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a b s t r a c t

4,5-Bis(N,N-di(2-hydroxyethyl)iminomethyl)acridine (BHIA) is a new acridine based fluoroionophore and
a highly-selective sensor for cadmium ion. The direct interaction of the aromatic nitrogen atom with a
surface is impossible since there are bulky substituents in the 4,5-positions of the acridine fragment.
Nevertheless BHIA molecule shows a reliable SERS spectrum while adsorbed on a silver electrode. The
analysis of SERS spectra pH dependence reveals that BHIA species adsorbed on a surface can exist in both
non-protonated and protonated forms. The adsorption of BHIA from alkaline solution is accompanied by
carbonaceous species formation at the surface. The intensity of such ‘‘carbon bands’’ turned out to be
related with the supporting electrolyte (KCl) concentration. Upon lowering the electrode potential the
SERS spectra of BHIA do not undergo changes but the intensity of bands decreases. This indicates that
the adsorption mechanism on the silver surface is realized via aromatic system of acridine fragment.
In case of such an adsorption mechanism the chelate fragment of the BHIA molecule is capable of inter-
action with the solution components. Addition of Cd2+ ions to a system containing BHIA adsorbed on a
silver electrode in equilibrium with the solution leads to the formation of BHIA/Cd2+ complex which des-
orption causes the loss of SERS signal.

� 2015 Elsevier B.V. All rights reserved.
Introduction

Surface-enhanced Raman spectroscopy (SERS) is a powerful tool
for surface chemistry and physics investigation. Currently the SERS
method is used for both the study of surface itself [1–4] and the
investigation of the adsorbed molecules [5–9]. In terms of adsorp-
tion chemistry SERS is particularly valuable because there are no
alternative locally sensitive methods for the investigation the state
of the adsorbate. The study of adsorbates by SERS spectroscopy
provides information about their transformations on the surface
[10–13]. The SERS technique applied to surface-solution boundary
can give information about the reorientation of adsorbates [14–17]
and their interaction with the solution components [18–21].
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The interaction between molecules and a surface is necessary
for the appearance of SERS spectrum. If a molecule has several pos-
sible fragments for adsorption the problem arises to determine
through which of them it interacts with the surface. The under-
standing of the adsorption manner is very important both for the
insight into the SERS nature and for practical purposes for example
for the targeted development of functional self-assembled
monolayers.

The aromatic heterocyclic compounds are capable to be
adsorbed via the lone electron pair of a heteroatom or via the con-
jugated aromatic system. The adsorption of azaheterocycle mole-
cules such as pyridine, phenanthroline, acridine, etc. on silver
surface have been studied by the SERS method in detail but clear
understanding of their adsorption manner is not achieved yet.
The hypothetical adsorption model with the key role of lone elec-
tron pair of the nitrogen atom in the heterocycle was considered
for pyridine [22–25] and phenanthroline [26–28]. In the case of
acridine the type of SERS spectra dependence on electrode poten-
tial [29] and stability of the SERS spectrum of protonated form over
time [29–31] suggest that the conjugate aromatic system takes an
important part in the adsorption process along with the lone elec-
tron pair. This fact stimulates an interest to investigation of the
adsorption of acridine derivatives with bulky substituents near
the nitrogen atom. For such derivatives, the direct interaction of
the molecule with a surface via the lone electron pair of aromatic
nitrogen becomes hardly possible. Some newly synthesized acri-
dine derivatives with substituents in the 4,5-positions are the most
attractive as highly selective fluorophores [32–36]. The study of
such substances immobilized on the surface (in particular the
information on the availability of their sensor fragment for solution
components) is very important with respect to analytical applica-
tions (for the detection limit lowering due to surface enhancement
effect) as well as to clearer understanding of the adsorption mech-
anism. Thus, the results of this work may be of significance not
only for the development of the SERS method but for surface
enhanced infrared absorption (SEIRA) and surface enhanced fluo-
rescence also.

We have studied here, for the first time, the SERS spectra of acri-
dine derivative 4,5-bis(N,N-di(2-hydroxyethyl)imi-
nomethyl)acridine (BHIA, see Fig. 1) which is chemosensor for
Cd2+ [34].
Experimental

BHIA (C23H31N3O4) (99%) was purchased from Synthon-Lab (Russia)

The SERS spectra were recorded using a DFS-52 (LOMO, USSR)
spectrometer. The 488 nm line of Ar+ laser LGN-503 was used to
excite the spectra. The spectra were recorded by a FEU-79 photo-
multiplier in the photon counting mode. The accuracy of the wave
Fig. 1. The structure of BHIA.
number reproduction was 0.1 cm�1. The accumulation time per
spectral point is 0.1 s, the total accumulation time for spectrum
is about 3 min. The laser power was 200 mW and the diameter
of spot at the sample is approximately 2 mm in all measurements.
The line from the spirit of diffraction grating presents in the spec-
tra at 1200 cm�1.

The SERS study of BHIA was performed with a silver electrode
as active substrate in the electrochemical cell with a saturated
Ag|AgCl reference electrode and platinum foil as counter electrode.
Before measurements, the silver electrode was etched with strong
nitric acid and carefully rinsed with distilled water. In all cases
BHIA was adsorbed by electroadsorption at potential of �200 mV
from the 10�6 M aqueous BHIA solution containing 10�2 M KCl as
a supporting electrolyte.

The solutions with different pH values were prepared by addi-
tion of suitable volumes of HCl or KOH to the BHIA solution. The
pH was measured by the pH–glass electrode ESL 43-07, Izmeritel,
Gomel, Belarus.
Results and discussion

The BHIA SERS spectra recorded at different pH values are pre-
sented in Fig. 2. One can see that the BHIA molecule shows a good
SERS spectrum when adsorbed on the silver electrode. The bulky
substituents are seen not to interfere with the interaction of
BHIA with surface sufficient for the spectrum to arise. To insight
in the origin of enhancement of the Raman spectrum of BHIA its
UV–visible absorption spectra may be helpful. The absorption
spectra of solution of BHIA 4,5-bis(N,N-di(2-hydroxyethyl)imi-
nomethyl)acridine (BHIA) and its complex with Cd were studied
Fig. 2. SERS spectra of BHIA adsorbed on silver electrode at different pH values. All
spectra are normalized to integral intensity.
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in [34]. The most significant difference among these spectra is
observed for the band at 253 nm. The bands with a maximum
wavelength are 390–395 nm for the BHIA and 420–425 nm for
the BHIA/Cd2+ complex. This fact suggests that at the excitation
of Raman spectra by 488 nm line the condition of resonance with
electronic transitions of BHIA molecule is not realized. On the other
hand the 488 nm line lies within the region of electromagnetic res-
onance with silver nanoparticles. In order to get more information
about the contributions of the electromagnetic resonance and the
electronic structure of molecule to the enhancement of BHIA
Raman spectrum, the investigation of SERS spectra at different
excitation wavelengths may be carried out.

The SERS spectrum of BHIA resembles the one of acridine [29].
As in the normal Raman, all main spectral components observed
are similar for both substances. The investigation of BHIA IR and
normal Raman spectra and their assignment based on the DFT cal-
culations of optimized geometry and normal modes of wavenum-
bers were carefully performed elsewhere [37]. According to the
assignment of the vibrational spectrum of BHIA it may be consid-
ered that all bands in the presented SERS spectrum relate to the
ring in-plane vibrations of aromatic fragment. For all bands the
shifts of their positions compared to the normal Raman spectrum
are non-significant, and lay within the range of 6–9 cm�1.

As well as the acridine molecule [29], BHIA may exist both as
non-protonated and protonated species adsorbed on the surface.
The most significant differences for both species are observed for
the shoulder at 1402 cm�1 and the band at 1584 cm�1. The pH
value increase leads to the disappearance of the first frequency
and the shift of the second one to 1560 cm�1. According to the
assignment of BHIA Raman spectrum the band at 1402 cm�1 corre-
sponds to the normal vibration arising mainly from the ring-in-
plane displacements of atoms of the aromatic fragment and from
wagging vibration of CH2 groups of outlying hydroxyethylic alipha-
tic fragments; the band at 1584 cm�1 is related to the ring-in-plane
vibration of acridine fragment of molecule.

As one can see from Fig. 2 together with the change of the spec-
trum profile the fall of intensity occurs at alkaline pH. Probably,
active properties of surface become worse in alkaline solution
due to the partial formation of silver oxide.

There are three centers of protonation in the BHIA molecule: the
aromatic nitrogen atom (pKa for acridine �5.6 [38]) and two ben-
zylic nitrogen atoms (pKa �7.38 [34]). The protonation of amine
nitrogens appears in the fluorescence spectra of BHIA because
the quantum yield strongly depends on photoinduced electron
transfer (PET) from amine nitrogens to excited acridine. The PET
mechanism is suppressed when benzylic nitrogens are converted
to the corresponding ammonium ions [34]. Since the bands corre-
sponding to the ring in plane vibrations present in the studied
region of BHIA SERS spectrum mainly the spectrum evolution is
caused by the protonation of aromatic nitrogen atom.
Furthermore the similar changes were observed in the SERS spec-
tra of acidic/basic forms of acridine. Thus there is the principal dif-
ference between fluorescence and SERS spectra concerning their
sensitivity to the protonation of BHIA: fluorescent signals reflect
the protonation of the amine nitrogens while the SERS signals
reflect the protonation of aromatic nitrogen atom.

Broad featureless scattering signals near 1330 and 1588 cm�1 in
the spectra particularly noticeable at alkaline pH apparently are
not relevant to the BHIA molecule. The presence of these compo-
nents in the SERS spectra is not uncommon and is peculiar to var-
ious substances. Currently these bands are correlated with a
carbonaceous species on the metal surface as evidenced by numer-
ous studies [39–41]. Despite the presence in spectra of features
from carbonaceous species probably occurs due to using the rela-
tively high laser power it is interesting to note that the process
of carbon formation on the surface has a ‘‘chemical cause’’. In
addition to the dependence on the pH of solution this also follows
from the influence of the supporting electrolyte concentration on
the intensity of the bands centered at 1330 and 1588 cm�1.

As can be seen from Fig. 3, the intensity of the bands from BHIA
does not change with the increasing KCl concentration, while the
1330 and 1588 cm�1 components intensity diminishes greatly.
This phenomenon can be interpreted from the following point of
view: chloride anions have a greater affinity to the surface than
the carbonaceous species and therefore displace the latter from
the surface. The higher the chloride anions concentration the more
carbon is displaced from the surface. Two factors can be responsi-
ble for the significant intensity of carbon bands in alkaline solu-
tion: firstly the more intense graphitization and secondly the
content of chloride anions in the double electric layer at pH = 12
is comparable with the OH� concentration. The results presented
in Fig. 3 can be of practical importance as the supporting elec-
trolyte concentration increase can be used as in situ method for
cleaning the background of SERS spectrum from undesirable car-
bon components. Importantly, this method does not require the
working cell disassembling.

The dependence of the BHIA SERS spectra on the electrode
potential provides information about the alteration of the adsorbed
molecule state upon the variation of the surface potential. In the
acidic solution, the spectrum intensity is decreased with the shift
of electrode potential to the negative range whereas the spectral
profile remains unchanged (see Fig. 4). The changes occurring with
the spectrum are almost the same for the alkaline solution as well.
This indicates that while the electrode potential shifts, the proto-
nated and non-protonated forms of BHIA are desorbed from the
surface instead of being reoriented. It should be emphasized that
the behavior of non-protonated form of acridine over the change
of the electrode potential is quite different. According to [29], the
intensity of the acridine spectrum components remains nearly
unchanged over the shift of potential to more negative values. In
contrast to the acridine desorption, the desorption of non-proto-
nated BHIA molecules occurs because their direct interaction with
the surface via the lone electron pair of nitrogen atom becomes
impossible. The similar influence of the electrode potential on
the SERS spectra of protonated and non-protonated forms of
BHIA proves that the both forms adsorb on the surface in the same
way. It may be supposed that BHIA molecules interact with the
surface via the p-system of aromatic rings. Thus, the desorption
of BHIA is caused by the repulsion of the p-system from the nega-
tive-charged surface.

The investigation of the BHIA SERS spectra in the systems con-
taining complexing cations is of a great interest in view of its sen-
sory properties. Non-protonated and protonated forms of BHIA
demonstrate different responses to Cd2+ addition to solution.

As can be seen from Fig. 5, the SERS spectrum of the non-proto-
nated form disappears when Cd2+ is added to the solution whereas
the spectrum of the protonated form remains unchanged.
Adsorbed BHIA molecules interact in alkali media with cadmium
cations forming BHIA/Cd2+ complex. In accordance with the X-ray
single crystal structural analysis data, the conformation of the
BHIA molecule changes dramatically upon complexation compared
to the free ligand [37]. Apparently, this results in the inability of
the BHIA/Cd2+ complex to remain on the surface. The desorption
of BHIA/Cd2+ complex from the surface to the solution causes the
loss of SERS signal (Fig. 6a). Since the protonation constants of all
BHIA nitrogen atoms are higher than the BHIA/Cd2+ complexation
constant which was found to be 3.66 � 104 L mol�1 [34] there is
no interaction of BHIA molecules with Cd2+ ions at pH = 2
(Fig. 6b). Thus, only the non-protonated form of BHIA is able to
form complex with Cd2+, but at the same time it is not kept on
the surface, whereas the protonated form does not interact with
Cd2+.



Fig. 3. SERS spectra of BHIA at stepwise changing of the Cl� anions concentration: 1–10�2 M KCl; 2–0.1 M KCl; 3–0.5 M KCl; inset: spectra after subtraction.

Fig. 4. BHIA SERS spectra at stepwise electrode potential changing from the bottom to the top; left pH = 9, right pH = 2. Potentials are set vs. saturated Ag/AgCl electrode. The
spectra are offset along the ordinate axis for better clarity.

Fig. 5. BHIA SERS spectra upon Cd2+ addition to the solution at pH = 9 (left) and pH = 2 (right); a – original spectrum, b – spectrum at 10�2 M CdCl2.
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Fig. 6. Proposed scheme of the adsorbed BHIA interaction with Cd2+ at different pH.
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Conclusions

The SERS spectra of BHIA arise despite of the bulky substituents
near of the aromatic nitrogen atom of acridine fragment when its
direct interaction with a surface via the lone electron pare is unli-
kely. Thus, the immobilization of BHIA on active surface which
gives the enhancement of optical signal is possible. The SERS spec-
tra of BHIA undergo changes upon the variation of the pH of the
solution caused by the protonation of the aromatic nitrogen atom.
The dependence of the spectra on the electrode potential indicates
that the both protonated and non-protonated forms of BHIA adsorb
on silver electrode surface via the p-system of aromatic rings. Due
to such adsorption mechanism the chelate fragment of molecule
remains sterically available for interaction with the components
of the solution. Adsorbed BHIA molecules at addition of cadmium
cations in alkali solution form BHIA/Cd2+ complexes not retaining
on the surface that cause the loss of SERS signal.
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