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Abstract The experimental and theoretical spectroscopic

and spectrometric elucidation in solid-state and gas-phase

on the interacting ionic species of applied oriented syn-

thetic derivatives on the base of the stilbazolium salts as

molecular template was reported. The correlation between

the molecular structure, and vibrational properties within

THz-regime (10-0.3 THz) was performed. The collective

vibrations, and gas-phase stabilized ionic species were

comprehensive studied by the Raman spectroscopy and

matrix-assisted laser desorption/ionization mass spectrom-

etry, using the embedded organic dyes in host matrixes.

The performed solid-state quantum chemical calculations

contributed to further understanding of the nature of the

guest–host interacting systems as well as to explain the

observed optical phenomena within the THz-region.

Keywords Matrix-embedded organic dyes � Physical

properties � Mass spectrometry � Quantum chemistry

Introduction

Considerable interest, recently, in organic non-linear optical

(NLO) materials has been based on the discoveries on their

THz-generation properties and application in the THz

technologies [1–21]. The highly interdisciplinary nature of

this field is striking, shaping collaborations in the fields of

space communications, security, materials analysis, envi-

ronmental inspection and detection, human healt, socia

science, and more [22–25]. Particularly interesting amount

the organic materials were found, the organic dyes [1–27],

characterizing with the tunable D-p-A, p-conjugated core,

allowing both experimental and theoretical modelling the D-

and A-substitutions in respect their electronic and molecular

structure, effecting in significant level of the electronic

transitions in the frame of the conjugated core. Additional

advantages, as for example, high chromophore number

density and excellent long-term orientation stability com-

pared to poled polymers marked all studied derivatives as

promising THz-materials. The 4-N,N-dimethylamino-40-N0-
methyl-stilbazolium tosylate (DAST) was shown to exhibit

pronounced bulk second-order NLO activity with a powder

SHG efficiency 1.103 times that of the urea standard at

1,907 nm [28, 29]. Moreover, the molecular architecture the

DAST has the possibility for further design, using the

molecular and crystal engineering strategies. Since, the

THz-properties were associated with a kind charge transfer

(CT) such as intramolecular electron transfer between donor

and acceptor the physical characteristic as the large first

hyperpolarizabilities b, governing second order NLO

effects, were generally require at the molecular level. In

terms the crystal engineering, the noncentrosymmetric

crystals, defining the NLO bulk response, v2, were obtained

by tuning of the self-assembly and packing of individual

molecules, design the Coulomb interactions, by charged

chromophores in a combination with counter-ions and/or

using of a relatively flexible p-conjugated core. Thus,

organic dyes appeared promising templates for the applied

oriented synthesis of novel THz-materials [1–31]. Since, the

Raman spectroscopy, was amounth the phundamental

methods for study the optical phenomena both of isolated

molecules as well as of the ensemble of interacting species in

solids, including crystalline state, the paper highlighted the

advantages the method for study the molecular vibrations

within the 10-0.3 THz of series of substituted dyes, based on
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the stilbazolium salts as molecxular template. The obtained

theoretical b and v2 values, 2.1–3.4 times higher than DAST,

using as standard, marked reported materials as attractive

objects for THz technologies. Moreover the reported find-

ings shaped the multidisciplinarity of the interest, including

Raman, far-IR and THz-spectroscopy. Since, the molecular

interactions of the studied systems specified as well the

physical phenomena in gas-phase, through the stabilized

dyes-matrixes ionic species, they involved advanced mass

spectrometric (MS) methods such as matrix-assisted laser

desorption/ionization (MALDI)-Orbitrap MS spectrometry,

as fundamental one provided experimental evidence about

the nature of these interactions.

Experimental

Physical methods

The powder X-day diffraction measurements were carried

out on polycrystalline and/or glass samples. The XRD

patterns were obtained using a Rigaku MiniFlex powder

diffraction system, equipped with a horizontal goniometer

in the h/2-h mode. The X-ray source was nickel-filtered

K-a emission of copper (1.54056 Å). Samples were packed

into an aluminium holder using a back-fill procedure and

will be scanned over the range of 50–6� 2-h, at a scan rate

of 0.5� 2-h/min. Using a data acquisition rate of 1 point per

second, the scanning parameters equate to a step size of

0.0084 degrees 2-h. Calibration of each powder pattern will

be effected using the characteristic scattering peaks of

aluminum at 44.738 and 38.472� 2-h. Conventional IR and

Raman spectroscopy in solid-state were performed on a

Thermo Nicolet 6700 FTIR spectrometer (4,000–400 cm-1

region, resolution 0.5 cm-1 and 100 scans), and a NXR

FT-Raman module within the 4,000–50 cm-1 region. The

UV–Vis–NIR spectra between 190 and 1,190 nm, using

solvent acetonitrile (Uvasol, Merck product) at a concen-

tration of 2.5.10-5 M in 0.921 cm quartz cells were

recorded on Tecan Safire Absorbance/Fluorescence XFluor

4 V 4.40 spectrophotometer. The thermo gravimetric study

was carried out using a Perkin-Elmer TGS2 instrument.

The calorimetric measurements were performed on a DSC-

2C Perkin Elmer apparatus under argon. Solid-state UV–

Vis spectra were measured on a PerkinElmer Lambda 750

in reflectance mode. The reflection spectra were automat-

ically converted to absorbance spectra using Kubelka–

Munk theory. 1H and 13C-NMR spectra were obtained at

Bruker 400 XC spectrometer, using TMS as standard in

CD3OD. The analyses of the samples by ESI mass spec-

trometry were performed with a Thermo Finnigan surveyor

LC-Pump. Compounds were separated on a Luna C18

column (150 9 2 mm, 4 lm particle size) from Phenom-

enex (Torrance, CA, USA), using a gradient program.

HPLC–MS/MS measurements were made using TSQ

7000 instrument (Thermo Electron Corporation). Two

mobile phase compositions were used: (A) 0.1 % v/v

aqueous HCOOH and (B) 0.1 % v/v HCOOH in CH3CN.

Electrospray ionization (ESI) mass spectrometry. A triple

quadrupole mass spectrometer (TSQ 7000 Thermo Elec-

tron, Dreieich, Germany) equipped with an ESI 2 source

was used and operated at the following conditions: capil-

lary temperature 180 �C; sheath gas 60 psi, corona 4.5 lA

and spray voltage 4.5 kV. Sample was dissolved in ace-

tonitrile (1 mg ml-1) and was injected in the ion source by

an autosampler (Surveyor) with a flow of pure acetoni-

trile (0.2 ml min-1). Data processing was performed by

Excalibur 1.4 software.

A standard LTQ Orbitrap XL instrument is used for the

MALDI MS measurements, using the UV laser source at

337 nm. An overall mass range of m/z 100–1,000 is scanned

simultaneously in the Orbitrap analyzer. The samples are

measures in solid state, using a variant of the spray technique

of solution, containing the matrix and analyte compound.

The solution of thus, obtained thin liquid films is fast

evaporated to formation of the sample of matrix/matrix/

analyte embedded samples. The habitus of the crystals

depends strongly of the crystallographic space system.

Under these conditions however the obtained polycrystal-

line samples are characterized with the relatively small

crystal size, increasing the quality of the obtained spectra.

The 2,5-dihydroxy benzoic acid (DHB) was used as matrix.

Computational details

Quantum chemical calculations were performed with

GAUSSIAN 09 and Dalton 2.0 program packages [32, 33],

visualizing by GausView03 program package [34]. The

geometries of the studied species were preoptimized

employing B3LYP method, CAM-B3LYP, and M06-2X

functionals [35, 36]. Molecular geometries of the studied

species were fully optimized by the methods and algorithms

described in [17, 18, 37–42]. The calculations of the

molecular vibrations were utilized by the 6-31?G(d,p) and

aug-cc-pVDZ basis set. The obtained vibrational charac-

teristics, by the preliminary optimization of the molecular

geometry are correlated to those, obtained by the crystallo-

graphic inputs according the method described in [17, 18,

43–47]. The UV–Vis spectra were calculated, using TDDFT

method as above levels and PCM approach [35–42].

Statistical methods

The experimetal and theoretical spectroscopic patterns were

processed by R4Cal OpenOffice STATISTICs for Windows
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7 program package [48]. Baseline corrections and non-linear

curve-fitting procedures were applied and described in [44,

45]. The statistical significance of each regression coefficient

was checked by the use of t test. The model fit was deter-

mined by F test (comparison of calculated by the model and

experimentally obtained signal values) [49–51].

Fig. 1 Electronic absorption (A) spectra of studied dyes in solution

depending of the solvent polarity at concentrations 2.10-4 mol/l and

1 cm quartz cell; diffuse reflectance spectra in solid-state (D);

chemical diagram of the resonance forms (aromatic and quinoide

ones) depending of the pH of the medium; curve-fitted spectroscopic

patterns after the baseline correction method, by non-linear multipeak

Gaussian function; A—total area under the curve from the baseline

centre of the peak; w2 ‘‘sigma’’, *0.856 the FWHM; w/2—is the

standard deviation; statistical r2 and v2/DaF values
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Synthesis

The 1-cyclohexyl-4-[2-(4-hydroxy-3,5-dimethoxy-phenyl)-

vinyl]-pyridinium iodide (2) and 4-[2-(4-hydroxy-3,5-

dimethoxy-phenyl)-vinyl]-1-methyl-pyridinium iodide (3)

were obtained by the classical reaction scheme [52], by

mixing of the equimolar ratios of the starting syringaldehyde

(1) and corresponding 1,4-dimethyl-pyridinium iodide or

1-cyclohexyl-4-methyl-pyridinium iodide (Sigma-Aldrich

products), preliminary dissolved in solvent methanol. The

obtained solutions are under stirring for 5 h at 70 �C. The

obtained precipitates were filtered off, washed with ethanol

and dried on air at 298 K and recrystallized to the thin pla-

te 2D crystals from solvent mixture methanol:water 1:1

(Fig. 1). (2), Found, C, 48.3; H, 4.55; calc. [C16H18NO3I], C,

48.1; H, 4.5 %; 1H-NMR, d, ppm 0.9 (3H, s, N–CH3), 3.77 (s,

6H, O–CH3), 6.72 (m, 2H), 7.88–6.93 (m, 8H, CH), 9.4 (s,

1H, OH); 13C-NMR; 56.1, 125, 127.3, 129.8, 130,2, 142.8;

MS, m/z 272.18 [M?1]?; (3), Found, C, 53.1; H, 5.66; calc.

[C21H26NO3I], C, 53.9; H, 5.6 %; 1H-NMR, d, ppm 1.44 (m,

10H, CH2), 3.78 (s, 6H, O–CH3), 6.70 (m, 2H), 7.80–6.95

(m, 8H, CH), 9.1 (s, 1H, OH); 13C-NMR; 23.4–27.9, 56.0,

124, 121.1, 129.1, 130.0, 141.5; MS, m/z 340.5 [M?1]?;

respectively. The thermal methods within 200–500 K show

an absence of the included solvent water molecules in (2) and

(3), respectively. The powder XRD diffraction data show the

triclinic space systems of both of the dyes with the unit cell

dimensions of a = 10.663, b = 10.118, c = 13.982 Å;

a = 94.1(7)�, b = 95.2(9)� and c = 111.0(5)� (2), and

a = 13.271, b = 13.346, c = 15.072 Å; a = 98.2(5)�,

b = 90.6(9)� and c = 116.3(6)� (3), respectively. The cor-

responding quinoide forms 4-[2-(1-methyl-1H-pyridin-4-

ylidene)-ethylidene]-2,6-dimethoxy-cyclohexa-2,5-dienone

(2a) and 4-[2-(1-cyclohexyl-1H-pyridin-4-ylidene)-ethyli-

dene]-2,6-dimethoxy-cyclohexa-2,5-dienone (3a) were

obtained after mixing of the compounds (2) or (3) respec-

tively with the equimolar ratios of KOH in methanol.

Results and discussion

The theoretical optical and NLO optical properties of the

functionalized dyes were summarized in Table 1. The

Table 1 Theoretical dipol moments (ltot), static polarizabilities (aij)

and first hyperpolarizabilities (bijk) (a.u.) of depicted dyes (2) and (3)

and their forms (2a) and (3a), depending the pH at M06-2X/aug-cc-

pVDZ theoretical levels; the btot value is calculated by the

||b|| = (bx
2 ? by

2 ? bz
2)1/2; theoretical data for DAST core at same

level are: ltot = 9.813, axx = 52.8, ayy = -86.8, azz = -109.5,

b = 403.856, respectively

(2) (2a) (3) (3a)

ltot 21.2 24.5 22.7 25.4

axx 40.6 -81.3 -191.0 -193.2

ayy -92.3 -101.7 -111.8 -132.0

azz -119.4 -121.2 -116.2 -152.4

axy -8.6 0.3 -2.0 -2.4

axz 15.1 14.2 21.1 24.2

ayx 3.1 0.9 -0.9 -1.8

cxxxx -4090.5 -8082.4 -18223.2 -25316.4

cyyyy -1530.3 -1671.3 -980.1 -1910.6

czzzz -231.0 -243.6 -222.7 -424.4

cxxxy -219.6 7.1 -98.3 -197.2

cxxxz 263.4 149.5 450.1 951.7

cyyyx 14.3 33.0 17.0 35.1

cyyyz 13.0 10.9 -7.7 -14.1

czzzx -3.5 -1.6 1.2 2.3

bxxx -804.3 -822.3 -910.2 -967.9

byyy -2.0 1.9 10.1 12.4

bzzz -1.5 3.5 1.2 0.9

bxyy -21.0 -29.6 5.7 6.2

bxxy -77.9 -30.7 -10.1 -13.3

bxxz 49.0 97.9 170.0 175.1

byzz 9.5 13.7 -1.0 -0.6

byzz -2.0 0.1 -1.5 -4.0

byyz 28.4 30.1 25.1 29.5

bxyz -3.1 -1.7 0.2 1.5

czzzy -1.3 -0.5 -0.1 -1.1

cxxyy -1624.6 -1748.8 -1567.5 -3799.7

cxxzz -1883.8 -1847.7 -2509.1 -3857.6

cyyzz -332.5 -352.1 -222.5 -424.7

cxxyz 47.9 -17.5 -18.2 -32.9

cyyxz 111.8 106.5 77.8 158.7

czzxy -16.5 -0.4 -6.1 -10.2

Table 2 Theoretical (M06-2X/aug-cc-pVDZ) and experimental elec-

tronic absorption spectra of (2) and (3), as well as corresponding

quinoide forms (2a) and (3a), respectively, k (nm) (f); solid-state

electronic absorption spectra of the molecular dimeric species labels

as in Fig. 4, obtained after the preoptimization of the geometry at

CAM-B3LYP/6-31?G(d,p) level of theory

(2) (2a) (3) (3a) (2) Dimer (a) (2) Dimer (b) (3) Dimer (a) (3) Dimer (b)

382.4 (0.858) 433.4 (1.398) 408.2 (0.981) 436.5 (1.562) 398.9 (1.772) 381.2 (0.888) 444.1 (0.981) 410.7 (1.271)

330.4 (0.003) 387.2 (0.000) 337.2 (0.022) 384.4 (0.000) 339.1 (0.231) 331.2 (0.010) 385.1 (0.271) 333.1 (0.222)

286.0 (0.001) 348.5 (0.025) 325.2 (0.028) 347.9 (0.015) 290.0 (0.226) 285.1 (0.088) 355.2 (0.271) 344.1 (0.133)
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obtained values of the aromatic forms of the dyes were

correlated to the quinoide forms, stabilized in solution

depending of the pH (Fig. 1). The theoretical and experi-

mental optical properties (Tables 1, 2) showed a good

correlation of about 3 nm for the predicted absorption

maxima, thus assuming the precise calculation of the NLO

properties. The negative solvatochromism of about 263 nm

is obtained for (3) depending of the solvent polarity,

appeared one of the highest reported values in the literature

[1–28]. Significantly contributed to the obtained value, the

cyclohexyl substituent at R1-position and the syringalde-

hyde fragment [1–28]. The solvatochromic effect for (2)

was smaller that the (3) at same experimental conditions

and was obtained of about 60 nm. Nevertheless the

reported data were about three times higher than those, of

the classical NLO materials of the stilbazolium (resp.

merocyanine) type. The effect was strongly associated with

the intramolecular CT, illustrated by the localized HOMO

and LUMO gaps within the frame of the planar aromatic

skeletal of the studied dyes (Scheme 1), and obtained

at same theoretical levels. The values were higher of

about 30 nm to those for derivative with R1 = butyl [53].

The presence of the multicomponent maxima within

600–700 nm of (2) in CH2Cl2 was an indication of the

H-types aggregation, typical for merocyanine dyes [54–

63]. The absence of such aggregates in (3), could explain

with the bulk substituent in the R1-position. Since, the

solid-state spectra were characterised with the typical

spectroscopic of isolated dyes (Fig. 1) as well, a molecular

orientation of the interacted species for the noncentro

symmetric crystals of dyes (Fig. 4) with Z = 2 was

expected. The precise vibrational assignment of (2) and (3),

was supported by the study of the vibrations of syringal-

dehide moiety (1). A parallel between the Raman

spectroscopic data and the hydrogen bonding effects in the

structure of (1) was performed, using our crystallographic

data [58]. The (1), crystalized centrosymmetrically in

monoclinic space system and P21/n space group. The unit

cell contained four molecules (Fig. 2), forming infinite

chains by only one type intermolecular interaction in the

terms of the classical ‘‘hydrogen bonds’’. In parallel, the

series of short contacts were observed (Table 2). The

molecular crystal of (1) allowed to test new theoretical

approaches, consisted of the optical study of isolated

molecule, two types of dimer associates as well as full set

of observed molecules in the unit cell (Fig. 2). Thus, for

the relatively small interacting molecules, of mainly 1D

and 2D crystals with limited number of the hydrogen

bonding scheme and molecular flexibility, the optical

phenomena and structure appeared theoretically predict-

able at the high level of the confidence. The obtained

theoretical electronic absorption spectra in solution, pro-

vided an evidence about the successful theoretical model,

giving a difference of 2 nm of the predicted spectra in

condense phase (Fig. 1). Promising were found as well the

predicted vibrational properties of the molecular ensemble

of interacted species (Fig. 3). The typical vibrations of

the quinoide form of the dyes were found within

1,700–400 cm-1 and well as 900–400 cm-1, regions,

while those of the stilbazolium salts, both IR- and Raman

active modes were observed at about 1,643 (8a), 1,626

(8b), 1,600 (19a), 1,476 cm-1 (19b) as well as 836 cm-1

(11) of the in- (i.p.) and out-of-plane (o.p.) vibrations of the

aromatic skeletons (Fig. 2). The IR-active bands of con-

jugated mC=O and mC=C bonds, the cCH o.p. modes of the cis-

di- and trans-substituted double bonds were observed

within 1,700–1,400 and 930–800 cm-1 regions. The

Raman active modes were shown in Fig. 2. The

Scheme 1 HOMO-LUMO gaps of the dyes (2) and (3) at M06-2X/aug-cc-pVDZ level of theory
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characteristic vibrations of the molecular ensemble of dyes

in solid-state as well as this of the (1) within 200–30 cm-1

were depicted in Figs. 2, 3. The theoretical calculations of

(1) were according the obtained centrosymmetric mono-

clinic space system and P21/n space group and Z = 4. The

precise localization of the protons was achieved by the

low-temperature crystallographic data collection as well as

high quality of the measured crystals. It is important to

discussed that in contrast the prediction of the electronic

absorption (resp. fluorescence [52–63]) phenomena related

the electronic transitions within the frame of the aromatic

conjugated systems, the theoretical prediction of the

molecular vibrations in the crystals required a high quality

of the crystallographic dataset used as input parameters.

Thus, evaluating the error of the theoretically predicted

frequencies, should take into account the error of the

crystallographically determined proton positions, when

were compared the experimental and theoretical modes

with participation of the X–H groups (X = C, N, O, S and

more). High level of confidence between the theoretical

and experimentally observed solid-state vibrational spectra

were achieved discussing for example the skeletal modes,

where the difference between the values were fould within

1–4 cm-1, respectively [17, 18, 43–46, 64, 65]. Additional

evidence was found calculating (1) at Z = 1 (Fig. 3). The

group theoretical analysis predicted two components for

each of the internal modes in either the Raman or IR-

spectrum 9 lattice modes, much closer to our experimental

observation for the Raman spectrum of (1). In the case of

the calculations of all four molecules, the number of

Fig. 2 Experimental solid-state Raman spectra of the syringaldehyde

(1) and the corresponding dyes (2) and (3) within 4,000–30 cm-1

region; small figures: a-experimental patterns within 250–30 cm-1;

b-spectral curve, procedured with the baseline method; b, c-non-linear

curve-fitted pattern after the applied deconvolution method; The

corresponding r2 (v2/DaF) statistical values are 0.99213 (2.3.10-3)

(1), 0.99142 (2.1.10-3) (2) and 0.995436 (1.7.10-4) (3), respectively

80 J Incl Phenom Macrocycl Chem (2013) 76:75–85

123



expected optical lattice modes was 21, of which 12 are

Raman- and 9 IR-active. The obtained spectroscopic pat-

tern of (1) within 200–30 cm-1, correlated to the shown

interacting species of dimers. In this case the spectroscopic

patterns represented a superposition, moreover in (1) was

found only one type of intermolecular interactions in the

terms of classical hydrogen bond (OH���O, 2.714 Å). The

observed LO-TO splitting of the bands was illustrated by

the application of the curve-fitting and the deconvolution

procedures after the preliminary baseline correction

(Fig. 3). The application of the same procedures to the

spectroscopic patterns of (2) and (3) within 200–30 cm-1

revealed series of maxima, where the number of the

observed Raman bands correlated well to the triclinic

P space system. The obtained good correlation between the

theoretical and experimental Raman spectra in the same

Fig. 3 Theoretical solid-state Raman spectra of the syringaldehyde

(1) within 4,000–30 cm-1 region; molecular structures of the

calculated species. For (1), are sown the calculated isolated molecule,

the two dimers, obtained crystallographically in the asymmetric units

and the four molecules, in the unit cell

Fig. 4 Theoretical and experimental solid-state Raman spectra of the

dyes (2) and (3) within 200–30 cm-1 region; molecular structures and

orientation of the calculated species; the molecular structures of (2)

and (3) are obtained by preoptimization of the geometry M06-2X/

aug-cc-pVDZ method, respectively
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region, calculated for three molecules systems, i.e. isolated

molecule of dye (labelled as (a) in Fig. 4), two molecules

oriented in the non-centro- (b) and centrosymmetric

(c) triclinic space system (Fig. 4). The data fited best to the

triclinic space system and P1 space group for (2) and (3),

comparing the curves (b) in Figs. 3, 4, respectively. The

obtained data from the powder XRD about the unit cells of

both the dyes (2) and (3), support additionally these con-

clusions, where the unit cell dimensions of the polycrys-

talline samples correspond to crystals with triclinic space

system. The spectroscopic region about at 200 cm-1, was

dominated by broad but well defined bands, with a series of

sub-maxima, of excitations assigned to the hydrogen bond

deformations (Scheme 2). To the skeletal modes, lattice

vibrations in the systems (1), dimers (a) and (b) are

assigned the excitations at 120, 118, 98 and 58 cm-1,

respectively. In the case of dimer associate (b), the H-bond

deformations are observed as pairs of vibrations at 215/234

and 180/184 cm-1 (Scheme 2), assigned to corresponding

symmetric and asymmetric contributions. The band at

200 cm-1 in (2), corresponded to the OH���O intramolec-

ular hydrogen bond deformation with OH���O distance of

2.786 Å. Similarly assigned frequency in (3) was observed

at 183 cm-1. In contrast the ESI–MS data giving the peaks

for the cationic species of the dyes, the MALDI-Orbitrap

MS method used the solid-state sample preparation tech-

niques (Fig. 5), give the signals in gas-phase for the

matrix-analyte species of embedded in the DHB dyes. The

mass spectrum of (2) and (3) (Fig. 5) were characterized

with the peaks at m/z 414.22 and 482.67, which could

explained with the gas-phase stabilized matrix-dye non-

covalent interacting species. The peaks at 272.178 and

340.662, belonged to the cations of (2) and (3), respec-

tively. Since the DHA appeared weak acid as well as in

gas-phase dominante role would have the Coulomb inter-

actions under the ionization conditions, fundamental

understanding the physical nature of the interactions of

studied guest–host systems, need further systematic study,

where to evaluate the type of the dyes embedded, including

study on their proton accepting and donating ability, p-

staking effects and more, into different matrixes according

their acidic properties as well as possibilities to forms

crystals of ions and/or co-crystals during the different

MALDI-MS sample preparation techniques.

Conclusions

The applied oriented molecular design and synthesis of the

functionalized organic dyes, using the molecular template

of the stilbazolium salts as organic materials with marked

NLO properties was highlighted. Comprehensively were

described the molecular excitations of the isolated mole-

cules and ensemble of interacting guest–host species both

theoretically as well as experimentally studying the col-

lective modes of the crystals within THz-regime of 10-0.3

THz by Raman spectroscopy, as well as the gas-phase

stabilized dyes-matrix by the MALDI-Orbitrap MS spec-

trometry. Essential were the following findings: (a) organic

dyes of stilbazolium type 1-cyclohexyl-4-[2-(4-hydroxy-

3,5-dimethoxy-phenyl)-vinyl]-pyridinium iodide (2) and

4-[2-(4-hydroxy-3,5-dimethoxy-phenyl)-vinyl]-1-methyl-

217 (6.55) H-bonding 180 (5.38) H-bonding 118 (3.53),CArCAr deformations 98 (2.93), CArCArCOH 
deformations

58 (1.78), CArCArOCH3

deformations
Dimers tyep (a) 

215 (6.44) H-bonding 180 (5.39) H-bonding 112 (3.34),CArCAr deformations 90 (2.69), CArCArCOH 
deformations

55 (1.64), CArCArOCH3

deformations

gnidnob-H)15.5(481gnidnob-H)00.7(432 Dimers type (b) 

Scheme 2 Visualization of the collective vibrations of the molecules of (1), m (cm-1 and THz)
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pyridinium iodide (3) as well as their merocyanine ana-

logues 4-[2-(1-methyl-1H-pyridin-4-ylidene)-ethylidene]-

2,6-dimethoxy-cyclohexa-2,5-dienone (2a) and 4-[2-(1-

cyclohexyl-1H-pyridin-4-ylidene)-ethylidene]-2,6-dime-

thoxy-cyclohexa-2,5-dienone (3a), were characterized with

the first molecular hyperpolarizability btot, higher than the

DAST core; (ii) The XRD data of the thin 2D crystals

showed triclinic space system and unit cell parameters,

a = 10.663, b = 10.118, c = 13.982 Å; a = 94.1(7)�,

b = 95.2(9)� and c = 111.0(5)� (2), and a = 13.271, b =

13.346, c = 15.072 Å; a = 98.2(5)�, b = 90.6(9)� and

c = 116.3(6)� (3), respectively; (iii) The spectroscopic

region within 200–180 cm-1, was dominated by a broad but

well defined bands, with a series of sub-maxima of excita-

tions assigned to the inter- and intramolecular hydrogen

bond deformations of OH���O bonds. To the skeletal modes,

and lattice vibrations are assigned the vibrations within

120–30 cm-1, respectively. The theoretical vibrational

solid-state calculations of triclinic systems of dyes and

Z = 2 in non- and centrosymmetric P1 and P-1 space groups

fitted best to the experimental data in the case of staked

dimers; (iv) The theoretical method was tested, additionally

for prediction of the molecular vibrations of the monoclinic

space system and centro symmetric space group P21/

n. (v) The performed MALDI-Orbitrap MS study of the

solid-state samples of the dyes embedded in the organic

matrix of DHB, provide information about the gas-phase

stabilized species. The nature of the proposed non covalent

forces provided fruitful area for further systematic study

needed for fundamental understanding of the nature of for-

ces, depending of the proton accepting and donating ability

of the guest molecules, the possibility to form p-staking

ensembles, tuning the Coulomb interactions, the acidic

properties of the most molecules, possibilities to forms co-

crystals during the different MALDI-MS sample preparation

techniques, and more.

Fig. 5 3D and 2D image by logarithm plotting of Dx, Dy versus the

signal amplitude (grid) of selected ion range as a function of the

location of the surface for the system (2) and (3) at starting

concentration of 10-7 mol/l of the analyte; The scan areas, presented

as corresponding SN are shown with circles (a); corresponding mass

spectra (b)
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