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Abstract: This paper like contributions to leading developments of nonlinear optical materials
research aims for interdisciplinary readership and recognizing experimental and theoretical
crystallographic, linear and nonlinear optical properties of non-centrosymmetric crystals of
substituted aliphatic secondary amines as prospective templates for technological application. It
deals with crystal structure of (2-piperazin-1-yl-ethyl)-nitrimine dihydrate (1) reported first, herein,
that can be solved into both the P-1 and P1 space groups and 3,3,5-trimethyl-5-
((nitroamino)methyl)cyclohexanaminium hydroxide (2) that could be solved into Pc and Pca2: ones.
Crystals of (1) and (2) exhibit optical transparency within 190-1100 nm. Comparative analysis with
data on novel crystal structure of (2-piperazin-1-yl-ethyl)-carbamic acid dihydrate (3) is also carried
out. There is utilizes high resolution single crystal X-ray diffraction, high accuracy quantum chemical
methods for in-depth understanding of relation among molecular and crystal structures,
crystallographic packing, symmetry, linear optical and nonlinear optical properties. There are also
used electronic and Fourier transform infrared vibration spectroscopy. Organic material research
might provide evolutionary development in the face of innovative change of photonics technologies.
The research effort, so far, has shown that they are mainly rigid crystals. However, future photonics
technologies mandate organic flexible devices; thus, opening research avenue for implementation of
organic photonics and electronics devices.

Keywords: organic photonics; non-centrosymmetric crystals; aliphatic secondary amines; chemical
crystallography; quantum chemistry

1. Introduction

The field of nonlinear optical (NLO) materials research has witnessed tremendous development
over the recent decades as a result from their implementation into a broad spectrum of emerging
technologies; for instance, lasers; light emitting diode ones; solar cell technologies; fiber-optic
communications; nonlinear optical devices; pyroelectric detectors; memory devices; and, more. A
number of NLO data-tables containing parameters of multi-functional materials have been
developed (2023) [1]; thus, not only introducing innovative materials, but also allowing for their
better comparison; property interpretation; and application-oriented characteristics among various
developed bulk-materials; corresponding 0D-3D ones; metamaterials; on-chip, fiber, or hybrid wave-
guiding materials [1-3]. Among, NLO parameters that should be considered, there are second-order
nonlinear electrical susceptibility x@); the effective second-order nonlinear coefficient derr; and third-
order nonlinear susceptibility x® [1,4]. There are highlighted a set of best practices specific and
broadly used to discuss the research on the discussed field, as well. The study of second-order wave
mixing processes of materials, emphasizing on second-harmonic generation (SHG) properties,
amongst others, are frequently applied. Moreover, the second-order nonlinear optical spectroscopies,
not only SHG one, but also sum frequency generation spectroscopy or linear electro-optic (Pockels)
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effect are applicable to study not only bulk materials, but also their surfaces and interfaces [4-7]. Due
to well-developed experimental methods for studying these processes detail on @ and dex
coefficients are of importance in developing of innovative molecular templates for application-
oriented aspects of the nonlinear optics.

However, bot the SHG and Pockels effect as nonlinear frequency doubling processes arising due
to x®( ((2w,0,0) or x@(-o,»,0) and strong second-harmonic signals — the same is valid to higher
order NLO responses — could be observed only from non-centrosymmetric crystals [4,8-10].

Therefore, the development of the crystal engineering and design of single crystalline materials
together with the comprehensive understanding of the connection among molecular structure,
crystals structure, and both the linear optical and nonlinear optical properties of materials contribute
crucially to develop a set of innovative and emerging NLO-technologies. The symmetry of the
crystals in the later context plays a crucial role in design and tuning of optical properties of materials.
The symmetry group of crystals defines the degrees of degeneracy of the corresponding energy levels
of materials and governs selection rules for their electronic and vibronic transitions, respectively,
observable optical phenomena. The crystal symmetry itself is governed chiefly by molecular packing
of neutral species, respectively, ions in the crystal lattice of materials together with external factors
and parameters such as crystallizing solvents, temperature, pressure, and more [11,12].

Further: The SHG phenomenon is sensitive toward crystalline surface and interface states, as
well [13]. Thus, it could be observed in centrosymmetric crystals, when there is breaking of inversion
symmetry of materials at the boundary.

In addition, assessment of effective non-linearity or derr coefficient of material is performed
depending on space group type; thus, defining dielectric tensor € component and principal values
of refractive indices [14]. The dielectric constants of crystals is useful parameter establishing the
dielectric behavior of corresponding materials and assessing its polarizability; and, thus, SHG
efficiency, because of high value of dielectric constant at low frequency could be a result from
presence of all polarizations.

Conversely, a low value of dielectric constant at higher frequencies could be a result from
gradual loss of all polarizations. In cases of low value of dielectric constant of the material in the
higher frequency region could cause for enhancing SHG efficiency of grown crystalline material.

Furthermore, there could be variation depending on temperature. At low temperature, there is
perturbation of SHG response due to crystal expansion in addition to expansion of electronic and
ionic polarizations.

Conversely, the variation of SHG response at high temperatures is attributed to thermally
generated impurity dipoles and charge carriers.

For the purpose of the current study, the effect of temperature on theoretical NLO-properties of
crystals is accounted for relations shown in [15].

Thus, fabrication of novel NLO devices also involves knowledge of material dielectric constant,
which is property of constituent ions of crystals in addition of data on electronic and ionic
polarizabilities, and deformation of (couter)ions of crystals. Together with dielectric constant data on
crystals, their refractive indexes, and electronic polarizability components, plasma energy, Penn gap,
an Fermi energy used to analyze SHG phenomenon of crystals, [16]; data on first hyperpolarizability
tensor components (Bix) are of significant importance for design and synthesis of novel NLO
materials, because of NLO susceptibility x@ is functionally related with them [4].

Perhaps, a strong argument, amongst others, favoring complementarily utilization of chemical
crystallography and computational quantum chemistry for in-depth understanding of linear optical
and nonlinear optical properties of crystals of organics, metal-organics, organometallics, or
inorganics is that found within the so-called effective medium theory maintaining bridge between
macroscopic properties of materials and corresponding microscopic response of their constituents
such as molecules or ionic species of both of these upon effect of electromagnetic irradiation [17,18].
The high accuracy methods of computational quantum chemistry allow for determining dipole
moment (i), polarizabilities, and hyperpolarizabilities (i, (Bik, and vix) of materials; thus, usefully
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helping to provide guidance for design and further optimizing of properties [4], because of these
parameters estimate the corresponding macroscopic NLO phenomena; for instance, NLO
susceptibility x@. In order to facilitate a comparative analysis between theoretically calculated
microscopic frequency-dependent first hyperpolarizability p(-20,m,0) (or SHG) or frequency
dependent electro-optic Pockels hyperpolarizability (B(-0,»,0)) with SHG experiments there is
frequently estimated SHG intensity which is determined via macroscopic second-order
susceptibility, x® there is used using equations (1)—(4) [19]. The V denotes volume. (Consider
equations (B2)—(B5) in Appendix B [19].) A simplistic presentation of equations (1)—(4) has been used
to these purposes, as well [20]. The current study utilizes crystallographically determined volume
data on crystals (1) and (2) as summarized in Table 1 (below). The validation of theoretically
computed relation of SHG via f(-2m,®,m) hyperpolarizability and frequency dependent electro-optic
Pockels hyperpolarizability (p(-o,®,0)) are comprehensively discussed [19,21]. The connection
between Pockels and SHG effects is estimated via dispersion relations for diagonal components of
electronic hyperpolarizabilities derived by Bishop and De Kee [22,23]. Useful definitions and
fundamental relations used to this study can be found [24,25], as well.

XE(Q(_ w; ('O’O) = 2xm X szz(_ w; O‘)’O)X 8zz((’o)>< €, (0)
v (1)
X2 0;0.0)= 2T x B, (-0 0,0)xe,, (of
v @)
X2 200,0)= 2 x P, (- 2050, 0)x £, (0
v 3)
@ ) _ 2XT )
Xzzx(_ 20“)’ , (’0) - vV X Bzzx(_ 20)’ @, (D)X €, (20‘))>< €, (O‘))
).

Further: There is not only breaking of space-inversion symmetry of crystals, but also breaking
of time-inversion symmetry due to long-range magnetic ordering of species [13]. In the later case an
applied magnetic field causes for novel contributions to SHG response. The effort on
comprehensively classifying SHG phenomena in cases of magnetically ordered materials allows for
an in-depth understanding of relation between the discussed phenomenon and magnetic structures
of the materials.

However, the achieving of the latter goal is regarded as still elusive (2023) [8]. So far, it is well-
established the fact that observable SHG effect indicates breaking of inversion symmetry of
crystalline materials within the framework of electric-dipole approximation [8]. The latter
approximation determines that a second order NLO process; if any, is forbidden in crystals with
inversion symmetry [5]. However, as aforementioned, often, the symmetry is broken at the surface
and interface of materials; thus, allowing, observation of SHG effect.

Owing to the fact that non-centrosymmetric space group type of crystalline materials appears
prerequisite for a plausible both theoretical and experimental research of nonlinear optics, there
should be a reliable justification of crystallographic structural solution depending on space group
types. The reliability of crystallographic data is to be gauged via single crystal X-ray diffraction
performances depending on space group types of structural solution and in accordance with a set of
statistical criteria. However, frequently there are questions about specifics in applying the various
methods for assessment of reliability of structural crystallographic solution, because of the quality of
data depends not only on capability of statistical approaches used to chemical crystallography, but
also on quality of single crystalline objects, it size, and scattering capability (consider detail on
[15,26].) Despite the fact that many of these specific questions are already dealt with there are further
reasons for questioning criteria for justification of structural solution, which cause for current
debates, as well.

One the most ubiquitous problems of crystal structure analysis of non-centrosymmetric crystals
is ambiguity between centrosymmetric and non-centrosymmetric space group type, particularly,
highlighting pairs P1/P-1; P21/P21/m; C2/C2/m; Cc/C2/c; and, Pna2i/Pnma, among others [27-30]. The
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crystal structure could contain centrosymmetric packing of molecules exclusively or there could be
an equal amount of enantiomers. In the latter case there is cancellation of polarity in packing in non-
centrosymmetric space group types. Due to these uncertainties between space group types there is
recommended description of structures in centrosymmetric packing when there is a lack of
supportive evidence for a corresponding non-centrosymmetric space groups [27-30]. On the other
hand, there could be doubt about sufficiency of supportive evidences, as well as, because of a
comprehensive analysis of available crystallographic data on Cambridge Crystallography Database
Center (CCDC) performed by Marsh (1999) has shown that at about 21.5 % of crystal structures solved
as triclinic non-centrosymmetric P1 space group are incorrectly solved and in fact correspond to
compounds exhibiting centrosymmetric P-1 space group [31]. It has been highlighted that this is most
common type of error occurring for crystals having triclinic space system. For the purposes of the
current study it should be also underlined that structural solution depending on the space group
types even looking at triclinic space system having only two space group types affects on geometry
parameters and intermolecular distances of species; thus, affecting on theoretically predicted NLO-
properties. It has been shown that when applied to space group P-1 rather than P1 one, then, this
leads to reasonable intermolecular distances and to apparently reliable structures [31]. The reader
should be well-awarded as aforementioned that reliability of knowledge of relationship of crystal
structure and nature of chemical bond, respectively, intermolecular interactions of crystals is of
significant importance in development of the field of NLO materials research because of, so far, there
is accumulated a large number of data on crystalline materials having ample reason to be self-
confident that; for instance, organic crystals with predominantly ionic character of bonds between
crystalline structural motifs or predominantly van der Waals interactions are among most prominent
candidates for NLO organic Raman lasing materials [12,32]. From the perspective of major goal of
this study it should be further highlighted that the shown above space groups are among the
frequently found ones of NLO-materials. Particularly, the prospects of crystals exhibiting space
group type P1 as prominent candidates for SHG green lasers has been highlighted [33]. Further, there
could be mentioned stilbazolium salts as DSNS-1, DSNS-2, and DSDMS ones (p. 100 [4]) crystallizing
also into P1 space group and showing prospective NLO-phore properties.

Despite, the fact that the field of NLO materials research chiefly elaborates innovative molecular
templates of inorganics, the design and synthesis of novel organic compounds possessing large NLO
properties shows prospective applications to NLO-technologies, spectroscopy, and integrated optics
as photonic devices, frequency modulators, parametric oscillators, devices for data transmission, and
mode, due to a set of advantages comparing with inorganic materials. For instance, these are easy
design and modeling of novel materials via chemically controlled synthesis of structural selected
modifications or changing of selected substituent or functional group of chemicals [33,34]. There
should be also added advantages such as their low molecular weight, eco-friendly nature, and low
cost [2,11,35-41].

Therefore, the concept of complementary application of chemical crystallography and
computational quantum chemistry to estimate NLO-phenomena of organic crystals is involved,
herein, to characterize molecular and crystal structure of (2-piperazin-1-yl-ethyl)-nitrimine dihydrate
(1) (Figure 1) accounting for effect of crystallographic packing of both the space groups P-1 and P1 of
the triclinic space system. A comparative analysis with crystals of 3,3,5-trimethyl-5-
((nitroamino)methyl)cyclohexanaminium hydroxide (2) solved into monoclinic Pc and orthorhombic
Pca2: space groups is performed accounting for the fact that the latter non-centrosymmetric
orthorhombic space group type belongs to among most favorable ones for design of novel NLO
materials as aforementioned, but also as there has been highlighted above it is among the widely
disputable one among the shown pairs of space groups of crystals [27-30]. The electronic absorption
and vibrational properties of crystals of (1) and (2) are first detailed on this study both experimentally
and theoretically. The latter data are further compared with novel crystallographic and optical
spectroscopic results from synthetic derivative (2-piperazin-1-yl-ethyl)-carbamic acid dihydrate (3).
The presented crystals are based on chemically substituted aliphatic secondary amines. They are
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regarded as prospective templates for design and synthesis of organic NLO-phores, due to known
facts, so far, showing that single crystals of such derivatives exhibit noble physico-chemical
properties, lower cut-off wavelength, hardness, and high NLO efficiency (2024) [42—47] in addition
to the fact that their polyproton accepting capability make them excellent templates for easily tunable
crystallographic packing depending on experimental conditions and presence of counterions. It
should be also add that the discussed class of organics, particularly, highlighting their nitrimines and
carbamates have one-step synthetic scheme in mild synthetic conditions. A set of carbapates of
studied  herein  aliphatic = secondary  amines;  for  instance, tert-butyl  4-(2-
(methylamino)ethyl)piperazine-1-carboxylate [48], and (2-morpholin-4-yl-ethyl)-carbamic acid tert-
butyl ester [49] (2020, 2022) have been reported. The discussed class of organic compounds is also
broadly used to design of hybrid organic-inorganic NLO-phores; thus, exploring advantages of both
the organic and inorganic constituents of crystals [43]. In the brief space of this paper it could be only
further sketched some pro-arguments for advancing the discussed crystals (1) and (2) as prospective
materials for applications to nonlinear optics. These derivatives show optical transparency within a
broad range of electromagnetic spectrum encompassing 190-1000 nm; and, importantly, these
compounds preferable crystallize into non-centrosymmetric space group types. The carbamate-
derivative (3) can be produced via simple non-isocyanate route, as well. It is developed as mild
synthetic approach to polymer research yielding to aliphatic thermoplastics [50]. Owing to the fact
that the latter method is applied to 3-aminomethyl-3,5,5-trimethylcyclohexylamine, however; thus,
obtaining polymer material instead of short chain oligomers the nitrimine chemical substitution of
crystals (1) and (2) appears preferable approach; thus, avoiding the easy polymerization processes of
the discussed analytes, particularly, highlighting the 3-aminomethyl-3,5,5-
trimethylcyclohexylamine. The refractive index of the latter compound is 1.4888 at T=20°C and 1=589
nm [51,52], while aminoethylpiperazine the refractive index is 1.5298 at 1=589 nm and T=20°C [53].
The theoretical analysis of optical and nonlinear optical properties involves linear optical and
frequency dependent nonlinear optical characteristics of the crystals with respect to the different
space groups in gas-phase and polar media together with the study of the effect of the temperature
on the nonlinear optical properties.

M/ NHo /. ,NHo o R
HN NI@/ 0 d ™ evo =N N/ J—OH
o e x2H,0 HN (@) «H,0 HN—\_ /_9\ x2H,0
] . 2 /T N\
oxNe N NH b 0 N NH
0 A / OH
S a 3
(CCDC 1567089) 1) (CCDC 775457) (P2,2,2,) (CCDC 1567095) (P2,/c)
NH o
NHZ (‘D’N_O
O
‘H,0 =
Cl
0.2 .NH
|
0w H>N
/‘ © (CCDC 881821) (P1)

(CCDC 881820) (Pca2,) (CCDC 1583979) (Pc)

Figure 1. Chemical diagrams of crystals presented and discussed in this study; CCDC codes, and space group
types; crystal structures of (2-piperazin-1-yl-ethyl)-nitrimine dihydrate (1) (CCDC 1567089) and (2-piperazin-1-
yl-ethyl)-carbamic acid dihydrate (CCDC 1567095) (3) are reported first, herein, while only crystallographic data
on structural solutions of 3,3,5-irimethyl-5-((nitroamino)methyl)cyclohexanaminium hydroxide (2) into space
groups Pc (CCDC 1583979) and Pca21 (CCDC 881820; polymorph I) are according to [54-56]; crystallographic
data on 2-(morpholin-4-yl)-N-nitroethanamine 2-(morpholin-4-yl)ethanamine monohydrate (CCDC 775457)
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[65,57] and 1-(4-chlorophenyl)-N-nitromethanamine 1-(4-chlorophenyl)methanamine, [55,58] have been
reported, previously; data on non-centrosymmetric (Pca2i) polymorph II of N-((5-amino-1,3,3-
trimethylcyclohexyl)methyl)nitramide monohydrate have been reported to [59,60].

2. Materials and Methods
2.1. Synthesis

The synthesis of (1) was performed by non-substituted 2-piperazin-1-yl-ethylamine base (Sigma-
Aldrich Inc., 0.1291 g) with nitric acid under heating at T=100°C for t=2h. The utilization of slow-
evaporation approach to the mixture causes for isolating of colorless single crystals at about a week.
Yields 60%. Analytical calculations for [CeHsN:Os] (1): C, 37.49; H, 8.39; N, 29.15 %. Found (1): C,
37.50; H, 8.13%. The synthetic scheme is applicable to other aliphatic secondary amines, as well
[55,59].

Further: References [54]-[60] detail on crystallographic data on species depicted in Figure 1
excluding from the novel crystals (1) and (3) reported to this study, first. The same is valid to optical
spectroscopic data on crystal (2) which are also reported for the first time in the literature in the
current paper. Both the vibration spectroscopic and mass spectrometric data on polymorphs I and II
of the orthorhombic phase Pca2: of (2) have been detailed on [59]. The latter study details on the
experimental crystallographic and theoretical electron density analysis of (2), as well.

2.2. Analytical Instrumentation

The single crystal X-ray diffraction hkl-intensities of crystals were obtained using Bruker Smart
X2S diffractometer, and micro source Mo Ka radiation. There was employed ® scan operation mode.
The structural data-blocks of crystallographic variables were processed by SHELXS-97 [61-63],
OLEX2 [64], and PLATON [65], respectively. Crystallographic refinement parameters are listed in
Tables 1 and S1. The crystal structures of (1)—(3) are presented via PLATON [66] (Figure 2). The
applied absorption correction method is based on multiple scanned reflections. The crystal structures
were solved by direct methods using SHELXS-97 and were refined by full matrix least-squares
refinement against F? [61-63]. Anisotropic displacement parameters were introduced for all non-
hydrogen atoms. The experimental structural factors were further processed by WinGX 2014 [67]
towards data quality. WTANAL and DRK plot analyses of the structure factors were carried out. In
addition, to residual analyses and THMA were performed; thus, evaluating the thermal motion on
the basis of the experimentally measured Uj values [68,69].
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Figure 2. PLUTON plot of unit cell content of crystal (1) depending on the space group type P-1ot P1 (A); packing
structure of crystal (1) in space group P-1 (B); asymmetric unit of crystal (2) in Pca2: space group (CCDC 881820
[55,56]) ().

HPLC-ESI-tandem MS/MS measurements were performed on TSQ 7000 instrument (Thermo
Fisher Inc., Rockville, MD, USA), using mobile phase compositions 0.1% (v/v) aqueous solution of
HCOOH, 0.1% (v/v) HCOOH in CHsCN; 20.0% (v/v) HCOOH in CH3CN:CH3OH solvent mixture
1:1; and 10.0% KOH/NaCQO:s in CH3OH. A triple quadruple mass spectrometer (TSQ 7000 Thermo
Electron, Dreieich, Germany) equipped with an ESI 2 source was employed for ESI-MS
measurements under experimental conditions shown in [55]. The mass spectrometric data were
processed by Excalibur 1.4 software. A standard LTQ Orbitrap XL (Thermo Fisher Inc.) instrument
was employed, as well. The chromatographic analysis was performed with a Gynkotek (Germering,
Germany) HPLC instrument, equipped with a preparative Kromasil 100 C18 column (250x20 mm, 7
pm; Eka Chemicals, Bohus, Sweden) and a UV-detector set at 250 nm. The mobile phase is
CHsCN:H20 (90:10, v/v) at a flow rate of 4 mL.min"'. The analytical HPLC was performed on a
Phenomenex (Torrance, CA, USA) RP-18 column (Jupiter 300 150x2 mm, 3 pm) under the shown
conditions. The analysis was carried out using Shimadzu UFLC XR (Kyoto, Japan) instrument,
equipped with an auto-sampler, PDA, an on-line degasser and column thermostat. As stationary
phase a Phenomenex Luna Phenyl-Hexyl column (150x3mm i.d., 3 um particle size) was used.

The IR-spectra were measured on a Bomem Michelson 100 FTIR spectrometer (4000-400 cm, +1
cm! resolution, and 200 scans). It is equipped with a Specac wire-grid polarizer. The data were
processed via GRAMS Al 7 software (Thermo Fisher Scientific Inc.)

The UV-VIS-NIR spectra were recorded on Evolution 300 spectrometer within the 190-1100 nm
range.

2.3. Theory/Computations

The GAUSSIAN 98, 09; Dalton2011 and Gamess-US [70-72] program packages were used. The
output files were visualized by GausView03 [73]. Ab initio and DFT molecular optimization was
carried out by means of B3LYP, B3PW91 and wB97X-D methods, respectively. The Truhlar’s
functional M06-2X was used, as well [74,75]. The algorithm by Bernys was taken into determine the

d0i:10.20944/preprints202501.1764.v1
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ground state. The stationary points at the potential energy surface (PES) were obtained by harmonic
vibrational analysis. The criterion confirming minima of the energy is the absence of imaginary
frequencies (negative eigenvalues) of second-derivative matrix. The basis set cc-pVDZ by Dunning,
6-31+ + G(2d,2p), quasirelativistic effective core pseudo potentials from Stuttgart-Dresden(-Bonn)
(SDD,SDDALI, https ://www.cup.uni-muenc hen.de/oc/zipse /losalamos-natio nal-labor atory -lanl-
ecps.html), and LANL2DZ were used [76]. The zero point vibrational energy and vibrational
contributions have been accounted for up to a magnitude value of 0.3 eV. Species in solution were
examined by of explicit super molecule and “mixed” approach of micro hydration. The polarizable
continuum method is used. The effect of the ionic strengths in solution was accounted for integral-
equation-formalism polarizable continuum model. Merz-Kollman atomic radii and heavy atoms UFF
topological models were used. Large species were treated using own N-layer integrated molecular
orbital and molecular mechanics method. The electrostatic potentials and natural bond orbital (NBO)
methods are applied, as well. The molecular dynamics was performed by ab initio or DFT Born
Oppenheimer approach. It was also carried out at M062X functional and SDD or cc-pvDZ basis sets,
without to consider periodic boundary condition. The trajectories were integrated using Hessian-
based predictor-corrector approach with Hessian updating for each step on Born — Oppenheimer
potential energy surface. The step sizes were 0.3 and 0.25 amu/Bohr. The trajectory analysis stops
when: (a) centers of mass of a dissociating fragment are different at 15 Bohr, or (b) when the number
of steps exceed the given to as input parameter maximal number of points. The total energy was
conserved during the computations within at least 0.1 kcalmol-1. The analysis was performed by
fixed trajectory time speed (¢t = 0.025 or fs) starting from initial velocities. The velocity Verlet and
Bulirsch-Stoer integration approaches were used. The Allinger’s molecular mechanics force field
MM2 was also employed [77]. The low order torsion terms is accounted with higher priority rather
than van der Waals interactions. The accuracy of the method comparing with experiment is 1.5
kJ.mol-1 studying diamante [78]. The differences in heats of formation of alcohols and ethers is
10.041-16.021 k]J.mol".

Crystallographic structural data on (1) and (2) were used to input atomic coordinates during
quantum chemical computations.

Calculations of electron absorption spectra were performed using exchange correlation potential
and including scalar-relativistic effects. The electronic absorption spectra were obtained by electronic
excitation computations within linear response in time dependent density functional theory and the
Tamm-Dancoff approximation [79-81].

Table 1. Crystallographic refinement data on crystals (1) and (2); data on crystal (3) are shown in Table S1; the

non-centrosymmetric solution of (1) is presented as supporting information (s.i.).

Compound (1) (2)

CCDC 1567089 (s.i.) 1583979 881820 1583979
PolymorphI | Polymorph II

Ref. This study This study [54,55] [55,56] [59,60]

Empirical CsHisN4Os CsH1sN«Os CiuH2N30s CuH2N30s C20H34N6Os

formula

Moiety formula | CsHisN4Os CeHisN4Os C11H2N30s3 CuH2N:0s C20H34N6Os

Formula mass 191.22 191.22 244.32 244.32 454.53

Crystal system Triclinic Triclinic Monoclinic Orthorhombic | Orthorhombi

c

Space Group P-1 P1 Pc Pca2: Pca2:

a[A] 9.646(2) 9.646(2) 7.9820(18) 10.9481(15) 10.951(2)

b[A] 10.321(2) 9.646(2) 14.438(3) 14.463(3) 28.852(6)
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c[A] 11.047(3) 10.321(2) 10.9433(19) 8.0063(12) 7.9923(18)
+ ] 108.944(6) | 11.047(3) 90.00 90.00 90.00

+ [°] 95.120(7) 108.944(6) 90.00 90.00 90.00

o [] 105.960(6) 105.960(6) 90.00 90.00 90.00

V [AY] 980.7(4) 790.6(3) 1261.1(5) 1267.8(3) 2525.2(9)
Z 4 4 4 4 4
o[g.cm] 1.282 1.190 1.287 1.217 1.196
F000 408 378 532 508 976
o(Mo-K) [mm1] 0.100 0.095 0.094 0.090 0.089

T [K] 293(2) 199(2) 199(2) 198(2) 199(2)

® range 2.59-25.07 2.59-25.07 2.55-24.76 2.33-25.04 2.33-25.04
Refl. collected 3395 9254 7635 7565 4281
Unique refl. 2602 6569 3544 2223 3415
R1[20(I)] 0.1127 0.1060 0.0515 0.0617 0.1224

R1 (all data) 0.3194 0.3313 0.1254 0.1548 0.3277
wR2 0.1305 0.1306 0.0699 0.0804 0.1659
GooF 2.151 1.274 1.139 0.985 1.479
Diff. peak/ hole |0.854/-0.574 |0.898/-0.590 |0.222/-0.358 0.278/-0.398 1.517/-0.885
[e/A3]

3. Results

3.1. Crystallographic Data

Figure 2 depicts unit cell content and packing of crystal (1) solved into both the triclinic P1 and
P-1 space groups. The application of ADDSYM test to these structural solutions (Figures S1 and S2)
indicates that there should be favored the latter one, despite, the fact that the non-centrosymmetric
solution of the crystal yields to lower performances and Ri factors (Ri=0.1060). Figure S3 illustrates
powder X-day diffraction data. The ensemble of two organic molecules of packing of the
centrosymmetric phase and the unit cell content of the non-centrosymmetric one of (1) show similar
intramolecular interaction networks (Figure 3.) There is slide variation of NOH--NH, NH--ON, and
HOH--OHN bonds showing parameters r(O--N)=2.681, r(N--O)=2.757, and r(O--0)=2.852 A of P-1
crystal of (1) and r(O-~N)=2.679, r(N-0)=2.665, and r(O-0)=2.752 A of its non-centrosymmetric P1
phase.

The application of ADDSYM test of structural solutions of crystal (2) in Pc and Pca21 space group
types (Figures S4 and S5) indicates that there is favored the non-centrosymmetric orthorhombic Pca2:
space group type showing Z=4 or one organic molecule in the unit cell. The asymmetric unit of (2) is
shown in Figure 2C. The molecules of (2) are involved into moderate NH--O interactions
(r(N-0)=2.814-2. 835 A); thus, forming a 3D intermolecular hydrogen bonding network. The test
results from crystallographic solution of (3) are shown in Figure Sé6.
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Figure 3. Intermolecular hydrogen bond networks of crystals (1) and (2) in P-1, P1, and Pca2: space groups; data
on (2) are according to (CCDC 881820) [55,56].

3.2. Electronic Transmission Spectra

The electronic transmission spectra of (1) and (3) are shown in Figure S7. The former crystal (1)
is transparent within 190-1100 nm; thus, making it suitable candidate for NLO-application. The low-
intensive UV-bands of (3) are assigned to n—n" and n—n" transitions of carbamate structural sub-unit
of the aliphatic secondary amine. Figure S8 depicts corresponding data on Pca2: crystal of (2). Due
to polyproton accepting capability of 3-aminomethyl-3,5,5-trimethylcyclohexylamine there is studied
effect of pH on its optical properties. With increasing in pH, there is observed a band at 195.0+0.52
nm assigned to charge transfer effect between the aliphatic secondary ammonium cation and
inorganic counterion in the acidic medium.

3.3. Vibration Spectroscopic Data

The IR-spectrum of non-substituted 1-(2-aminoethyl) piperazine has been detailed in [82]. The
data on its nitrimine and carbamate derivatives obtained in crystals of (1) and (3) are depicted in
Figure S9. There is highlighted difference in IR-spectra of the two types of substituents consisting of
intensive band at 1717 cm™ of vc-o stretching vibration of carbamate moiety of (3). The obtained IR-
spectroscopic patterns of crystals (1) and (3) agree well with results from powder X-ray diffraction
(Figure S3) and scarce available vibrational spectroscopic characteristics of isophoronecarbamate
showing IR-bands in liquid phase at 668, 738, 779, 866, 893, 954, 1017, 1043, 1069, 1139, 1154, 1193,
1251, 1311, 1343, 1365, 1387, 1463, 1542, 1696, 2848, 2922, 2954, 3069, and 3333 cm [83] together with
data on analogous derivative of morpholine revealing IR-bands at 2974, 2875, 1695, 1407, 1255, 1266,
and 1128 cm’, respectively [84]. The presence of intensive band within 1720-1695 cm™ of vc-o
stretching vibration appears characteristic mode of carbamate-derivatives of aliphatic secondary
amines.

Figure 4 illustrates solid-state IR-spectrum of the non-centrosymmetric Pca2: phase of (2)
together with the IR-pattern of the starting analyte 3-aminomethyl-3,5,5-trimethylcyclohexylamine.
Since, the vibrational IR-spectroscopy appears a powerful approach to distinguish between
nitrimine- and carbamate-derivatives of aliphatic secondary amines it has been already applied to
such as derivatives in course of our systematic analysis of organic crystal of salts, including the
second Pca2: polymorphs of (2) [59].
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Figure 4. Condensed phase FT-IR spectra of crystal (2) in nujol mull and liquid 3-aminomethyl-3,5,5-
trimethylcyclohexylamine (base) within different regions of the electromagnetic spectrum (A); curve fitted
spectroscopic patterns of the two analytes within 3800-3000 cm'; chemometrics (B); the IR-spectrum of the non-
substituted liquid base has been detailed on theoretically and experimentally in [59].

3.4. Theoretical Data

The a and § tensors obtained from the theoretical treatment are microscopic quantities that refer
to a unit cell in crystals or to a single molecule in the 0D case [19]. The application of symmetry
operations permits utilization of the discussed computations to periodic systems of crystals.
Particularly inorganics crystallizing into non-centrosymmetric space group types Cmc2: and P1 of
boehmite have been computed [85]. In our case there is Pca2: which belongs to the same orthorhombic
point group ‘mm?2’, using Hermann-Mauguin notation as Cmc2i, while Pc and Cc belong to
monoclinic point group ‘m” according to the latter notation. Despite, the fact that in the case of crystal
(2) there are comparable Ri-parameters of crystallographic solutions in both the monoclinic Pc
(R1=5.15) and orthorhombic Pca21 (Ri=6.17) space groups there is favor high symmetry [86]. For this
reason, a large number of crystal structure prediction approaches utilize for input parameters guess
structures that are of high space symmetry, due to the fact that the most similar low-energy
structures; if any, could be found much more rapidly [86]. Due to reasons sketched, so far, there is
used the unit cell content of crystals for purposes of the theoretical analysis or asymmetric units,
which are smallest part of molecular crystal structure allowing for symmetry operations to obtain
complete unit cell of the crystal, which is its repeating unit. The utilization of the asymmetric unit is
carried out in the case of crystal (1) due tot he following reasons. A survey of crystal structures in the
chiral space group P1 has shown that the standard deviation of the structural solutions depending
on the space group type, thus, distinguishing between P-1 and P1 ones away from inversion
symmetry could be as low as 0.07 A as in the case of (1) [31,87,88]. Due to these reasons there is slight
as aforementioned variation between the unit cell content of the non-centrosymmetric phase of (1)
and the packing one of its P-1 phase. As illustrated in the preceding sub-sections this fact causes for
identical type of intermolecular hydrogen bonding network and slide variation of the geometry
parameters. Therefore, these lies a reasonable question: How to distinguish between the two type of
crystallographic packing of (1) depending on the triclinic space group types? As an effort to address
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the latter question adequately there are computed two types of packing of molecules of the non-
centrosymmetric P1 phase of (1) shown in Figure 5.

Figure 5. The unit cell content and packing of (1) depending on the space group type; chemical diagrams of

ensembles of interacting pairs of molecules typical for only non-centrosymmetric phase P1 of the crystal of (1).

The reliability of theoretical analysis of NLO properties of crystals including NLO-ones and
asymmetric unit has been illustrated comparing theoretical and experimental hyperpolarizability
data on crystal of crystals of l-phenylalanine-l-phenylalaninium chloride [89,90]. The work [90]
estimates experimental and theoretical SHG-data on bis(guanidinium) 2,2’-bipyridine-3,3’-
dicarboxylate with respect to various ab initio and DFT approaches.

Figure 6, Tables 2, S2 and S3 summarize the theoretical NLO-data on crystals (1) and (2)
depending on the space group type. There are computed and summarized different symmetry
relations among tensor components of Bi(— (;01,m2), because of all they are obeyed studying NLO-
materials.

Crystal (1) shows large polarizability and hyperpolarizability data comparing with crystal of (2);
furthermore, accounting for a large difference in tensor component values, which could be attributed
with the extended molecular geometry of the nitrimine derivative of 2-piperazin-1-yl-ethylamine
comparing with the corresponding derivative of 3-aminomethyl-3,5,5-trimethylcyclohexylamine.

A comparative analysis with experimental SHG and theoretical dynamics hyperpolarizability
data on guanidinium salt of 2,2’-bipyridine-3,3’-dicarboxylic acid crystallizing into orthorhombic
space group Pca21 [90] as the crystal (2) reported, herein, it could be said that crystal (1) first presented
in this paper shows 8.95, 1.18, and 1.72 times larger bxx, bxy, and bxw tensor component values
comparing with the innovative organic NLO-phore reported to work [90]. The comparative analysis
involved results from computations of unit cell content and the asymmetric unit as aforementioned.
The same theoretical design has been applied to study [90]. In addition, there is obtained exact
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polarizability of (1) a=429.511.10? esu in gas phase. The computations in polar protic solvet water
show increasing in value up to 0=704.366.102* esu. The latter results are in agreement with the
statement that solute-solvent interactions of NLO-phores depending on the properties of the medium
could dramatically modify the electronic NLO-response of solute species [91]. Despite, the fact that
the latter work underlines the discussed effect as predominantly observable in conjugated push-pull
organic NLO-phores, this study shows that the medium affect on NLO-performances of aliphatic
secondary amines, as well. The dynamic polarizability data on (1) are comparable with results from

N4,N4-dimethyl-2-(methylsulfanyl)-N6-(4-phenoxyphenyl)pyrimidine-4,6-diamine

innovative multifunctional material, including, organic NLO-phore (2024) [92].
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Figure 6. Dynamic nonlinear optical properties of the non-centrosymmetric phases P1 and Pca2:1 of crystals (1)

and (2).

Table 2. Static and dynamic nonlinear optical properties of the non-centrosymmetric P1 phase of crystal (1); |1,

_|_denote parallel and perpendicular components; (z) with respect to z axis; vector components x,y,z.

Electric dipole moment [Debye]

First dipole hyperpolarizability, {3 [.10% esu]

Ottot 0.241711.10*

O 0.0 Bli 0.884883.10!

Qy 0.0 Bl -0.243294.102
oz 0.241711.10* PBrocx 0.792536.10"

Dipole polarizability, a [10* esu] Broxy 0.160591.10?

Qtiso 0.367945.10? Byxy -0.456727.10
Qtaniso 0.464008.10? Byyy -0.184039.10°
Ot 0.583943.102 PBroc 0.521545.10"

Otyx 0.607893.101 By -0.478818.10"
Oy 0.204121.102 Byyz 0.327977.101

Oz 0.162562.102 Boxz -0.114679.102
Otzy 0.401414.102 Beyz 0.579436.10"
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Otzz 0.213094.10° B2z 0.625282.101
a(-w;w) w=455.6 nm [102* esu] B(-w;w,0) w=455.6 nm
Otiso -0.373816.102 Bl -0.425821.10°
Otaniso 0.139823.10° Bl -0.184992.105
Otxx -0.124242.10° [Brocx -0.625373.10*
Otyx 0.283544.102 Byxx -0.347627.103
Qyy 0.537980.10! Byyx -0.129018.103
Otzx -0.400332.10" Paxx -0.624656.103
Ozy 0.614927.101 Bzyx 0.142934.103
Otzz 0.671765.10 Brax 0.535172.102
By -0.162021.104
Byxy 0.217864.10°
Byyy -0.584540.102
Paxy 0.355250.102
PBayy 0.329955.102
PBzy -0.517619.102
Broz -0.780140.10°
Byxz -0.659689.101
PByyz -0.112060.102
Bz 0.113699.10°
PBayz 0.191883.102
Pz -0.514790.102

4. Discussion

After considering experimental and theoretical data on linear and nonlinear optical properties
of non-centrosymmetric P1 and Pca2: phases of crystals (1) and (2) of nitrimines of aliphatic
secondary amines the discussion seems to be forced into following direction. The inorganic materials
are key crystalline templates for applications to photonics technologies including lasers [1]. Despite,
organic-inorganic hybrid materials and organometallics have also garnered increasing attention
(2025) as marked templates for design and development of innovative NLO-phores due to their
significant structural flexibility; and stability; furthermore, allowing incorporation of a large scale of
organic constituents as an effort to model effectively their NLO-performances [15,93-95]. The same
is valid to organic NLO-phores due to richness in molecular structural templates; thus, providing a
plethora of molecular properties and bonding mode possibilities of their crystals allowing easy
tunable a broad spectrum of properties of such materials [96-99]. Particularly, the highlights are on
the capability of incorporating chiral molecules are organic constituents; thus, breaking the symmetry
of the bulk crystalline material and facilitating the formation of non-centrosymmetric space group
type templates of materials, because of there are two important criteria for potential technological
application of photonics crystal with highlighted SHG response consisting of (i) large first-order
molecular hyperpolarizability parameters, and (ii) non-centrosymmetric space group type of the
crystal structure [100,101]. The non-centrosymmetric crystals show second order NLO-features
which are required for generating NLO-devices [102]. The former criterion is closely connected with
the molecular structure of the constituents of the crystals and their electrical polarization properties.
The latter criterion depends mainly from the molecular packing of the crystals [101]. The strategy
used to design and synthesis of both the metal-organics or organic NLO materials is mainly
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implemented into the field of crystal engineering of novel molecular structures exhibiting linear and
NLO-properties, because of chiral molecules produce non-centrosymmetric crystals. However, in the
light of the later statement it might well be said that there are observation statements that could be
considered as important step of organization of research experience and development of effective
strategies for production of innovative NLO-templates of both metal-organic and organic materials.
They should be considered as an effort on optimizing efficiency of photonics crystals, because of the
search of high performance crystalline templates has grown significantly looking at faster, efficient,
and reliable and reliable innovative optical devices; thus, excluding from only approach to implement
chiral constituents into the bulk crystals of materials, because of such compounds show frequently
low quality crystal growth. The current study takes a view that the no chiral molecular templates
could be also usefully implemented into the design of novel NLO-phores. The current study
highlights the aliphatic secondary amines as such as molecular templates, particularly highlighting
their nitrimines, despite, the fact that our systematic research effort on design and synthesis of organic
salts of these derivatives has shown that often depending on the type of the counterion there are
produced non-centrosymmetric crystals without implementation of chiral agents. Together with the
crystal (1) reported to this study, first, there could be mention organic salts of the same aliphatic
secondary amine, 2-piperazin-1-yl-ethylamine that produce diversity of non-centrosymmetric
structures depending on the couterion. Table 3 details on examples of our practice of non-
centrosymmetric crystals of the latter analyte and structurally similar bases in addition to examples
of primary amine 3-aminomethyl-3,5,5-trimethylcyclohexylamine used to design and synthesis of (2).

Table 3. Crystallographic data on selected non-centrosymmetric crystalline template of aliphatic amines of our

systematic series of their crystals of organic salts and metal-organic materials.

CCCDC  |Space group |Chemical diagram Ref.
760142 Pca2: @ [103,104]
NH; 0,
X |
@ )
NH;0

(3-(ammoniomethyl)-3,5,5-trimethylcyclohexanaminium 3,4-dioxocyclobut-1-ene-1,2-diolate)
882498 C2/c/Cc ©0. [103,105]

@ |
X 2 X 2H-0
HoN N HN. _NH 2

9-aza-3,6-diazoniaspiro [5.5]undeca-2,8-diene bis(5-nitroso-2,6-dioxo-1,2,3,6-tetrahydropyrimidin-

4-olate) monohydrate

770390 P21/P21/c ® © [106,107]
) O
/\® /NH;
H,N® NH X3
HO O
2-(piperazine-di-ium-1-yl)ethylammonium tris(hydrogen squarate) monohydrate
775456 P212121 OH O [108,109]
® OH
® —/_ N H3
NH X 57 x2H,0
©S0,
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1-(2-ammonioethyl)pyrrolidinium bis(3-carboxy-4-hydroxybenzenesulfonate) trihydrate
832306 Pca2i/Pmna ®//\@® OH [110,111]

(NH NH— xzncl,*

OH
1,4-bis(2-Hydroxyethyl)piperazinedi-ium tetrachloro-zinc(ii)
792094 Pca2:/Pmna S) [112,113]
CIxCl

¢ ®N H—/_

1-(2-chloroethyl)piperidinium chloride

A this point, I should concentrate on the fact that these non-centrosymmetric crystals are
obtained within the one step synthesis in mild conditions and high yields; thus, further allowing
flexible design and chemical substitution. In addition there should be highlighted that these
derivatives coordinate preferably with transition metal ions; thus, producing diverse metal-organic
hybrid templates, as well (Table 3). The latter statement, particularly, is connected with the fact that
a comprehensive study devoted to comparative theoretical analysis of dynamic NLO-performances
of organics and corresponding metal-organic materials with the same organic ligands has shown that
there is 1.37 - 1.12 [10-30 cm5.esu-1] of brrs of the free ligands and their corresponding Zn'-complexes
[114]. Therefore, the in-depth study of the molecular factors affecting on NLO-properties of materials
is directly connected with not only the development of the organic NLO-materials research, but also
the metal-organic and organometallic one.

Therefore, the effective evaluation of the NLO-performances could be carried out focusing the
attention on the first hyperpolarizability data among others [1,100,101] which accounts for the
material response to an applied electric field. It is capable of generating second-order NLO effects
[100,101]. The magnitude order depends on a set of factors; for instance, molecular structure and
electronic properties of the molecules constituting the crystals, their symmetry, and more [100,101].
The latter knowledge could be tailored in order to enhance NLO performance. The complementary
application of chemical crystallography and computational quantum chemistry is a major
methodology used to assess NLO-performances. As can be seen the non-centrosymmetric crystalline
phases of (1) and (2) together with preliminary crystallographic results from derivative of the same
chemical class shown in Table 3 provide prospective reliable justification for further systematic
research effort on their application-oriented aspects to photonics technologies as purely organic or
metal-organics materials.

5. Conclusions

Let me conclude this study with the major point among others which could be drawn, as well.
The crystals (1) and (2) are among the best cases of crystalline molecular templates of aliphatic amines
allowing to model molecular packing depending on the space group type; thus, allowing us to assess
the affect of the molecular structure and the mode of intermolecular interactions of crystal on the
dynamic first hyperpolarizability in both the gas-phase and solution. Owing to the fact that the two
major criteria of large first-order molecular hyperpolarizability data on crystals and their preferred
crystallization into non-centrosymmetric space group type are required for generating innovative
NLO-devicesfor application-oriented aspects of the photonics technologies, the crystallographically
determined P1 and Pca2: space group types and large dynamics first-order molecular
hyperpolarizability data together with their optical transparency within broad range of
electromagnetic spectrum 190-1100 nm marked them as prospective templates for further application
oriented research and development efforts for the discussed purposes.
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Supplementary Materials: Experimental and theoretical optical spectroscopic and crystallographic data on
crystals (Figures S1-S9 and Tables S1-S3). CCDC 1567089 (1), and 1567095 (3) contain the supplementary
crystallographic data on the crystals. They can be obtained free of charge via
http://www.ccdc.cam.ac.uk/conts/retrieving.html, or from the Cambridge Crystallographic Data Centre, 12
Union Road, Cambridge CB2 1EZ, UK; fax: (+44) 1223-336-033; or e-mail: deposit@ccdc.cam.ac.uk.
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