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Raman, infrared, and surface-enhanced Raman spectroscopies were applied to the vibrational characterization
of the most stable conformer of the 10-isopropyl-10H-phenothiazine-5-oxide derivative. To find the optimized
structure and the computed vibrational wavenumbers of the title compound, ab initio calculations at the Hartree-
Fock level of theory and density functional theory calculations at the BPW91 and B3LYP levels of theory
were performed. The comparison of the surface-enhanced Raman (SER) spectra, obtained only on activated
silver colloids, with the corresponding Raman spectra reveals small shifts (∆ν e 5 cm-1) and proves the
partial chemisorption of the molecules on the silver surface via the lone pair electrons of the oxygen atom;
the electromagnetic mechanism is the main mechanism of the enhancement. Variations of the SER spectra
with the change of pH were attributed to the orientational changes of the adsorbed molecules with respect to
the silver surface.

Introduction

Phenothiazine and its derivatives have been extensively
investigated because of their interesting pharmacological
activity.1-3 Phenothiazine and related compounds have signifi-
cant physiological activity and can be used as tranquilizers.4

A new series of phenothiazine derivatives, which are important
intermediates in the metabolism of phenothiazine drugs, have
been prepared,5,6 and the schematic structure of 10-isopropyl-
10H-phenothiazine-5-oxide compound is illustrated in
Figure 1.

Raman spectroscopy is an invaluable tool to provide informa-
tion about the structure and interacting mechanisms of biologi-
cally active molecules. The Raman spectra of phenothiazine and
its radical cation were reported by Pan and Phillips,7 while
Hester and Williams8 have reported the resonance Raman
spectra of phenothiazine, 10-methylphenothiazine, and their
radical cations. A number of recent studies have examined the
photooxidation behavior of the phenothiazines and their radical
cations, using time-resolved laser flash photolysis experiments.9-11

However, the application of the conventional Raman spec-
troscopy is limited by the weak intensity of the Raman scattered
light and the interference of the fluorescence. One way to
overcome these disadvantages is surface-enhanced Raman
spectroscopy (SERS).12,13 The origin of the enhancement of
Raman scattering cross section at rough surfaces has been an
active field of research. It is now widely accepted that there
are two main contributions to the overall SERS effect: an
electromagnetic contribution and a chemical effect.12,14 The
electromagnetic (EM) mechanism of the Raman enhancement

is based on an increase in the electromagnetic field intensity
near the metal surface due to a resonance excitation of the
delocalized electrons of the metal. This effect is not dependent
on the specific interactions between the molecules and the metal
but is strongly related to the large-scale roughness that
characterizes the substrate surface.12 In the short-range chemical
or charge-transfer (CT) mechanism, a modulation of the
molecule’s electronic polarizability arising from the interaction
with the metal surface is responsible for the enhancement, and
the chemical nature of the molecules becomes important.14,15

In the present paper, a rather detailed experimental and
theoretical study of the most stable conformer of the 10-
isopropyl-10H-phenothiazine-5-oxide compound has been car-
ried out. The first part of the study presents vibrational analysis
of the above-mentioned phenothiazine derivative from an
analytical (infrared and Raman spectroscopy) and theoretical
(Hartree-Fock (HF) and density functional theory (DFT)
calculations) point of view, while in the second part of the study,
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Figure 1. Schematic structure of 10-isopropyl-10H-phenothiazine-5-
oxide compound.
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the SER spectra at different pH values are reported and analyzed
in order to elucidate the adsorption behavior of the molecules
on colloidal silver particles and to establish whether the
molecule-substrate interaction and, consequently, the SERS
effect may be dependent on the pH of the solution.

Experimental Section

Sample and Instrumentation.All starting materials involved
in substrate and sample preparation were purchased from
commercial sources as analytical pure reagents.

A sodium citrate silver colloid, prepared according to the
standard procedure of Lee and Meisel,16 was employed as SERS
substrate. AgNO3 (90 mg) was dissolved in 500 mL of water
and heated to boiling with continuous stirring. A 10 mL portion
of 1% aqueous trisodium citrate was added dropwise, and the
reaction mixture was boiled for another 60 min. The resultant
colloid was yellowish gray with an absorption maximum at 407
nm. Small amounts of 10-isopropyl-10H-phenothiazine-5-oxide
10-1 M ethanol solutions were added to 3 mL of silver colloid.
NaCl solution (10-2 M) was also added (10:1) for production
of a stabilization of the colloidal dispersion that leads to a
considerable enhancement of the SER signal.17 The final
concentration of the sample was∼2.5 10-4 M. NaOH and HCl
were used to adjust the pH values.

The UV-vis absorption spectra were recorded with a Perkin-
Elmer Lambda 19 UV-vis-NIR spectrometer with a scan speed
of 240 nm/min.

The FT-Raman spectrum of polycrystalline sample was
recorded using a Bruker IFS 120HR spectrometer with an
integrated FRA 106 Raman module and a resolution of 2 cm-1.
Radiation of 1064 nm from an Nd:YAG laser was employed
for excitation. A Ge detector, cooled with liquid nitrogen, was
used. The infrared spectrum in KBr pellets was recorded with
a Bruker IFS 25 spectrometer and a resolution of 2 cm-1. In
both cases, the spectral data were analyzed using OPUS 2.0.5.
software. The SER spectra of the sample on silver colloid,
collected in the backscattering geometry, were recorded with a
Spex 1404 double spectrometer, using 514.5 nm and 300 mW
output of a Spectra Physics argon ion laser. The detection of
the Raman signal was carried out with a Photometrics model
9000 CCD camera. The spectral resolution was 2 cm-1. In this
case, the MAPS VO 98.5 analyzing software package was used
for the acquisition of data.

Computational Details. Theoretical calculations of the
structure and vibrational wavenumbers of the investigated
compound were performed using the Gaussian 98 program
package.18 The DFT calculations were carried out with Becke’s
1988 exchange functional19 and the Perdew-Wang 91 gradient
corrected correlation functional (abbreviated as BPW91)20 and
Becke’s three-parameter hybrid method using the Lee-Yang-
Parr correlation functional (abbreviated as B3LYP).21 For
comparison purposes, ab initio calculations performed at the
HF level of theory were also done. The 6-31G* Pople split-
valence polarization basis set was used in the geometry
optimization and normal modes calculations at all theoretical
levels. At the optimized structure of the examined species, no
imaginary frequency modes were obtained, proving that a local
minimum on the potential energy surface was found.

Results and Discussion

Vibrational Analysis. Due to the flexibility of the isopropyl
group, the 10-isopropyl-10H-phenothiazine-5-oxide molecule
allows for several conformers. The optimized geometries of the
six most probable conformers calculated at the BPW91/6-31G*

level of theory are illustrated in Figure 2. Analytical harmonic
vibrational modes have also been calculated in order to ensure
that the optimized structures correspond to minima on the
potential energy surface. The total energy of the most stable
conformer, which was found to be conformer 1, including zero
point corrections, is-1186.6367 hartree. The differences
between the energy of the most stable conformer and the energy
of the other relevant conformers, obtained at this theoretical
level, are also indicated in Figure 2. The experimental and
theoretical investigations were further carried out for conformer
1, which will be denoted as 10-isopropyl-10H-phenothiazine-
5-oxide.

Crystallographic analysis of phenothiazine22 shows that the
molecule is folded about the N-S axis, with the two planes
containing the phenyl rings having a dihedral angle of 158.5°.
The amount of folding increases for larger substituents on 10-
substituted derivatives,7 with chlorpromazine having a dihedral
angle of 139.4°.

Selected optimized structural parameters of 10-isopropyl-10H-
phenothiazine-5-oxide derivative calculated by various methods
are given in Table 1 along with the available X-ray values of
the ground state of the phenothiazine.22 As it can be observed,
the theoretical dihedral angle between the two phenyl rings of
the compound has smaller values compared to the dihedral angle
of the phenothiazine and is in agreement with previous results.7

Figure 2. Optimized geometries of six most probable conformers of
10-isopropyl-10H-phenothiazine-5-oxide. The differences between the
energy of the most stable conformer and the energy of the other
conformers, obtained at the BPW91/6-31G* level of theory, are
indicated in parentheses.
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The calculated bond lengths and bond angles agree with the
reported parameters,22 and the B3LYP method gave the best
results. At this level of calculation, the differences observed
between the theoretical and experimental values of the structural
parameters that involve the S and N atoms are most probably
due to the presence of the substituents.

The FT-Raman and infrared spectra of the phenothiazine
derivative 10-isopropyl-10H-phenothiazine-5-oxide in the range
from 3200 to 400 cm-1 are presented in Figure 3, and the
observed bands, as well as the vibrational assignment, are
summarized in Table 2. The assignment of the vibrational modes
was carried out with the help of the results obtained from
theoretical calculations and the work of Pan and Phillips7 on
the phenothiazine.

Ab initio harmonic vibrational wavenumbers are typically
larger than the ones observed experimentally.23 A major source
of this disagreement is the neglect of anharmonicity effects in
the theoretical treatment. Errors arise also because of incomplete
incorporation of electron correlation and the use of finite basis
sets. Since Hartree-Fock calculations tend to overestimate
relatively uniform vibrational wavenumbers because of improper
dissociation behavior, the predicted wavenumber values have
to be scaled with general scaling factors to adjust the observed
experimental values.24 Thus, the restricted-Hartree-Fock (RHF)
calculated vibrational wavenumbers presented in Table 2 have
been uniformly scaled by 0.8953 according to the work of Scott
and Radom.24 Even after scaling, compared to the experiment,
the RHF wavenumber is overestimated in the high wave-

number region but are comparable to the experimental values
in the low wavenumbers region.

In agreement with previous studies,24,25the B3LYP functional
tends also to overestimate the fundamental modes compared to
the BPW91 method; therefore, scaling factors have to be used
to obtain a considerably better agreement with the experimental
data.24,25Thus, according to the work of Rauhut and Pulay,26 a
scaling factor of 0.963 has been uniformly applied to the B3LYP
calculated wavenumber values from Table 2. The observed
disagreement between the theory and experiment could be a
consequence of the anharmonicity and of the general tendency
of the quantum chemical methods to overestimate the force
constants at the exact equilibrium geometry.26 Nevertheless, as
one can see from Table 2, the theoretical calculations reproduce
the experimental data well and allow the assignment of the
vibrational modes.

From Figure 3, one can see that the bands assigned to the
phenyl vibrational modes dominate the infrared and Raman
spectra of the 10-isopropyl-10H-phenothiazine-5-oxide deriva-
tive. Thus, the intense bands present in the high wavenumber
region (3200-3000 cm-1) of both spectra were attributed to
the CH stretching vibrations of the aromatic groups. In the high
wavenumber region between 3000 and 2800 cm-1, the medium
intense bands assigned to the CH stretching vibrations of the
isopropyl group can also be observed in both spectra. The strong
infrared and Raman bands between 1605 and 1571 cm-1 were
given by the ring-stretching vibrational modes. The strong
Raman and the corresponding weak infrared bands at 1319 cm-1

(calcd 1323 cm-1) were also assigned to the CC stretching
vibration of the aromatic ring. The breathing vibration of the
benzene rings gives strong bands at 1042 cm-1 (calcd 1042
cm-1) in both spectra. The medium intense infrared and Raman
bands at 882 (calcd 871 cm-1) and 670 cm-1 (calcd 666 cm-1)
were assigned to the in-plane ring deformation vibrations, while
the bands attributed to the out-of-plane ring deformation
vibrations appear at 703 (calcd 710 cm-1), 530 (calcd 514 cm-1),
and 430 cm-1 (calcd 440 cm-1) in the infrared and Raman
spectra of the phenothiazine derivative. The bands due to the
in-plane and out-of-plane CH deformation vibrations appear in
both spectra around 1200 and 750 cm-1, respectively.

The SdO deformation and stretching vibrations give rise to
the medium intense Raman bands at 383 (calcd 375 cm-1) and
1095 cm-1 (calcd 1087 cm-1), respectively. The medium intense
Raman band at 1244 cm-1 and the infrared band at 1251 cm-1

TABLE 1: Selected Calculated Bond Lengths (pm) and
Angles (deg) of the 10-Isopropyl-10H-phenothiazine-5-oxide
Compound Compared to the Experimental Data of the
Phenothiazine

10-isopropyl-10H-phenothiazine-5-oxide phenothiazine

calcda calcdb calcdc exptld

Bond lengths (pm)
C-Savg 182.155 182.150 180.995 177
C-Navg 141.925 141.927 141.717 140.6
C1-C2 141.209 141.209 140.419 138.5
C2-C3 140.209 140.208 139.584 139
C3-C4 140.258 140.258 139.565 136.7
C4-C5 140.181 140.181 139.513 136.7
C5-C6 139.620 139.619 138.976 139.1
C6-C1 141.328 141.328 140.552 139.7
C2-H2 109.187 109.187 108.450 98
C3-H3 109.367 109.367 108.670 105
C4-H4 109.282 109.282 108.584 98
C5-H5 109.365 109.365 108.633 93
S-O1 152.295 152.295 151.280
C7-N 147.130 147.130 146.690

Angles (deg)
dihedral

angle
138.478 138.478 137.657 153.30

C6-S-C6′ 93.068 93.068 93.676 99.60
C1-N-C1′ 117.207 117.206 116.922 121.50
C1-C2-C3 120.484 120.484 120.417 119.8
C2-C3-C4 121.091 121.092 121.084 120.5
C3-C4-C5 119.165 119.165 119.192 119.4
C4-C5-C6 119.538 119.538 119.502 119.7
C5-C6-C1 122.307 122.307 122.268 119.2
C6-C1-C2 117.377 117.377 117.501 119.5
C1-C2-H2 120.267 120.267 120.302 118.5
C2-C3-H3 118.874 118.873 118.915 115.8
C3-C4-H4 120.554 120.554 120.520 117
C4-C5-H5 121.874 121.874 121.842 122.8
C6-S-O1 110.020 110.020 109.540
C6′-S-O1 110.065 110.650 109.567

a RHF/6-31G*.b BPW91/6-31G*.c B3LYP/6-31G*. d Reference 22.

Figure 3. FT-Raman (a) and infrared (b) spectra of 10-isopropyl-
10H-phenothiazine-5-oxide derivative.
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(calcd 1247 cm-1) were attributed to the CNC symmetric
stretching vibration, while the weak Raman band at 1212 cm-1

and the medium intense infrared band at 1214 cm-1 (calcd 1213
cm-1) were assigned to the CNC asymmetric stretching vibra-
tion. The bands assigned to the CSC stretching vibration are
present around 1055 cm-1 (calcd 1059 cm-1) in the infrared
and Raman spectra of the compound. The ring chair deformation
vibrations give rise to the medium intense infrared and Raman
bands at 560 cm-1 (calcd 553 cm-1) and the weak Raman band

at 308 cm-1 (calcd 305 cm-1). Other bands given by the CNC
and CSC out-of-plane deformation vibrations appear around 490,
340, and 177 cm-1, respectively.

Surface-Enhanced Raman Spectroscopy.SER spectra of
10-isopropyl-10H-phenothiazine-5-oxide at different pH values
have been obtained only on activated silver colloids by the
presence of coadsorbed chloride anions and are presented in
Figure 4. The SERS activation of the colloids in the presence
of chloride anions can be explained in terms of increased

TABLE 2: Wavenumbers (in cm-1) and Assignment of the Theoretical Wavenumber Values (cm-1) to the Experimental Bands
of the Phenothiazine Derivative 10-isopropyl-10H-phenothiazine-5-oxidea

IR Raman calcdb calcdc calcdd assignment

177m 193 185 188 C1NC1′, C6SC6′ twist + SO deformation
199m 203 202 200 CCC skeletal deformation
272m 267 275 271 CH deformation (CH3)
308w 320 305 308 ring chair deformation
340m 338 333 332 C1NC1′, C6SC6′ twist
383m 372 375 372 SO deformation+ C10,9,11deformation

402m 408m 408 403 384 out-of-plane Ph ring deformation
430m 430m 438 440 419 out-of-plane Ph ring deformation
455sh 448sh 461 455 438 C7,8,9deformation+ CH deformation (CH3)
479m 480sh 497 490 453 C1NC1′, C6SC6′ wagging
492m 494m 518 508 488
527m 530w 522 514 509 out-of-plane Ph ring deformation
560w 560m 566 553 514 ring chair deformation
604w 605vw 606 608 586
624m 623vw 663 658 604 in-plane Ph ring deformation
668w 670m 685 666 656
705m 703vw 733 710 667 out-of-plane Ph ring deformation
734sh 730m 752 736 726 CH wagging (ring)
747s 749w 768 749 740
767s 771w 776 765 749 CH deformation (CH2)
829vw 830m 804 823 811 C10,9,11stretching+ CH twist (ring)
844vw 835sh 859 830 841
881m 882vw 884 871 862 C3,4,5, C3′,4′,5′ bending
910sh 900vw 916 904 884 CH twist (ring)
941sh 943vw 936 939 912
959vw 956vw 963 949 945 CH deformation (CH3)
983sh 984vw 970 974 964
1003sh 1002vw 1003 1012 1003 C1,2,3+ C3,4,5bending
1027s 1030sh 1015 1031 1018 C7,8 stretching
1042sh 1042s 1021 1042 1027 Ph ring breathing
1053s 1059sh 1041 1059 1041 CH bending (ring)+ C6SC6′ stretching+ NC7 stretching
1095m 1095m 1092 1087 1074 SO stretching
1128w 1127w 1114 1124 1111 CH deformation (CH2, CH3) + C10,9,8stretching
1150m 1142m 1146 1145 1136
1172sh 1170w 1188 1170 1154 CH bending (ring)+ CH deformation (CH, CH3)
1176m 1177sh 1199 1173 1161
1214m 1212w 1211 1213 1201 C1NC1′ as. stretching+ CH bending (ring))
1251m 1244m 1249 1247 1235 C1NC1′ s. stretching+ CH rocking (ring)
1273m 1272vw 1276 1272 1265 CH deformation (CH2) + CH rocking (ring)+ NC7 stretching
1289m 1288sh 1281 1278 1269
1319vw 1319s 1325 1323 1300 CCC stretching (Ph ring)
1359sh 1355sh 1345 1349 1319 CH deformation (CH2, CH3)
1368sh 1372sh 1366 1365 1349
1381s 1380w 1396 1384 1378
1449sh 1451m 1458 1455 1443 C6,1, C6′,1′ stretching
1460s 1457m 1467 1480 1465
1484s 1484vw 1477 1486 1472 CH deformation (CH2, CH3)
1498sh 1498w 1496 1502 1485
1572m 1571m 1586 1573 1561 Ph ring stretching
1588s 1587m 1600 1591 1577
1605m 1605s 1615 1612 1596
2868m 2867m 2882 2935 2892 CH stretching (CH, CH2, CH3)
2901sh 2898m 2921 2997 2925
2925m 2925m 2951 3059 2938
2958m 2958m 3013 3069 2973
3016vw 3025m 3030 3086 2986 CH stretching (ring)
3051vw 3050s 3042 3121 2996
3084vw 3082s 3048 3143 3071

a Abbreviations: Ph) phenyl, w) weak, m) medium, s) strong, sh) shoulder.b Calculated with: RHF/6-31G*.c Calculated with: BPW91/
6-31G*. d Calculated with: B3LYP/6-31G*.
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electromagnetic field or on the basis of chemical enhancement
mechanism.27 The assignment of the normal vibrational modes
of the phenothiazine derivative to the SERS bands at different
pH values is summarized in Table 3. From the comparison
between the Raman spectrum of the polycrystalline sample with
the SER spectra (Figures 3a and 4), we found a good correlation

between the SERS and the Raman bands, with the wavenumber
shifts of the SERS bands relative to the corresponding Raman
bands never exceeding 5 cm-1.

When a molecule binds to a metal surface, it can be either
physisorbed or chemisorbed. In the case of physisorption,12 the
spectra of physisorbed and free molecules are similar. On the
other hand, when the molecules are chemisorbed on the metal
surface,14,15the position and the relative intensities of the SERS
bands are dramatically changed, due to the overlapping of the
molecular and metal orbitals that leads to the formation of a
new metal-molecule SERS complex. Both the EM mechanism
and the CT effect contribute to the overall SERS effect. In the
case of physisorbed molecules, the electromagnetic mechanism
is the main mechanism of the Raman enhancement, while in
the case of chemisorption, the chemical effect is the dominant
mechanism.

The phenothiazine derivative 10-isopropyl-10H-phenothiaz-
ine-5-oxide may bind to the silver surface either via theπ
orbitals of the aromatic rings or via the lone pair electrons of
the nitrogen or oxygen atoms. For aromatic molecules, it is
known28 that the bands due to the ring vibrations are red shifted
by more than 10 cm-1 and their bandwidths increase substan-
tially when the molecules adsorb on the metal surface via their
π systems. Since our SER spectra exhibit only small shifts by
5 cm-1 compared to the normal Raman spectrum and the

TABLE 3: Wavenumbers (in cm-1) and Assignment of the Normal Vibrational Modes of the
10-Isopropyl-10H-phenothiazine-5-oxide Compound to the SERS Bands at Different pH Valuesa

SERS
Raman assignmentpH 1 pH 6 pH 14

199m 200sh 203sh 200sh CCC skeletal deformation
217sh 218sh 221ms Ag-O stretching+ Ag-Cl- stretching
238s 238s 238sh

272m 266sh 264sh 269sh CH deformation (CH3)
340m 347w 345w 342w C1NC1′, C6SC6′ twist
383m 354w 384w 388s SO deformation+ C10,9,11deformation
408m 408w 408vw 413w out-of-plane Ph ring deformation
560m 558w 558m 558m ring chair deformation
670m 671m 673m 673m in-plane Ph ring deformation
730m 732m 734w 732m CH wagging (Ph ring)
771w 768m 763w 769w CH deformation (CH2)
830m 839m 834m 833sh C10,9,8stretching+ CH twist (Ph ring)
882vw 880m 880m 881sh C3,4,5, C3′,4′,5′ bending
900vw 905sh 899m 900s CH twist (Ph ring)
943w 936w 936sh 934sh
1042s 1042s 1042s 1042s Ph ring breathing
1059sh 1067m 1066sh CH bending (Ph ring)+ C6SC6′ stretching+ NC7 stretching
1095m 1098m 1100m 1100ms SO stretching
1127w 1130sh 1136m 1133sh CH deformation (CH2, CH3) + C10,9,8stretching
1142m 1153m 1151m 1155m
1170w 1167m 1167m 1170m CH bending (Ph ring)+ CH deformation (CH, CH3)
1177sh 1175m
1212w 1213m 1216w 1212vw C1NC1′ as. stretching+ CH bending (Ph ring)
1244m 1252m 1256m 1252m C1NC1′ s. stretching+ CH rocking (Ph ring)
1288sh 1290m 1296m 1298m CH deformation (CH2) + CH rocking (Ph ring)+ NC7 stretching
1319s 1322s 1324s 1324s CCC stretching (Ph ring)
1380w 1381sh 1383w 1383m CH deformation (CH2, CH3)
1451m 1441m 1435m 1432m C6,1, C6′,1′ stretching
1457m 1462m 1456m 1456w
1498w 1493sh 1501sh 1513m CH deformation (CH2, CH3)
1571m 1566sh 1566sh 1563sh Ph ring stretching
1587m 1579s 1579s 1578s
1605s 1607sh 1610sh 1609sh
2867m 2868ms 2873m 2874m CH stretching (CH, CH2, CH3)
2898m 2890sh 2898sh 2896sh
2925m 2935m 2937ms 2936ms
2958m 2962sh 2959sh 2963sh
3050s 3063m 3063m 3068m CH stretching (Ph ring)
3082s 3075sh 3085sh 3081sh

a Abbreviations: Ph) phenyl, w) weak, m) medium, s) strong, sh) shoulder.

Figure 4. SER spectra of 10-isopropyl-10H-phenothiazine-5-oxide
compound on silver colloid at different pH values, as indicated.
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bandwidths were hardly affected by the adsorption, it is likely
that the molecules are adsorbed on the silver surface via the
nonbonding electrons of the nitrogen or oxygen atoms. When
looking at the presence of the isopropyl substituent on the
nitrogen atom, we assume that the molecule-surface interaction
occurs through the lone pair electrons of the oxygen atom, with
the nitrogen-metal interaction being sterically hindered.

The adsorbate-metal interaction is further evidenced by the
presence of some bands in the 250-150 cm-1 region (Figure
5), which are assigned to the Ag-adsorbate stretching vibra-
tions.29,30 When the pair of the bands present in this spectral
range passes from acidic to alkaline pH values, it shows intensity
reversal. Thus, the intensity of the sharp band observed at pH
) 1 at 238 cm-1, which is most probably due to the Ag-Cl-

stretching vibration,29 is decreased upon an increase in the pH
values; meanwhile, an increase and a small shift to higher
wavenumbers of the shoulder observed at 217 cm-1 at pH) 1
occurs, which corresponds to the Ag-O stretching vibration.30

The high intensity of the band at 238 cm-1 could be explained
by the increase of the chloride anions concentration in acidic
environment caused by the addition of the acid for pH value
adjustment. At pH) 6, the Ag-Cl- stretching band becomes
broader and less intense, while the intensity of the Ag-O
stretching band increases. At still higher pH (pH) 14), as the
concentration of the chloride ions is reduced in the medium
and, consequently, at the silver surface, the Ag-Cl- stretching
vibration gives rise only to a shoulder at 238 cm-1, while the
intensity of the band at 221 cm-1, which gives evidence of the
metal-oxygen interaction, further increases. The appearance of
the Ag-O stretching band in the SER spectra at all pH values
indicates the partial chemisorption of the molecules on the metal
surface through the nonbonding electrons of the oxygen atom.

The UV-vis absorption spectra of the pure colloid and
mixture of the colloid and 10-isopropyl-10H-phenothiazine-5-

oxide before and after addition of NaCl were recorded and are
presented in Figure 6. The absorption spectrum of the silver
colloid shows a single absorption maximum at 407 nm, due to
the small particle plasma resonance. It is known31 that, when
two metallic spheres approach each other, this band remains at
the original single sphere wavelength, while another resonance
develops at longer wavelengths; hence, a secondary peak occurs
in the red/near-infrared (500-800 nm) spectral region. The
appearance of such a new broad band in the red/infrared region
is generally attributed to the coagulation of silver particles in
the sol in the presence of the adsorbed molecules.32,33Alterna-
tively, such a band has been ascribed to a CT band, due to the
molecule-metal interaction.34 One can see from Figure 6 that,
after addition of sample in silver hydrosol, the band at 407 nm
becomes weaker and broader and is shifted to longer wave-
lengths by 4 nm. When NaCl is added to the colloid-sample
mixture, the absorption peak is further shifted to longer
wavelengths by 8 nm, and its intensity decreases, while no new
band due to the secondary plasmon resonance is observed. This
behavior indicates the significant contribution of the EM
mechanism to the overall SERS enhancement.

Variations in the SER spectra with the change of the pH
values were usually attributed either to a change in orientation
of adsorbates with respect to the metal surface35 or to a change
in the chemical nature of the adsorbates.36,37 When the SER
spectra of the phenothiazine derivative at different pH values
are compared (Figure 4), as no new band appears to suggest
structural changes of the molecule, the spectral changes may
be attributed to an orientational change of the molecule on the
silver surface.

The orientation of the adsorbed molecules with respect to
the metal surface can be estimated from the enhancement of
the relevant Raman bands, following the surface selection rules.
According to the electromagnetic surface selection rules,38,39 a
vibrational mode with its normal mode component perpendicular
to the metal surface is likely to become more enhanced than
the parallel one. In particular, the CH stretching vibrations were
reported to be relatively unambiguous probes for adsorbate
orientation.40

When looking at the geometry of the 10-isopropyl-10H-
phenothiazine-5-oxide derivative, it is very difficult to exactly
predict the orientation of the molecule with respect to the metal
surface. However, from Figures 4 and 3a, one may notice that,
at all pH values, the bands around 1600 and 1042 cm-1 assigned

Figure 5. pH dependence of the metal-adsorbate stretching mode
from the SER spectra of the 10-isopropyl-10H-phenothiazine-5-oxide
compound.

Figure 6. Absorption spectra of salt-free silver colloidal dispersion
(a), with 10-1 M 10-isopropyl-10H-phenothiazine-5-oxide (b), with 10-1

M 10-isopropyl-10H-phenothiazine-5-oxide and 10-2 M NaCl (c).
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to the ring stretching and breathing modes, respectively, are
enhanced, small shifts of the bands, due to the ring stretching
vibrations compared to the corresponding Raman bands are
observed (Table 3). The enhancement of the band around 670
cm-1 given by the in-plane deformation vibration of the aromatic
ring can be observed at all pH values. At alkaline pH, this band
is shifted to higher wavenumbers by 3 cm-1 compared to the
Raman spectrum (Table 3). At all pH values, the bands at 408,
430, 530, and 703 cm-1, which arise from the out-of-plane
deformation vibrations of the phenyl rings, are very weakly
enhanced. The behavior of the above-mentioned bands confirms
the supposition that the molecule-metal interactions do not
occur via theπ orbitals of the aromatic rings. Moreover, the
enhancement and the shift to higher wavenumbers by 5 cm-1

of the band at 1095 cm-1 due to the SO stretching vibration
(Table 3) gives further evidence of the existence of the
molecule-surface interaction through the lone pair electrons
of the oxygen atom. The enhancement of the bands due to the
CH deformation and stretching vibrations of the isopropyl
substituent present in all SER spectra confirms the major
contribution of the electromagnetic effect to the SERS enhance-
ment compared to the chemical one.

When the SER spectra at acidic and alkaline pH are compared
to the normal Raman spectrum (Figures 4 and 3a), changes in
the relative intensities on some bands can be noticed. Thus, at
pH ) 1 some bands due to the in-plane CH deformation
vibration of the phenyl rings are enhanced. Furthermore, the
enhancement of the bands at 1441 and 1462 cm-1, given by
the stretching vibrations of the C6C1 and C6′C1′ bonds, can be
explained on the basis of surface selection rules.38,39When the
molecule interacts with the silver surface and adopts an upright
orientation of the phenyl groups, these bonds are exactly
perpendicular to the surface. For such a case, the surface
selection rules predict particularly large enhancement, which
is in agreement with our results. In the high wavenumber region
(3200-3000 cm-1), one can see the strong intensity of the CH
stretching bands. Therefore, we assume that, at acidic pH, the
molecules are oriented at the metal surface in such a way that
the benzene rings are preponderantly perpendicular with respect
to the surface as indicated in Figure 7a. According to the surface
selection rules,38,39 the out-of-plane vibrations are expected in
the SER spectrum only when the adsorbed molecules adopt a

flat, or at least tilted, orientation on the silver surface. The
increased intensity of the bands around 900 cm-1, attributed to
the out-of-plane CH deformation vibrations of the phenyl at
alkaline pH, can be a consequence of the reorientation of the
aromatic rings from the upright to tilted. In contrast to the
behavior revealed at acidic pH, the bands assigned to the C6C1

and C6′C1′ stretching vibrations are only weakly enhanced at
these values of the pH. Furthermore, the intensity of the CH
stretching bands present in the high wavenumber region
decreases. An enhancement of the band at 558 cm-1, due to
the ring chair deformation, is also observed. Therefore, we
suppose that, at alkaline pH, a reorientation of the molecules
occurs, with the phenyl rings obtaining a tilted orientation with
respect to the metal surface, as suggested in Figure 7b.

Conclusions

Experimental (infrared and Raman spectroscopy) and theo-
retical (HF and DFT calculations) investigations on the most
stable conformer of 10-isopropyl-10H-phenothiazine-5-oxide
derivative have been performed. The SER spectra of the sample
in activated silver colloids at different pH values were recorded
and compared to the normal Raman spectrum. When the shifts
of the SERS bands (∆ν e 5 cm-1) compared to the correspond-
ing Raman bands and the presence of the band given by the
metal-molecule stretching vibration at all pH values prove the
partial chemisorption of the molecules on the silver surface via
the nonbonding electrons of the oxygen atom. The significant
contribution of the electromagnetic mechanism to the overall
SERS enhancement has been confirmed by the lack of a broad
band in the long wavelength region of the absorption spectra
of the colloid with added adsorbate. The changes evidenced in
the SER spectra at different pH values were attributed to the
reorientation of the adsorbed molecules with respect to the silver
surface.
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