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A series of self-assembled coordination cages [Pd4L
n
8] based 

on a phenothiazine backbone has been investigated by means 

of Raman spectroscopy in solution and by Surface Enhanced 

Raman Scattering (SERS) on a nanostructured Au surface. 

The experiments demonstrate that the cages can be clearly 

distinguished from their constituting ligands by their Raman 

spectroscopic signatures. Furthermore, the structural 

integrity of the interpenetrated coordination cages upon 

deposition on the Au surface was demonstrated for the first 

time. The signal assignment of the experimental vibrational 

spectra was supported by Density Functional Theory (DFT) 

calculations on suitable molecular models.  

The study of self-assembled coordination cages1 is gaining in 

interest because of their potential for application in selective 

guest binding,2 stabilization of reactive compounds,3 catalysis4 

and the synthesis of redoxactive5 and light-switchable 

materials.6 Although self-assembled systems are routinely 

studied in solution or as bulk materials, the examination of 

surface-confined supramolecular structures has become a 

popular alternative.7 

 Phenothiazine and its derivatives have been widely 

investigated because of their attractive properties in 

pharmacology8 and their use in charge separation devices.9 

 Applications in the latter field are based on their good 

electron donor abilities. For example, phenothiazine derivatives 

have been used as surface-mounted photosensitizers on 

semiconducting supports in dye-sensitized and organic polymer 

solar cells.10 Traditionally, these applications make use of 

discrete organic building blocks or covalent polymers. When 

self-assemblies are considered to be used in such a context, 

however, the surface stability of the supramolecules becomes 

an important question. 

 
 

Fig. 1 a) Investigated ligands L
n
 and their corresponding self-assembled double 

cages [3BF4@Pd4L
n

8](BF4)5 with n = 1-3 (R = hexyl; not all BF4
−
 counter anions are 

shown). b) Schematic representation of the SERS (Surface Enhanced Raman 

Scattering) experimental setup. The size of the double cages (length 2.5 - 2.6 nm) 

is exaggerated compared to the size of the nanoscopic surface features (1.4 x 

1.4 µm) of the metal substrate.  
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In the present paper we show a detailed experimental study by 

means of Raman spectroscopy in solution and on 

nanostructured Au surfaces for a series of recently reported 

self-assembled coordination cages [Pd4L
1-3

8].
11 These closely 

related interpenetrated double cages contain eight bis-

monodentate ligands L1-3, which are based on the heterocycle 

phenothiazine and differ in their oxygenation state at the central 

sulfur atom. In total, four square-planar coordinated Pd(II) 

metal ions are coordinated by these ligands (Fig. 1a). As we 

showed before, these double cages are capable of binding small 

guest molecules such as BF4
− and halide anions in their three 

pockets.12 In addition, we showed that S-oxidation of the cages 

can be achieved, both, in solution or in the solid state by the 

action of oxidants such as Fe(III) or Cu(II) salts, organic 

peroxides or molecular oxygen.11  

 Surface Enhanced Raman Scattering (SERS) is an 

invaluable and straightforward technique to approach the 

question of surface stability of supramolecular structures. SERS 

allows to overcome some limitations of conventional Raman 

spectroscopy.13 The enhancement of the signal intensity can be 

attributed to two effects: an increase in the electromagnetic 

field intensity near the metal surface induced by the resonant 

excitation of the surface plasmons of the nanostructured metal 

and/or a chemical effect induced by a modulation of the 

electronic polarizability of the bound molecule. In the first case 

the enhancement is not dependent on the specific interactions 

between the molecule and the metal, but is strongly related to 

the characteristics of the metal surface. The contribution from 

the electromagnetic enhancement can be up to ten orders of 

magnitude while the chemical enhancement is between 10 and 

100.14 Furthermore, redox-driven and electric field induced 

structural changes on metallic surfaces can be directly 

monitored by SERS under electrochemical control.15 

 In the context of macrocyclic and self-assembled 

supramolecular structures, SERS methods have been used only 

scarcely so far.16 In order to examine the surface stability of the 

interpenetrated coordination cages we have compared their 

vibrational spectra after deposition on a gold surface by using 

SERS with the ones in solution by using Raman spectroscopy. 

Care was taken that the characteristic bands of the ligands and 

the cages are not overlapped by solvent bands, therefore the 

solution measurements were carried out in two solvents 

(acetonitrile and acetone, see Fig. SI 1 in the ESI). The SERS 

measurements were carried out using Au coated nanostructured 

silicon chips. The analytes were deposited as acetonitrile 

solutions on the surface and the solvent was allowed to 

evaporate yielding a thin film (Fig. 1b). The complete 

evaporation of the solvent was indicated by the lack of any 

acetonitrile bands in the SERS spectra. The plasmonic effect of 

the nanostructured surface was verified by a comparison with a 

planar Au surface (see Fig SI 2 in the ESI). Density functional 

theory (DFT) computations were employed to achieve a partial 

assignment of the experimentally obtained vibrations for the 

electronic ground state of the examined molecules. 

 
Fig. 2 Comparison of experimental Raman spectra measured in solution 

(acetonitrile) and on the Au surface for the free ligand L
1
 and the double cage 

[3BF4@Pd4L
1

8](BF4)5. *artefact. 

 Interestingly, a comparison of the double cage spectra with 

the spectra of their constituting ligands reveals a significant 

difference not only in the intensity distribution of the 

vibrational bands, but also in the frequencies of some 

characteristic signals. For example, the vibrational bands in the 

normal Raman spectrum of [3BF4@Pd4L
1

8](BF4)5 at 

2210 cm−1, 1163 cm−1 and 1031 cm−1 are shifted to higher 

wavenumbers by ∆ω ~6-9 cm−1 with respect to the free ligand 

L1 (s. Fig. 2). In contrast, the three intense Raman bands at 

1568 cm−1, 1578 cm−1 and 1595 cm−1 are displaced to lower 

wavelengths by 2-8 cm−1. Since these significant differences 

between the ligand and cage spectra are conserved in the results 

of the SERS measurements, we conclude that the 

supramolecular assemblies do not decompose/disassemble on 

the Au surface under release of the free ligands. Similar results 

have been obtained for the oxygenated ligand derivatives L2 

and L3 and their corresponding double cages (s. Fig. 3 and the 

ESI). The frequency shifts in the spectra of double cage 

[3BF4@Pd4L
3

8](BF4)5 are rather small compared to the free 

ligand L3. Still, the cage spectrum can be unambiguously 

differentiated from the ligand spectrum.  

In principal, the SERS effect can cause a shift in the Raman 

frequencies. This is usually the case if strong interactions 

between a non-bonding orbital of the molecules and the surface 

are present. Then even new bands can appear due the formation 

of charge transfer complexes and the chemical enhancement 

can be observed. In the absence of such effects the frequencies 

of the bands in the SERS spectrum are hardly shifted with 

respect to the Raman spectrum in solution.17 Moreover, the 

comparison of the band intensities of Raman and SERS spectra 

provide information about the orientation of molecules on the 

surface. Modes involving changes in molecular polarizability 

with a component normal to the surface are the most enhanced. 

The herein observed similarities of the spectral parameters of 

the solid analyte (ligand or cage), the analyte in solution and the 

analyte adsorbed on the nanostructured Au surface indicate 

weak intermolecular interactions and weak interactions between 

the analyte and the surface (see Fig SI 3 and 4 in the ESI). 

Weak interactions between the molecules and the surface are 

not expected to lead to specific orientations of the adsorbed 
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molecules. This assumption agrees quite well with the fact that 

even the intensity distribution of the bands of the Raman and 

SERS spectrum of the cages (ligands) are almost identical, as 

the similar intensity distribution of the bands points toward a 

random orientation of the cages (ligands) on the surface as it is 

illustrated in Fig. 1b. 

 Although a comparison of the ligand spectra among each 

others shows a substantial similarity in the intensity distribution 

patterns of the most prominent bands, some of the signals 

appear at significantly different frequencies. For example, the 

band at 2203 cm−1 in the normal Raman spectrum of L1 shifts 

to 2209 cm−1 for L2 and up to 2216 cm−1 for L3. The resonance 

around 1142 cm−1 is split in to two signals for the dioxygenated 

derivative L3, which is not the case for the other ligands. 

Likewise, the spectra of the cages are distinguishable. In 

particular, the band assigned to the alkyne group vibration is 

shifted from 2210 cm−1 for [3BF4@Pd4L
1

8](BF4)5 over 

2214 cm−1 for [3BF4@Pd4L
2

8](BF4)5 up to 2215 cm−1 for 

[3BF4@Pd4L
3

8](BF4)5 in the normal Raman spectrum. As in the 

case of the ligand L3, the double cage [3BF4@Pd4L
3

8](BF4)5 

shows an additional band at 1145 cm-1. Moreover, the 

distinction between the cages is obvious for the Raman bands 

around 1600 cm-.1. In this area, three bands appear for all three 

cages. In the case of [3BF4@Pd4L
1

8](BF4)5 these bands are 

shifted to lower wavenumbers, while the bands for the 

oxygenated derivatives come at higher wavenumbers. The 

oxygenated double cages can be distinguished by the intensity 

pattern of the bands around 1600 cm-1.  

 
Fig. 3 Comparison of experimental SERS spectra for a) free ligands L

n
 (n=1-3) and 

b) corresponding double cages [3BF4@Pd4L
n

8](BF4)5.  

For the assignment of the vibrational bands (see Fig. SI 7-9 in 

the ESI), the spectra were calculated by DFT methods on the 

B3LYP/6-31G* level of theory as implemented in Gaussian 

09.18 Fig. 4 compares the experimental SERS spectra of the 

ligands L1-3 with the results from the calculations. Due to a 

systematic overestimation of the vibrational frequencies by the 

used computational method, the calculated spectra had to be 

corrected by using an appropriate scaling factor or a scaling 

equation. For this reason, some scaling methods have been 

tested, such as scaling with a functional- and basis-set-specific 

constant factor (0.9614*ωcalc = ωcorr),
19 a reported scaling 

equation for phenothiazines (0.9519*ωcalc + 23.3 = ωcorr)
20 and 

a self-developed scaling equation (0.9377*ωcalc + 45.2 = ωcorr), 

which gave the best fit. Although the first two scaling 

approaches predicted the frequencies for the signals in the 

middle parts of the spectra quite well, in the ranges with smaller 

and larger wavenumbers, however, the deviation of the shifts 

from the experimental values was more pronounced. The best 

correlation was achieved by applying the self-derived linear 

scaling equation and this was finally used for the uniform 

scaling of all further calculated values. The obtained errors for 

the most intensive bands were less than 1% compared to the 

experimental spectra (s. Tab. 1). The intensity patterns were 

satisfyingly reflected by the calculation method, although the 

intensities of the bands around 2200-2220 cm−1 were 

overestimated by the calculations. 

 
Fig. 4 Comparison of the experimental Raman spectra in solution (acetone) and 

the calculated vibrational Raman spectra for the free ligands a) L
1
, b) L

2
 and c) L

3
. 

Calculated spectra were subjected to a gaussian peak broadening of 4 cm
−1

. The 

intensities of the calculated spectra below 1800 cm
−1

 were scaled by the factors 

printed in the figure.  

Fig. 5 shows the assignment of the most prominent signals in 

the spectrum of ligand L1 to the calculated vibrational modes. 

Obviously, the stretching band of the alkyne linkers is 

degenerated and is represented by two frequencies at 2209.0 

and 2209.4 cm−1. Due to line broadening effects only one signal 

is observed in the experimental spectra. The next three less 

intensive bands are found at 1597.9 cm−1, 1569.9 cm−1 and 

1150.0 cm−1. These modes consist of group vibrations 

comprising predominantly the phenothiazine backbone or the 

pyridine units which is in good agreement with literature 

reported data for phenothiazine and ethynylpyridine 

derivatives.21 Similar vibrational modes were obtained in the 

calculations of the oxygenated ligand derivatives L2 and L3 (see 

the ESI). The sulfoxide stretching bands were predicted to be 

found at 1034 cm−1 and 1060 cm−1 for the axial isomer of 

ligand L2 and 1038 cm−1 and 1069 cm−1 for the equatorial 

isomer with respect to the position of the oxygen substituent. 

The question arose whether the S=O vibrations alone can be 

used for the unambiguous discrimination between the three 

ligand (or cage) isomers? Unfortunately, the S=O stretching 
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resonances of L2 are a part of group vibrations together with 

numerous backbone deformations. For ligand L3, the most 

prominent sulfoxide vibrations were found at 1046 cm−1 and 

1254 cm−1. This is in good agreement with the reported 

vibrational bands for other oxygenated phenothiazine 

derivatives.22 Nevertheless, all sulfoxide vibrations are of very 

low intensity and therefore not very well suited to serve as 

characteristic and outstanding markers of the ligand systems. 

Therefore, the assignment of the samples to the ligands and 

cages in their different oxidation states was rather based on a 

comprehensive comparison of the spectral features in the range 

between ~1000 and 2300 cm−1 as described above. 

 
Fig. 5 Calculated vibrational modes with the highest intensities for ligand L

1
.  

Materials and experimental setup 

Calculations 

Density functional theory (DFT) calculations were performed 

using the Gaussian ’09 program with the Becke 3-Parameter  

Lee-Yang-Parr correlation functional (B3LYP) and the 6-31G* 

split-valence polarization basis set. No imaginary frequencies 

were observed for the optimized structures. The applied scaling 

equation for correcting the computed vibrational frequencies 

was found empirically. In order to save computation time the 

hexyl residues were truncated and replaced by ethyl groups. 

Raman spectroscopy 

The Raman and SERS spectra were collected with a standard 

system (Kaiser Optical System Inc., Ann Arbor, MI, USA); the 

785 nm (line width 0.06 nm) GaAlAs diode laser (Invictus, 

Kaiser Optical Systems, Inc.) light was focused onto the 

sample. The incident power of the laser emission was ca. 50 

mW at the probe head by a recording time of 10 and 5 s with 1 

and 20 accumulations for SERS and Raman experiments, 

respectively. The diffracted light was recorded with a CCD 

camera (iDus, Andor Technology plc.) The spectral resolution 

was 5 cm-1. The most important prerequisite when comparing 

Raman shifts is the reproducibility (or repeatability) of the 

experiment. Kaiser Optical Systems provide a Raman shift 

tolerance between ± 0.5 and ± 1.0 cm-1. Individual system 

performance will not vary to this extent. Upon calibration, a 

system should yield Raman shift values repeatable to ± 0.1 cm-

1. 

For the normal Raman measurements the concentration was 

2.80 mM for the ligand and 0.35 mM for the double cage. The 

normal Raman spectra have been corrected by subtraction of 

the solvent bands. Two different solvents (acetonitrile and 

acetone) were employed to check for overlapping bands in 

various regions of the spectra. Due to subtraction artefacts only 

regions with no significant overlap with the solvent bands are 

depicted and discussed here. For the full spectra and the 

overlapping regions of the solvents and the analytes see ESI. In 

the case of the SERS measurements 1 µL of the solutions were 

used to coat the Au substrate. The solvent was let to evaporate 

before the measurements. 

All SERS spectra were recorded on a commercially available 

nanostructured gold surface (Klarite, Renishaw Diagnostics 

Ltd). This SERS substrate consists of gold-coated periodic 

square lattice of inverted pyramid pits (~1.5 µm wide and ~1 

µm deep).23, 17a 

Due to the background signal, the Raman and surface enhanced 

Raman spectra have to be corrected by a baseline correction. 

We have developed an algorithm for baseline correction by 

connecting cubic splines.24 

Conclusions 

In this paper we could show that a series of self-assembled, 

redox-active double cages remains structurally stable upon 

adsorption on an Au surface. This observation will be helpful 

for building devices such as flow sensors or organic electronic 

circuits based on surface-confined functional supramolecular 

systems. Both, the previously reported host-guest chemistry and 

the unique electrochemical features of our interpenetrated cages 

promise to serve as exploitable functionalities in this context. 

We could show that it is possible to differentiate between the 

free ligands and the ligands embedded in the supramolecular 

structures by means of Raman and SERS spectroscopy. In 

addition, we could demonstrate that vibrational spectroscopy 

allows for an unambiguous differentiation of the species even 

within the series of the three structurally very similar cage 

structures that only differ by the oxygenation state of the 

ligand’s sulfur atoms.  
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Table 1 Vibrational wavenumbers and intensities calculated at the DFT B3LYP/6-31G* level and experimental data for the ligands L1-3. 

ligand L1 ligand L2 ligand L3 

Experimental 

frequenciesa in cm-1 

Raman  calculated 

frequenciesb in cm-1 

Experimental 

frequenciesa in cm-1 

Raman  calculated 

frequenciesb in cm-1 for 
Oax 

Raman  calculated 

frequenciesb in cm-1 for 
Oeq 

Experimental frequenciesa 

in cm-1 

Raman calculated 

frequenciesb in cm-1 

Raman SERS ωcorr
 relative 

intensity 
Raman SERS ωcorr

 relative 

intensity 
ωcorr

 relative 

intensity 
Raman SERS ωcorr 

relative 

intensity 

1022m 1025 m 1018 1 1024 w 1025 m 1018 1 750 1 1022 w 1025 m 1018 1 

1037 m 1038 m 1043 1 1038 m 1037 m 1046 1 1018 1 1038 w 1038 m 1046 1 

 1057 sh 1047 1  1120 w 1118 1 1046 2   1107 2 

 1120 vw 1118 1   1119 2 1118 1  1121 w 1119 1 

  1119 2   1135 1 1118 2   1136 1 

  1138 1 1152 s 1153 vs 1150 15 1136 1   1150 2 

  1148 2   1152 3 1146 1 1142 m 1142 m 1153 13 

1154 s 1156 vs 1150 13   1158 1 1149 13 1166 w 1162 m 1164 2 

  1153 3  1172 w 1176 2 1155 4  1172 sh 1176 2 

  1165 3  1187 w 1199 1 1169 3  1187 w 1199 1 

 1187 vw 1199 1   1199 1 1199 1   1199 1 

 1248 w 1249 2   1247 1 1249 2  1276 vw 1242 1 

 1500 vw 1497 1  1302 vw 1303 1 1321 1  1298 w 1302 1 

1576 sh 1575 vs 1570 16  1326 vw 1326 2 1470 1  1330 w 1326 2 

1580 vs 1580 vs 1579 25   1494 1 1493 1  1473 vw 1470 1 

1601 s 1602 s 1598 12 1581 vs 1584 vs 1575 14 1574 18  1500 vw 1494 1 

2203 vs 2204 vs 2209 44   1580 25 1580 23   1577 13 

  2209 100  1595 w 1590 1 1589 1 1581 vs 1581 vs 1580 23 

  3071 1 1610 vs 1610 vs 1603 2 1602 16   1592 2 

    2209 vs 2212 vs 2212 55 2211 53 1612 vs 1612 vs 1605 21 

      2212 100 2211 100 2216 vs 2213 vs 2214 100 

        3071 1   2214 50 

              

      SO frequencies   SO frequencies 

      1035 < 1 1038 < 1   1046 < 1 

      1060 < 1 1069 < 1   1254 < 1 

              

Experimental intensity description: vs = very strong; s = strong; m = medium; w = weak; vw = very weak; sh = shoulder. 

a This work. b Scaled frequencies with the scaling equation ωcorr = 45.2 + 0.9377ωcalc.
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