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1 | INTRODUCTION
Squaraine dyes (Figure 1 a and b) are a promising class of
organic compounds with unique electronic and optical
properties, making them valuable in various applications
such as nonlinear optics, molecular electronics, photody-
namic therapy (PDT), and metal-organic framework
synthesis." Their ability to transport charge and form
self-assembled monolayers makes them attractive candi-
dates for use in molecular-scale electronic devices.*®
Recent research has highlighted their potential in
materials science and organic electronics, and ongoing
research has been focused on exploring their use in a
wide range of devices.>*

There are several types of squaraine available in the
literature, and varying the ‘R’ group will result in com-
pounds with specific properties. Several squaraine dyes
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There has been increasing interest in the use of squaraines with different phys-
icochemical properties. However, their applications in nanoplasmonics are
limited. For that, detailed information on the interactions of squaraines with
plasmonic nanostructures is required. In this work, we have studied the
adsorption of the squaraine cis-dicyanomethylene squarate (CDSQ) on the sur-
face of Ag nanoparticles (AgNP). We have combined normal Raman, surface-
enhanced Raman scattering (SERS), and DFT calculations to get insights into
the configuration of its adsorption. DFT calculations have been carried out
using simplified models of different adsorption geometries for comparison with
the results of the SERS experiments. A comparison between the relative inten-
sities of the normal Raman and SERS spectra indicates that CDSQ is adsorbed
perpendicular to the AgNP surface. The predicted spectra suggest that CDSQ is
chemically adsorbed on the silver surface through one of its N atoms.

cis-(dicyanomethylene)squarate, DFT, Raman spectroscopy, SERS, silver nanoparticles

have important issues with solubility and/or stability in
aqueous environments; besides, they are subject to
significative aggregation processes.” The high electron-
deficient nature of the oxocarbon core makes the com-
pounds quite susceptible to nucleophilic attack, thus
diminishing potential applications in vivo.” Conversely,
among squaraine dyes, the unique molecular structure
of cis-dicyanomethylene squarate ion (CDSQ, Figure 1
(b)), with its m-conjugated system, and electron-
withdrawing ‘cyano’ groups, good solubility, and rea-
sonable stability make it an excellent candidate for
developing organic semiconductors and materials with
superior charge mobility.*° CDSQ was derived from
1,2-dihydroxy cyclo butene-3,4-dione, also known as
squaric acid, as can be seen in Figure 1 (c). One promis-
ing avenue for future research on CDSQ is in the field
of organic solar cells; the high electron affinity of CDSQ
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FIGURE 1
ion, and (c) squaric acid.

makes it a suitable acceptor material for use in organic
photovoltaic devices, as observed for a series of similar
squaraines.®'®!'! Despite its peculiar properties and rela-
tive structural simplicity, compared to other squaraines,
there is a lack of robust information concerning CDSQ.
There are a few studies specifically addressing this
compound.” '™ Such studies have investigated the
vibrational properties of CDSQ using normal Raman
joint to other techniques, but for the first time, a
complete vibrational study involving this compound was
carried out, as reported here. It is important to notice
that in the last years, our research group has been
involved in the structural and vibrational characteriza-
tion of several different oxocarbon derivatives, including
squaraines and other systems, always aiming for the
understanding of the interplay between structure and
spectroscopic data.'>'*2

The study of molecular vibrations is essential for the
characterization of organic compounds and materials.
Raman spectroscopy is a powerful tool that provides
information on the vibrational properties of molecules
based on their inelastic scattering of light. However,
Raman spectroscopy has some limitations, such as low
sensitivity and signal-to-noise ratio, which restrict its
applicability in certain situations.”® One way to overcome
these limitations is by using surface-enhanced Raman
scattering (SERS).”” SERS is a technique that uses
plasmonic nanostructures of Au, Ag, or Cu to enhance
the Raman signal of molecules adsorbed or very close to
a plasmonic surface.”?° The plasmonic nanostructures
generate a high local enhancement of the electrical field
of the excitation radiation, which results in a significant
enhancement of the Raman signal of the molecules
located in their vicinity. The typical enhancement factor
for highly active Ag SERS substrates is in the range of
10°-107*°"** The SERS technique has many advantages
over traditional Raman spectroscopy. It can provide
information about the structure and orientation of mole-

cules at the surface of the nanostructures****; in addition,

INC),C OH OH
©

Structure of (a) generic squaraines, R: aryl, carbonyl or nitrogen-containing compounds; (b) cis-(dicyanomethylene)squarate

it can detect molecules at much lower concentrations,
down to the single-molecule level. [*>°!

SERS studies of squaraines have been reported only
in a few cases.'”*® Recently, the interaction of
1,3-dianiline squarate (DSQ) with silver nanoparticles
(AgNP) and its adsorption configuration was described
using SERS."* Here, we performed a detailed Raman
spectroscopic analysis and DFT calculations of CDSQ to
investigate its vibrational properties and its adsorption on
silver nanoparticles; furthermore, the SERS characteriza-
tion of CDSQ was carried out here for the first time.

2 | EXPERIMENTAL SECTION

2.1 | Chemicals and reagents

Silver nitrate (Sigma-Aldrich, > 99.0%), hydroxylamine
hydrochloride (Merck, > 99.0%), sodium hydroxide
(Vetec, 97.0%), sodium nitrate (Sigma-Aldrich, > 99.0%),
squaric acid (SQ)(Sigma-Aldrich, > 99.0%) were used as
received. Aniline (Sigma-Aldrich, 99.0%) was previously
bi-distilled. Deionized water (R = 18.2 MQ. cm ') was
used to prepare the aqueous solutions. All other chemical
reagents were of analytical grade and obtained from
commercial suppliers.

2.2 | Preparation of colloidal AgNP

For synthesizing the AgNP, a procedure described in the
literature by Leopold et al. was used.’® Briefly, 8.5 mg of
AgNO; was dissolved in 45.0 ml of deionized water, and
5.0 ml of hydroxylamine hydrochloride/sodium hydrox-
ide solution (1.5 x 10 % mol L™%/3.0 x 1072 mol L)
was added to the mixture. The mixture is vigorously
stirred for 3 minutes at room temperature. The resulting
solution turned rapidly to a gray color. The colloidal
suspension was stored at 4°C.

85UBD17 SUOWILIOD) BAIIERID) 3gedl|dde ay Aq pausenoh are saple YO ‘3N Jo 3| 10} Akeiqi] auluQO AS|[IM UO (SUO N IPUOD-pUE-SWLBYWOD" AS 1M Afe.q I UL {UO//:SANY) SUO I IPUOD pue sWd | U} 88S *[7202/80/Tz] Uo AriqiaulluQ /8| ‘|1zeig - ojned 0es Jo Alun Aq 9T/9'S1{/200T 0T/I0p/0d 8| 1M Ae.g 1 BUI|UO'S feuINo Baus 198 [pa A feue//:sdny Wwouy pepeojumoq ‘0 ‘S557260T



MARQUES ET AL.

Journal of

2.3 | Preparation of sodium cis-
(dicyanomethylene) squarate (Na,CDSQ)

Step 1: Synthesis of sodium 3,4-dibutoxycyclobut-3-ene-
1,2-dione: In a 100 ml round bottom flask with a reflux
condenser, a mixture of SQ (1.0 g, 8.77 mmol) and dry
n-butanol (30 ml) was heated at reflux for 24 h using a
Dean-Stark trap. Step 2: After cooling, the next step con-
sists of adding two pre-mixtures to the bottom flask of
‘step 1°. Solution 1, sodium alkoxide (not isolated):
0.810 g; (8.77 mmol) of metallic sodium and n-butanol
(40 ml), to wait for the complete reaction. Solution 2:
1.158 g (17.54 mmol) of malononitrile in n-butanol
(10 ml), to wait for the complete solubilization. Step 3:
Both solutions 1 and 2 were added simultaneously to the
first flask solution (Step 1); a light yellow powder is
obtained. Yield 1.455g (79.7%). Steps 2 and 3 were
performed at 25°C. Elemental analysis of Na,CioHs.
N,0,.3H,0 (344.19 gmol ') gave the following data:
calc. C 34.90, H 2.93, and N 16.28%; found C 35.39, H
291, and N 16.37%. Molar absorptivities: 381 nm
(e= 42 x10* mol'L.cm™ '), shoulder at 346 nm
(e= 31 x10* mol ' L cm™%); 263 nm (¢ = 2.0 x 10*
mol ' Lem™'); 228 nm (e = 2.6 x 10° mol ' Lem ™). In
the 13C NMR spectrum of Na,CDSQ, the signals (ppm)
at 8 39.21; § 123.96; 6 173.04, and  187.01, were assigned
to C-7/8, C-9/10/11/12, C-2/3, and C-1/4, respectively
(the numbering of carbon atoms refer to Figure 3 (a)).

24 | Characterization

UV-Vis absorption spectroscopy analyses were per-
formed using a Shimadzu UV-1800 spectrometer operat-
ing in the region of 200 to 1100 nm using quartz cuvettes
with a 5 mm optical path. The UV-Vis of the Na,CDSQ
aqueous solution was obtained in the concentration
2.0 x 10> mol L.

2.5 | Spectroscopic measurements by
SERS and Raman

The Raman and SERS spectra were acquired in a Bruker
spectrometer, model SENTERRA. The exciting radiation
used was 785 nm, with laser power at a laser head of
100 mW. The laser was focused on the sample by a
50 x magnification objective (NA 0.55), and the integra-
tion time was 20 s. For the acquisition of the Raman
spectrum of solid Na,CDSQ, the sample was placed on a
rigorously cleaned glass slide. For the Raman spectrum
of Na,CDSQ in an aqueous solution, a 0.16 mol L™ solu-
tion was prepared. The SERS spectra were obtained from
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the preparation procedure for Na,CDSQ samples, as
follows: [50pul 4.0 mmolL™' Na,CDSQ + 50 pl
200.0 mmol L' NaNO; + 100 pl Ag colloid]. In the
literature, the utilization of a 785 nm excitation for
SERS acquisition is common practice, particularly with
AgNP synthesized using hydroxylamine.

2.6 | Computational details
The calculations were carried out using the Gaussian
09 software package.*® The geometries of the compounds
were optimized in the gas phase at the Density Func-
tional Theory (DFT) level with the B3LYP exchange-
correlation functional. The basis sets used for C, O, and
N atoms were 6-31 + G(2df), which included the polari-
zation function and diffuse functions to all atoms, except
for Ag. For Ag, we employed the LanL2TZ(f)*' effective
core potential, along with its associated basis set. This
basis set is characterized by triple zeta valence orbital
quality and includes f polarization functions. The fre-
quency and Raman activities calculation was performed
at the same level as the optimization step. The computed
harmonic frequencies were not scaled, and Raman
signals were convolved with Lorentzian functions with a
Full Width at Half Maximum (FWHM) of 4 cm .
Calculated Raman activities (A;) were converted to
relative Raman intensities (I;) using the following
relationship®>**:

aAi(vo —u)*

/=
i y (1 B efthka)

(1)

Where 1 is the excitation wavenumber (cm™1); v;is
the vibrational wavenumber (cm'); T is the absolute
temperature; h is the Planck constant; c is the speed of
light; k;, is the Boltzmann constant, and « is a factor for
adjusting all band intensities and is equivalent to 10~ "%
The assignment of vibrational modes was carried out
using the VEDA 4 (Vibrational energy distribution
analysis) program.*?

3 | RESULTS AND DISCUSSION

3.1 | Vibrational assignment of the
Raman spectrum of sodium cis-
(dicyanomethylene) squarate

The first Raman spectrum of Na,CDSQ was reported by
de Oliveira et al. using FT-Raman and 1064 nm excita-
tion wavelength.'” Figure 2 shows a comparison of the
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FIGURE 2 (a) Calculated Raman spectrum of CDSQ, and
(b) Normal Raman spectrum of solid Na,CDSQ using 785 nm
excitation wavelength.

normal Raman spectrum of Na,CDSQ in the solid state
obtained with a 785 nm excitation line and the predicted
Raman spectrum using DFT calculations. Table 1
includes the position of the more intense experimental
Raman and infrared bands of solid CDSQ, the calculated
wavenumber, Raman activities, and infrared intensities,
as well as the corresponding vibrational assignment.
The vibrational assignment was carried out based on
DFT calculations and on previous vibrational studies of
Na,CDSQ.'*!* More detailed information can be found
in the Supplementary Material (Table S1). The optimized
structure of the CDSQ ion in a vacuum is shown in
Figure 3a, and its atomic coordinates and detailed
structural parameters can be found in Tables S2 and S3,
respectively. The electrostatic potential map calculated
for the optimized structure, presented in Figure S2 of the
Supporting Information file, indicates that the negative
charge in the CDSQ anion is distributed throughout the
molecule, as commonly observed in conjugated systems.
This charge delocalization is facilitated by the presence
of alternating single and double bonds, enabling the
redistribution of electron density.

The normal Raman spectrum of solid Na,CDSQ in
Figure 2b matches quite well those reported in previous
works in terms of the number of active Raman bands,
wavenumbers, and relative intensities.!*!*> Raman bands
of Na,CDSQ below 400 cm ™' are reported here for the
first time. There is an excellent agreement between
the calculated and experimental Raman spectra. The
recorded Raman spectrum is characterized by a very
strong band at 1131 cm ™" assigned to ring v (CC). Strong
bands are also observed in the lower frequency region at
173, 252, and 464 cm™ ' assigned to & (NCC), § (CCC),

and v (CC)+ 6 (NCC) vibrations, respectively. These
bands are predicted between the stronger ones in the the-
oretical spectrum. Other medium and weak intense
bands can be observed, for example, at 538, 652, 859, 907,
1239, 1388, 1488, 1641, 1753, 2183, and 2216 cm ™. Very
weak bands are also present, as shown in Table 1.

The bands observed at 2183, 2202, and 2216 cm ™!
correspond to v (CN) vibrations; the bands at 1641 and
1753 cm™ ' are assigned to the v (CO) and v (CC) + v
(CO) respectively. The carbonyl band at 1753 cm ™' is
very weak in the normal Raman spectrum of the solid, in
agreement with the calculated spectrum and with the
reported normal Raman spectra of squarate in solution.*
The bands at 1239, 1388, and 1488 cm ! have also a
contribution from v (CC), v (CC), v (CC) + v (CO) modes,
respectively. The bands at 859 and 907 cm ™' are assigned
to in-plane & (CCC) and v (CC) 4 8 (CCC). Furthermore,
at frequencies below 700 cm~ !, the vibrational modes
presented a large contribution from ring deformations
and torsions. The very weak bands at 620 and 652 cm ™
are due to & (NCC) + 6 (CCC) and 8(CCC) vibrations,
respectively. The weak bands observed at 510, 538, and
555cm” " have contributions mainly from © (NCCC),
T(NCCC) +y (CCCC), and y (OCCC)+ 1 (NCCOC),
respectively. Another medium-intense band is present
at 444 cm™ ', corresponding to & (NCC)+ & (CCC)
movements. Except for a few weak bands, the overall
normal Raman spectrum of solid Na,CDSQ is dominated
by in-plane vibrational modes.

3.2 | UV-vis spectrum of CDSQ ion
on AgNP

The UV-Vis spectra of Na,CDSQ, AgNP colloid, and
Na,CDSQ:AgNP 1:1 wv:v mixture are presented in
Figure 4a. The Na,CDSQ presents a strong absorption
band at 381 nm in an aqueous solution, with a shoulder at
346 nm. It is well known from the literature that the
electronic bands of CDSQ anion in aqueous solution are
related to the = — z* electronic transitions in the squarate
ring and the CN groups.'? On the other hand, the localized
surface plasmon resonance (LSPR) band of AgNP suspen-
sion is observed at 423 nm with a broadband characteristic
of the heterogeneous size distribution of nanoparticles,
as expected from the AgNP coming from the synthesis
protocol by Leopold et al.,* used in the present study.

It can be observed in the UV-vis spectrum of
Figure 4a, that there is a redshift (from 423 nm to
426 nm) of the absorption maximum of the band
attributed to the LSPR of the AgNP upon mixing with the
solution of Na,CDSQ. This shift can be attributed to the
adsorption of CDSQ anion on the surface of AgNP
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TABLE 1
level, and the experimental data for Na,CDSQ (solid).

Exp. Exp. Cal.

wavenumber wavenumber Wavenumber Raman
(cm ™) (cm™ ) (cm™ ) activity
Solid Raman  Solid IR DFT/B3LYP (A%/amu)
173 s - 151 10.86
252's - 237 27.52
444 s - 448 7.49
464 s 457 w 462 34.10
510 s - 510 11.25
859 m 863 m 860 9.99
907 m - 902 12.15
1131 s - 1110 306.01
1388 w 1420 vs 1404 58.30
1488 m 1522 s 1550 248.46
1641 m 1617/1655 w 1728 146.30
1753 vww 1754 m 1788 62.87
2183 m 2182 m 2222 960.52
2216 m - 2264 643.57
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Wavenumbers (in cm™!) and assignment of main Raman and IR bands of CDSQ ion, calculated at the B3LYP/6-31 + G(2df)

IR
(10 *° esu’ cm?®)  Assignment?®
5.38 8 (N13CoCs) (14%) + & (N16C12Cs) (14%)
+ 8 (C10C+Co) (23%) + & (C12C5C11) (24%)
1.81 8 (C11C5C3) (14%) + & (CoC,C5) (12%)
0.22 8 (N13CoC7) (13%) + & (N16C12C3) (13%)
+ 8 (C4C3Cy) (15%) + 6 (C5C,Cy) (13%)
0.58 v (C,C,) (12%) + v (CsCs) (12%) + v (C5Cy)
(14%) + & (NCC) (28%)
6.46 T (N13CoC,Cy) (27%) + T (N14C10C,C2)
(19%) + T (N15C11CsC3) (18%) + T
(N16C12C5Cs) (27%)
46.71 8 (C4C5Cs) (14%) + 8 (C5CoCy) (10%)
0.026 V(CoCy) (11%) + 8 (C4C5C,) (13%) + &
(C3C,Cy) (16%)
62131 U (C5Ca) (29%) + v (CoCy) (19%) + v (C4Cs)
(26%)
1310.07 v (C5C,) (32%) + v (C5Cs) (32%)
1142.60 v (C,05) (10%) + v (C40¢) (10%) + v
(C;C3) (20%) + v (CsC3) (20%) + v (C3Cy)
(23%)
507.45 U (C105) (42%) + v (C404) (42%)
(C3Cy) (11%)
307.09 ¥ (CoN13) (28%) + v (C1oN1a) (17%) + v
(C11N15) (16%) + v (C12Ny6) (27%)
22791 12 (C12N16) (17%) +v (C10N14) (27%) +v

(C11N15) 27%) + v (CoNy3) (17%)

Assignment based on the potential energy distribution calculated using the software VEDA 4.*
v, stretching; §, in-plane deformation; t, torsional; y, out-of-plane deformation;v, very; s, strong; m, medium; w, weak.

resulting in a significant change in the local refractive
index. However, no new band or significative increase in
the absorption for longer wavelengths was observed,
which indicates that the aggregation state of the AgNP
was not strongly affected by interaction with CDSQ. Fur-
thermore, it is also verified a redshift in the electronic
transition of CDSQ. This change may be an indication of
a charge transfer (CT) between the adsorbed molecule
and Ag atom clusters at the nanoparticle surface. To ver-
ify whether the CT occurs, we calculated the electronic
transitions of the CDSQ and Ag-CDSQ structure using
the TD-DFT protocol at CAMB3LYP/6-31G + (2df) level.
This combination of functional/basis functions is
expected to provide a more accurate asymptotic behavior
for CT transitions. Specifically, the CAMB3LYP function
is based on the long-range correction of the exchange

potential introduced by Tawada et al.** and applied to
modify the B3LYP functional® using the Coulomb-
attenuating method (CAM). Figure 4b shows the theoreti-
cal absorption spectra obtained for the CDSQ (Figure 3a)
compared with the adsorption of CDSQ bound to Ag by
one N atom (Figure 3b). The same red-shifting trend was
observed, although there is a discrepancy in the transi-
tion energies. This result can be attributed to the forma-
tion of a CT complex formed between CDSQ and Ag.

The molecular orbital theory was used to verify the
possibility of CT between Ag and CDSQ molecules.
The highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) of Ag-CDSQ
(adsorption assumed as the model in Figure 3b) are
presented in Figure 4c. It is evident from the molecular
orbitals that HOMO is situated at the CDSQ structure and
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Optimized structures of (a) CDSQ ion, and different models for adsorption: (b) Ag — N, (c) N — Ag — N, and

(d) O — Ag* — 0. Each structure presents the atomic numbering adopted in the assignment of the vibrational spectra.
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FIGURE 4 (a) Electronic absorption spectra of Na,CDSQ aqueous solution in the concentration 2.0 x 107> mol L™, AgNP suspension,
and solution 1:1; AgNP: Na,CDSQ, resulting in a final Na,CDSQ concentration of 2.0 x 107° mol L™; (b) theoretical electronic spectra
obtained by TD-DFT calculations at CAMB3LYP/6-31G + (2df) level and (c) molecular orbitals HOMO and LUMO of Ag-CDSQ (assuming

adsorption as in the model of Figure 3(b).

extended to the surface of the Ag atom. The LUMO is
located effectively in the nitrogen atoms of CDSQ and
extended well over the Ag, favoring surface metal-
molecule interaction. This is due to the interfacial CT and,
therefore, it is reflected in 7 — z* electronic transitions of
the squarate ring and the CN groups in the visible region.

3.3 | Normal Raman and SERS spectra of
CDSQ ion

The normal Raman spectrum of Na,CDSQ in solution
0.16 mol L' and its SERS spectrum using silver nano-
particles (CDSQ at 1.0 mmol L™') are presented in
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Figure 5. The vibrational assignment on the main bands
of the normal Raman spectrum of Na,CDSQ in solution
and its SERS spectrum is also found in Table 2. More
details are shown in Table S4. In a comparison of the
Raman spectrum of Na,CDSQ in an aqueous solution
(Figure 5b) with the Raman spectrum of the solid
(Figure 2b), there are several appreciable differences. The
major changes occur in the region from 1000 to
1700 cm ™', where some Raman bands are very weak or
even absent in the spectrum of the solution. There is also
an increase in the linewidth of several bands in compari-
son with the solid. The broadening differences may have
occurred because the molecules in the liquid present
more freedom to populate different structural configura-
tions because of their flexibility and interaction with the
solvent through different atomic groups. These effects
may produce wavenumber shifts for different configura-
tions, resulting in the broadening of the bands when
compared to the spectrum of the solid structure where
the molecules are in fixed positions with a similar local
environment. Similarly for the solid, the more intense
Raman bands in the spectrum of the solution occur at
468, 510, and 1132cm '. The carbonyl band
at 1751 cm™ ! is also very weak for the molecule in the
solution. Another band with contribution from carbonyl
vibration absent in solution is the band at 1641 cm .
The SERS spectrum of Na,CDSQ in Figure 5a has
several very intense bands as well as variations of band
position in comparison with the normal Raman spectrum
in solution which suggests not only electrostatic

Raman Intensity

2200 1800 1600 1400 1200 1000 800 600 400 200
Wavenumber / cm-1

FIGURE 5
aqueous solution at a concentration of 0.16 mol L™?, (b) SERS
spectrum of Na,CDSQ at a concentration of 1.0 mmol L™" adsorbed
on AgNP, and (c) Normal Raman spectrum of CDSQ-Ag" in an
aqueous solution ((1:1) (Na,CDSQ: AgNOs)) at a concentration of
0.16 mol L%,

(a) Normal Raman spectrum of Na,CDSQ in an
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attractions but also chemisorption of CDSQ to the Ag
surface. The two strongest bands occur at 260 and
520 cm ™ !. Other intense bands at 1131, 1550, 1761, and
2222 cm ™! are also observed. Interestingly, the bands at
1761 and 2222 cm ' related to stretching vibrations of
the carbonyls and cyano groups, respectively, show a
drastic increase in their relative intensities. The bands
around 2200 cm ™' are weak in the spectra of solid and in
solution. Similarly, the band around 1750 cm ™' is very
weak in both normal Raman spectra. Strikingly, the
SERS spectrum shows enhancement only of the Raman
bands corresponding to in-plane vibrational movements.
This result indicates that CDSQ is placed perpendicular
to the metallic nanoparticle surface. The observed
decrease in the linewidth of the SERS spectrum in com-
parison with the normal Raman in solution may suggest
that the molecule interacts strongly with the surface los-
ing the possibility of being in different structural
conformations.

To account for the direct interaction of the molecule
with silver atoms on the surface, a complex of CDSQ with
Ag" was prepared. The complex was obtained by combin-
ing CDSQ and AgNO; in a 1:1 M ratio, with a solution
concentration of 0.16 mol L™'. The normal Raman spec-
trum of the complex is shown in Figure 5c. The normal
Raman spectrum of the complex is very different from
that of CDSQ in solution but surprisingly similar to the
SERS spectrum, particularly in the number of observed
bands as well as in their relative intensity. For example,
the positions of the bands assigned to vCN are similar in
both spectra. Thus, the differences between the normal
Raman and SERS spectra of CDSQ seem to occur due to
the changes in the polarizability upon CDSQ interacting
with the silver atoms in the nanoparticle surface.

To obtain more insights into the nature of CDSQ
adsorption on AgNP, we have carried out DFT calcula-
tions representing three possibilities of adsorption
through different atomic groups, as illustrated in
Figure 3b, c, and d. The metal active sites were modeled
simply as Ag adatoms or adclusters, consisting of one or
a few Ag atoms, respectively, as stated by Otto et al.*®
and Aroca et al.*’ DFT calculations have often been capa-
ble of satisfactorily reproducing the corresponding SERS
spectra [*8~51 Initially, we conducted simulations with
Ag’ to mimic a system analogous to metallic silver. While
the first two structures exhibited convergence, it is note-
worthy that the complex formed by the adsorption of oxy-
gen O-Ag-O did not converge. Notably, the adatoms
present on the surface of colloidal silver nanoparticles
can be effectively regarded as positively charged. It is
important to underline that the adatoms present on the
surface of the silver colloidal nanoparticles can be effec-
tively considered positively charged. Therefore, positively
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charged sites can be anticipated on the surface of Ag,
leading us to utilize the model complex O-Ag*-O. Both
approaches could be effectively employed to simulate the
real system. The optimized structures, considering CDSQ
adsorbed to the Ag atom by the following combinations:
Ag—N, N — Ag—N, and O — Ag" — O, are depicted in
Figure 3b, c, and d, respectively. Tables S5-S10 (Support-
ing Information) include the atomic coordinates of the
optimized structure and the structural parameters of each
model. Tables 2, S15, and S16 (Supporting Information)
contain the results of the vibrational frequency
calculations.

TABLE 2

Figure 6 shows a comparison between the experimen-
tal SERS of CDSQ and the predicted theoretical SERS
spectra of the three models of adsorption. The results
showed that the calculated spectra of the two configura-
tions with the adsorption through the N atoms present
frequencies and relative intensities that reasonably agree
with those observed in the SERS spectra. The best results
were obtained for the Ag—N model (Figure 3b), where
only one N atom interacts with the Ag atom. The calcu-
lated spectrum of the O — Ag"™ — O structure (Figure 3d),
which considered adsorption through the carbonyl group,
has more discrepancies concerning the experimental

Raman wavenumber/cm ! and assignments of Na,CDSQ solution, CDSQ-Ag™* complex, SERS experimental of CDSQ

adsorbed on Ag in 785 nm, and the adsorption model on Ag-N calculated at the B3LYP/6-31 + G(2df) level.

Exp.

wavenumber  Exp. wavenumber Exp. Cal.

(cm™) (cm™) wavenumber Wavenumber Raman

Solution CDSQ-Ag™ (cm™) (cm™) activity

Raman complex Raman SERS DFT/B3LYP (A*/amu) Assignment *

247 m 263 s 260 s 246 19.42 v (Agi7N13) (10%) + 8 (04C4Cs) (14%)
+ 8 (CC5Cy) (11%) + & (C1,CsCs) (11%)

468 s 470 m 470 m 466 50.28 UC,Cs) (12%) + v (CsCs) (13%) + v
(C3C2) (15%) + 8 (N16C12Cs) (15%)

510 m 518 s 520's 512 8.29 8 (N13CoC5) (20%) + 8 (N14C10C) (20%)
+ 8 (CyC;C,) (18%)

626 vw 616w 617 vw 653 0.83 UC11Cs) (13%) + v (C1,Cs) (12%) + B
(N15C11Cg) (17%) + 8 (N16C12Cs) (18%)
+ 8 (C12CsCyy) (31%)

- 650 W 640 W 662 8.13 V(CoCy) (11%) + v (C16Cy) (14%) + &
(N13CoC7) (17%) + & (N14C10C7) (16%)
+ 8 (C10C5Co) (31%)

860 W 863 W 860 vw 864 12.65 v (C15Cs) (10%) + 8 (C4C5C>) (12%)

908 w 913w 909 vw 900 62.59 U (CoCy) (12%) + 8 (C4CCy) (11%) + &
(C3C,Ch) (16%)

1132’5 1132's 1131's 1102/1120 177.40 V(C11Cg) (11%) + v (C4Cs) (40%) + &
(C4C3Cy) (14%) /v (C10Cr) (12%) + v
(C5Cy) (35%) + 6 (C5C,Cy) (19%) + &
(05C,Cy) (10%)

1251's 1268 vw 1266 vw 1248 90.55 v (CoCy) (21%) + v (C1oCs) (26%) + &
(CyC5Cy) (12%)

1507 vww 1562 s 1550 s 1557 580.54 v (0sCy) (11%) + v (C,C5) (17%) + v
(CsCy) (24%) + v (C3C,) (26%)

1638 w 1738 s 1738 m 1741 235.68 v (05Cy) (46%) + v (06Ca) (38%)

1751 vwww 1768 s 1761 s 1794 1844.17 v (0sCy) (28%) + v (06C4) (39%) + v
(C5Cy) (11%)

2154 sh vww 2158 m 2163 m 2212.81 2240.65 v (CoNy3) (66%) + v (C1oN1s) (21%)

2182 w 2195 m 2196 m 2228 801.79 ¥ (CiNys) (39%) + v (C1oNye) (48%)

211w 2221's 2222's 2271 363.79 v (C15N1s) (12%) + v (C1oNyy) (36%) + v

(C11N15) (25%) + v (CoNy3) (12%)

Assignment based on the potential energy distribution calculated using the software VEDA 4. [43]
v, stretching; §, in-plane deformation; t, torsional; y, out-of-plane deformation;v, very; s, strong; m, medium; w, weak.
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FIGURE 6 (a)Experimental SERS; theoretical spectra of
CDSQ on Ag surface using the model (b) Ag—N, (c) N — Ag—N,
and (d) O — Agt -0

TABLE 3 Mulliken charges of CDSQ anion.
Atom in CDSQ structure* Charge
C1 —0.107
Cc2 0.276
C3 0.276
C4 —0.107
05 —0.398
06 —0.398
Cc7 —0.100
C8 —0.100
c9 0.0173
C10 0.0876
Cl11 0.0876
C12 0.0175
N13 —0.410
N14 —0.365
N15 —0.365
N16 —0.410

*The atom number refers to Figure 2a.

SERS. The nitrogen atom N is more negatively charged
than O, based on the evaluation of the Mulliken atomic
charges shown in Table 3 (—0.410 for N;3 and N4 and
—0.398 for Os and Og). Consequently, it would be
expected the N atom to be more favorably bound to the
metal. This analysis suggests that the molecule may be
adsorbed on the silver surface through the N atom in
Ag-N;; or Ag-N;¢ configuration. The monodentate bond
between the cyano group and metal ions was previously

RAMAN _ 1
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reported by Fabre et al.’ in the complexation of the dia-
nion 2,4-bis (dicyanomethylene)-cyclobutane-1,3-dione
with copper (IT) ions. In that study, the authors reported
that one copper ion coordinated with each C (CN),
dicyanomethylene group, forming a Cu-N bond. Oliveira
et al.'* also showed similar results using bis (dicyano-
methylene)square interacting with several alkali metals.
These data reinforce that the CDSQ molecule can be
adsorbed on the silver surface through a monodentate
configuration. We also analyzed the formation of the
CDSQ complex where two cyano groups are linked to
one Ag atom. However, the proposed structure did not
reach convergence, probably due to steric hindrance.

Discrepancies in relative intensities are observed,
primarily for the modes attributed to vCN, at 2222, 2196,
and 2163 cm™ !, between experimental and theoretical
spectra (Figure 6). The strongest vCN band appears at
2222 cm™ !, corresponding to the calculated mode
at 2271 cm L. For all vCN contributions, a more signifi-
cant contribution from CgNj;, to which the Ag atom is
bonded, was expected. However, this mode exhibits a
potential energy distribution (PED) of only 12% (see
Table 2). The predominant contribution from CgN;3 lies
in a low-intensity band at 2163 cm™ Y, attributed to the
predicted mode with the highest intensity for nitrile
stretching at 2213 cm ™!, which presents a PED of 66%.
Additionally, the band at 2196 cm ™Y, assigned to
2228 cm™ ! in the calculated spectrum, shows minimal
contribution from the CyN;; motion. In this case, the
PED encompassing CoN,; appears to be very small and is
not reported by VEDA. These observations suggest
significant contributions from more distant nitrile groups
due to the surface effect of AgNP. Considering the
Ag-N;; model, the furthest nitrogen atom is ca. 1 nm from
the AgNP. These discrepancies in relative intensities are
expected due to model limitations in ignoring the SERS
surface selection rule, which could allow considerations
on the surface orientation, and they do not take into
account the electromagnetic contribution. These factors
could be responsible for the differences observed between
the predicted and experimental relative intensities.

To investigate whether the presence of more Ag
atoms on the complex model could allow for more
complex coordination with the CDSQ, simulations were
performed using a cluster of four Ag atoms (Ag,). Two
models for the geometry of coordination of CDSQ with
the Ag, cluster are proposed: monodentate and bidentate
coordination, where nitrogen acts as a ligand between
CDSQ and Ag,. The optimized geometries of the model
complexes together with the simulated spectra and exper-
imental SERS spectrum of CDSQ were presented in
Figure 7. Tables S11-S14 include the atomic coordinates
of the optimized structure and the structural parameters
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FIGURE 7
spectrum of CDSQ (b).

of each model. The incorporation of more silver atoms in
the monodentate model did not result in significant
changes in the vibrational signature of the CDSQ com-
pound; only changes in the relative intensities of the
Raman bands were observed. Furthermore, the analysis
of the spectral profile for the bidentate coordination
model also showed agreement with the number of bands
present in the experimental data, emphasizing that this
coordination may also be possible. However, in terms of
relative Raman intensities, the bidentate coordination
model shows more divergence from the experimental
results. As observed, unlike the monodentate Ag-N
model, the calculated Raman spectra considering the
bidentate coordination of CDSQ with Ag atoms do not
exhibit good agreement with the SERS results compared
to the normal Raman spectrum. For instance, they fail to
predict an intense carbonyl stretching band in the 1700-
1800 cm ™' spectral region. The presence of the intense
band located at 1794 cm ™!, attributed to the vibration v
(CC) + v (CO), in the simulated spectrum for the mono-
dentate model, suggests that the monodentate coordina-
tion was the most predominant configuration. By
comparing the three coordination models presented in
Figure 7, it is evident that the simplest model, involving
only one silver atom, captured the most relevant spectral
characteristics observed experimentally.

It can be seen from the SERS spectrum in Figure 6a,
that there is an increase in the relative intensity of the
band assigned purely to the CN stretching mode. The
bands at 2196 and 2222 cm™ ' are strong in the SERS
spectrum (Figure 5a), while they are weak in the normal
Raman spectrum (Figure 5b). These bands are also

2600 2400 2200 2000 1800 1600 1400 1200 1000 800 600 400

Wavenumber /cm =1

Optimized structures of different models for adsorption with cluster Ag, (a), and theoretical spectra and experimental SERS

shifted by +14 and +11cm ' relative to the normal

Raman spectrum in solution. The CN stretching band at
2163 cm ™%, absent in the normal Raman spectrum, is also
enhanced in the SERS spectrum. These spectral differ-
ences give support to the adsorption of the CDSQ mole-
cule through the interaction of a cyano group with the
silver surface. It has been generally accepted in the litera-
ture that when CN groups interact with the electrons
from lone pairs of nitrogen atoms (linear coordination;
sigma donation).***” Experimentally, there is an increase
in the wavenumber of the CN stretching bands relative to
the free molecule. This phenomenon can be attributed to
the slight antibonding character of the nitrogen lone
pair electrons, which play a significant role in the metal-
adsorbate interaction and, consequently, strengthen the
CN bonds during surface adsorption.*® Therefore, the
blue shift observed in its SERS spectrum for the v
(CN) modes indicates that the Na,CDSQ molecule is
adsorbed on the surface of Ag via the lone pairs of
electrons of nitrogen. This result agrees with previous
observations in the SERS studies of benzonitrile*® and
a-cyano-4-hydroxycinnamic acid.*®

The DFT simulated spectra compared to the experi-
mental results showed that there is no evidence of chemi-
sorption of the CO group into Ag (Figure 6d). However, a
significant band intensity increase is observed at 1761,
1550, and 260 cm ™!, which are attributed to the CO and
CC vibration modes, suggesting that the aforementioned
vibrational mode would present a large component
perpendicular to the Ag surface.”” It is quite reasonable,
considering the CDSQ structure, that, if the CN group is
perpendicular to the metal surface, the vibrational mode
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FIGURE 8 SERS spectra of the Na,CDSQ solution were
obtained at a concentration of 1.0 mmol L™ ! (a) and 0.1 mmol L™*
(b). * Laser artifact at 785 nm.

of CO would also present large perpendicular compo-
nents to the silver surface. This adsorption configuration
explains the huge enhancement of such bands in the
SERS spectrum.

In the sense to explore the sensitivity of the SERS
technique, the SERS of Na,CDSQ on the AgNP was
investigated in one order of magnitude lower concentra-
tion, 0.1 mmol L™, as presented in Figure 8, compared
to the spectrum at 1.0 mmol L. It is important to note
that, under the same experimental conditions, the SERS
signal was not detectable at concentrations lower than
0.1 mmol L. Therefore, the identification limit of the
SERS signal for CDSQ was defined at 0.1 mmol L.

It is noted that the overall SERS intensity decreases
with the lowering of the Na,CDSQ concentration. At
0.1 mmol L™, it is observed well-defined characteristic
Na,CDSQ bands, indicating that even at this concentra-
tion, the presence of the squaraine could still be detected
with a reasonable signal-to-noise ratio. It can also be seen
in Figure 8 that the intensity enhancement and wave-
number of the bands corresponding to the carbonyl and
CN groups remained similar. These results provide strong
evidence that the adsorption sites and structural confor-
mation on the AgNP were not affected by a concentration
of 0.1 mmol L™ .

4 | CONCLUSIONS

In this work, we report for the first time the SERS spec-
tra of the CDSQ solution. It used DFT calculations to
support the vibrational assignments and for interpreting
the SERS spectrum of the Na,CDSQ obtained using
AgNP suspensions. We have investigated by SERS the
possibility of surface adsorption of CN and CO groups.

RAMAN
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The results have demonstrated that Na,CDSQ is chemi-
cally adsorbed on the silver surface through one of its N
atoms and that the molecule is placed perpendicular to
the AgNP surface. From examining the (CN) band
within SERS analysis, we have demonstrated that the
blue shifts in SERS spectra for the bands at 2196 and
2222 cm™ ' may be attributed to surface adsorption of
the cyano, facilitated by the coordination of nitrogen
lone-pair electrons. It was also suggested that the CO
groups of CDSQ may be positioned close to the metal
surface perpendicular to the surface conformation. Fur-
thermore, we have verified the feasibility of obtaining
the SERS signal of CDSQ at one order of magnitude
lower concentration and verified a reasonable signal-
to-noise ratio. This research contributes valuable infor-
mation about the surface chemistry of CDSQ and may
encourage further investigations into the properties and
potential applications of this molecule for example in
the field of organic solar cells.
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