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Syntheses and vibrational spectroscopic characteristics
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A series ionic merocyanine dyes with enlarged n-conjugated system and varying length of the N-alkyl chain were
synthesized and investigated by means of solid-state IR and Raman spectroscopy. Quantum chemical calculations
at the DFT level were performed to predict electronic structure and vibrational data. Nearly all IR bands are asym-
metric. As a result of electronic interaction due to the intramolecular charge transfer (ICT) which leads to vibrational
one, nearly all vibrations are strongly mixed and the intensities are strong influenced. For this reason, the vibrational
spectroscopy does not help to estimate the contribution of the two final forms — benzenoid and quinoid in the real
electronic structure of the dyes. IR and Raman data for the various dyes are with close numerical values to that of the

predicted ones.
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INTRODUCTION

Merocyanines are systems exhibiting the intra-
molecular charge transfer (ICT) between the elec-
tron-donating and -withdrawing end groups along
the conjugated bonds in the polymethine chain,
which in terms of the classical resonance theory is
described by a linear combination of limiting reso-
nance structures — benzenoid and quinoid, as shown
in Scheme 1. Due to their strongly pronounced
solvatochromism and the abilities to change their
dipole moment essentially at electronic excitation
as well as to sensitize various physical and chemical
processes, merocyanines find wide application in
optoelectronics, nonlinear optics, devices for infor-
mation recording, in medicine and biology [1-13].

The main method for investigation of the dyes
and especially intramolecular charge transfer com-
plex is the electron spectroscopy. NMR spectros-
copy has also been used [14], but all these studies
were carried out in solutions, and the electronic
states of dyes could substantially vary depending on
the solvent used. In the crystal, the ICT in merocya-
nines can be proved by the bond length alternation
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(BLA) parameter based on the X-ray diffraction
study. Vibrational spectroscopy is usually the only
method of structural elucidation of dyes in solid
state [15]. Kolev and co-workers have successfully
applied the X-ray diffraction and vibrational spec-
troscopy for structural elucidation of dyes in solid
state to prove the hyperpolarizabilities of a number
of dye chromophores [16-21].

The goal of the present study was to reveal the
distinguishing features of the vibrational spectra
of merocyanines and to establish general relations
between vibrational spectra and their electronic
asymmetry determined by donor-acceptor power of
the terminal fragments. Therefor we synthesized a
series of styrylquinolinium dyes 5-8 with enlarged
n-conjugated system, belonging to the merocyanine
class. The accent is on the study of the dyes by IR
and Raman spectroscopy. Quantum chemical DFT
calculations at the B3LYP level of theory using a
6-311++G** basis set were applied for predicting
the structure and vibrational data of the chromo-
phore (5).

EXPERIMENTAL

The synthesis of dye (5) has been reported in
the literature [22]. All dyes studied were obtained
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according to modified by us procedure of higher
yields similar to that already outlined for dye (6) in
our earlier work [12]. The preparation of 1-alkyl-
4-methylquinolinium halogenides (1-4) was de-
scribed in Ref. [23].

General method for preparation of
hydroxy-substituted dyes (5-8)

A mixture of 1-alkyl-4-methylquinolinium hal-
ogenides (1.25 mmol), 4-hydroxynaphtaldehyde
(1.25 mmol), piperidine (0.25 mmol) and glacial
acetic acid (0.25 mmol) in dry benzene (20 mL)
was heated under reflux, equipped with Dean-Stark
apparatus and drying tube. After boilling during 6
h, the reaction mixture was cooled; the solid was
filtered off, washed with benzene and dried at room
temperature. All derived dyes were recrystallized
from methanol. Yields 85-95%. All of these salts
were characterized by 'H and C NMR, UV-Vis
and fluorescence, mass spectroscopy and thermal
methods [23].

Vibrational and computational methods

The solid state IR and Raman spectra were record-
ed between 4000 cm ™! and 400 cm™!' on a VERTEX
70 FT-spectrometer (Bruker Optics). 50 scans were

performed for each spectrum with a resolution of
2 cm!. All density functional theory (DFT) computa-
tions were performed with the GAUSSIAN 03 pro-
gram package [24] employing the B3LYP (Becke’s
three-parameter non-local exchange) [25, 26] corre-
lation functional and 6-311++G** basis set.

RESULTS AND DISCUSSION
Syntheses

The synthesis of styrylquinolinium dyes (5-8)
was carried out by Knoevenagel condensation of
N-alkyl lepidinium halogenide (1-4) and 4-hydrox-
ynaphtaldehyde in the presence of catalyst piperi-
dine/ glacial acetic acid. The synthesis is depicted in
Scheme 1. The real dye structure can be represented
by a set of the limiting resonance structures — benze-
noid and quinoid. Four p-hydroxy substituted dyes
with varying the length of the alkyl chain of Cl1 to
C4, namely: 4-[(£)-2-(4-hydroxynaphthalen-1-yl)
ethenyl]-1-methylquinolinium iodide (5); 4-[(E)-2-
(4-hydroxynaphthalen-1-yl)ethenyl]-1-ethylquino-
linium bromide (6); 4-[(E)-2-(4-hydroxynaphthalen-
1-yDethenyl]-1-propylquinolinium iodide (7); 4-[(E)-
2-(4-hydroxynaphthalen-1-yl)ethenyl]-1-butylquino-
linium bromide (8) were investigated.
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Scheme 1. Reaction scheme for obtaining of merocyanine dyes (5)—(8) presented with the limiting resonance structures — benze-

noid and quinoid.
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Vibrational and computational analysis

The accurate assignment of the main experi-
mental frequencies of compounds (5)—(8) to the
corresponding normal modes was supported by
B3LYP/6-311++G** calculations. The IR spec-
tra of the series of 4-hydroxy dyes with the same
chromophore and different long N-alkyl chain were
shown on Figure 1 and in the Table 1 are summa-
rized selected experimental and calculated vibra-
tions. In some cases where more than one band were
observed we assigned the band which is closest by
frequency to the predicted band by the theoretical
method. That phenomenon could be explained with
availability of crystal effects [15].

It should be noted that in general the spectral
picture in IR spectra is complicated and needs very
detailed regard. Nearly all IR bands are asymmetric.
Since, the electron interaction between a strong do-
nor — phenolic hydroxyl group and the strongest ac-
ceptor — quinolinium fragment leads to vibrational
interaction, as a result of this nearly all vibrations
are strongly mixed and the intensities are strong
influenced. The so-called Davydov splitting and
Evans holes effects were observed in all spectra and
these phenomenona could be explained with avail-
ability of crystal field effects [15]. There is also a
characteristic elevation of the spectrum background
typical for the salts in the solid state.

In the IR spectra of the merocyanine dyes un-
der study, the stretching vibration of phenolic OH
group was found as a broad band in the range 3429—
3344 cm! (Fig. 1). This indicates that a hydrogen
bond exists. Only in the IR spectrum of the dye 5
two bands for the stretching vibration of the OH
group at 3429 cm! and 3391 cm!' were detected,

caused by the solid state effects. The stretching vi-
bration bands of the OH group are downshifted of
200 to 400 cm™ in comparison to theoretic ones.
The maxima at 2963 cm' and 2875 cm™! corre-
spond to asymmetric and symmetric C—H stretching
vibrations of the methyl group, while these ones in
the range 29802920 cm™ of the symmetrical and
asymmetrical C—H stretching vibrations of methyl-
ene group/s.

The bands at about 1618 and 1609 cm™' belong
to the skeletal vibration v( C===C) of the naphtha-
lene fragment resembling the oscillation 8a. The
most intense bands in the infrared spectra of the dyes
at about 1588 and 1560 cm™! refer to the highly mixed
Ve and 8a, 8b plane vibrations of the quinoline
fragment of the molecules and this one at 1575 cm™
to mixed vibration v(C==C) of the naphthalene,
v(C==C) of the quinoline nucleus and deformation
vibration of methyl group. To the in-plane defor-
mation mode B(C—H) of the naphthalene fragment
correspond two maxima at about 1473 c¢cm™' and
1441 cm™', respectively. Some bands at about 1351,
1340, 1270 and 1235 cm™! for the B(C—H) vibrations
of the quinoline part were also observed (Table 1).
The maximum corresponding to the C—H deforma-
tion vibrations of the methyl group is found at about
1142 cm™, and those of the out-of-plane y(C—H) of
the aromatic rings at about 1004-1014 cm™'. To an-
tiphase vibration y(C—H) of the quinoline fragment
corresponds the band at about 970 cm™.

In the Raman spectra the asymmetric bands are
not so much opposed to the IR spectra but both al-
lows better assignment of the bands. For strongly
polar chemical bonds such as O-H, C-H, etc., the
bands are of low intensity. This explains why in the
Raman spectra of the compounds there are miss-
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Fig. 1. Solid-state IR-spectra of merocyanine dyes (5)—(8) in the region of 4000-400 cm™.
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Table 1. Theoretically predicted frequencies, the measured IR and the assignment of the bands to the corresponding normal vibra-

tions of the dyes (5)—(8)

Calc. IR Observed IR Frequency [cm™]

Vibrational Assignments Frequency

[em™] 5) () Y ®)
v (OH), pure 3813 3§3f6br 3;3§6sh 3429 br 3429 br
v¢ (CH,), pure 3057 3056 3067 3067 3067
v (CH,) +v* (CH,) 2978 - 2974 - .
v (CH,) +v* (CH,) + v* (CH,) 2958 - - 2960 2954
v* (CH,) v (CH,) +v* (CH,) 2929 - 2923 2920 2924 sh
v (C===C) NF (8a) + v(C=C) 1627 1622 - - -
v(C===C) NF (8a) 1611 1614 1609 1614 1618
s 1588 1586 1586 1591 1592
v(C===C) QF + v(C===C) NF + 5 (CH,) 1575 1575sh - 1572 sh 1575 sh
V(C===C)NF(19a) + v(C==2C) QF 1556 1558 1556 1556 1557
& (CH,) QF +v(c==C) QF 1519 1520 1518 sh 1514 1518
v(C===C) NF (19a) 1502 1506 1507 - -
&= (CH,) 1489 1486 1488 - -
B(C-H) NF 1473 1473 1471 1465 1470
§(CH,)+ B(C-H) QF 1459 1467 1458 1458 sh 1454 sh
B(C-H) NF 1441 1439 1445 1439 1447
B(C-H) NF + & (CH,) + v(N-C) QF 1425 1421 1423 - -
B(C-H) C=C + v(C===C) NF + v(C-H) QF + & (CH,) 1406 1400 - 1400 1398
BC-H (C=C) + v (C-O) NF 1381 1388 1390 1383 -
V(N-C) QF + §(C===C) QF + BC-H (C=C) + 3(CH,) 1377 1375 1377 sh - 1372 sh
E§§E’C§g; P(C-H) QF + W(C==C)NF + 1361 1361 - 1365 1356
BC-H (C=C) + B(C-H) NF + B(C-H) QF 1351 1353 1356 - -
BC-H (C=C) + B(C-H) NF + B(C-H) QF 1334 1338 1343 1343 sh 1339
B(C-H) NF (3)+ BC-H (C=C) 1328 1330 1331 1333 1319
B(C-H) QF + BC-H (C=C) + v(C-N) 1302 1310 1307 1313 1307
BC-H (C=C) + 6(0-H) 1283 1284 1298 1290 1293
B(C-H) NF + B(C-H) QF 1271 1271 1266 - 1268
v(C-N) QF+ B(C-H) QF 1254 1249 1249 1259 1258
BC-H (C=C) + & (O-H) + B(C-H) QF 1235 1236 - - -
B(C-H) NF + B(C-H) QF + & (O-H) 1220 1224 1222 1217 1219
B(C-H) QF + 8(CH,) + B(C-H) NF 1217 1211 1208 1215 -
B(C-H) NF + 5(CH,) 1199 1199 - - -
B(C-H) NF + B(O-H) 1170 1167 1169 1172 1170
4 (CH,) 1140 1142 1145 1150 1152
3(CH,) + v(C-N) 1128 1132 1121 1124 1131
B(C-H) NF + B(O-H) + BC-H (C=C) 1082 1083 - 1088 sh -
B(C-H) QF + BC-H (C=C) 1067 1070 - - 1073 sh
B(C-H) NF + BC-H (C=C) 1064 - - 1055 1063
breathing NF + BC-H (C=C) 1036 1037 1039 1036 1045
B(C-H) QF + B(C-H) NF + BC-H (C=C) 1031 1032 - - 1031
¥(C-H) QF 1019 1018 1019 - -
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Table 1. (continued)

v(C-H) NF

v(C-H) QF +yC-H (C=C)

antiphase y(C-H) QF, pure

antiphase y(C-H) NF

BC-H (C=C) +yC-H (C=C)

B(C-H) NF + B(C-H) QF

B(C==C)NF + B(C=C) + B(C==C)QF
v(C-H) NF + y(C-H) QF + §(C==C)NF
p(C==C) QF

3(C==C) NF, §(C==C) QF + B(C=C)
8(C==C) NF + y(C-H) NF + y(C-H)QF
“umbrella mode” NF + “umbrella mode” QF
B(C-H) NF + §(C-N) QF

P (C==C) QF + B (C==C) NF

ring puckering QF (4) + NF

ring puckering NF + QF

skel. def. QF + NF

ring puckering y(C===C)NF + y(C=C)QF,
“umbrella mode* NF

YC-H ¢, + B(C===C) QF + y(C==C)NF
Y (C==C) QF + B (C==C) NF +y(O-H)
p(C===C) QF + P(C===C)NF

p(C==C) QF + p(C===C) NF

p(C===C) NF +vy(C==0) QF

B(C==C) NF + B(C==C) QF

ring puckering NF (4) + QF

skel. def. NF + p(C==C) QF

ring puckering NF + y(O-H)

1012 1014 - 1005 1004
997 997 998 987 994
970 971 963 - 972
953 953 951 955 955
898 899 901 - 900
876 875 875 - 870
850 846 852 - 848
827 830 833 833 825
814 811 809 - -

801 798 - 806 807
784 - - - 785
780 782 781 - -

776 763 767 758 770
712 697 707 709 706
666 668 669 - 665
654 648 659 654 648
627 624 624 633 636
611 - 608 605 601
583 588 586 588 -

564 569 569 577 574
556 559 559 555 556
507 - 512 507 505
500 501 501 - 500
485 490 - 490 485
478 471 - 471 471
466 461 460 - 464
431 426 428 - 426

Abbreviations: QF (quinolinium fragment), NF (naphthalene fragment); v — stretching, & — deformation, § — in-plane deformation,
y — out-of-plane, T — torsion vibrations; br. — broad, sh. —shoulder.

Scaling factor —0.9688 [27]

ing bands for O—H and C—H vibrations and why in
Fig. 2 the shown region of the Raman spectrum of
dye (8) is in the range 1800—400 cm™'. The predict-
ed frequencies, selected measured Raman ones and
the assignment of the bands to the corresponding
normal vibrations were listed in Table 2. The dye
(7) Raman frequencies were not included in Table 2
because it exhibits a tendency to photodegradation
even at the lowest power of the laser source.

As already mentioned, the vibrational spec-
tra are strongly deformed from the charge transfer
complex (CT), and it is an evidence of its exist-
ence proven by the vibration spectroscopy method.
Unfortunately, the vibrational spectroscopy is not
enough to quantify the real electronic structure of
the molecules according to the contribution of the

160

two forms — benzenoid and quinoid. The reason is
that the vibrations of v._, and v._. are mixed and
with close numerical values. It is noteworthy, that
the data from the experimental IR and Raman spec-
tra for the various dyes are of close numerical val-
ues and within the error. The probable explanation
is that for the same chromophore, the influence of
the N-alkyl group on the ICT is negligible (weak +I
effect). This explanation is also required by the UV-
Vis spectra of dyes 5-8, shown on Fig. 3, all meas-
ured in methanol, whose maxima are very close.
The shorter-wave absorption bands at 493+2 nm
were referred to the CT-band of the benzenoid
structures of the dyes, and the longer wavelength
bands — to the quinoid forms (Fig. 3, Scheme 1).
The longer wavelength band splits into two bands
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Fig. 2. Raman spectrum of the dye (8) in the region of 1800-400 cm™.

Table 2. Theoretically predicted frequencies, selected experimental Raman frequencies and the assignment of the bands to the cor-
responding normal vibrations of the dyes (5), (6) and (8)

Calc. Raman Observed Raman Frequency [em™]

Vibrational Assignments Frequency

[em™] ©)) (6) ®)
v (C===C) NF (8a) + v(C=C) 1627 1623 1626 1624
v(C==C) NF (8a) 1611 1608 1616 1615
v(C=C) + v(C==C) NF + v (C==C) QF (8b) 1588 1590 1595 1595
v(C===C) QF+ v(C===C) NF + §(CH,) 1575 1578 1579 -
v(C==C) NF (19a) + vC==C) QF 1556 1552 1552 1555
& (CH,) QF +v(C==C) QF 1519 1520 - 1522
v(C==C) QF + §(CH,) (19a) 1491 1492 - 1484
8(CH,)+ B(C-H) QF 1459 1459 - 1458
B(C-H) C=C +v(C===C) NF +v(C-H) QF + & (CH,) 1406 1402 1397 1408
Vv(N-C) QF +3(C==C) QF+ BC-H (C=C) + §(CH,) 1377 1375 1372 -
B(C-H) NF + B(C-H) QF +v(C==C) NF + v(C==C) QF 1361 1365 1363 1366
BC-H (C=C) + B(C-H) NF + B(C-H) QF 1334 1343 1336 1340
B(C-H) NF (3)+ BC-H (C=C) 1328 1327 1332 1319
B(C-H) QF + BC-H (C=C) + v(C-N) 1302 1310 1306 1304
BC-H (C=C) + (0-H) 1283 1292 1286 -
B(C-H) NF+ B(C-H) QF 1271 1275 1270 1269
v(C-N) QF+ B(C-H) QF 1254 1253 - 1258
B(C-H) NF + B(C-H) QF +8 (O-H) 1220 1224 1222 1220
B(C-H) QF + 8(CH,) + B(C-H) NF 1217 1214 1217 1218
B(C-H) NF + §(CH,) 1199 1198 1194 -
B(C-H) NF + B(O-H) 1170 1169 1168 1169
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Table 2. (continued)

§ (CH,)

3(CH,) + v(C-N)

B(C-H) NF + B(O-H) + BC-H (C=C)
B(C-H) NF + BC-H (C=C)
breathing NF + BC-H (C=C)
B(C-H) QF + B(C-H) NF + BC-H (C=C)
v(C-H) QF

v(C-H) NF

v(C-H) QF +yC-H (C=C)
antiphasey(C-H) QF, pure

antiphase y(C-H) NF

B (C==C) QF + B (C==C) NF

skel. def. QF + NF

Ring puckering y(C==C) NF + y(Cc==C) QF
“umbrella mode” NF

v(C==C) QF + B(C==C) NF + y(O-H)
P(C==C) QF + B(C===C)NF
B(C==C) QF + B(C==C) NF
B(C==C) QF + B(C==C) NF
p(C===C) NF +v(C===C) QF
ring puckering NF (4) + QF
skel. def. NF + B(C==C) QF

1140 1147 1146 1149
1128 1128 1120 -
1082 1088 1090 -
1064 1059 1069 -
1036 1036 1044 1045
1031 1032 - 1029
1019 1018 1017 -
1012 1012 1007 -
997 995 998 -
970 - 973 978
953 945 953 -
712 714 705 719
627 629 - 629
611 608 602 -
564 561 sh 573 -
556 556 - 557
549 542 540 -
507 506 — 504
500 501 499 502
478 477 479 472
466 465 465 -

Abbreviations: see footnotes under Table 1.
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Fig. 3. UV-Vis spectra of merocyanine dyes (5)—(8) recorded
in methanol.
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with A, at 680 nm and 640 nm, demonstrating the

aggregation phenomenon.

CONCLUSIONS

The coincidence between the calculated and
measured frequencies is good and the complete vi-
brational analysis can be used for the calculation of
the vibrational hyperpolarizability of the dyes.
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CHUHTE3 U BUBPAITMOHHU CITEKTPOCKOIICKU XAPAKTEPUCTUKU
HA CEPUSI MIOHHU MEPOLIMAHMHOBU BATPUJIA

M. Tonoposa', P. bakaicka?*

! Vuusepcumem no xpanumennu mexnonocuu, Texnonoeuuen gpaxynmem, Kameopa Opeanuuna xumus,
oyn. ,,Mapuya“ 26, 4000 IInoeous, bvacapus

2 [Tnosouscku ynusepcumem ,, I1. Xunenoapcxu *, Xumuuecku gpaxynimem, Kameopa Opeanuuna xumus,
ya. ,,Hap Acen* 24, 4000 [1nosous, bvrcapus

[Toctenuna mapr, 2018 r.; npuera anpwi, 2018 r.
(Pestome)

Cepust HOHHM MEPOIIMaHMHOBH Oarpuiia ¢ pa3liMpeHa m-CliperuaTa cCucTeMa 1 pa3jinuHa IbJDKMHa Ha N-aIKuiHaTa
Bepura 0sixa CHHTE3UpaHM W M3cle[BaHN upe3 TBbpaodasna MY u pamaHoBa criekTpockomnus. 3a Jia ce mpeicKaxaT
@JIEeKTPOHHATA CTPYKTYpa U BUOPALIMOHHUTE XapaKTEPUCTUKH, Os1Xa U3BBPIICHH KBAHTOBO-XMMUYHU U3UHMCICHUS Ha
nHuBo DFT. [Toutn Bcuukn nH(padepBeHN UBUIM ca aCHMETPUYHHU. B pe3yiraT Ha eNeKTPOHHOTO B3aUMO/ICHCTBHE,
JUBJDKAILO ce Ha BhTpeMoiieKyiHus npeHoc Ha 3apsa (ICT), koero Boau 10 BUOPAIIMOHHO B3aMMOJICHCTBHE, OYTH
BCHUYKH TPENTEHUS ca CUIIHO CMECEHH, a HHTEH3UTETHTE UM Ca CUITHO NMoBIusHU. [Topaau Ta3u npuyrHa, BUOPAIOH-
HaTa CIeKTPOCKOITHUSI HE 1aBa Bb3MOKHOCT J1a CE OLIEHU MPUHOCHT Ha JIBETE KpaiHu hopMu OCH3EHOMIHA U XMHOU/I-
Ha B peajiHaTa eJISKTPOHHA CTPYKTypa Ha Oarpuiata. ExcriepuMeHTanHuTe 1 MHppauepBeHH U paMaHOBH MBHIH 32
paznu4HuTe Oarpuia ca ¢ OIU3KU YUCIOBU CTOMHOCTH, KAKTO ¥ ¢ H34UCIICHUTE.
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