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Abstract

Raman, IR, and surface-enhanced Raman scattering (SERS) were employed for the vibrational characterization of papaverine in the free and

adsorbed state. The vibrational assignments were performed by means of density functional theory (DFT) calculations. The adsorption of the

molecule was concluded with the isoquinoline and the benzene ring close to the silver surface in tilted orientations. Employing a sequential

injection system, an automatized setup was developed for reliable, accurate and rapid recording of FT-SER spectra. The colloidal silver substrate

was synthesized in situ in a 2 ml quartz cuvette by reducing silver nitrate with hydroxylamine. The FT-SER spectrum of papaverine obtained with

the developed experimental setup exhibits the same characteristics as the SER spectrum obtained with a citrate reduced silver colloid.

# 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Papaverine (Fig. 1) is an alkaloid found in opium and

therefore produces a major interest in forensic sciences.

Several studies concerning the employment of spectroscopic

methods for the detection of papaverine as a marker for

heroin were performed in the last years, [1–4] and methods

for rapid detection of papaverine at low concentrations are

under continuous improvement [5,6]. Papaverine is also a

pharmacological compound being used as muscle relaxant

and vasodilator. Therefore, the physiological properties of

the molecule and the interaction of papaverine with other

biomolecules were extensively studied [7–9].

Raman scattering provides useful structural information

making it a powerful molecular investigation tool. With the

development of diode lasers and sensitive detectors in the

last decade, Raman is becoming an increasingly popular

technique for biomedical applications such as the identifica-

tion or characterization of biological materials. [10] Raman

spectroscopy has been successfully applied in the study of

various drugs, including pharmaceuticals, [11] narcotics

[12], and drug delivery devices, [13,14] the Raman methods

offering a range of significant advantages over other spectro-

scopic techniques, including no requirements of sample

preparation, in situ analysis, investigation of aqueous solu-

tions, rapid identification, analysis of drug mixtures, identi-

fication of contaminants in samples, characterization of

formulated materials, and process monitoring.

Disadvantages of normal Raman spectroscopy for appli-

cations within the pharmaceutical industry are due to the

problems associated with fluorescence and the weak Raman

scattering process, which leads to the need for intense laser

excitation sources and sensitive detectors.

A suitable alternative with versatile opportunities to over-

come the frequent inconveniences of fluorescence and low

sensitivity of Raman spectroscopy is offered by surface-

enhanced Raman (SER) spectroscopy. When the molecules

are adsorbed on rough metal surfaces, the Raman cross-

section is enhanced by several orders of magnitude, in some

cases even up to 14th order, and fluorescence may be

quenched [15–19]. The potential to combine high sensitivity

with the structural information content of Raman spectro-

scopy makes SER spectroscopy a powerful tool in a variety

of fields, [20,21] including biospectroscopy [22]. However,
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the use of surface-enhanced Raman scattering (SERS) as

analytical technique presents important practical problems,

the main drawback being the production of reproducible

SERS substrates. A well-known problem is the degradation

of SERS surfaces upon multiple use, together with the

appearance of memory effects, that preclude the repetitive

use of the same substrate; in addition, conventional

approaches to synthesize active SERS colloids do not pre-

sent good batch to batch reproducibility (typical R.S.D.

values around 30%). To solve these problems, flow systems

have been employed to improve the reproducibility of the

results, either for the synthesis of batches of stabilized

colloids [23] or for the on-line generation and use of the

substrates [24,25].

The implementation of swift and safe drug development

processes is, clearly, a priority for the pharmaceutical

industry. Many techniques including IR spectroscopy,

NMR, XRD, high-performance liquid chromatography,

and thermal methods have been developed in order to offer

automated analyses, though automatized Raman analyses at

industrial level are less represented as other spectroscopic

methods. Nevertheless, latest developments concerning on-

line measurements employing SER spectroscopy are pro-

missory. [23–26] In this work, Raman and SER spectra of

papaverine were recorded and the assignments of papaverine

vibrational modes were accomplished on the basis of density

functional theory (DFT) calculations. To the best of our

knowledge, a SERS investigation or a complete vibrational

analysis of papaverine is missing in the literature. In order to

combine the structural information and sensitivity provided

by SERS with the accuracy of flow injection analysis (FIA),

an automatized experimental setup was developed for in situ

synthesis of the colloidal silver substrate and recording of

accurate and reliable SER spectra. In a previous paper [25],

we reported a similar setup where the sample is miniatur-

ized, the SERS substrate preparation, and analyte addition

occurring in an acoustically levitated nanoliter droplet. The

experimental setup described here desires to verify the

applicability of the developed setup in the milliliter range

by using a common quartz cuvette and when using papa-

verine as analyte.

2. Experimental

2.1. Chemicals

All the employed chemicals were reagent grade or better.

Stock solutions of silver nitrate (Merck, Darmstadt, Ger-

many), hydroxylamine hydrochloride (Fluka, Vienna, Aus-

tria), sodium hydroxide (Sigma–Aldrich, Vienna, Austria),

trisodium citrate (Sigma–Aldrich), sodium chloride

(Sigma–Aldrich), crystal violet (Sigma–Aldrich), and papa-

verine hydrochloride (Sigma–Aldrich) were prepared by

dissolving the proper amounts of the reagents in distilled

water.

2.2. Apparatus

The FT-SER spectra were recorded with a Bruker FRA

106 Raman accessory attached to a Bruker IFS 66 FT-IR

spectrometer equipped with a liquid nitrogen cooled Ge

detector. The 1064 nm Nd:Yag laser was used as excitation

source and the laser power was set to 200 mW. The FT-SER

spectra were recorded in backscattering geometry with a

resolution of 8 cm�1.

Raman and SER spectra of papaverine were also recorded

employing a Dilor LabRam spectrometer with 1800 grooves

per mm diffractive grating. The 514.5 nm output of a Spectra

Physics argon ion laser was used as excitation line and the

laser power was kept below around 100 mW. The Raman

and SER spectra were collected in backscattering geometry

and the spectral resolution was 4 cm�1. The detection

system consisted of a Peltier cooled charge-coupled device

detector.

The FT-IR spectrum was obtained with a Bruker IFS 25

spectrometer with a resolution of 2 cm�1. Pellets for IR

measurements were prepared by dispersing papaverine

hydrochloride in potassium bromide.

2.3. Experimental setup for on-line SER measurements

Fig. 2 shows the experimental setup used for in situ

preparation of SERS substrate in a 2 ml quartz cuvette

and on-line monitoring by FT-Raman spectroscopy.

The sequential injection (SI) system was built with a

Cavro XP 3000 syringe pump (Sunnyvale, CA, USA)

equipped with a 1 ml syringe. AValco 6 port selection valve

Fig. 1. Chemical structure of papaverine. Optimized geometry calculated

at the BPW91/6-31þG* level of theory.
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(Houston, TX, USA) was also employed. PTFE tubings

(Global FIA, Gig Harbor, WA) with inner diameters of

0.25 and 0.75 mm were used for the flow system. The pump

and the valve of the SI system were controlled via the in-

house written MS Visual Basic 6.0 based software Sagittar-

ius V2 (1.2.0003). From the selection valve a tubing with an

0.25 mm inner diameter made the connection with the 2 ml

quartz cuvette, placed in the sample compartment of the FT-

Raman spectrometer. The computer-controlled flow system

enabled sequential introduction of the reagents and analytes

into the cuvette.

2.4. Calculations

DFT calculations of the structure and vibrational wave

numbers of the free papaverine molecule as well as Ag–

papaverine complex were performed using the Gaussian 98

program package. [27] The theoretical calculations were

carried out with Becke’s 1988 exchange functional [28] and

the Perdew–Wang 91 gradient corrected correlation func-

tional [29] (abbreviated as BPW91). The Los Alamos effec-

tive core potential plus double zeta [30–32] (LanL2DZ) was

employed for the silver atom, whereas the 6-31þG* Pople

split-valence polarization basis set was used in the geometry

optimization and normal modes calculations for the other

atoms. At the optimized structure of the examined species no

imaginary frequency modes were obtained, proving that a

local minimum on the potential energy surface was found.

The optimized geometry of the papaverine molecule calcu-

lated at the BPW91/6-31þG* level of theory is presented in

Fig. 1.

3. Results and discussion

Vibrational characterization of papaverine. Fig. 3 presents

the Raman and FT-IR spectra of papaverine hydrochloride in

solid state. The Raman spectrum is the result of one accu-

mulation of 100 s exposure time employing the 514.5 nm

laser line.

The assignment of the bands appearing in the FT-IR and

Raman spectra was accomplished by using high DFT quan-

tum chemical calculations. Table 1 contains the main wave

numbers of the experimentally obtained IR and Raman

spectra of solid papaverine and the calculated wave numbers

(unscaled values) of the papaverine molecule.

Papaverine is available as papaverine hydrochloride,

therefore sodium hydroxide solution was added to increase

the pH of the papaverine solution. The highest obtained pH

value was 6.5, a further addition of the sodium hydroxide

leading to the desolvation of papaverine from the solution.

This fact is supposed to be due to the deprotonation process

of the papaverine molecules at this pH, whereas the unpro-

tonated molecular species are weakly soluble in water.

Therefore, both molecular species, the protonated and the

unprotonated, contribute to the Raman spectrum of papa-

verine (10�2 M) in aqueous solution at pH 6.5. This can be

observed in Fig. 4a by the presence of bands at 1411 and

1364 cm�1 which are characteristic for the protonated and

unprotonated forms of the analyte [33].

The Raman spectrum is the result of two accumulations of

200 s exposure time employing the 514.5 nm laser line. The

assignments of the bands of the Raman spectrum of papa-

verine in aqueous solution can be found in Table 1.

Fig. 2. Experimental setup comprising an automated flow system enabling sequential introduction of the reagents and analytes into the cuvette placed in the

sample compartment of a FT-Raman spectrometer.
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A strict comparison between the experimental and calcu-

lated wave numbers and intensities (Table 1) is not possible,

because the experimental data were obtained for papaverine

in solid state and aqueous solution, whereas the theoretical

results correspond to papaverine in the gas phase. The

calculated wave numbers are obtained using the harmonic

approximation for the interatomic interactions in the mole-

cule, whereas the experimental wave numbers are anhar-

monic by nature. Moreover, the Raman and IR spectra of

papaverine in solid state are due to the protonated molecular

form of papaverine and also, the protonated molecular

species contribute to the Raman spectrum of papaverine

in aqueous solution. Nevertheless, as can be observed from

Table 1 the quality of the quantum chemical results at the

presented theoretical levels are sufficient to be useful for the

assignment of the experimental data.

For obtaining of the SER spectra a citrate reduced silver

colloid, prepared according to the Lee–Meisel procedure

[34] was used. The pH of the silver colloid was 6.5, the same

as when recording the Raman spectrum of papaverine in

aqueous solution. Firstly, 10 ml of 10�2 M papaverine solu-

tion from the amount used for the Raman spectrum (Fig. 4a)

were added to 1 ml silver colloid with a microliter syringe.

Secondly, 50 ml of 10�3 M NaCl solution were added to the

cuvette for a better aggregation of the silver colloidal

particles, leading to a better Raman enhancement. The final

concentration of papaverine in the silver colloidal solution

was 9:4 � 10�5 M. Fig. 4b presents the recorded SER

spectrum of papaverine, which is the result of one accumu-

lation of 150 s exposure time using the 514.5 nm laser line.

By comparing the Raman spectrum (Fig. 4a) to the SER

spectrum (Fig. 4b) one can see that most of the peaks are

shifted to lower wave numbers evidencing a chemisorption

of the papaverine molecule to the silver surface. Most of the

bands from the Raman spectrum can be retrieved in the SER

spectrum. According to the electromagnetic field enhance-

ment theory of SERS, the field enhancement rapidly

decreases with increasing distance from the metal surface

[20]. Vibrations belonging to the isoquinoline ring at 1394

and 1423 cm�1 (Table 1) and benzene ring at 362 and

1355 cm�1 (Table 1) are present in the SER spectrum

(Fig. 4b). Consequently, it can be concluded that both rings

lay in the vicinity of the silver surface. Most probably, the

papaverine molecule adsorbs through the lone pair electrons

of the nitrogen atom from the isoquinoline ring, so that the

isoquinoline and the benzene ring are tilted oriented to the

silver surface. The Ag–N vibration is evidenced by the

strong band at 232 cm�1. Table 1 also contains the main

wave numbers of the SER spectrum and the calculated wave

numbers (unscaled values) of the papaverine molecule when

a silver atom is attached to the nitrogen atom from the

isoquinoline ring. Also in this case, a strict comparison

between the theoretical wave numbers and experimental

ones is not possible because a simple attachment of an

Ag atom can not reproduce the complexity of the SERS

effect. However, the calculations performed on this papa-

verine–Ag model SERS complex could be regarded as a first

step that contributes to a better understanding of the che-

misorption effect on the vibrational behavior of the adsorbed

molecule.

On-line FT-SER measurements. Employing the setup

described in Section 2 (Fig. 2), starting from the reagents

silver nitrate solution and hydroxylamine hydrochloride in

basic solution and the analyte solution, after a time range of

150 s the FT-SER spectrum of the analyte was obtained. The

preparation and characterization of the hydroxylamine

reduced silver colloids was comprehensively described else-

where [25,35].
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Fig. 3. (a) FT-IR and (b) Raman spectra of solid papaverine hydrochloride.
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Table 1

The experimental IR, Raman, SER and the calculated wave numbers (cm�1) of the free papaverine molecule and the Ag–papaverine complex

IR Raman solid Raman liquid SERS Calculationa Calculationb Assignment

152 m 151 156 C2O1, C3O2, C16O3, C15O4 twist

190 w 198 197 CH3 þ CH2 def

211 w 232 s 207 212 CH3 þ CH2 def

242 CH3 þ CH2 def þ Ag–N str

249 w 244 245 CH3 þ CH2 def

294 w 296 298 Ring 1 out of plane def þ CH3 (C18, C19) def

361 m 371 s 362 s 360 357 Ring 2 out of plane def þ CH2 def

411 w 390 w 406 411 CH2 def

424 sh 449 453 C1C2O1, C4C3O2 wag

430 m 422 w 452 457 C1C2O1, C4C3O2 wag

461 m 465 m 466 w 466 w 459 461 C17C16O3, C14C15O4 wag

475 m 485 w 485 w 476 478 C1C6C7, C4C5C10 wag

516 m 536 w 528 w 519 519 Ring 1 þ ring 2 out of plane def

540 m 534 m 554 552 Ring 1 þ ring 2 out of plane def

573 m 564 m 563 w 573 w 566 563 Ring 1 þ ring 2 out of plane def

595 m 592 w 598 595 Ring 1 þ ring 2 out of plane def

604 m 602 w 617 619 C1C2O1, C4C3O2 bend

626 m 627 w 632 639 Ring1 þ ring2 in plane def

644 m 647 m 654 w 647 w 649 653 Ring 1 þ ring 2 in plane def

659 m 678 689 C1C2O1, C4C3O2, C17C16O3, C14C15O4 twist

668 sh 663 m 671 w 661 w 688 694 C1C2O1, C4C3O2, C17C16O3, C14C15O4 twist

716 m 722 m 714 m 721 715 Ring 1 þ ring 2 out of plane defþ C10C11C12 def

722 sh 735 m 725 m 725 727 Ring 1 þ ring 2 out of plane defþ C10C11C12 def

752 s 744 m 739 m 737 sh 761 761 Ring 1 in plane def

776 s 770 m 776 m 765 m 769 766 CH wag

784 m 794 w 781 w 787 782 CH wag

800 m 809 w 790 790 CH twist

813 sh 815 w 814 819 CH twist

831 sh 831 w 830 836 CH twist

868 m 873 w 876 866 Ring 1 in plane def

889 w 884 882 CH twist (ring2) þ CH2 def

901 m 902 m 900 w 892 w 906 912 CH twist (ring2) þ CH2 def

917 m 923 w 923 w 916 w 925 921 CH twist (ring2) þ CH2 def

943 m 944 m 953w 947 w 939 947 C10C11C12 def þ CH2 def

987 sh 980 w 992 994 C10C11C12 def þ CH2 def

1027 m 1028 m 1031 w 1034 w 1034 1033 Trigonal str (ring1, ring2)

1047 s 1044 w 1041 1040 Trigonal str (ring1, ring2)

1073 s 1078 sh 1052 1052 C18O1, C19O2, C20O3, C21O4 str

1086 m 1086 m 1082 m 1082 1086 C18O1, C19O2, C20O3, C21O4 str

1091 m 1109 w 1111 1116 CH bend (ring2)

1147 sh 1146 1145 CH bend (ring2)

1168 m 1156 m 1155 w 1168 w 1161 1160 C11C12 str þ CH bend (ring2)

1195 m 1201 sh 1188 w 1199 1200 C2O1, C3O2 str þ CH rock (ring 1)

1201 m 1209 w 1207 w 1216 1218 CH bend (ring 1) þ C10C11 str

1225 s 1224 sh 1237 1238 CH bend (ring 2) þ C15O4, C16O3 str

1234 s 1232 m 1242 w 1233 w 1242 1246 CH rock (ring 1, ring 2) þ CH2 def

1251 s 1267 w 1270 w 1271 w 1266 1269 CH rock (ring1, ring2) þ CH2 def

1284 m 1284 w 1282 1282 CH rock (ring 1, ring 2) þ C2O1, C3O2, C16O3,

C15O4 str

1308 m 1299 w 1302 1306 CH rock (ring 1, ring 2) þ CH2 def

1330 m 1331 m 1323 1325 CH2 def þ CC str (ring 1, ring 2)

1352 m 1349 m 1353 1358 Ring 2 str

1361 m 1364 s 1355 s 1370 1376 Ring 2 str

1381 s 1388 s 1379 1386 Ring 2 str

1403 s 1409 s 1411 s 1394 s 1391 1394 Ring 1 str

1423 s 1423 sh 1423 s 1423 s 1424 1421 Ring 1 str

1436 m 1441m 1446 m 1448 w 1443 1443 CH3, CH2 def

1451 m 1451 sh 1452 1449 CH3, CH2 def

1463 sh 1463 w 1463 w 1462 1464 CH3, CH2 def

1480 s 1487 m 1489 w 1482 m 1487 1484 CH3, CH2 def

1506 m 1509 m 1498 m 1509 m 1516 1518 Ring 1 þ ring 2 str

1520 m 1528 m 1518 m 1518 sh 1523 1523 Ring 1 þ ring 2 str

1544 m 1558 w 1543 w 1564 1562 Ring 1 þ ring 2 str
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For the optimization of the setup and the in situ silver

colloid preparation, crystal violet was employed as analyte

due to its strong SER signal. Firstly, 800 ml silver nitrate

(1:1 � 10�3 M) was pumped in the cuvette. Secondly, 90 ml

of hydroxylamine hydrochloride–sodium hydroxide mixture

(1:5 � 10�2 M=3 � 10�2 M) were added, the last stream

also performing the mixing of the two reagents, silver nitrate

and hydroxylamine solutions in the cuvette. Therefore, a

flow rate for the hydroxylamine solution of 0.5 ml/s was

found to be optimal so that in a few seconds a SERS active

silver colloid with an extinction maximum at about 416 nm

was obtained. After the addition of each reagent, 50 ml of

water were flushed through the tubing connecting the selec-

tion valve and the cuvette, in order to clean it from residues

of the previous reagents. Thirdly, 25 ml sodium chloride

(4 � 10�1 M) were added for a better Raman enhancement.

Finally, 100 ml crystal violet (10�5 M) as analyte were

pumped into the cuvette. The final concentration of crystal

violet in the silver sol was 8:9 � 10�7 M.

Fig. 5 presents the time evolution of the synthesis of the

silver substrate and the recorded FT-SER spectra of crystal

violet. The experiment is recorded from the initial mixing of

silver nitrate and hydroxylamine hydrochloride, followed by

the addition of the analyte.

Each spectrum is the result of eight accumulated scans. In

the first 140 s, during the silver colloid synthesis, no bands

are seen in the spectra as the concentration of the reagents is

too low for obtaining Raman spectra under these experi-

mental conditions. The FT-SER spectra of crystal violet

were obtained after 150 s from the beginning of the experi-

ment. Generally, different degrees of aggregation and par-

ticle sizes in metal colloids have been identified as potential

sources of differences in enhancement factors [36]. It can be

seen in Fig. 5 that the intensity of the peaks increases in time.

This fact is due to the aggregation process of the silver

particles in time, determining a higher extinction of the

silver aggregates at 1064 nm [20,25]. However, the experi-

ment was repeated many times and the success rate was

found to be greater than 90%.

Once the experimental setup was optimized, papaverine

was employed as analyte. Fig. 6 presents the recorded FT-

SER spectra of papaverine using the automatized setup.

The synthesis of the silver substrate was done in the same

way as described above when crystal violet was used as

Table 1 (Continued )

IR Raman solid Raman liquid SERS Calculationa Calculationb Assignment

1592 m 1592 m 1576 w 1564 w 1589 1591 Ring 1 þ ring 2 str

1606 m 1600 sh 1591 sh 1593 1595 Ring 1 þ ring 2 str

1614 s 1615 sh 1619 sh 1604 m 1612 1612 Ring 1 þ ring 2 str

1645 s 1632 m 1623 1622 Ring 1 þ ring 2 str

2835 m 2843 m 2855 m 2841 m 2877 2878 CH str (CH2, CH3)

2857 m 2898 2900 CH str (CH2, CH3)

2881 m 2894 w 2917 sh 2904 2907 CH str (CH2, CH3)

2928 sh 2921 sh 2959 m 2940 m 2946 2946 CH str (CH2, CH3)

2941 m 2941 m 2971 2974 CH str (CH2, CH3)

2969 w 2973 w 3001 3008 CH str (CH2, CH3)

3012 m 3020 m 3058 3054 CH str (ring 1, ring 2)

3022 m 3077 m 3065 3063 CH str (ring 1, ring 2)

3065 m 3089 3090 CH str (ring 1, ring 2)

3088 sh 3086 m 3110 3111 CH str (ring 1, ring 2)

a Calculations for the free molecule at the BPW91/6-31þG* level of theory.
b Calculations for the Ag–papaverine complex at the BPW91/Gen 5d Pseudo: LanL2, N, C, O, H 6-31þG*, Ag LanL2DZ level of theory, w: weak, m:

medium, s: strong, sh: shoulder, ring 1: isoquinoline ring, ring 2: benzene ring, def: deformation, str: stretching, bend: bending, rock: rocking, wag: waging,

and twist: twisting.
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Fig. 4. (a) Raman spectrum of aqueous solution of papaverine. (b) SER

spectrum of papaverine using a citrate reduced silver colloid and

employing the 514.5 nm laser line. (c) FT-SER spectrum of papaverine

obtained with the automated setup.
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analyte. During the synthesis of the silver colloid a peak at

1121 cm�1 appears due to a momentaneous excess of nitrate

in the solution that is then consumed and the peak is

disappearing after �60 s. [37] It has to be noted that the

peak was not shown in the spectra from Fig. 5 because in that

case the S/N ratio was considerable smaller and also the scan

time was 4 times shorter than in the spectra shown in Fig. 6.

Once the silver substrate was synthesized, 150 ml of papa-

verine solution (2:7 � 10�2 M) were pumped in the cuvette

followed by 100 ml sodium chloride (4 � 10�1 M) for a

better Raman enhancement. Experimentally, it was found

that the addition of sodium chloride after papaverine a

proper aggregation of the colloidal silver particles takes

place, as when adding the sodium chloride solution before

the analyte. The final concentration of papaverine in the

silver sol was 3:3 � 10�3 M. The SER intensities for papa-

verine are lower than those of crystal violet, therefore the

number of scans was increased to 32 for each spectrum.

For the SERS enhancement, the absorption coefficient of

the complexes formed by the silver aggregates and the

adsorbed molecules at the excitation laser wavelength is

of great importance. Particularly, the lower SERS intensities

of papaverine than those of crystal violet can be explained by

a possible weaker absorption coefficient of the complexes

papaverine–silver aggregates at 1064 nm than the absorption

coefficient of the complexes crystal violet–silver aggregates

at 1064 nm. As discussed above, when the 514.5 nm laser

line was employed the concentration of papaverine in the

SER spectra was more than 2 orders of magnitude lower

(9:4 � 10�5 M).

The changes in the SERS intensities levels of in the first

32 s after the analyte is added. The final concentrations of

crystal violet was 8:9 � 10�7 M while that for papaverine was

much higher at 3:3 � 10�3 M. At these concentrations, cover-

age of the silver would be about a monolayer for the crystal

violet and greater than one monolayer for the papaverine.

Once a monolayer is formed, little or no additional increase in

signal occurs because additional layers are not appreciably

enhanced due to the strong gradient fall with distance of the

electromagnetic field created by the silver particles.

As it can be seen from Fig. 6, the spectral ‘‘fingerprint’’ of

papaverine with the main peaks at 365, 766, 1086, 1352,

1426, 1483, 1514, and 1606 cm�1 is clearly evident in the

FT-SER spectra. The experiment was repeated and the

success rate was found to be greater than 90%, the peaks

position being each time the same.

To test the accuracy of the automated setup and the

properties of the in situ synthesized hydroxylamine reduced

silver colloid, the recorded FT-SER spectrum of papaverine

was compared with the SER spectrum recorded employing

the citrate reduced silver colloid presented in Fig. 4b and c

presents the FT-SER spectrum of papaverine recorded

employing the automated setup as described above, the

concentration of papaverine in the silver colloid being
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3:3 � 10�3 M and the spectrum the result of 320 scans. The

pH value of the silver colloid was 6.5, the same as when

employing the citrate reduced colloid (Fig. 4b). Employing

the 1064 nm laser line, the Raman enhancement is weaker

than when employing the 514.5 nm laser line, due to a higher

extinction of the silver aggregates at shorter wavelengths.

Also, the SER spectrum from Fig. 4b shows narrower bands

as it was recorded with a spectral resolution of 4 cm�1 while

the SER spectrum from Fig. 4c was recorded with spectral

resolution of 8 cm�1.

Taking into account that the two SER spectra (Fig. 4b and

c) were recorded with two different reduced silver substrates

it is very probably that the orientation of papaverine to the

two silver surfaces is not exactly the same, leading to several

shifts in the bands. In Fig. 4c, the large band at about

400 cm�1 is due to a fluorescence band of the quartz cuvette.

Nevertheless, the most important conclusion that can be

drawn is that the peak positions and relative intensities in the

SER spectra of papaverine obtained with two different

experimental setups and two different silver colloids exhibit

the same characteristics.

4. Conclusions

The IR, Raman, and SER spectra of papaverine were

recorded and assigned by means of DFT calculations. The

SER spectrum show that the papaverine molecules are

adsorbed with the isoquinoline and benzene rings close to

the silver surface.

The high structure elucidating potential and sensitivity of

SERS and the accuracy of automation were successfully

combined for rapid recording of reliable FT-SER spectra.

The FT-SER spectra obtained with the automated setup

using the hydroxylamine reduced silver colloid and exciting

with the 1064 nm laser line exhibit the same characteristics

as the SER spectra recorded using a citrate reduced silver

colloid and exciting with the 514.5 nm laser line. The

development of standardized SERS substrates on a routine

basis so that they become more reproducible and more easily

prepared will expand analytical applications.
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