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2, 3-Dichloro-5,8-dimethoxy-1,4-naphthoquinone (DDNQ) is a synthetic naphthaquinone which has
shown reduced chemotoxicity and enhanced chemotherapeutic activity in in vitro studies. The ability of
DDNQ to serve as a chemical dopant of graphene resulting improved performance of graphene by tuning
its band gap is also being explored. In this report surface enhanced Raman scattering (SERS) spectroscopy
was utilized to probe the adsorption/orientation of DDNQ on gold nano-rods. Interpretation of the SERS
data required a complete assignment of the vibrational modes of DDNQ and this was performed with DFT
calculations using BP86/6-31G (d, p), B3LYP/6-31G (d) basis sets, and potential energy distribution (PED)
calculations. Surface selection rules and relative band enhancement factors were utilized to propose an
orientation and mode of interaction for DDNQ adsorbed on Au nanosurfaces. XPS data supported the
conclusions obtained from the SERS data.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Metal nanoparticles have attracted interest in recent years due
to their potential application in the fields of sensing [1,2], photonic
[3,4], and biomedicine [5,6]. Because of their unique properties,
tunable sizes, biocompatibility, and surfaces capable of chemical
modification, gold and silver nanoparticles have been exploited as
drug delivery devices and nanosensors [7,8]. These functionalized
nanoparticles offer the potential to improve drug transport and
action, as well as significantly reducing the therapeutic dosage
thereby minimizing the side effects of the drugs. While both gold
and silver nanoparticles have been used as drug delivery systems
gold has the advantage of biocompatibility, ease of surface modi-
fication, and a significant degree of cell penetration [9]. Cheng and
coworkers have shown that 5 nm Au nanoparticles coated with
polyethylene glycol can serve as a delivery system for use in
photodynamic therapy of cancer [10]. Dreaden, using Tamox-
ifepoly(ethylene glycol)-thio gold nanoparticles, has established
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that this modified nanoparticle can serve as a highly selective de-
livery system for breast cancer treatment with the drug exhibiting
enhanced potency [11]. In this study the authors also established
that the nanoparticle drug delivery systems exhibited selective
intracellular delivery of the tamoxifen-targeted gold nanoparticles
to the specific breast cancer cell lines.

Because of its high molecular specificity Raman spectroscopy
can selectively identify molecules based on their unique spectral
signatures. The application of Raman spectroscopy, however, is
limited by the inherent low intensity of the Raman scattering. It has
been shown that the Raman scattering efficiency can be increased
by up to six orders of magnitude if the analyte is situated on the
surface of a noble metal (Ag or Au). This amplification of the Raman
signal (Surface-Enhanced Raman Scattering) has found application
in the tracking of drug delivery systems in single cells. Zong
fabricated a carrier system consisting of a core shell system with the
Raman molecule tagged AU@Ag nanorods (SERS active core) and
mesoporous silica as the drug containing shell which delivered the
anticancer drug doxorubicin. The authors were able to track the
location of the nanocarriers by SERS [12].

As biofunctionilization of nanoparticles increases it is ever more
important to identify the functional groups which are involved in
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binding to the metal surface, the nature of the interaction, and any
structural changes to the biomolecules which might occur as a
result of their binding to the metal surface. These interactions can
affect both the bioactivity and bioavailability of the molecules once
they are attached to the metal surface [13]. In this report the
adsorption characteristics of 2, 3-Dichloro-5,8-dimethoxy-1,4-
naphthoquinone (DDNQ) on Au nanoparticles are reported. The
mode of interaction between DDNQ and the coinage metal surface
was determined, and SERS surface selection rules allowed for the
determination of the orientation of adsorbed DDNQ relative to the
surface normal.

2. Experimental section
2.1. Chemicals

Analytical grade silver nitrate (AgNOs), sodium borohydride
(NaBHy), gold (III) chloride trihydrate (HAuCl4.3H,0), hexadecyl-
trimethylammonium bromide (CTAB), ascorbic acid, cyclohexane,
and absolute ethanol were purchased from Sigma—Aldrich and
used as received. Singly distilled deionized water was used for the
preparation of the gold nano-rods.

2.2. Synthesis

2, 3-dichloro-5, 8-dimethoxy-1, 4-naphthoquinone was syn-
thesized as described by Copeland and Huang [14,15].

2.3. Synthesis

Gold nano-rods were synthesized by a slight modification of the
methods reported by Murphy [16] and Primera-Pedrozo [17]. The
synthesis involves two steps (A and B):

2.3.1. Seed preparation

250 pL of an aqueous solution 0.01 M of HAuCl4.3H,0 were
added to 7.5 mL of 0.1 M CTAB solution in a 50 mL plastic centrifuge
tube. After gentle mixing, 600 pL of chilled 0.01M NaBH4 solution
were added. The solution was stirred for 3 min during which time it
turned a pale-brown yellow color. This solution was left undis-
turbed for 2 h at 25 °C.

2.3.2. Gold nano-rods preparation

1.8 mL of 0.01 M HAuCl4.3H,0 solution and 270 pL of 0.01 M
AgNOs solution were added to a 42.75 mL 0.1 M CTAB solution in a
50 mL plastic centrifuge tube. The resulting solution was gently
mixed, followed by the addition of 0.1 M aqueous ascorbic acid
solution (288 pL). After the solution became colorless, 90 pL of the
seed solution were added to the mixture and the reaction tube was
allowed to sit undisturbed for 3 h at 30 °C during which time the
solution developed a blue color. The resulting solution, containing
the gold nano rods, was concentrated and separated from the
excess surfactant by washing and centrifugation (the microtubes
were centrifuged at 14,000 rpm for 15 min). The supernatant was
carefully removed from each microtube, deionized water was then
added to the microtube, and the resulting solution was centrifuged.
This process was repeated two times. At the completion of the
centrifugation process UV-—visible spectra were recorded by
diluting 250 UL of the solution containing the gold nano rods with
deionized water to a final volume of 0.50 mL.

2.4. Deposition of gold nano rods on silicon wafer (SERS substrates)

The gold nano rods were deposited onto the silicon wafer using
a modified form of the procedure developed by Primera-Pedrozo

[17]. 2 mL of the gold nanorods solution were mixed with 3 mL of
deionized water and transferred to a glass beaker. Two mL of
cyclohexane were added to the gold nanorods solution and an
immiscible water/cyclohexane interface was formed. This was fol-
lowed by the dropwise addition of 2 mL of absolute ethanol which
resulted in the formation of a film of gold nano-rods at the cyclo-
hexane/water interface. Ethanol facilitates the remove of the
remaining surfactant and also acts as an inducer [18,19]. The bot-
tom cyclohexane phase was slowly removed until the silicon wafer
was randomly covered with Au nanorods. The morphology of the
gold nano rods on the silicon wafer was determined using Scanning
Electron Microscope (SEM). DDNQ was then adsorbed onto the Au
nanorods from a 103> M DDNQ solution.

2.5. Methods

The UV-—visible absorption measurements were carried out
with a Hewlett Packard 8453 UV—Visible spectrophotometer. The
infrared spectra were recorded with a PerkinElmer Spectrometer.
Surface-enhanced Raman scattering (SERS) spectra were recorded
using a DeltaNU MicroRaman Microscope having 633 and 532 nm
laser lines and a laser power of less <2 mW.

2.6. XPS measurements

The gold (III) substrate, having a thickness of 200 nm was pur-
chased from PHASIS Company. SAMs of DDNQ molecules on the
gold surfaces were formed by immersing the gold substrate in
1 mM DDNQ solution for 24 h at 30 °C. After the modification, the
gold surface was rinsed with methanol and dried under N,. The XPS
spectra were acquired using a Kratos Axis 165 spectrometer
equipped with a monochromatic A1 radiation source. The sample
was deposited on the sample holder which was kept at about 25 °C.
The pressure of the spectrometer was maintained at 5 x 108 Torr
and the take-off angles were 0°, 50° and 70° with respect to surface
normal. The instrument was calibrated using sputter cleaned high
purity copper and gold foils. The peak positions were calibrated to
the hydrocarbon peak at 284.8 eV present on the surface of the
sample.

2.7. Theoretical calculations

The Gaussian 98W program was used for all Quantum Me-
chanical Computations. The full geometry optimization and vibra-
tion frequency calculations were performed using BP86/6-31G (d,
p), B3LYP/6-31G (d) basis sets. The assignment of the experimental
frequencies was based on matching the observed and calculated
band frequencies, calculation of the percentage difference between
the frequencies of the observed and calculated Raman spectra, and
comparison with literature data. PED calculations were performed
to aid the assignment of the vibration modes [20].

3. Results and discussions

A prerequisite for determining the preferred adsorption char-
acteristics of DDNQ adsorbed on the metallic nano-surface was the
assignment of the Raman active modes of DDNQ.

3.1. Band assignment of vibrational spectra

DDNQ has 26 atoms and C2v symmetry. Under C2v symmetry
the 72 fundamentals of DDNQ are distributed among the symmetry
elements as;
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with the A1 and B2 irreducible representations corresponding to
stretching, in-plane ring deformation, and in-plane bending vi-
brations, while the A2, B1 correspond to out of plane ring defor-
mation, torsion, and out of plane bending vibrations. A complete
vibrational assignment of the observed DDNQ frequencies was
performed based on the results of a normal mode analysis, fre-
quency matching of theoretical and experimental frequencies, and
the data obtained from the PED calculations. Two main factors are
responsible for the reported differences between the observed and
the calculated frequencies of DDNQ: (i) the calculated frequencies
of DDNQ are performed in an isolated environment, and (ii), the
experimental frequencies are inharmonic frequencies while the
calculated frequencies (or values) are harmonic frequencies [21].
The percentage differences between the observed and the calcu-
lated frequencies ranged from a low value of 0.06 to a high of 3.37.

The BP86/6-31G (d, p) and B3LYP/6-31G (d) basis sets were used
for the DFT calculation. The B3LYP/6-31 (d) basis set has been
shown to over-estimate the frequencies in the high frequency re-
gion and as a result a scaling factor was applied. The scaling factor
was determined based on the ratio of the experimental frequencies
to the calculated frequencies, using the calculated frequencies
relatively close to the experimental frequencies. After this calcu-
lation a scaling factor of 0.9730 was used to generate the theoretical
Raman frequencies. When the BP86/6-31G basis set was utilized in
the calculations excellent agreement was obtained between the
experimental and calculated frequencies. As a result a scaling factor
was not employed. The small percentage difference of 3.37 between
the calculated and experimental values significantly increased the
accuracy of the vibrational mode assignments. The observed (FT-
Raman) and calculated (BP86/6-31G (d, p)) spectra of DDNQ are
shown in Figs. 2—4 respectively. A detailed assignment of the
vibrational modes of DDNQ using BP86/6-31G (d, p), B3LYP/6-31G
(d) and PED is presented in Table 1.

Fig. 2 shows the observed FT-IR spectrum of DDNQ. The most
intense frequencies in the FT-IR spectrum are observed at 773, 823,
933,1137,1209,1557,1601,1642 and 1668 cm™ .. Other relatively weak
frequencies are observed at 871, 1274, 1343 and 1580 cm™ Fig. 1

Fig. 3 shows the experimental Raman spectrum of DDNQ at
1064 nm laser excitation. The intense frequencies in the Raman

Fig. 1. The molecular structure of 2,3-dichloro-5,8-dimethoxy-1,4-naphthoquinone
(DDNQ).

spectrum are observed at 467, 932, 1180, 1276, 1339, 1581 and
1659 cm™ !, Other relatively weak frequencies are observed at 397,
563, 771, 1043, 1161 and 1458 cm™ L. The corresponding intense
frequencies in the simulated Raman spectrum (Fig. 4) are observed
at 457, 929, 1165, 1349, 1567, 1666 cm ™.

3.1.1. Region above 1800 cm™'

For aromatic molecules, the C—H stretching is observed in the
3050 -3000 cm~ . The 1,4-naphthoquinone molecule shows C—H
stretching vibrations at 3076 and 3020 cm~! [22,23]. The Raman
spectrum of DDNQ shows four bands at 2842, 2937, 3020 and
3093 cm~! corresponding to the bands observed at 2938, 2939,
3088 and 3157 cm ! in the simulated Raman spectra of DDNQ. The
bands at 3025 and 3093 cm~! are assigned to the C—H stretching
vibration of the naphthoquinone ring [21,22]. Vibration modes
from the methyl group are found in the 2800—3000 cm™! fre-
quency region [24,25]. The bands at 2842 and 2937 cm™' are
assigned to the C—H stretching vibration in the methoxy group.

3.1.2. Region 1800—1000 cm™!

The C=0, C=C, ring stretching and C—H bending modes are
observed in this spectral window. Strong bands are observed at
1043, 1180, 1276, 1339, 1581 and 1659 cm~! with the bands at 1180
and 1581 cm~! possessing shoulders at 1161 and 1558 cm™!
respectively. Other weak bands are observed at 1135, 1401 and
1458 cm™~ . The two most intense bands in the Raman spectrum of
DDNQ are observed at 1659 and 1581 cm™ . The band observed at
1659 cm™~! corresponds to the band at 1660 cm ™! in the simulated
spectra (Fig. 4 and Table 1). Tabrizi reported a band at 1650 cm ™! in
the Raman spectrum of 5,8-dihydroxy-1,4-naphthoquinone and
assigned that band to the symmetric C=0 stretching strongly
coupled to the C—C stretching of the rings [21]. Based on this
finding, the band at 1659 cm™" is assigned to the C=0 symmetric
stretching mode which is strongly coupled to a C—C stretching
mode. This assignment is consistent with literature data, except
that for DDNQ the C=0 band is observed at a slightly higher fre-
quency than the frequency reported by Tabrizi [21]. This slight
difference in the frequency is due to the electron withdrawing ef-
fect of the chloro group in position 2 and 3 of the naphthoquinone
ring on the C=0 in DDNQ.

The bands in the 1577—1621 cm~! spectral region are assigned
to C=C stretching and benzene ring C—C stretching vibrations.
Tabrizi reported a band at 1596 cm™! in the Raman spectrum of 5,8-
dihydroxy-1, 4-naphthoquinone and assigned it to the C—C
stretching coupled with the C—H deformation [21,26]. For DDNQ,
the band at 1581 cm™! is assigned to this vibration.

The PED calculation shows that the vibrational modes observed
at 1276, 1339, 1401 and 1458 cm™! are predominantly ring C—C/
0—C stretching and O—C—H bending modes. The weak broad band
that is observed at 1458 cm™! is assigned to 38% O—CHs and 31%
CH3 bending vibration based on the work of Tabrizi who also
observed a band at 1455 cm~! in the Raman spectrum of 5,8-
dihydroxy-1,4-naphthoquinone [21,27]. The band at 1339 cm™! is
assigned to 76% ring Ry stretch. This assignment is supported by the
work of Pecile who observed a band at 1330 cm~! in the Raman
spectrum of naphthoquinone and assigned it to a ring stretching
vibration [28,29]. The strong band at 1276 cm™! is assigned to 14%
C—O0 stretching and 60% O—CH3 bending. This assignment is sup-
ported by the work of Tabrizi who reported a band at 1260 cm™! in
the Raman spectrum of 5,8-dihydroxy-1,4-naphthoquinone and
assigned it to the C—O stretching coupled to C—C stretching and
C—H in plane bending. Also, Grafton and Wheeler observed a band
at 1260 cm~! at in the Raman spectrum of naphthoquinone, and
assigned it to the C—H in-plane bending [21,22].

Other bands observed in the spectrum at 1180, 1135 and
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Fig. 3. Raman spectrum of 2,3-dichloro-5,8-dimethoxy-1,4-naphthoquinone.

1043 cm~! are assigned primarily to O—C—H bending coupled to
C—C stretching and C—C=0 bending vibrations. The band at
1180 cm~! is assigned to C—C stretching coupled to C—C=0 bending
vibration. For naphthoquinone and its derivatives, the methyl
wagging modes which appear in the 1180—1160 cm™' spectral
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Fig. 4. The simulated Raman spectrum of 2,3-dichloro-5,8-dimethoxy-1,4-

naphthoquinone.

regions, arise primarily from the coupling of the out-of-plane and
in-plane bending modes. For DDNQ, the bending/wagging modes of
the OCH3 group were observed at 1161 and 1135 cm~ .. The C—0
stretching vibrations involving the oxygen atom of the methoxy
group and carbon atom of the methoxy and naphthoquinone ring
were assigned with the support of the PED calculation. The band at
1043 cm ! is assigned to 46% C—O stretching mode coupled to 16%
C—C stretching mode based on the PED calculation [27,30,31].

3.1.3. The spectral region below 1000 cm™!

The C—C—C—C torsion, C—Cl stretching, and C—C—C/O—C—H/
C—C—H bending modes are observed in this spectral region. In the
Raman spectrum of DDNQ two strong bands are observed at 468
and 932 cm~! and other relatively weaker bands at 316, 397, 563,
771 cm~ .. The strong Raman band at 932 cm ! is assigned to the
C—C/C—0/C—C(l stretching coupled to Ry} bending. This assignment
is supported by the work of Tabrizi who observed a band at
945 cm~! in the Raman spectrum of 5,8-dihydro-1,4-
naphthoquinone and assigned the band to the C—C—C bending
vibration coupled to C=0 stretching mode [21]. This assignment is
also supported by the work of Govindarajan who observed a band
at 923 cm~! in the Raman spectra of 1-methoxynaphthalene and
assigned the band to the C—C—C bending vibration [25].
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Table 1
Band assignments of the vibrational modes of DDNQ.

Number B3LYP BP86

Experimental

Symmetry 6-31G (d) 6-31G (d) scaled Raman Activity 6-31G (d, p) Raman activity FT-Raman % Difference Assignment (PED>5%)

1 B2 3231 3144 65 3143 73
2 Al 3170 3084 228 3088 243
3 B2 3170 3084 1 3088 0
4 Al 3029 2948 242 2939 302
5 B2 3028 2947 26 2938 49
6 Al 1751 1703 256 1666 242
7 Al 1637 1593 265 1567 269
8 B2 1608 1565 25 1549 16
9 A2 1526 1484 46 1457 48
10 B2 1482 1442 12 1418 14
11 Al 1442 1403 10 1391 34
12 Al 1362 1325 15 1349 2
13 Al 1333 1297 88 1290 43
14 B2 1278 1243 17 1232 17
15 Al 1244 1210 23 1206 14
16 Al 1215 1182 48 1165 69
17 Al 1192 1160 18 1144 57
18 B2 1148 1117 19 1107 24
19 Al 1078 1049 44 1037 66
20 Al 959 933 102 929 114
21 B2 880 856 6 854 5
22 B1 833 810 1 792 2
23 B2 784 763 2 756

24 Al 570 554 5 554 6
25 Al 472 459 46 457 58
26 B2 432 420 1 419 1
27 Al 405 394 2 388 4
28 B2 321 313 2 321 1
29 B2 260 253 2 251 3
30 Al 190 185 2 185 3

3093 1.61 4/C—H (98)
3025 2.08 \/C—Hj3 (88)
/C—Hs (88)
2937 0.06 v/C—H3 (92)
2842 3.37 \/C—Hj3 (92)
1659 0.42 v/C=0 (76) + B R (6)
1581 0.88 v/C=C (63)
1558 0.57 V/Ry (60) + B Ry (14)
1458 0.06 BO-CH; (38) + B CH3 (31)
1401 1.21 BO-CH3 (94)
1381 0.65 v/C—C(35) +BO-CHs (38)
1339 0.74 VRy (76)
1276 1.09 /C—0 (14) +BO-CH3(60)
1241 0.72 VR; (26)+ BR; (9) + B O—CH (20)
1180 22 v/C—C/R(63) +BC-C=0 (14)
1161 0.34 BO-CH (90)
1135 0.79 BO-CH (74)
1091 1.46 V/C—C(26) + BRy/Ry (30)
1043 0.57 \/C—0 (46) + 1/C—C(16)
932 0.32 V/C—C(10) + 1/C—0(26) + /C—CI(12) + PRy(12)
869 1.72 VC—CI(32) + v/Ry(13) + BRy/Ry(18)
792 0.12 TRy(24) + $CCCO(22) + PC-C-H(48)
771 1.94 BRy(17) + B[C—C=0](34) + B[C—C—CI](22)
563 1.59 BC-C-0(22) + PO-CH3 (18) + PRy (11)
467 214 BRy(59) + /C—C (13) + BRy (7)
423 0.94 BRi(29) + 1/C—Cl (20) + BC-C=0 (14)
397 226 BRy(37) + BC-C=0 (34)
316 1.26 BO-CH(34) + BRy/R(17) + BC-C-CI(14)
254 1.18 BR(43) + BC-C-CI(14) + /C—C(12) + B Ry (6)
185 1.08 TCCCO(38) + $CCCI(24) + B O—CH (16) + TRy(7)

+/: Stretching; B: In-plane bending; ¢: Out-of-plane bending; T:Torsion.

The C—Cl stretching frequency is generally observed in the
800—600 cm~! spectral region and is dependent on the confor-
mation of the compound [30]. The weak band at 869 cm™! is
assigned to C—Cl stretching while the other weak band at 771 cm ™!
is assigned to C—C=0 bending coupled to Ry and C—C—Cl bending,
and the band at 563 cm ™! is assigned to C—C—0/0—CHs/Ry; bending.
The strong band at 467 cm™! is assigned to ring bending vibrations.
The complete vibrational assignment is shown in Table 1.

3.2. Surface enhanced Raman scattering (SERS) spectrum of 2,3-
dichloro-5,8-dimethoxy-1,4-naphthoquinone

Fig. 5 shows the UV—visible absorption spectrum of the gold
nano-rods. The peaks at 530 and 760 nm are typical features of gold
nano-rods and represent the transversal and longitudinal plas-
monic bands [32]. Dynamic light scattering was used to determine
the dimensions of the gold nano-rods and the results from these
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Fig. 5. The UV—visible spectrum of gold nano-rods.

studies indicate that there is good monodispersity of gold nanorod
size with dimensions of 43 nm (length) by 16 nm (width).

The SEM image of the gold nano-rods deposited on a silicon
wafer substrate is shown in Fig. 6.

3.2.1. Adsorption of DDNQ

DDNQ has a number of potential adsorption sites for possible
interactions with metal surfaces: the w electrons of the naph-
thoquinone ring, the lone pair of electrons on the oxygen atoms,
and the chlorine atoms. Based on changes in relative band in-
tensities between the solution and the SERS spectrum of DDNQ
adsorbed on gold nano-rods, the preferred molecular adsorption
site of DDNQ on gold surface along with its orientation can be
determined. SERS has been used to study the adsorption mecha-
nism of molecule adsorbed onto the surface of coinage metals [5,6].
The adsorbate SERS spectrum is analyzed based on shifts in the
SERS frequencies and relative enhancing or weakening of the in-
tensity of the SERS bands compared to their solution counterparts
[12,33—35]. For this study Gold nano-rods were selected because
they are an attractive alternative to spherical metallic nanoparticles
for exploring a wide range of surface plasmon enhanced sensing
application. It is possible to achieve a strong optical extinction at
targeted wavelengths by adjusting the rod aspect ratio [36].

Fig. 7 shows the Raman spectrum of gold nano-rods deposited
on a silicon wafer (black spectrum) and the SERS spectrum of DDNQ
adsorbed onto the gold nano-rods (red spectrum). One limitation to
the use of gold nanorods, as prepared by the above described
method, for SERS has been the presence of bands due to residual
CTAB which remains attached to the nanorods. The characteristic
CTAB Raman bands are normally observed at 455, 763, 1061, 1127,
1295 and 1460 cm ™. An examination of the Raman spectrum of the
nanorods, after deposition, indicates the absence of bands at these
frequencies. Only the Si band at 517 cm™! is observed in the
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Fig. 7. SERS spectra of gold nano-rods on silicon wafer (black line) and DDNQ adsorbed on the gold nano-rods (Red line). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

spectrum (Fig. 6). When DDNQ is adsorbed onto the SERS active concentration as that used in the SERS studies is shown in Fig. 7.

gold nano-rods, bands characteristic of the Raman active modes of Fig. 8 shows the solution Raman (0.348 M) and SERS spectra of

DDNQ were observed with an excellent signal to noise ratio. The DDNQ. A comparison of the SERS and Raman spectra shows a

Raman spectrum of DDNQ from a solution having the same marked difference in both band frequencies and relative intensities.
=

=
1385
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Fig. 8. (A) Solution Raman and (B) SERS spectra of DDNQ adsorbed on the gold nano-rods.
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The SERS spectrum is dominated by strong bands at 1579, 1350,
1277, 1228, 1184, 1037 and 932 cm™! while the bands observed at
1662, 1579, 1350, 1037 and 399 cm~! in the SERS spectrum are
shifted compare to their solution Raman counterparts. The solution
Raman band at 1672 cm™! was down shifted by 10 wavenumbers in
the SERS spectrum to 1662 cm™ !, while the solution Raman band at
1337 cm~! was up shifted by 13 wavenumbers in the SERS spec-
trum to 1350 cm™ L. The SERS band at 1037 cm™! is down shifted by
8 wavenumbers when compare to its solution counterpart
observed at 1045 cm~. The Raman band at 1585 cm™! was down
shifted by 6 wavenumbers in the SERS spectrum to 1579 cm™ L. The
band at 1585 cm ™! is strong in both the Raman and SERS spectra
and has been assigned to C=C stretching vibration of the naph-
thoquinone ring [21,22,26].

Ramakrishnan reported SERS of 1-aminoanthraquinone (AAQ)
on Ag colloids and observed that the C=0 band was shifted to a
lower frequency relative to its solution counterpart. This led the
authors to conclude that AAQ was adsorbed on the Ag surface via
C=0 group [37,38]. Also, Jurasekova reported the SERS of quercetin
adsorbed on Ag colloid and observed that the C=0 band observed
at 1655 cm~! in the solution spectrum was down shifted to
1640 cm™! in the SERS. The C=0 band in these SERS spectra also
exhibited a reduction in intensity relative to their solution coun-
terparts. Based on these observations the authors concluded that
the interaction between the quercetin and the Ag surface involved
the C=0 substituent 38. In the SERS spectrum of DDNQ, the band
observed at 1662 cm~! was assigned to C=0 stretching vibration, is
downshifted by 10 wavenumbers relative and its intensity is
reduced relative to its solution counterpart. The observed shift in
frequency and the reduced intensity suggests that DDNQ is adsor-
bed on the surface of the gold nano-rods via the C=0 group.

3.2.2. Orientation of DDNQ

SERS relative enhancement factors (SEF) can be utilized to
deduce the orientation of molecules adsorbed on SERS active sur-
faces. The solution Raman and SERS intensities of DDNQ were
normalized and the normalized intensities are shown in Table 2.
Based on relative enhancement factors and the use of surface se-
lection rules developed by Creighton, an orientation of DDNQ
adsorbed on Au nano-rods is proposed.

The adsorbate orientation can in principle be obtained from
surface vibrational band intensities using the surface selection rule
proposed by Moskovits and Creighton for C,, aromatic molecules
[39,40]. According to the surface selection rules, the vibration

Table 2
The normalized relative intensities and the relative enhancement factor for DDNQ in
solution compared with adsorbed DDNQ (SERS).

Symmetry modes Raman Au nano-rods-SERS REF
cm-1 cm-1

Al 1672 (0.47) 1662 (0.25) 0.53
Al 1585 (1) 1579 (1) 1
A2 1481 (0.02) 1450 (0.06) 3
Al 1337 (0.29) 1350 (0.47) 1.62
Al 1281 (0.55) 1277 (0.33) 0.6
B2 1218 (0.01) 1228 (0.35) 35
Al 1185 (0.28) 1184 (0.59) 2.11
Al 1162 (0.26) 1164 (0.36) 1.38
Al 1109 (0.01) 1130 (0.01) 0.8
Al 1045 (0.2) 1037 (0.29) 1.45
Al 939 (0.48) 933 (0.37) 0.77
B2 854 (0.01) 873 (0.29) 29
Al 775 (0.07) 775 (0.24) 343
Al 567 (0.09) 565 (0.17) 1.89
Al 475 (0.83) 475 (0.38) 0.46
Al 375 (0.58) 399 (0.11) 0.19

modes possessing polarizability tensors in the direction of the
surface normal should experience the greatest intensity enhance-
ment in the SERS spectrum, namely vibrational modes corre-
sponding to a,,, where z is along the surface normal. Vibrations
derived from oy, and ay, should be the next most intense modes
and those corresponding to oy, Oyy, Oxy polarization elements
should be the least enhanced [41,39]. The most enhanced bands are
related to the modes containing the components of polarizability
tensor perpendicular to the surface. An examination of the Table 2
shows that ring stretching modes at 1037, 1184, 1228 and
1350 cm™! in the SERS spectrum of DDNQ exhibit large enhance-
ment factor.

Based on the relationship between relative enhancement factor
and mode symmetry Creighton proposed a relationship between
adsorbate orientation and relative band enhancement factors. For a
flat orientation the surface selection rules predict that the SEF for
the A2 modes should be enhanced relative to the B2 modes and that
the reverse is true for a molecule which adopts a perpendicular
orientation [42]. Inspection of the SEF values for DDNQ adsorbed
onto Au nano-rods show them to be consistent with the selection
rule prediction of the molecule being oriented perpendicular to the
metal surface.

The ratio of the intensity of the ring modes to those of the C=0
stretching mode in the Raman spectrum, compared to the SERS
spectrum can be utilized to determine the orientation of the
adsorbed molecule. Nishiyama used the ratio of the intensity of the
aromatic ring mode to that of the C=0 stretching mode of
anthraquinone derivatives, to determine the orientation of the
molecule on silver surface. When the ratio of the intensities of ring
modes to that of the C=0 stretching band in the SERS was enhanced
compared with that of the solution Raman bands, it suggests that
the molecular plane has a relatively perpendicular orientation
compared to the Ag surface. It also suggests that the ring mode has
a vertical component to the surface, which is enhanced in the SERS
spectrum [43]. For DDNQ, the intensities of the ring modes are
strongly enhanced in the SERS spectrum relative to that of the C=0.
The enhancement factor is shown in Table 2. The ratio of the in-
tensity of the C—C stretching modes to that of the C=0 stretching
mode in the SERS (liing (1350)/Ic=0 (1662) = 1.88; lring (1037)/Ic=0
(1662) = 1.16) was enhanced compared with that of the Raman (I;ing
(1340)/Ic=0 (1662) = 0.62; lying (1043)/lc=0 (1662) = 0.42). The result
suggests that DDNQ is adsorbed with its molecular plane that is
relatively perpendicular to the gold nano-surfaces. The proposed
orientation of DDNQ is shown in Fig. 9.

Fig. 9. Proposed Orientation of 2,3-dichloro-5,8-dimethoxy-1,4-naphthoquinone on
the gold nano-rods.
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adsorbed onto the Au surface.

The relative oxygen and carbon content of the Au surface before
and after DDNQ adsorption shows that the oxygen and carbon
content increased when DDNQ was adsorbed onto the surface.
Fig. 11a shows the plot of O/Au ratio versus the take-off angles,
while Fig. 11b shows the plot of C/Au ratio versus the take-off an-
gles. The SAMs of DDNQ on the Au surface shows higher O/Au or C/
Au ratio than Au surface showing a thicker layer of DDNQ present
due to adsorption of DDNQ on the Au surface. The relative content
of carbon and oxygen on the Au surface before and after adsorbing
DDNQ and the presence of chlorine after DDNQ adsorption estab-
lish that DDNQ was successfully adsorbed on the Au surface.

4. Conclusions

Raman spectroscopy, SERS, XPS and DFT methods have been
used to investigate the adsorption and orientation of SAMs of 2, 3-
dichloro-5, 8-dimethoxy-1, 4-naphthoquinone (DDNQ) on gold
nano-rods. The Raman band assignment of the DDNQ molecule was
made on the basis of comparison with literature values, DFT cal-
culations, and PED calculations. From the SERS spectrum, the C=0
stretching vibrational mode was red shifted by 10 wavenumbers
relative to its solution counterpart indicating that DDNQ is adsor-
bed onto the gold nano-rods via the C=0 group. The SERS in-
tensities of the ring modes, observed at 1350, 1228, 1037 cm},
exhibited large enhancement factors relative to their solution

DDNQ
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5.4 |
34 L — -
ol ‘
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Take off Angle

Fig. 11. A plot of (a) the O/Au ratio versus the take-off angle and (b) the C/Au ratio versus the take-off angle before and after adsorption of DDNQ onto the Au surface.

3.3. XPS study of the adsorption of DDNQ on gold surface

DDNQ was self-assembled onto a Au surface and X-ray photo-
electron spectroscopy (XPS) was utilized to study the adsorption of
DDNQ to the Au surface [40]. The resulting XPS spectrum of DDNQ
on a Au surface, Fig. 10a, shows the C 1s, O 1s and Cl 2p peaks.

The high resolution spectrum of the C 1s region is shown in
Fig. 10c. The C 1s spectrum was deconvoluted into three individual
component peaks. The peak binding energies at 286.7, 288.7 and
284.8 eV can be assigned to the carbon atom in the form of C—0O
(ether), C=0 (quinone) and C—C/C—H respectively [44,45]. As
shown in Fig. 10c for the DDNQ C 1s binding energy, the observation
of the growth of the C 1s peak at 284.8 eV confirms that DDNQ was
adsorbed onto the Au surface. The appearance of the C 1s C=0 peak
at 288.7 eV indicates the present of a carbonyl group on the Au
surface [44]. In addition, it can be observed in Fig. 10b that the
deconvolution of the O 1s spectrum produces two peaks with
binding energy at 530.7 and 532.2 eV which are assigned to C=0
(quinone) and C—O (ether) respectively [46]. The observation of the
growth of the O 1s peak at 530.7 eV confirms that DDNQ was

counterparts. On the basis of SERS selection rules, it was concluded
that the adsorbed DDNQ has a perpendicular orientation on the
surface of the gold nano-rods. The XPS data showed the growth of
the C 1s and O 1s characteristic peaks confirming that DDNQ was
adsorbed onto the Au surface.
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