–Ag systems

OMBN–Ag MMBN–Ag PMBN–Ag Assignment

Frequency Intensity Frequency Intensity Frequency Intensity

7 64 36 70 32 23 CH3–BN–Ag bending XZ
76 207 67 147 61 101 CH3–BN–Ag stretching
95 2 93 83 94 4 BN–O–CH3 bending

137 28 149 16 134 23 CH3–BN–Ag bending YZ
152 92 165 20 158 97 CH3–BN–Ag bending XY
203 14 194 2 210 13 CH3 torsion
238 21 242 3 240 1 BN–O–CH3 in-plane bending
255 16 255 2 277 33 CH3 rocking, BN out-of-plane bending
394 103 393 119 375 246 Ring symm in-plane deformation, CCN in-plane bending
403 17 400 186 412 2 CCN in-plane bending, C–O–CH3 in-plane bending
443 449 458 411 472 22 Ring (CN) in-plane deformation
497 8 478 15 479 337 Ring asymm in-plane deformation, CCN out-of-plane bending
566 136 530 31 555 21 Ring (ortho) out-of-plane asymm deformation
573 9 586 33 561 12 Ring asymm out-of-plane deformation, CCN out-of-plane bending
591 36 623 3 639 12 CCN out-of-plane bending
709 406 691 7 661 19 Ring (ortho) in-plane symm deformation
749 4 696 148 734 10 CH asymm out-of-plane bending, ring out-of-plane deformation
769 4 802 1 791 239 CH symm in-plane bending
791 30 859 4 831 4 Ring breathing deformation, C–O stretching
872 1 902 1 853 12 CH asymm out-of-plane bending (1)
963 1 915 6 969 0 CH asymm out-of-plane bending (2)
980 365 975 450 981 34 Ring trigonal breathing, O–CH3 stretching

1000 1 992 3 986 0 CH asymm out-of-plane bending (3)
1031 117 1012 21 997 28 Ring trigonal breathing (1)
1102 144 1086 0 1111 2 Ring trigonal breathing (2)
1115 8 1115 9 1116 8 CH2 out-of-phase deformation
1152 19 1136 608 1157 10 CH3 rocking
1174 20 1161 592 1175 385 CH ring in-plane bending
1184 76 1184 19 1195 237 Ring-CN stretching, CH3 rocking
1241 128 1248 206 1240 71 Ring in-plane deformation, C–O stretching, CH3 bending symm
1278 784 1294 6 1308 4 CH ring in-plane bending, CC ring stretching
1329 135 1344 26 1326 9 CC ring asymm stretching
1424 301 1422 6 1413 15 CC ring symm stretching, CH3 symm bending
1444 63 1441 173 1440 22 CH3 symm bed ring CC symm stretching
1466 11 1468 123 1469 24 CH3 asymm bending XY
1470 20 1470 24 1471 20 CH3 asymm bending XY, CC ring stretching
1481 266 1470 47 1493 407 CC ring symm stretching (1)
1573 219 1569 226 1555 8 CC ring symm stretching (2)
1591 6783 1603 3639 1607 1787 CC symm stretching, C–CN stretching
2187 25658 2186 25187 2178 14630 CN stretching
2947 234 2941 217 2945 270 CH3 symm stretching
3034 55 3026 54 3032 52 CH3 asymm stretching
3104 83 3097 126 3099 160 CH ring asymm stretching (1)
3109 19 3113 88 3121 63 CH ring asymm stretching (2)
3122 100 3136 27 3124 30 CH ring asymm stretching (3)
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bands are in agreement with the molecular orientation over the
Ag atom shown in Fig. 2, as proposed by the SERS selection rules
[6]. Comparing Raman and SERS normal modes assignment for
the three isomers, it is noted that the most clear enhanced bands
belong to the in-plane vibrations, and among them the biggest

Table 8
Correlation between experimental and calculated CN band: frequency and SERS-
induced shift (cm−1) for OMBN, MMBN and PMBN

Experimental data [5] This work

SERS Raman � SERS Raman �
3138 60 3143 45 3145
3147 327 3147 163 3148

umber in parenthesis in assignment indicates the group reference of the vibration

n the methoxy group the ring-O force constants are in the range
rovided by Durig and Daeyaert in an ab initio study of methoxy-
imethylphosphine [17]. Furthermore, C–OCH3 and O–CH3 force
onstants are comparable to those reported by Rao and Rao in a
ormal coordinate analysis of methoxyphenol [18]. Concerning the
itrile group, the DFT method slightly overestimates � (C–CN) and
(CN) values, partially due to the neglect of electron correlation

nd to basis set truncation. Values presented here for the nitrile
roup are comparable to those calculated in Ref. [19] in a HF cal-
ulation. In general, small differences between Raman and SERS
orce constants reflect the presence of the Ag atom. The small val-
es calculated for the N–Ag force constants are consistent with the

ong distance between Ag and the different methoxybenzonitrile
somers.
In Tables 6 and 7 are presented band frequencies and their cor-
esponding intensities obtained from the Raman and SERS spectra
odelled for OMBN, MMBN and PMBN. Band assignments, also pre-

ented in these tables, have been obtained from the PED, and the
nalysis of animated normal modes. Raman frequencies and assign-

B
O
M
P

*

43 CH ring symm stretching (1)
227 CH ring symm stretching (2)

ents of MMBN and PMBN can be compared with those calculated
hrough out normal coordinate analysis [3] and experimental val-
es [4,20,21]. The intensity calculation and the assignment of these
N 2244 2230 14 2284* 2195* 89
MBN 2234 2230 4 2268 2198 70
MBN 2238 2231 7 2278 2196 82

MBN 2230 2228 2 2225 2189 36

Part I.



Table 9
Correlation between experimental and calculated 8a band: frequency and SERS-
Raman intensity ratio for OMBN, MMBN and PMBN

Experimental data [5] This work

Frequency (cm−1) ISERS/IRaman Frequency (cm−1) ISERS/IRaman

OMBN 1574 9.7 1591 85
MMBN 1603 3.7 1603 58
PMBN 1602 1.3 1607 10

Table 10
Frontier orbital energies (a.u.) of the investigated systems

OMBN OMBN–Ag MMBN MMBN–Ag PMBN PMBN–Ag

LUMO −0.057 −0.077 −0.059 −0.081 −0.051 −0.078
HOMO −0.246 −0.255 −0.248 −0.254 −0.246 −0.255
� 0.189 0.178 0.189 0.173 0.195 0.177

LUMO OMBN–Ag–FL = 0.125 a.u. (365 nm).
FL–HOMO OMBN–Ag = 0.053 a.u. (860 nm).
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UMO MMBN–Ag–FL = 0.121 a.u. (377 nm).
L–HOMO MMBN–Ag = 0.052 a.u. (876 nm).
UMO PMBN–Ag–FL = 0.124 a.u. (367 nm).
L–HOMO PMBN–Ag = 0.053 a.u. (860 nm).

ntensity enhancements are observed for the CN stretching in the
rder OMBN > MMBN > PMBN. The difference between the SERS and
aman CN frequency (cm−1) calculated in the present work for the
istinct isomers is correlated to the experimental data reported in
ef. [5] (Table 8).

This sequence is inversely correlated to the N–Ag distance,
he more tilted PMBN–Ag system with the longest bond is the
east influenced by the attachment of a silver atom. The calcu-
ated intensity enhancements can be compared with the most
elevant intensity enhancement given in Ref. [5]. Therein, an order
f enhancement for the three MBNs is found, for instance the 8a
and assigned to a CC in-plane stretching, where the least enhanced
and corresponds to the PMBN isomer (Table 9).

In analogy to the results for BN in Part I, it is possible from
he data above to infer that a charge transfer (CT) mechanism
hould be dominant in the SERS spectra of the three isomers. In
his part of the work we have therefore investigated the Frontier
rbitals of the adsorbates. The results given in Table 10 show that
he HOMO–LUMO gap for OMBN (241 nm), MMBN (241 nm), and
MBN (234 nm) reproduce quite well the absorption maxima �max

eported by Tsuzuki and Asabe [22] for the Lc-band of the electronic
pectra of these molecules at 232, 230 and 248 nm, respectively.
able 10 also shows that the presence of the Ag atom leads to a
eduction of the HOMO–LUMO gap. The effect is similar for all three
somers and the energy differences resemble those determined for
he BN–Ag system. Taking into account that the difference in energy
etween the Ag Fermi level (FL, −0.202 a.u.) [23] and the Fron-
ier orbitals, as well as the frequency of the incident light (514 nm)
5] we can classify the chemical enhancement [24,25] as a ligand
o metal charge transfer process for the methoxybenzonitriles, in
nalogy to BN. A metal to ligand CT process can be ruled out as the
equired energy cannot come from the laser excitation.

. Summary and conclusions

The model and the level of theory employed in Part I prove to be
seful in the modelling of the Raman and SERS spectra of the dis-

inct methoxy derivatives of benzonitrile. The optimized structures
f the methoxybenzonitrile–Ag system confirm the importance
f the nitrogen lone pair electrons in the SERS process for these
olecules. Examination of frequencies which experience an impor-

ant change in intensity after passing from Raman to SERS spectrum
[

eveals that most of them are assigned to in-plane normal modes,
n agreement with the surface selection rules for perpendicular
rientation of molecules.

In Ref. [2] are reported experimental correlations similar to
hose presented above, however, in that work it is postulated that
he benzene ring in MMBN is orientated perpendicular to the silver
urface, whereas the benzene ring of both the ortho- and para-
erivatives assume tilted stances with respect to the silver surface.
his assumption is based on the strong resonance donor power
f methoxy group in the para-isomer, although the authors rec-
gnize that to justify this argument, more extensive SERS studies
n various benzonitriles derivatives should be performed. In the
eanwhile, the present theoretical study is not only useful to point

owards a different non-perpendicular orientation for MMBN but
lso to give insight on the characteristics of the SERS spectra for the
hree-methoxybenzonitrile isomers.

From our results it is possible to interpret the effect of a metallic
urface on the distinct isomers. In this sense, correlations obtained
rom Raman and SERS data among optimized geometry parame-
ers, force constants, changes in frequencies and intensities show
hat the proximity of the CN to the methoxy group has influence on
he orientation of these molecules on the Ag atom. Accordingly,
he SERS effect in the three isomers should be in the sequence
MBN–MMBN > PMBN. Theoretical concepts on SERS developed in

iterature are also well represented: the calculated HOMO–LUMO
ap for the three isomers reproduce quite well the electronic spec-
ra of these molecules, while for the molecule–Ag systems the
OMO–LUMO energies allow us derive a main contribution of lig-
nd to metal CT mechanism.
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