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The two tautomeric forms of 1,4-dihydrazinophthalazine sulfate have been studied by means of density
functional theory calculations. The computed structural parameters agree very well with the experimental
values of the related crystal structure. The SERS spectrum of 1,4-dihydrazinophthalazine sulfate was then
recorded at different solution concentrations and discussed on the basis of the SERS “surface selection rules”
in conjunction with the results of theoretical calculations. 1,4-Dihydrazinophthalazine sulfate was found to
be mainly chemisorbed on the Ag colloid and to not undergo photochemistry to a photoproduct as reflected
by the SERS spectra and calculations. At abouf hiol L~ the molecular skeletal plane is probably oriented
perpendicular to, or at least significantly tilted with respect to, the Ag surface plane. With the increase in
solution concentration, a surface coverage with 1,4-dihydrazinophthalazine sulfate may occur.

Introduction Several studie82! have shown the acidic atoms of DHPZ
derivatives to be quite mobile, allowing tautomeric equilibrium

in solution. Protonation is usually formulated at the two terminal
amino groupsl (Figure 1). Obviously, this is in keeping with

an assumed substituted hydrazine character of the base. For the
alternative tautomeric forr (Figure 1), one proton is bonded

to the phthalazine N2 and the other to the hydrazino N4.
Therefore, to establish and characterize the tautomeric forms,
the structures of those were calculated and optimized with
density functional methods at different levels of theory.

1,4-Dihydrazinophthalazine (DHPZ) sulfate possesses a wide
range of applications from the well-known antihypertensive
agent? to the available pharmaceutical analytical readent.
DHPZ was involved in the synthesis of some coppand lead
complexes and new biologically active compounégharacter-
ized by ESR, NMR, or IR spectroscopy. Efforts have been
directed toward studying the influence of these DHPZ drugs
on arterial pressure, cardiac rate, and urinary excretion of
catecholamines at low concentratidhg!

Raman spectroscopy is a useful tool for recording fingerprints
of moleculest?~1* However, owing to its low scattering cross-
section, and the possibility of high background-fluorescence  Sample and Instrumentation.All starting materials involved
interference, the application of Raman spectroscopy to tracein substrate and solutions preparation were purchased from
analysis is limited. Although the theories explaining SERS are commercial sources as analytically pure reagents.
not definite and still evolving, the experimental research and  The FT-Raman measurement of DHPZ sulfate solid powder
development in recent years has demonstrated SERS to be avas performed using a Bruker IFS 120-HR spectrometer with
potential technique for environmental and biological trace an integrated FRA 106 Raman module. Radiation of 1064 nm
analysis, enabling the detection of even single molectles. from a Nd:YAG laser was employed for excitation. A Ge
Moreover, SERS spectroscopy can provide information about detector was used and cooling was with liquid nitrogen. The
the changes of molecular identity or orientation to the metal spectral data were analyzed using OPUS 2.0.5 software. The
surface with the concentratiéh!’ Therefore, Raman and SERS SERS spectra of DHPZ sulfate on Ag colloid in the visible
spectra of DHPZ sulfate were recorded for the first time at wavelength region were recorded with a Spex 1404 double
different concentrations and discussed with the assistance ofspectrometer with 2400 grooves/cm gratings. The 514.5 nm
results obtained from density functional theory (DFT) calcula- output of a Spectra Physics argon ion laser was used as the
tions. Here itis taking into account that these theoretical methodsexcitation line. The backscattering geometry was adopted to
can efficiently and accurately predict the electronic and structural collect the SERS spectra. The laser excitation was coupled to
properties, as well as vibrational modes, of biologically impor- an optical microscope Olympus U-CMAD-2 with two objec-
tant system&%1°1ts vibrational behavior at low concentrations tives: DPLAN 20 160/0.17 and ULWD MS-PLAN 80/0.75.
was closely examined to determine a possible unwanted surfaceNoteworthy features of this instrumentation are a notch filter
photochemistry. A Ag colloid served as an artificial biological to reject Rayleigh scattering and a liquid nitrogen-cooled

Experimental Section

interface in this case. charge-coupled device (Photometrics model 9000 CCD camera)
to provide state-of-the-art quantum efficiency in Raman de-
TPart of the special issue “Mitsuo Tasumi Festschrift". tection. The MAPS VO 98.5 analyzing software package was
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presented in Figure 1. Protonation is at the two terminal amino
groups inl or at the N2 and N4 atoms i@. The structural
parameters ofl and 2, calculated with BPW91/6-3#tG(d),
6-311+G(d), and B3LYP/6-31G(d), 6-31H-G(d) methods are
listed in Table 1. To assess the accuracy of the geometry
optimizations, the computed structural parameters for tautomer
2 were compared to experimental values of the related crystal
structure. The calculated bond distances and bond angles of
tautomer2 are very close to the reported parameférgo the

best of our knowledge, no crystal structure data for the
tautomeric form1 were yet published. The two theoretical
methods agree quite well with each other, but the bond lengths
and angles o were better reproduced in almost all cases by
the B3LYP/6-31#G(d) method, where the maximum discrep-
ancy was only 3 pm and 2.5vith respect to the experimental
data?! Also, the agreement between computed and experimental
values improved, but not very significantly, from the 6+3&-

(d) to 6-31H-G(d) level of theory.

On the basis of the geometry optimizations that have been
carried out, the following conclusions can be reached. The
phthalazine unit is almost planar in both diprotonated foims
and2. The fragment C2C3—C4—C5—-C6—C7 is planar and
the deviations of the other atoms from this plane are similar in
the two forms. The pyridazine rings deviate slightly from

\£ planarity, adopting distorted boat conformations with the N2
N3 N4 and C2 atoms out of the plad&??32:33The calculated angle
. between the best planes through the benzene ring and the pyrida-
Figure 1. B3LYP/6-311G(d) optimized geometry of DHPZ sulfate  zine is 1.48 and 1.36 for the tautomerl and2, respectively,
tautomersl and2. with the best basis set 6-31G(d) and the B3LYP functional.
) . ) The method BPW91/6-3#1G(d) led to a value of 1.42and

A sodium-citrate-reduced Ag colloid was employed as SERS 1 o2 for 1 and2, respectively, also comparable to the literature
substrate. Ag colloid was prepared according to the liter&fure. value of 1.59 for tautomer2.2 The —NH—NH, substitute at
Small amounts of DHPZ sulfate 10M water solutions were  cgjs in the plane of the ring and the experimental and calculated
added to 0.7 mL of colloid. NaCl solution (10M) was also  ape 1) values for the N5C8 interatomic distance indicate a
added (10:1) to produce a stabilization of the colloidal d|§per3|on partially double bond with the phthalazine unit. Indeed, the-N2
and a considerable enhancement of th? SERS Speeéf'ﬁmal C8-N5—N6 dihedral angle calculated f@with the B3LYP/
conecentratlons é)f sample were46><910‘_,11.4>< 10°° 4.2 x 6-311:+G(d) and BPW91/6-31:G(d) methods is Q as ex-

107% 4.0 x 107, and 1.2x 10~* mol L™= pected. In the case of theNH—NH3" substitute at C1, the
bonds at N3 are not planar and a much weaker conjugation with
the phthalazine system can be inferred. This should lead to a

The DFT calculations were performed using Gaussiaf?98. higher value for the N+ C1—N3—N4 dihedral angle o2. The
Becke’s 1988 exchange functioffaln combination with the B3LYP/6-31H-G(d) and BPW91/6-31tG(d) methods pre-
Perdew-Wang 91 gradient-corrected correlation functional dicted an absolute value of 3.2nd 3.8, which confirmed these
(BPW91)?” and Becke's three-parameter hybrid exchange aspects. For the tautomkrthese methods predicted an absolute
functionaf82® using the LYP correlational functional of Lee, value of 8.3 and 8.5, respectively, which suggests a much
Yang, and Parr (B3LYPY were employed in calculations. The weaker conjugation with the phthalazine system.
6-31+G(d) and 6-313G(d) Pople split valence basis sets were  The positive charge resulting from the protonation of N2 is
chosen in the geometry optimization and the normal modes delocalized over the N2C8—N5 fragment. The structure &f
calculations, taking into account that results obtained with a should therefore be represented in solution by a mesomeric
split valence set are a significant improvement on those obtainedequilibrium between the limiting formulaa and 2b (Figure
with a minimal basis set In the case of tautomeric forr, 2). With the B3LYP/6-313G(d) method, the N2C8 bond is
these calculations were performed with Cs, andCy, restricted 4.5 pm longer than N2C1 and N5-C8 is 8.5 pm shorter than
symmetries. By adding polarization and diffuse functions to the N3—C1. The comparison of the same bond lengths, calculated
split valence set, the calculated structural parameters and Vvi-wjith the BPW91/6-313G(d), yields a similar difference of 4.5
brational modes are more accurate. DFT calculations on har-and 7.8 pm, respectively, owing to the charge delocalization
monic vibrational modes were performed by using fully opti- over the N2-C8—N5 moiety. Due to the protonation at the
mized molecular geometry, and the analytical harmonic vibra- two terminal amino groups in tautomdr the N2-C8 and
tional wavenumbers for all structures confirmed that local N1-C1 bond lengths have identical values of 131.6 and 130.2
minima on the potential energy surface have been found. pm, respectively, with the BPW91/6-31G(d) and B3LYP/6-

. ) 311+G(d) methods. For N5C8 and N3-C1, the BPW91/6-
Results and Discussion 3114+G(d) and B3LYP/6-312G(d) methods predict bond

Geometry Optimization. The optimized structures of DHPZ  lengths of 142.1 and 142.0 pm.
sulfate tautomeric forms, which have been computed at high The absolute energy differenées, betweenl and2, which
levels of theory using the B3LYP/6-3%#15(d) method, are contains the zero-point energy (ZPE) correction, has been

Computational Details
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TABLE 1: Selected Structural Parameters Calculated for the DHPZ Sulfate Tautomers 1 and 2, Respectively, Together with
the Experimental Values Found in Tautomeric Form 1

calc for2 calc forl
BPW91 B3LYP BPW91 B3LYP
expin2?  6-31+G(d) 6-31%G(d) 6-3HG(d) 6-31HG(d) 6-3HG(d) 6-31HG(d) 6-3HG(d) 6-31HG(d)
Bond Lengths (pm)

N1-C1 129.6(5) 131.0 130.5 129.6 129.6 132.1 131.6 130.7 130.2
N2—-C8 131.3(5) 1354 135.0 134.4 134.1 132.1 131.6 130.7 130.2
N3—N4 141.5(5) 144.3 144.1 143.7 143.6 144.3 144.1 143.7 143.5
N5—N6 141.5(5) 140.9 140.7 140.6 140.4 144.3 144.1 143.7 143.5
N3—C1 141.0(5) 142.7 142.3 142.1 142.1 142.2 142.1 142.0 142.0
N5—C8 134.0(5) 134.7 134.5 133.9 133.6 142.3 142.1 142.0 142.0
N1—-N2 137.9(4) 135.4 135.1 135.4 135.2 135.1 134.9 135.2 135.0
C1-C2 142.1(5) 144.7 144.4 144.6 144.4 143.7 143.5 143.5 143.3
C7—-C8 144.8(5) 145.1 145.0 144.9 144.7 143.7 1435 143.5 143.3
C2-C3 140.7(5) 141.3 141.0 140.6 140.3 141.6 141.2 141.0 140.7
C6—-C7  138.1(5) 141.2 141.0 140.6 140.4 141.6 141.2 141.0 140.7
C2-C7  141.8(5) 143.6 143.3 142.6 142.4 143.9 143.5 142.8 142.5
C4—-C5  140.8(6) 141.1 140.7 140.5 140.2 1415 141.2 141.0 140.7
C3-C4 135.7(6) 139.0 139.3 139.0 138.7 139.4 139.0 138.7 138.3
C5-C6  138.0(6) 139.2 139.2 139.0 138.6 139.4 139.0 138.7 138.3
calc for2 calc forl
BPW91 B3LYP BPW91 B3LYP
expin2??  6-31+G(d) 6-31HG(d) 6-3HG(d) 6-31H-G(d) 6-3H-G(d) 6-31HG(d) 6-3:-G(d) 6-31H-G(d)
Angles (deg)
Cl1-C2-C3 124.3(3) 124.0 124.0 123.8 123.9 125.0 125.0 125.0 125.0
C6—-C7-C8 123.9(3) 123.3 123.2 123.2 123.2 125.0 125.0 125.0 125.0
C1-C2-C7 117.4(3) 116.4 116.4 116.5 116.5 1154 115.4 1154 115.3
C2-C7-C8 116.1(3) 117.3 1175 117.3 117.3 115.4 115.4 115.4 115.3
C3-C2-C7 118.3(3) 119.6 119.3 119.6 119.6 119.6 119.6 119.6 119.6
C2-C7-C6 120.1(3) 119.4 119.5 119.5 119.4 119.6 119.6 119.6 119.6
C2-C3-C4 120.9(4) 120.0 120.1 120.0 120.0 119.8 119.8 119.7 119.7
C5—-C6—-C7 120.7(4) 120.1 120.2 120.0 120.1 119.8 119.8 119.7 119.7
C3—-C4-C5 120.5(4) 120.4 120.4 120.5 120.5 120.6 120.6 120.6 120.6
C4—-C5-C6 120.5(4) 120.5 120.5 120.5 120.5 120.6 120.6 120.6 120.6
N2—C8—-N5 118.1(3) 116.8 116.8 117.4 117.4 114.0 114.0 114.7 114.7
N1-C1-N3 115.0(3) 115.4 115.0 115.6 115.6 114.0 114.0 114.7 114.7
N2—-C8-C7 119.8(3) 118.2 118.2 118.1 118.1 124.5 124.5 124.6 124.6
N1-C1-C2 125.4(3) 125.0 124.4 124.8 124.8 124.5 124.5 124.6 124.6
N5—-C8-C7 122.1(3) 125.0 125.0 124.5 124.5 121.4 121.4 120.6 120.6
N3—C1-C2 119.5(3) 119.6 120.0 119.5 119.5 121.4 121.4 120.6 120.6
N2—N1-C1 116.0(3) 116.7 116.7 117.1 117.2 120.0 120.0 120.0 120.0
N1-N2—-C8 125.2(3) 126.3 125.7 126.0 125.9 120.0 120.0 120.0 120.0
N4—N3—-C1 112.6(3) 112.8 112.7 113.1 113.0 111.3 111.3 112.1 112.1
N6—N5—-C8 116.6(3) 118.2 118.1 118.5 118.4 111.3 111.3 112.1 1121
P e M N2 o
N R"""N%@N""\m
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Figure 2. Depiction of the mesomeric equilibrium @f cs cs

Figure 3. Calculated possible geometry of tautomeric folmof

determined to be 42.7 and 48.5 kJ/mol with the BPW91/ different symmetries.

6-31+G(d) and 6-31%#G(d) methods. With the B3LYP/
6-31+G(d) and 6-313G(d) methodsAE, has been predicted  symmetry, the absolute energy difference with respeco
to be 63.7 and 54.9 kJ/mol, respectively. Therefore, according has been found to be 12.6 kJ/mol (Figure 3). This seems to

to our DFT calculations results, the tautomeric fofimis indicate the structure of; or Cs symmetry as the most stable
thermodynamically the most favorized one. one, due probably to the fact that, in those cases, resonance
After the geometry optimization df with a C,, Cs, andCy, interaction between the nitrogen lone-pair orbital and the ring

restricted symmetry (BPW91/6-311(d) method), the ab- s possible. As depicted in Figure 3, in the caseCgf sym-
solute energy difference between these imposed structudes of metry, the three groups around N are coplanar, with sp
has been also determined. Either with symmetry orCg hybridization, and the axis of symmetry of the lone-pair orbital
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that there are major differences between the band positions and
their relative intensities. Therefore, we suppose that DHPZ
sulfate is mainly chemisorbed on the silver surface. According
to the adatom model proposed by Otto et'af3chemisorption
occurs in specific active sites of the metal surface and the SERS
signal is mainly generated by a minority species formed at these
surface sites. Indeed, all of the prominent lines (1452, 1382,
1019, 799, and 529 cm) of the SERS spectrum are assignable
to totally symmetric modes of phthalazine and the overall
spectral feature has a striking resemblance to the SERS spectrum
of phthalazine. That indicates a strong interaction of the
molecule through the phthalazine part with the silver surface.
Moreover, the NH" asymmetric bending and torsion modes,
which were attributed at 1628 and 268 Threspectively, in

the FT-Raman spectrum of DHPZ sulfate and do not overlap
with another vibrational modes, are absent or very weak in the
SERS spectrum. Also, the NH bending;—N stretching, and
Figu_re_4. 'FT-Raman spectrum of DHPZ sulfate solid powder. SO~ stretching or bending modes, which were assigned at
Excitation line: 1064 nm. 1477, 1122, 1063, and 475 chrespectively, in the FT-Raman
spectrum, have a similar behavior. Therefore, the terminal parts
may be far from the surface. Strong evidence for decreasing
SERS intensity or absence of some vibrational modes, when a

Vibrational Spectroscopy. The FT-Raman spectrum of vibrational group is separated several angstroms from the
DHPZ sulfate recorded in the 263500 cnt?! spectral region surface hasg begn foundpin other studies“’fo(?

[ ted in Fi 4. The ob d band Il as th .
I presented In Higure © ObServed bands as wel as e Recently, the SERS spectrum of phthalazine adsorbed on

vibrational assignment are summarized in Table 2. In a number i lloid ned on the basis of Its obtained
of instances, theoretical calculations have aided the interpretation>' V&' COll0I0 WasS reexamined on the basis ol results obtaine

iAR45
of Raman spectra and many previous incomplete or incorrect'n & flow cell and the conclusiéh*was drawn that many of

assignments have been analyzed and improved. Moreover, forihe spectroscopic changes attributed to various factors, such as

a correct interpretation of the SERS data, it is necessary to havetXcitation wavelength, concentration, and coadsorption of

a complete vibrational assignment of the DHPZ sulfate FT- anions, were, in fact, due to the surfacg photodecompogition_of
Raman spectrum as a guideline. Consequently, the vibrationa/Phthalazine. Its photoreaction was ascribed to a process in which
fundamentals from the Raman spectrum were analyzed b the N—N bond of the molecule breaks to form an adsorbed

comparing the vibrational modes with those assigned for SPECies (with the newly free N ends forming two-Al bonds)
phthalazin&”-343%and naphthale&37in conjunction with theo- resembling an ortho-dlsubstlmteq benzene. The .sugge.sted
retical calculations. Ab initio harmonic vibrational wavenumbers Structure of the photoproduct implies that the vibrational sig-
() are typically larger than the fundamentals éxperimentally nature of the benzene ring should dominate the SERS spectrum.
observed® The vibrational assignment in the experimental Although the SERS spectrum of DHPZ sulfate was recorded
spectrum was feasible with the help of the BPW91 calculations dain with a longer exposure time (100, 200, and 250 s), the
(Table 2), as expected. Consistent with previous find#ige, rapidly growing bands of ortho-substituted benzenes, Whlc_h were
the B3LYP functional tends to overestimate fundamental modes. 00served in the SERS spectrum of phthalaZiffeon Ag colloid
Indeed, the calculated vibrational wavenumbers using B3LYP with the same excitation line, were either absent or very weak.
are much larger than those using BPW91 compared to the Namely, the signals at 1547, 1465, 1432, 1332, 1278, and 545
experimental fundamentals and should be scaled in order to beS™ * respectively, due to the8a, 19b, 19a, 14, 3, and 6a
in good agreement with the experiméhMajor sources of this vibrational modes of ortho-substituted benzéhesre absent,
disagreement are the neglect of anharmonicity effects in the Whereas the observed bands at 1244, 755, and 483,cm
theoretical treatment and the incomplete incorporation of elec- 'éspectively, assigned to th&a, 11, and 6b vibrational modes
tron correlation. We wish to remark that vibrational modes Of the same species were very weak and did not dominate the
calculated with the 6-31tG(d) basis set improved, but not ~SERS spectrum of DHPZ sulfate. Therefore, we suggest that
significantly, the calculated values. there are no photoproducts from a photoreaction of DHPZ sul-
The observed bands in the SERS spectrum of DHPZ sulfatefate at this concentration (6.% 10°7 mol L™) and the
(Figure 4) were also given in Table 2 after the complete analysis mentioned bands can be indeed assigned to the native adsorbate.
of the FT-Raman spectrum. The highest occupied molecular orbital (HOMO), the lowest
It is well-known that there are two possibilities of molecules unoccupied molecular orbital (LUMO), and LUMEL are
adsorption on the metal surface, namely physisorption and shown in Figure 6. Since the LUMO and LUME are
chemisorption. In the case of physisorption, the molecules haveenergetically very close (9.56 and 9.40 eV), both of them should
a SERS spectrum similar to that of the free molecules, due to be taken into consideration when one analyzes the possible
a relatively larger distance between metal surface and adsorbedippearance of photoproducts during the irradiation of the
compound. Comparatively, in the case of chemisorption there adsorbate. The LUMO, which is partially situated at the-N1
is an overlapping of the molecular and metal orbitals, the N2 atoms has a bonding character, whereas at theQ®&and
molecular structure being changed, and consequently, theN1—C1 atoms it has an antibonding one. A closer examination
position of the bands and their relative intensities are dramati- of the LUMO+1 shows a reverse behavior at the mentioned
cally changed. atoms. Populating these orbitals during the irradiation should
Comparing the FT-Raman and SERS spectra of DHPZ sulfatelead in the first case (LUMO) to a breaking of the-€41 and
(6.9 x 107 mol L™1) (Figure 5) on Ag sol, one may notice C8-N2 bonds, followed by an Nemission, and in the second

Raman Intensity

—— T T T T T T
3500 3000 2500 2000 1500 1000 500

Wavenumber/cm”'

is in the plane of the ring corresponding to no overlap and
complete elimination of conjugation.
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TABLE 2: Selected Calculated and Experimental Raman and SERS Data (cm), Together with Their Tentative Assignment

calc
BPW91 B3LYP SERS 6.9x
Raman  6-3+G(d) 6-311-G(d) 6-3HG(d) 6-31HG(d) 10 "mol L vibrational assignment
1628 (m) 1622 1624 1674 1767 NHasym bending
1591 (m) 1601 1596 1647 1641 1606 (m) ring stretchinH bending+ CH bending
1570 (sh) 1573 1568 1625 1618 1577 (m) Nksym bendingt ring stretching
1525 (s) 1521 1519 1565 1571 1531 (m) CH bendinyH bending+ NHz+ asym bending
1491 (w) ring stretching- CH bending
1477 (w) 1488 1483 1537 1523 NH bendifg\NHs™ asym bending
1404 (m) 1416 1412 1463 1457 1452 (vs) ring stretchinGH bending
1370 (ms) 1379 1370 1401 1395 1382 (vs) ring stretching
1363 1358 1387 1375 1360 (m) ring stretchindCH bending
1323 (vw) 1336 1335 1377 1373 1313 (w) ring stretchind!H bending
1286 (vw) 1274 1276 1314 1313 CH bendiftgNHz™ sym bending
1258 (w) 1229 1233 1253 1250 1240 (sh) CH bendingng stretchingt C—N stretching
1248 (w) 1194 1194 1220 1222 1229 (w) -+ NH bending+ NHs* rocking
1189 (vw) 1189 1187 1219 1217 CH bendiig\NHs™ rocking
1177 (vw) 1177 1177 1207 1207 1161 (w)  CH bending
1122 (vw) SQ@" asym stretching
1115 (vw) 1091 1096 1126 1122 1116 (vw)  skeletal distortion
1063 (sh) 1074 1076 1110 1108 S0 sym stretchingtr skeletal distortion N—N stretching
1048 (w) 1037 1040 1064 1060 1061 (vw)  CH bendingng stretching
1029 (vw) 1014 1015 1042 1042 -N\N stretching+ CH bending
986 (vs) 997 1001 1024 1021 1019 (s) ring breathing
974 (m) 999 994 988 984 988 (m) CH wagging
943 (w) skeletal distortion
951 946 887 882 924 (vw)  CH wagging
762 (sh) 760 764 790 787 799 (ms)  ring stretchin@H wagging
744 (w) 750 748 766 766 755 (vw)  skeletal torsion
663 (vw) 651 651 678 676 668 (vw)  skeletal distortibrCH wagging
648 648 672 674 653 (vw)
624 (sh) 630 629 648 649 623 (vw)  skeletal distortioNHs* rocking
611 (vw) 607 (vw)  S@ asym bending
529 (m) skeletal distortion
519 (vw)  skeletal distortion
483 (w) 472 473 486 486 483 (vw)  skeletal torsion
475 (vw) 465 466 479 479 S® sym bendingt NH bending+ skeletal bending
386 (m) 392 389 401 406 N# bending+ NH bending+ skeletal distortion
362 (vw) 372 369 377 378 N$ bending+ NH bending+ skeletal distortion
268 (sh) 288 288 240 240 NH torsion
235 (vw) 223 224 214 216 228 (m) skeletal distortiorAg—N stretching

a Abbreviations: vw, very weak; w, weak; m, medium; ms, medium strong; s, strong; vs, very strong; sh, shoulder.

o
I}
<

HOMO LUMO

Raman Intensity

——————— T
1600 1400 1200 1000 800 600 400 200
Wavenumber/cm”

Figure 5. FT-Raman spectrum of DHPZ sulfate solid powder (a) and

SERS (b) (6.9x 1077 mol L™1) spectrum on Ag colloid. Excitation
line: (a) 1064 nm and (b) 514.5 nm.

case (LUMOF1) to a breaking of the NAN2 bond, as in the LUMO+1
model proposed by Suh et #IBut, the HOMO-LUMO and
HOMO—-LUMO+1 gaps of DHPZ sulfate were calculated to
be 3.46 and 3.61 eV, which correspond to an absorption in the
UV spectral region, namely at 358 and 343 nm, respectively. excitation of the sample with 514.5 nm, taking into account
This could explain the absence of the photoproducts after thethat the photoreaction reported on phthalazine is only a one-

Figure 6. Calculated HOMO, LUMO, and LUM@1 of DHPZ sulfate
with BPW91/6-313#G(d). (Isocontour: 0.03 au)
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photon proces¥’ However, one should take into consideration
that the calculations refer to the gas phase and do not describe
the interaction of the molecule with the Ag surface.

It is well-known that the determination of orientation of
molecules adsorbed on metal surfaces is based on SERS “surface
selection rules*”*8 These stated that vibrations deriving their
intensities from a large value of;; (with z lying to the local
metal surface normal) would be the most intense in the SERS
spectrum when the molecule has an end-on orientation to the
Ag surface. According to the mentioned rules, we have tried to
establish the orientation of DHPZ sulfate on the Ag colloid, at
different concentration.

Figure 6 shows the SERS spectrum of DHPZ sulfate at
different concentrations. Examining the SERS spectra of DHPZ @
sulfate recorded at 6.8 1077, 1.4 x 1075, and 4.2x 1076 0 S L e A
mol L~1 (Figure 6a-c, respectively), one can notice again that Wavenumber/cm”
all of the strong bands (1452, 1382, 1019, 799, and 529'/cm  Figure 7. SERS spectra of DHPZ sulfate on Ag colloid at different
respectively, in the SERS spectrum (a)) are in-plane totally concentrations: 6.% 1077 mol L™ (a), 1.4x 10°® mol L™ (b), 4.2
symmetric modes of phthalazine. In all these spectra, the x 10°mol L™ (c), 4.0x 10°° mol L™* (d), and 1.2x 10~* mol L™*
mentioned bands are very little shifted in comparison to those (€)- Excitation line: 514.5 nm.
of the SERS spectrum at lowest concentration (a) (Figure 6).
The bands at 1452 (very strong), 1382 (very strong), and 799
cm~1 (medium to strong) are good candidates for modes with
a much highera,; term than the other Raman polarizability
components, since they are in-plane (of the molecule) ring
stretching vibrations. Moreover, according to our theoretical
calculations, the bands at 1452 and 1382 tmare due to in-
plane ring stretching modes, which involve strongerNG
N—N, and C-C bonds, due to the bond delocalization. In the
SERS spectrum, the strong band at 1019 tis due to the
skeletal breathing, while the medium signal at 529 &ris
attributed to a skeletal distortion. All of these strong bands
correspond according to the literature tpnaodes of naphtha-

Raman Intensity

the two CH bonds nearest the surface are parallel to the surface
even when the molecule is standing and hence do not contribute
greatly to the SERS intensif§.However, the signal is stronger
than in case of phthalazine, suggesting that the top two CH
bonds are closer and rather tilted to the surface than in the case
of phthalazine. Therefore, the DHPZ sulfate prefers probably
in this case a significantly tilted orientation to the metal surface.
The SERS spectrum of DHPZ sulfate at 421075 mol L1

(c) is different from those at lower concentration (6<910~7

mol L=1 (a)) but not dramatically (Figure 7). It is evident that
relative intensities of the Raman lines change with a decrease
in the DHPZ sulfate solution concentration. As the concentration

. X is decreased, the band intensity of the CH stretching mode
Iene.A;I'gls makes them also good_ candidates for enh"’mce'decreases. The molecule tends probably to lie flat on the Ag
ment"*All those may support the idea that DHPZ sulfate is surface, but the flat orientation is not achieved even at the lowest

adsorbed such that the skeletal plane is oriented perpend'CUIarconcentration, since the ring breathing should be at least 10

to, or significantly tilted with respect to, the surface. Considering cm! shifted along with substantial band broadening in the
the steric hindrance that could occur at the approaching of theSERS spectrum (Figure 7a), which has not been observed

tautomeric forn® to the surface, we suppose that the interaction Conspicuous differences in these SERS spectra are also found
of the tautomeric fornil with the Ag surface is favorized. in the bands at 1608, 1535, 1354, 988, and 920-%cm

Also, the relative magnitude of the intensity of CH stretching  respectively. The relative intensities of the 1608, 1535, and 1354
bands can play a very important role in analyzing the surface cm-1 bands (Figure 7) decrease much in passing to lower DHPZ

geometry of compounds that have a planar structiféin the  gyifate concentration. On the basis of the surface selection rule,
case of naphthalene, for example, the CH stretching vibrationsthese vibrational modes should have a large Raman polarizability
contribute significantly only to thex,y, o, andoyy Raman  change in the direction (withz lying to the local metal surface

polarizability components (wherzis normal to the surface),  normal). Indeed, according to the DFT calculations and previous
when the molecule is lying down flat on the surface. If, on the stydiesl?:34-37 all these modes are mostly due to in-plane CH
other hand, itis Standing up on the Surface, the CH Stretching bending or ring Stretching modeS, as shown in Figure 8, with
vibrations would obtain their intensities fromz, Olxz and(lyz, |arge Components para”ei to the metal Surface, when the
resulting in a higher SERS intensity for those bafd$§.Taking molecule tends to lie flat on the surface. On the other hand, the
into account that the studied molecule has a strong interactionggg and 920 cmt bands, which do not have components
through the phthalazine part with the Ag surface and that DFT perpendicular to the metal surface when the planar portion of
calculations led to an almost planar phthalaZine System in boththe molecule (Figure 8) has an end-on or at least Significantiy
diprotonated formd and?2, the observation of strong or weak tjited orientation, exhibit intensity enhancement. Even though
CH stretching bands in the SERS spectrum of DHPZ sulfate the SERS spectrum of DHPZ sulfate at the lowest concentration
would constitute a simple rule for determining the surface (Figure 7) is noisy in comparison with the other SERS spectra,
geometry of molecule adsorbed on the Ag colloid surface at the out-of plane skeletal and CH deformation modes could be
different concentrations. observed with the same very weak relative intensity at 668 and
The SERS spectrum of DHPZ sulfate at 42.0~6 mol L1 653 cnrl,

(Figure 7c) shows a weak to medium broad CH stretching band  As the concentration of adsorbate in the solution decreases,
at 3080 cm?, not strong, as expected according to the simple the occupancy of the adsorbed molecules on the surface must
rule discussed. This case is similar to that of phthala#indere decrease. If our interpretation is correct, this could explain the
the CH stretching bands are very weak even though the moleculechanges observed in the SERS spectra at different concentra-
stands up on the surface. This is probably due to the fact thattions. More specific, the effective molecular area of each
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1596 cm” (1606 cm’) phthalazine (1452, 1382, 799, and 529 ¢jtould be observed

at almost the same position as in the SERS spectrum at 4.2
107% mol L~ (Figure 7c), but with a smaller intensity. But other
in-plane vibrational modes, as the in-plane CH stretching, ring
stretching, CH deformation, and skeletal deformation modes,
which have been assigned at almost the same wavenumbers,
1608, 1576, 1354, 1161, and 1116 chrespectively, as in the
SERS spectrum at 4.2 10-% mol L™, have higher or similar
intensities. On the other hand, the 988¢rband, for example,
which has been ascribed to an out-of-plane CH deformation,
exhibits intensity enhancement. One can notice that the 230
cm~1 band has also a similar broad profile, as at £.20°6

mol L~1, but perhaps a little enhanced. Taking into account all
these spectral changes, we suppose that at this concentration
(4.0 x 1075 mol L™Y) the adsorbate has a rather random
orientation to the Ag surface, as phthalazine in solution. As one
increases the concentration, the SERS signal becomes weaker
due probably to the surface coverage with DHPZ sulfate.

In conclusion, the computed structural parameters for tau-
tomer 2 agree very well with the reported experimental data,
while for tautomerl no crystal structure data were yet published.
The theoretical calculations and the SERS spectra suggest that
there is no surface photodecomposition of 1,4-dihydrazino-
phthalazine sulfate on the metal surface. SERS spectra of
1,4-dihydrazinophthalazine sulfate could be recorded even at
nanomolar concentration with a conventional SERS setup. At
about 10® mol L~ the molecular skeletal plane is probably
oriented perpendicular to, or at least significantly tilted with
respect to, the Ag surface plane. As the concentration is
decreased, the molecule tends to lie flat on the Ag surface. With
the increase in solution concentration, a surface coverage with
1,4-dihydrazinophthalazine sulfate may occur.

Figure 8. Fundamental calculated (BPW91/6-3:1G(d)) vibrational
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