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1 Introduction

The field of nonlinear optics is currently one of the most attractive fields of research
because of its applications in various aréfsge development ithis field hasbegun &er
theconstruction ofthe first laser in 1968 This highly energetic and coheresburce
of light enableddiscovery ofwide range of effectampossible to observe witbommon
light sources. Oa of the discovered effectgassecond harmonic generati®HG) caused
by a notinear response of matergato light The principle of this effect idased
onannihilation oftwo photons bthe same frequency which leads to productioromné
photon withdouble frequency. 8orty, SHG allows generation ohew wavelengths
of light but, unfortunately,it is possibleto observeonly in moleculeswith particular
properties. The most important tlsat mateial has no centre dfymmetry wiat is rare
in nature. Thereforepreparation ofuitable materials demandselection ad design
of promising molecules whichis the main interestof nonlinear optics anccrystal

engineering.

1.1 Nonlinear optics (NLO)

Nonlinear optics is a branch of optics that studies interaction of light with matter
where response of thissystem to the applied electromagnetic fielsl monlinear
in theamplitude ofthis field. For observation of nonlinear effechigh light intengies
provided by lasearerequired to modifythe optical properties of material. Althoygiome
of the nonlineaeffects where discoverdmkfore thénventionof laser?

The examples of these phenomena might be Pockels anel€etmcopticseffects
known sincethe 19thcentury. Both effects describe chge in the refractive index
of amaterial induced by applied electric fielth linear, Pockels effect the response
is proportional taheelectic field while in Ker effect thechange in refracte index
is proportional tahesquare of the electric fieldThe Pockels effectoccurs only
in materials without a centre of symmetry such as LiNbh@raOs or GaAs*

After the first laser wabuilt rich diversity of nonlineaoptical effects was described
including sum frguency generation (SFG) or difference frequency generation (DFG)
They are both based on annihilation of two érdent photonswhile, simultaneouslyone

photon isgeneratedlts frequency isa sum (SFG) ora difference(DFG) of frequencies



of initial photons. Special case um frequency generatios second harmonic generation
in which two ircidentphotons have same frequendies.

1.1.1 Physical principles

Oscillating electric fielc® of the light that passes through molecules deforms their
electron cloud. Thiglisplacemenbf electron density causescillation of dipole moment.

Forlow light intensities (daylight ~10? V/cm) is response of dipole momera linear

with respect to the electric fie@andcan be expredsy equation (1)

D | Q 1)

where U is linear polarizéion coefficient In this case dip@s in molecules oscillate
with thesame frequency as frequency ahcidentlight.®

If the electric field intensity isomparable to the atomic fields1(0® V/cm) response
of molecules is no longer linear and the equation rafnlinearmolecularpolarization ip

is given byTaylor series expansion

1@ TG [GS8, )

whereb is the second ordemdo the third order hyperpolarizabilityTypically, only laser
light is sufficiently intense tgenerateonlinearopticsphenomen4.
An assembly of these dipole®rms a macroscopic polarizatic® that is given

by the expressior{3) analogous to equation (2)

o - ..0@0 ..0Q06 ..08 E, 3)

where- is vacuum permittivity ... are the susceptibility coefficients die i-th order.
Susceptibility is a proportional constant that not only represents degneeanization
of adielectric materialbut also provides information aboat symmetry of material.
If thevalue of material ... (b of molecule} is 0 it means that thematerial

is centrosymmetri@and does not generates NLO phenomena. Therefbsence of centre



of symmetry and lgh value ofb is crucial for nonlineaoptical propertiesand both can be
used as a primary guesbthe suitability of amoleculefor NLO.3

1.1.2 Second harmonic generation

Second harmonic generatioalso called frequency doublings nonlinear optical
phenomenon in whickwo photons of the same frequency annihilates to produce one
photon with double frequency.. It is a special example of sum frequency generation.
SHGwas first demonstratkein 1961 by Peter Frankat al’ shortly after e construction
of first laser n 1960 by Theodore Harold MaimanThis rubylaser radiation
with wavelength 698.nm was used to generate SK3472 nm) in a quartz crystal

Previously mentioned condition of quadratic nonlinearity of matesiabt the only
one for SHG. For generation 8HG is alsorequired law of conseation of energy (4)
aswell asthephasematching condition (5which allow that constructve interferene
andtherefore aigh-intensityresponsavill occur.

T q (4)
® P (5)

where ®is the wavevector of thei-th wave. Besidesthat SHG efficiency also depends
on quality andorientation of used crystal.

There are manyexamples of technical applicatiorf SHG such as optical
modulation, optical switching or optical data stofag€ommercially is SHG used
to generate visible avelengths from infrareiR) source As an example used/bndustry
isaproduction ofagreen lasermointers with awavelength 532m from the Nd:¥Oas
laserradiation 6= 1064nm) which pas&sthrough a KIP (potassiuntitanyl phosphate)
crystaP. Lately isSHG imaging intensivelystudied as a disease diagnostics {8ét.
Biological SHG was first reported in 1986 wh&aacFrewund investigated the polarity
of collagen fibres in rat tail tendéh Breakthrough for SHG imaging microscopy
happenedn 2002 when Paul J. Campagnola repted practical implementation tésue
imaging athigh resolution andapid data acquison using laser scannitgj’. All of these

applications point out the great importance of Spt8nomena.
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1.2 Material sfor SHG

Despite many requirements for NLO materials providing SHG phenomena, suitable
materialscan be divided into three magmoups.

First group contains morganic salts and oxide$he preparation of these materials
Is quick and easjrom water solutions and their main advantageasinesshigh melting
points values and optical transparengy visible and UV region Unfortunately,
thesecrystals usuallyhave low values of nonlinear coefficients, restricted birefringenc
suffersfrom degradative photeffects and their optical tngparency in infrared region
is lower than in case of second groggrganic molecules® First commercially used
materials for SHG we NH4H2PQ: (ADP) andKH2PQ; (KDP). KDP is nowadaysused
asone of thestandard for SHG quantification By now, there existesnuch morenorganic
examples likeb-BaB,Os (BBO) with six times higher SHG efficiency then KDP,
BaNaNsO15, NHsHSeQ or TeO,. Another example isvater insolubleLiNbO3 with two
times higher SHG efficiency than KDP and opticensparency in region 400n
to50m#

Secondlarge group ofuitablematerials for SHG are organic moleculée main
advantage of these moleculesare high value of hyperpolarizabilityb, high resistance
against photochemical degradation and possibility of mfiodtion of their physical
andoptical properties by chemical derivatizatioBven though all of these physical
properties ar@romising forNLO applications, utilization of these molecules is limited.
Usudly, high values ohyperpolarizability areaccompaniedoy high dipole moments
which, unfortunately, leads formation of unwanted centrosymmetric pai3espite
of these complicationgccording to the similar structural elemeitts possible tqredict
thepotential of selectedorganic molecule$ Firstly, there arederivatives of aromatic
molecules with highly delocali® d -eléctron systemscaused by electron donor
andelectron acceptor functional groupgnother way of increasing delocalization
of “-electron system is connection of aromatic ritaggether by fragmenwith conjugated
double bonds or usin§- or 6memberedheter@yclic aromatic ring. Secondly,simple
organic molecules like urea or guanidare suitable toocseeFigurel. Urea cystalis one
of theSHG standardsand its nonlinear origins in the conjugated system lodnds
Ot CY Ni H.4 14

Third largegroup of crystals providing SHG phenomenortasnbiningadvantages

of both previously mentioned molecules. Combination of organic cations that are
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responsible forhigh hypepolarizability with inorganic anies which improves #rmal
andoptical properties dfinal product leads to crystals or cocrystals with promising NLO
properties. Moreover, these systemssabilisedwith wide range ofveakintermolecular
interactions €.g. ion-induced dipole forces, iedipole forces, van der Waals forges
and,the most importanthydrogen bondsThis direct combination of particular molecules
is a part oftrystal engineering théads to formatin ofhydrogenrbonded salts

with expected optical properties.

O )NJH\
HoN )J\ NH,  H,N NH,
Urea Guanidine

Figurel: Examples of organic molecules used for SHG.

1.3 1H-Pyrazole carboxamidine(pcam)

Target moleculgpcam, shown inFigure2, is awatersolublederivative ofpyrazole
which is heterocyclic Bnembered ring of three carbon atoarsl two adjacent nitrogen
atoms.Basepcam contains both mentioned structuraanicunits responsikg forNLO
optical propertie$ theheterocyclic ring and the guanidinfagment Nevertleless,

utilization of thismolecule as NLO material has not been studied yet.

I,

d

N

H,N NH

Figure2: Structural formula opcam.

According to TheCambridge Structural Databa3e(CSD) the X-ray structure
of nonsubstituted pcam have not beendescribed yet. This base is mostly used
asareactant irsynthess of wide range ofmolecules for example inhibitors'®, imaging
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agent$’ or antibacterial moleculé$ In synthesis usually representectrophilic
guanylating reagent which allowguanylation & amino group of primary amines. This
reaction leds to guanylated product atH-pyrazole as by-productand t is commonly
used forasynthesis ofirgininecontaining peptidesee Figure 3%21

Recently there was a research concerning synthesasacterisatiorand thermal
properties ofpcam dinitramide salt as a potential energetic sRlepared salt exhibited
good resistance tdhermal decompositionp to 433K.?? This might indicate promising

thermal resistance of potential compounds of this base.

/o

H
yd N NH, \
N - HCl R-NH, R/ "
/K - - HCl /N
N
NH H
H,N NH
pcam-HC1 Guanylated product 1H-pyrazole

Figure3: Reaction 6pcamlHCI with a primary amine.
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2 Aim of thesis

The aim of this thesis is to study bade-fdyrazolecaboxamidine in consideration
of its potential applicationin the field ofnorlinear optics.Nonlinear optical properties
of chosen baswill be predicted by quantwohemical calculationsAccording to obtained
results indicating promising NLO properties, thgstem of H-pyrazolecarboxamidine
with selected organic andorganic aws will be studied.Prepared crystalline salts
or adducts will be characterisg¢ using vibrational spectroscopy andray diffraction
analysis. For interpretation of measured vibrational specaatumchemical calculations
will be used Moreover, b optimisecomputingtime and acaracy ofthe fit of calculated
andmeasured spectréour different approaches of quantamemical calculations will be
tested Finally, for compounds fulfilling symmetric conditiprthe second harmonic

generation efficiencwill be measured.
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3 Experimental

3.1 Materials

All chemicals were obtained from commercial sourcee Table .1Concentration
of the used acidic solutions wasro | 2 (H@l, HCIOs, HNOs, HsPQy, H2SQu, H2SeQ,
CHsSQsH, L-malic acid, L-tartaric acid);1mo | [ @aPQs, formic acid, oxalic acid);
05mo | B @HsBOs, NH2SOsH, succinic acid) an@.15mo | BB chdipic acid).

Tablel: List of the used chemicals.

1H-pyrazolecarboxamidine hydrochloride  99%, SigmaAldrich

adipic acid purum, Fluka

boric acid p.a., Lachema

ethanol Merck, UVASOL
formic acid 85-87%, purum, Lachema
hydrochloric acid 35%, p.a.,Lach-Ner
L-malic acid 97%, SigmaAldrich
methanesulfonic acid 98%, Alfa-Aesar

nitric acid 65%, p.a.,Lach-Ner
oxalicaciddihydrate p.a., Lachema
perchloric acid 70%, Merck
phosphoric acid 85%, purum, Lachema
phosphorous acid 975%, purum, Fluka
selenic acid 95%, Fluka

silver carbonate 99%, SigmaAldrich
succinic acid p.a, Lachema
sulfamic acid 99.3%, SigmaAldrich
sulfuric acid 96%, p.a.,Lach-Ner
L-tartaric acid 995%, SigmaAldrich

3.1.1 Preparation of 1H-pyrazole-carboxamidinium saltswith acids

Crystals of new salts gicam were preparedrom a set otrystallisationsolutions.
Thechosenmoleculeis commercially availablen a form pcam.HCI, therefore AgCO3
was used to prepastartingHpcam?!* carbonate

1H-pyrazolecarboxamidine hydrochloride(0.30g; 205mmol) was dissolved
into thewater (30 ml) and to this solution was addedtaichiometricamount of AgCOs
(0.29¢; 1.05mmol). This suspension was stirred approximattiyty minutes at a room
temperature until the dark precipitate of AgCl occurratsoluble AgCIl was filtered
onaglass fritS4 The colourlessfiltrate was spilled into thdeakerand to thissolution
volume ofthestock solution oparticular acidwas added according tbe chosermolar
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ratio. After approximatelytwo weeksof crystallisationat room temperaturthe new salt
wasobtained

Common inorganic and organic acidsere usedor crystallisation adipic, boric,
formic, hydrochlori¢ L-malic, methanesulfonic nitric, oxalic, perchloric, phosphoric,
phosphorous selenic, succinic, sulfamic, sulfuric andL-tartaric acid.For every acid
with pcam molar ratios (base acid) 1:1; 1:2 and2:1 were studied(seeTable 4(Chapter
4.2) and 21 (Chapter3)).

3.2 Methods ofcharacterisation

3.2.1 Quantum-chemical calculations

Quantumchemical calculationsof isolatedmolecules in vacuunof an uncharged
basepcam, chargedHpcam* and Hzpcan?* cationsand neutral inorganic saltsere
performed usingthe Gaussian0O®/%® software. Restricted sedshell DFT method
with BSLYP functional and-311++G(d,p) basis set, tight convergence tea
andanultrafine grid was usedfor geometry optimisation Calculatons of geomewr
optimisationwere followed bycalculation of infrared and Raman vibrational frequencies
value of dipole moment and the first hyperpolarizability values Visualisation
of the calculated vibrational modes was performed usiagssView* program.

The quantumchemical calculations for an isolated fragmseetected from solved
crystal structure (two catigrand two nitrate ania) of saltHpcamNO3s wereanalogicaly
performedas for previous ones but without tight convergence criteria badis set
6-311G(d,p) was used.

Solid state DFT studiefor inorganic crystaline salts of pcam were performed
bythe CRYSTAL14*®  (HpcamClIL: bD, HpcamH2POs) and CRYSTAL17®
(HpcamClOas, HpcamNOs (1) and(ll) , HpcamHSOs, HpcamCH3SOs, HpcamNH2SOz)
software. Computations employed B3LYP functional,basis sets 6-31G(d,p)
and6-31+G(d,p) on oxygen atomandanextraextralarge integration grid consisting
of 99 radial points and 1454 angular points in the region of chemical inteeestused
for geometry optimisation ThePackMonkhorst and the Gilat net for sampling
theBrillouin zone consistef 8 andl6 points.Derivatives needed foromputing IR
andRaman spectra were determined using the Coupled PerturbedStalnm’ analytical
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approach.Fractional coordinates afdividual atoms were taken from the diffraction
experiment anavere optimisal using tightened convergence criteria (keyword
PREOPTGEOM) prior to computing spectral properti#de Raman spectrum was
computed assumintpe experimental wavelength 1064n and temperature 293

Simulated vibrational spectra were compared rexorded ones. According
to thevariational principle computed energy with a trial wave function is alwaysehigh
than thereal energy (frequency of vibration) of a system. Therefore it is usually necessary
to scale theéheoretical frequencies. Scale factor is different for every method and basis set.
For usedB3LYP 6-311++Gscalefactorwith value of 0.96&asrecommende?® and used
for spectrashown below calculated byGaussian programAll computed vibrations
by CRYSTAL softwaré>?® wasscaledby the empirically determinedactor0.96.

3.2.2 Single crystal X-ray analysis

The single crystal Xay diffraction data were collected on Bruker D8 VENTURE
Kappa Duo PHOTON100 b0 S miocus sealed tube using ®uU a=(1.54178; )
orMo-K U @=0.71073j ) . Comput i ng ?%pand BLAEONS werd AdedN T
Thecooling was carried out by Cryosystem 800ngolLeg configuration (Oxford
Cryosystems Ltd. UK). The phase problem was solved by direct method978IR
software) and th@orthydrogen atoms were refined anisotropically, using thenfialfrix
leastsquares procedure (SHEEXsoftware). Foall the title structures, the difference
electron density maps revealed all the hydrogen atoms

The basic crystallographic data and information about measurement refinement
parameters are listed in Supplement in TableS&3nd are also included in CIF files

which are available as Electronical Supplement files EE$14

3.2.3 Powder X-ray diffraction

The powder diffraction data were collected on X'Pert PRO (PANalytical)
diffractometer with Cul§ lamp @=1.54178; ) . The 2d range was se
witht he step 0.013A. The data were Processed

Most of the powder samples were prepared by manual milling of the crystals in agate
mortar. Ball mill was used for both nitrate phases because crystal shape caused

the preferential orientation.
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3.2.4 FTIR spectroscopy

The infrared spectraf preparedsaltswere recorded at ¢hroom temperature using
DRIFTS (sample diluted in KBrandnujol mulls (KBr windows) techniques on a Thermo
Scientific Nicolet 6700 FTIR spectrometer wiah2cm? resolution and HappGenzel
apodization irthe400- 4000cm region. All presented spectra were processed
in OMNIC3* software.

3.2.5 Raman spectroscopy

The Raman spectra of polycrystalline samples were recorded at the room temperature

onaThermo Scientific Nicolet 6700 FTIRpectrometer equipped with the Nicolet Nexus

FT Raman module (@m? resolution, HapgGenzel apodization, 106¥m Nd:YVOy laser
excitation, ®0mW power at the sampleh ithe 1@ i 3700cm? region. The uniformity

of prepared crystals was also controlleda Thermo Scientific DXR Raman Microscope
interfaced to an Olympus microscope (objective 10x) in thie ZB00cm? spectral region

with approx. 3 cm spectral resolution. The power of frequerstgbilis&l single mode

diode laser (78@m) impinging on tk sample was 1@W. All presented spectra were

processed in OMNI& software

3.2.6 SHG measurements

The SHG measurements were performed withfs90aser pulses generated
atan82 MHz repetition rate by a&i:sapphire lasefTsunami Spectra Physics) at 300.
For the quantitative determination of the HG efficiency, the intensity
of thebackscattered laser light at 400n generated inhe samples was measured using
agrating spectrograptwith a diode array (InstaSpdé¢ Oriel), and the signal was
compared with the one generated in KDWRith 1007 1500m particle size
Themeasurements were performading powdered samplesith different particle size
(1007 1250m, 125i 1500m, bigger than 1500m) loaded intdsmm glass cés$
with theaid of a vibrator. The measurements were repeated over different areas
of thesame sample (the results were then averaged). This experimental procedure
minimises the signal fluctuations induced by the sample packing.

18



4 Results and discussion

4.1 Quantum-chemical alculations

The quanturchemical calculation were primary used for a prediction diLO
properties ofthe target moleculeby calculation of dipole moment, polarizability
andhyperpolarizability values Firstly, for considering which fornof the basepcam
isthemost suitable for NLO,optimisal geometries of aruncharged, moraatioric
anddicatioric form of it were found Table 2). All three optimisel moleculesbelong

to point groupCi.

Table 2: Optimisal geometrieof unchargednolecule(pcam), monaatioric (Hpcam“)
anddicatioric (Hzpcanv*) forms and their calculated values of total dipole montent
andthetotal hyperpolarizabilityoo: (B3LYP/6-311++G(d,p)).

Y ” \!

pcam Hpcam®* Hopcam?*
E (a.u) -375.1256 -375.5054 -375.6911
O(Debye) 3.6050 4.8961 3.3301
Brot (€SU) 8.381L10 1.9 10 1.75%:10

Note: Calculated values of dipole moment, polarizability and the first hyperpolarizability
components foall three forms are listed inupplement in TabeS1-S3.

After the potential energy miniaof all three forms were foundemandinghysical
values were calculated. Values otorrespondingdipole moments, parizabilities
andhyperpolarizabilitiesare listed inTable2. They indicatehat the mospromising form
for application in nonlinear optics is monoprotonated form. The theoretical value
of hyperpolarizability bt for monocation Hpcam'* is almost 2Xtimes higher
thanfor thestandard molecule of urea (B3LYP2a1G; bt = 7.80:103 esy) tha points
out promising application in thield of nonlinearoptics
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After geometryoptimisationonly vibrational spectrdor this form were predicted
andassigned ansideringthat in measured crystal structures together witmmercially
available product thetarget moleculeis monacation (Hpcam'*). List of theoretical
vibrational frequenies withexpectedintensities innfrared and Raman spectra and their
assignmentanbe foundin Table3. Simulatedinfrared and Raman specioh an isolated
Hpcam!* cation in vacuum compared with real vibrational spacwf prepared
HpcamCIL bD is compared inFigure 4. It is obvious, that calculated wavenumbers fit
quite well tothemeasuredbands and they areapplicable for furtherinterpretation

of vibrationalspectra oprepared salts.
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Figure4: Simulated infrared (red linggpper paftand Raman spectra (green linesver
par) of an isolatedHpcam!* cation in vacuumcompared \ith real vibrational spectr

of prepared salHpcamH C | 1OH
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Table 3: Calculated vibrational frequencies ftlhe Hpcam!* cation (B3LYP/6311G++(d,p)

unscaledl
, Relative , Relative
1 Intensity  Assignment 1 Intensity  Assignment
©7)  \R/Ra (%) €M) \R/Ra (%)
34 0/0 Urg-C(NH,). 1085 2/15 J NHz, tCH
145 2/1 ¥ rg-C(NHy)2 1113 6/4 3rg,} NH,, UCH
254 0/0 Urg-C(NHy) 2 1221 1/3 3NN, trg,dNCN, tCH
333 30/0 ¥ NH2 1238 4/3 4 CH,3rg,¥ NH2, 3CN
359 0/1 oNH 1319 2/3 3rg,3CNs, UCNs, UCH
433 1/4 UNCN 1409 2/17 3rg,UCH, UCNg
479 58/1 ¥ NH; 1458 26/30  3rg,Urg,UCH,3C-rg
525 1/1 } rg-C(NH2)2 1557 4/4 U NH:
577 0/1 org,9CNs 1586 30/13  3NCN,3rg,uNH,, tCH
638 4/1 org,9CNs 1605 46/2 3NCN, 3rg, UNH,, tCH
663 6/1 UNH_z, oNH 1675 9717 UNHa, 0 CNs
667 3/5 UNCN,3 C-rg, lrg 1721 100/1 3 CNs, UNH2 UCN3
705 0/0 0CNjs, org 3246 0/74 3CH
743 19/0 oCH 3258 1/30 3CH
889 2/0 oCH 3276 2/100 3CH
919 3/5 urg, ¥ NH: 3522 39/40  3sNH:
930 18/4 urg,3CNs 3CN,3NN 3594 36/71  3sNH:
945 0/0 oCH 3674 41/42  3asNH2
1047 2/2 } NHz, GCH 3706 27125  3asNH2
1054 1/11 } NHz,3CC,uCH

Note: Abbreviations and symbols: stretchingfi, deformation or irplane bending, outof-plane
bending;, rocking;¥, wagging;U torsion;s, Symmetricis antisymmetric; rg, ring.

One of the goals of this thesis was to find the best way to interpret vibrational spectra
of crystalline salts based on organic heteroaromatic cation and inorganic anionaifihe
aim was to reach the best match of theoretical resultstinaibroperties breal materials
together withthe shortest calculation time. Four different approaches were compared:
model ofanisolated Hpcam!* cation in vacuum, model of asolated uncharged unit
(Hpcam?!* cation and acid anion) in vacuum, model of an isolated fragselected from
real crystal structuréconsisting of twoHpcam'* cations and two acid anionahd solid

state computatiusing CRYSTAI?>2% software.
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4.1.1 Initial  calculations concerning 1H-pyrazole-carboxamidinium nitrate
(HpcamNOs3 (1))

Quantumchemical calculation using all four, previously mentionegproaches
wereapplied only for HpcamNOs (1) . Nitrate salt washosen because of its simple planar
inorganic anion Wwh only four vibrational modesactive in both infrared andRaman
spectra These modes are unlike vibrational modes of cafmyacids easily to assign
andthey are clearly distinguishabfrom vibrational modes dhe base. Comparisorof all
four approaches dheoretical and measured vibrational spectra is showgures5 - 8.

All of thevibrational spectra areomparedin the region 400 2000cm? characteristic
mainly for deformation vibrationsf molecules.

Simulated spectra of model based amisolated monocatiomipcam®* in vacuum
(Figureb) surprisingy achieved a very good match with measured vibrational spectra
of the salt. Important advantage of this model together with good results (useful
for assignment ofibrations) is a very short calculation time. The main differences
of calculated and real IRpectra can be observed in 15000 cm! regionand theyare
probably associated with negting of Hbonding influencingliNH2 modes. Absence
of anionic bands might beonsidered as a disadvantage but in case of simple inorganic
anions they are easy assign according tthe literaturé®.

" Region 200G 4000cm? corresponds tananifestations fovalence vibrations of M,
O-H and CGH groups and there are broad bandsngasured spectra caused by hydrogen
bonds which are nobosidered irsimulated spectra.
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Figure5: Simulated IR (red linesupper pajtand Raman spectra (green linkEsver par}
of anisolatedHpcam!* cationin vacuum compared ith real vibrational spectra shlt

HpcamNOs (1).

The utilisation of nedel based oran isolated cation and acid anion in vacuum
(Figure6) and model containinganisolated fragment ofeal crystal structurgFigure 7
slightly decreased differences in positions of recordedcatailated modes. On the other
hand optimiation of the modes led to the arrangement ofiavhich is not consistent
with the real structure. This fact could be observed in Figumhee the position
of thecalculated bands are more scattered than inr€gyu

CPU time ofthese models is much longer than in the first approach.
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Figure6: Simulated IR (red linesupper pajtand Raman spectra (green linksver part)
of anisolated base cation and acid anion in vacuum compared with real vibrational ¢

of saltHpcamNOs (1).
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Figure 7. Simulated IR (red lingsupper pajtand Raman spectra (green lin&swver
part) of an isolated fragment of crystal structure (two molecules of base cation ar
molecules of nitrate anion) of sdttpcamNOs (I) compared with its real vibration:
spectra

The best match of thealculated and recordedbrational spectra of all fourhosen
models providedefinitely solid state calculation’CRYSTAL17 softwaré®) (Figure §.
Number of simulatedmodes andtheir positions fits very well with measured spectra
aswell as relatre intersities ofbands. Dsadvantage of this approach is definitely

computing time and computer requirements.
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Figure8: Solid state simulated IR (red linagpper pajtand Raman spectfgreen lines
lower part)saltHpcamNOs (I) compared wh real vibrational spectra.

4.1.2 Inorganic salts of pcam

For the rest of inorganic salts only first and last model were appliesinfiotation
andinterpretation of their spectra (model of an isolated monocatjpram!* in vacuum
and solid state calculations) ecording to the results of different approaches
to quantumchemical calculations faaltHpcamNOs (I). Comparison of bdt approaches
of theoretical ananeasured vibrational spectra for the resthef inorganic salts is shown

for each salindividually in Chapter 4.2.
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4.2 Preparedsaltsof 1H-pyrazole-carboxamidine with inorganic acids

Inorganic salts ofpcam crystallised very well. Except systems with boric,
phosphorous and selenic acids which did not provide alliys product, the rest
of theused aciddormed well developedcrystals within two weeksUsed acids, ratios
andprepaed products are listed fable4. All of the used molar ratios of partidar acid

led tothe same crystalline salt.

Table4: Crystaline saltsof 1H-pyrazolecarboxamidinavith inorganic acids.

: Ratio (B:A)
Acid 11 12 21
HCI HpcamCIL D
HCIO4 HpcamClO4
HNOs HpcamNOs (1) + (11)
HsPOQy HpcamH2PO4
H2SOy HpcamHSO4
CHsSGsH HpcamCH3SOs
NH>SO:H HpcamNH2SOs3

Out of prepared crystatinly HpcamCILH20 crystallisein triclinic space grouf-1.
Therest of these inorganic salts crystallise in monoclinic space group$2i/n
(HpcamNOs3 (1), HpcamCH3SOs) or space groufP2i/c (rest). Base is monomtonated
in all of the preparedalts.

Crystal structureandvibrational spectraf all of the prepared crystals are desedb
in this chapter individuallyBasic crystallographic data and structure refinement details
forall these inorganic saltare listed in tables iBupplement (Tabke $and %)
andElectronic Supplement (BS ESS. Vibrational mode®f infrared and Raman spectra
of these inorganic salts wesssigned Bandscorresponding tthe vibrations otation
were assignedusing quanturrchemical calculations (see Talde and bands caused
by vibrations of anioawereassigned according tbe literaturé®.

The phase uniformityof preparedsdts was verified by powder xay diffraction
resultsof which are listed in @blesS97 S16 in Supplementor each salt individually
Measured diffraction patterns are consistent with calculated diffraction maxima (Diamond

softwaré®) from single crystal data
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4.2.1 1H-pyrazole-carboxamidinium chloride monohydrate Hp ¢ a m@J) L H

Crystal structure

This productwas obtained fromwater solution of pcam with hydrochlort acid
in molar ratios 1:1, 1:2 and 2:1 (Tab®. The same prodat occurs byrecrystallisation
of commercialprodwct pcamHCI. It is the only triclinic structure out of alprepared
inorganic crystal saltef pcam. Asymmetric unit is shown in Figu® crystal packing
in Figure10, hydrogen bonds detailsare listed in Table 5, diffraction maxima

andd-spacingobtained bypowder Xray diffractionare listed in Table $in Supplement

Hilw

H2w

0,

Olw

Figure9: Asymmetric unitof HpcamCILH20.

As is apparent from FigurE) in this structurecentrosymmetrigpairs d cations
areformed. They are connectedby intermolecular N7-H7b...N2 hydrogenbonds.
Conformation othecations isalso stabilised by intramolecular -Hond involving atom
H7bas well

These pairsof cationsform chainsbondedvia hydrogen bonds formedy two
chloride anions and two molecules vediter betweenthe pairs. This conformation
of molecules lead tthe formation of notbonded layers, shown in Figure 10.

Distancesd(DL. B)Lof bonds connecting amino hydrogen atoms H8a antl H8
with chloride anion differ only slightly(3.212(2) and 3.220(3)). They are expectable
weaker than hydrogen bond formeih amino hydrogen atom H7a and water molecule
with d(DL B)Lonly 2.783(2); .Thearrangemenbdf molecules in layers islso stabilised
by H-bonds betweerC3-H3...0lw and &-H5...CI1. These two distanced(DL B)Lare
thelongest out ofll prepared salts (3.495(2) and 3.565(2) .
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Figure 10: Crystal packing ofHpcamCIlH20 (projection to planebc). Dashed lines
indicateH-bonds

Table5: Hydrogen bonsilgeometryof HpcamCILH20.

dDi H) (dH:LBA)Y (dDLA)Y ( DHLLLA
OlwH1w..CIP 0.87 2.52 3.251(2) 142
O1w-H2w...CI1 0.85 2.34 3.156(2) 163
N7-H7a...01w 0.84 1.94 2.783(2) 178
N7-H7b...N2 0.85 2.28 2.667(2) 108
N7-H7b...N2 0.85 2.26 2.993(2) 145
N8-H8a...CI? 0.85 2.38 3.212(2) 165
N8-H8b...CIT 0.81 2.42 3.220(2) 171
C3-H3...01w 0.95 2.59 3.495(2) 158
C5-H5...CIT 0.95 2.67 3.565(2) 158

Symmetrycodes: a}1+x, y, z; b) 2x, 1-y, 1-z; ¢) kX, 2-y, 1-z

Vibrational spetra

FTIR and Raman spectra of sdipcamCIlH20 are depicted inFigure 11
Thecalculated spectra are in a good match with the measured ones fRiguaad 13
sothese calculations (according to the Table 3) were used for vibratioodes
assigment. The band assignment is listed Trable6. The overall character of vibrational
spectrais in agreement with crystal structure solutione. crystal formed byHpcam!*
cations, Clanions and water molecules connected by systemluirids.
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Table6: The band assignment of FTIR and Raman spectipodmCILH 0.

FTIR Raman Assignment FTIR Raman Assignment
(cmb) (e J (cmb) (Y J

107 s External modes 1045sh 1047 m | NH,, GCH

126 vs 1055w 1057 sh | NH,, 3CC,0CH

190 s 1080sh 1080s J NHy UCH

242 s 1098 m 1088 sh

464 m UNCN 1127 m 1129w 3rg,} NH,, GCH
466 m 474 m ¥ NH:2 1169s 2
538 m 531 vw } rg-C(NH.)2 1217 m 3NN, Urg,uNCN,UCH
573 sh 574 w 2rg,o0CNs 1221 s 1233 m } CH,3rg,¥ NHz 3CN
598 sh 1270 vw  ?
636 m 641 w org,9CNs 1309 m 1311m 3rg,3 CNs UCNs, UCH
653 m UNH2, oNH 1397 m 1394s 3rg,UCH,UCN;
682sh 691s UNCN 3 Crg,lrg 1411 m 1408vs 3rg,lrg,uCH,3C-rg

708 vw  9CNs, 0rg 1539 m UNH;
736 w o2CH 1555sh 1566 m 3 NCN,3rg,0NH, GCH
780 m 780vw ? 1592 sh ?
848 vw ? 1668vs 1633 m UNHy UCNs, GUH0O
873 vw ? 1686 vs 1736 vw 3 CNs, UNH,, G CN3
887 vw 869w oCH 3064vw 3NHé X
911w 910s urg,¥ NH: 3100 vs 3101w 3CH
929 sh oCH 3128s 3121w
946 m 942 s trg,3 CNs, 3 CN, 3133 m

3NN 3320vs 3339wb 3NHé X3OHé CI

1008w 7 3378 s aNHé X

1020w 7
Note: Symbol Xi atom N, Oor CI.
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Figure 11: FTIR (nujol mull) and Raman spectra ¢fpcamCItH20. Nujol bands are
labelled by asterisk.
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Figure1l2 Recorad FTIR spectrunof saltHpcamCIL kD compared with simulated i
spectrumof anisolatedHpcam'* cationin vacuum (red linesupper pajtand with solid
state simulated IR speatn (brownlines lower par}.
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Figure 13 RecordedRaman spectrunof salt HpcamCIL D compared with simulate
Ramanspectrumof an isolated Hpcam!* cation in vacuum (green lingsupper pait
andwith solid state simulateBRamanspectrum(blue lines lower par}.

4.2.2 1H-pyrazole-carboxamidinium perchlorate (HpcamClOa4)

Crystal structure
This salt was obtained fronvater solution of pcam with perchloric acid in molar
ratios1:1, 1:2 and 2:1 (Table 4). Asynatnic unit is shown in Figur&4, crystalpacking
in Figurel5, hydrogen bonds details are listed in Table diffraction maxima
andd-spacing btained bypowder Xray dffraction are listed in Table $lin Supplement.
Crystal structure is hydrogen bondadd based on alternating cations and anions
asis shown in packing in Figurgs. They does not form continual layers because only two
oxygen atoms O2 and O4 of tetrahedral perchlo@éons are hydrogen bonded

with amino hydrogen atoms H7a and H8a in the plane of cations. DistdacBs: L L A)

of these two Fbonds slightly differ 293 ( 3) and 2.980(4) ). The
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O1 and O3 are forming4donds withthe rest two hydrogen atoms H7b and H8lamino

groups ofcations below and abovethe inplane pair of anion with cation. These two
distanced(DL R)Ldiffer a lot (3.053(3and2 . 8 7 8 ( 3) i) . T btabilisalt r uct u
by intramolecular N7H7b...N2 interaction as well as hyeak H-bonds involvingcarbon

atoms, see Table 7.

Figure15: Crystal packing oHpcamClO4 (projection to plandc). Dashed lines indicate
hydrogerbonds.
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Table7: Hydrogen bonglgeometryof HpcamClOa.

dDTH) (dH:LBA)Y (dD:LBY (" D-HLLLA
N7-H7a...02 0.88 2.09 2.939(3) 163
N7-H7b...N2 0.88 2.28 2.644(3) 105
N7-H7b...0?P 0.88 2.28 3.053(3) 146
N8-H8a...02 0.88 2.11 2.980(4) 169
N8-H8b...03 0.88 2.28 2.878(3) 126
C3-H3..0F 0.95 2.58 3.277(4) 130
C5-H5...04 0.95 2.60 3.491(4) 157

Symmetry codes: ay4, -1/2+y, 3/2z; b)-1+x, 1/2y, 1/2+z; c)i x, 1/2+y, 3/2z

Vibrational spectra

FTIR and Raman spectra of shlpcamClO4 are depicted in Figurg6. Vibrational
band of perchlorate anion were assignesihgthe literaturé®. Vibrational manifestations
of cation were assigned using quantahemical calculations. Thmmparison
of the calculatedspectra with the measured ongshown inFigures 17 and18. The band
assignment is listed ifable8.

The overall character of vibrational specisain agreement with crystal structure
solutioni i.e. crystal formed byipcam!* cationsand ClO4' anionsconnected by system
of H-bonds.
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Figurel6: FTIR (nujol mull) and Raman spectrakhpcamClOa4. Nujol bands are labelled
by asterisk.
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Figure 17: Recordd FTIR spectrum of salipcamClO4 compared with simulated I
spectrum of an isolatedpcam'* cation in vacuum (red linesipper pajtand with solid
state simulated IR spectrufar¢wnlines lower par}.
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Figure 18 Recordé Raman spectrum of salpcamCIOs compared with simulate
Raman spectrum of an isolatétpcam!* cation in vacuum (green linesipper part)
andwith solid state simulated Ramapectrum (blue linedower par}.
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Table8: The band assignment of FTIR and Raman specitgpcdmClOa.

FTIR Raman FTIR Raman

(cnmd) (cnTd) Assignment (cnm) (cnm) Assignment
122's External modes 1109vs 1111w 33CIO4, 3rg,} NH,
193 w uCH
268 vw 1140sh 1140w ?
444w 446 m 3, ClO/ 1209 m 1213w 3NN, lrg,uNCN, tCH
456 vw 455 m 1224sh 1223 m } CH,3rg,¥ NH2 3CN
464 vw 465 m ¥ NH2 1306 w 1309 m 3rg,3CNs UCNs, UCH
524w 525w } rg-C(NH2): 1392 m 3rg,UCH,UCNs
582m 586vw  2rg,9CNs 1405 m 1405s 3rg,lUrg,dCH,3C-rg

625m 624 m 3, ClO/, org,oCNs 1538 m 1539 m UNH,
647 vw 643 vw 34 ClO4, UNH,, oNH 1560 m 1560 m 3 NCN, 3rg, U NH,,

665vw 668 m 3, ClO4', UNCN, uCH
3C-rg,lrg 1633 m 1635w  UNH2 U CN;
772w ? 1647 sh ?
782 w ? 1691 s 1699 vw 3 CNjs, UNH,, UCNs
886 vw oCH 3065mb 3066vw 3NHé O
908 m 910m drg,¥ NH: 3116 sh 3118 m 3CH
932m 935vs 3, ClO4', lirg, 3 CNs, 3129 m 3133 m
3CN,3NN 3159 mb 3161 m
1038 m 1044 m  33CIO4, ) NHz,3CC, |3225mb 3228vw 3NHé O
U CH 3276 mb
1073 m 7 3329 mb 3325wb

1081 vs 1084 m (;)3 ClO4, 3 NHp, GCH [ 3413 m 3417 wb

4.2.3 1H-pyrazole-carboxamidinium nitrate s (HpcamNOs3 (I) and HpcamNOs (11) )

Crystal structure

From thewatersolution of bas@camwith nitric acid in molar atios 1:1, 1:2 ang:1
(Table 4) two different modifications of nitrateak were obtained in all dheprepared
ratios. After crystallisationat room temperaturéraction of modificationHpcamNOz3 (I)
was dominant.Otherwise, crystallisation at lower temperature (8 C gaused increase
of HpcamNOs (I1) modificationcontent

Asymmetric unitsof both of these salts consist one base cation and one nitrate
anion arranged in a different way, sBgure 19 Prismatic HpcamNOs(l) crystallise
in P21/n space group. ProduéipcamNOs (lI) have the shape of bar and crystallise
in P21/c space groupDespite smalbifferences in latticparametersheir unitcell volumes
are quite similar (Supplement Table@&. Crystal packingor each modification is shown
in Figures20 and21, hydrogen bonds geometry is listedTiables 9and 10, diffraction
maxima andl-spacing btained bypowder Xray diffraction are listed in TaldeS11

andS12 in Supplement.
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Figurel9: Asymmetric units of bdtnitratephases.

Alternating cations and anions fortd-bonded layers connected only by weak
vander Waals interactions irboth of the modifications, see Fige/@0 and2l
Centrosymmetric pairef cationsin both of these nitrate phases tmaned. Two cations
areconnected byntermolecular N7H7b...N2 Hbonds. Same Rkdrogen atom H7b
is alsoinvolved inintramolecular interactian Distances d(DL R)L of both bonds
N7-H7b...N2 foreach modification are similar, see Tafeand10. Themain difference
between both structures are differelabonding patterns betweeation and nitrate anion.

Nitrate anions connect three cationslayers of HpcamNOs (I) structure. Two
oxygen atoms O1 and O2 form bonds witldrogen atoms H8a and Hdasame cation
with similar distancesd(DL B)L(2.855(2) an®.848(39 i ). The last oxygen atom O3
of nitrate is sharedetween two moleculesybamino groupin H-bond NB-H8b...03
with similar distanced(DL A)L(2.832(9 ; ) | i k eousitwo bgndseand by -Hond
C4-H4...03with much longed(DL B){3.381(3; ) .

In layers ofHpcamNOs (ll) structure nitrate anionalso connect thre¢ipcam'*
cations Oxygen atom O3 form only one hydrogerbond- N8-H8b...03
with d(DL. B)l=2.7982) ; . Thi s hy d ratsgshared B taohydrogeisond
N8-H8b...02 with much longer distance(DL R)L (3.2662) ) . @ xayom 02
is alsoinvolved inanother two bonds bond C5H5...02 with the same molecutd cation
and bond N&H8a...02with anothertHpcam'* cation.The last oxygen atom O1 oftrate
forms two Hbonds. Distance(DL B)lof N7-H7a...O1 with the same cation as O2 bonds
is theshortestwith the length2.7692) i . Last t ype owolving yitlateo g e n

is C4-H4...01 that connects third molecule of cation.
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Figure 20: Crystal packings oHpcamNOz3(I) (projection to planeac- left, projection

to planebc - right). Dashed lines indicate hydrogen bonds.

Table9: Hydrogen bonds geometof HpcamNOs (1).

dDiH) (dH:BA)E (dDL A} D-HL L L A

N7-H7a..02  0.90(2) 1.95(2) 2.848(2) 178(2)
N7-H7b..N2  0.83(2) 2.37(2) 2.677(2) 103(2)
N7-H7b..N2?  0.83(2) 2.24(2) 2.983(2) 150(2)
N8-HS8a..0f  0.87(2) 2.00(2) 2.855(2) 166(2)
N8-H8b..03  0.87(2) 1.96(2) 2.832(2) 177(2)
C4-H4...03 0.95 2.45 3.381(2) 167

C5-H5...03 0.95 2.31 3.140(2) 146

Symmetry codes: a) 42 -1/2+y, 1/2z; b) A x, -y, 1-z; c) A x, 1y, 1-z

Figure 21: Crystal packings oHpcamNOs (Il) (projection to planec- left, projection

to planebc- right). Dashed lines indicate hydrogen bonds.
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Table10: Hydrogen bonslgeometryof HpcamNOs (I1) .

dDiH) (dHLA)Y (dDLA)Y (" D-HLLLA
N7-H7a...01 0.90 1.87 2.769(2) 178
N7-H7b...N2 0.87 2.30 2.671(2) 105
N7-H7b...N2 0.87 2.23 2.977(2) 143
N8-H8a...02 0.87 2.09 2.953(2) 170
N8-H8b...02? 0.87 2.40 3.266(2) 170
N8-H8b...03 0.87 2.31 2.798(2) 116
C4-H4...0F 0.94 2.51 3.423(2) 163
C5H5...02 0.94 2.58 3.479(2) 160

Symmetry codes: a}®, 1y, 1-z; b)-x, -1/2+y, 1/2z; ¢)x, -1+y,z

Vibrational spectra

FTIR and Raman spectra of both phabggamNOs (I) and HpcamNOs (1) are
shown below (Figures 22 and 23¥)ibrational band of nitrae anion were assigned using
theliterature®. The vibrational manifestations of cation were assigned using
quantumchemical calculations. The band assignments of both phases are listed separately
in Tablesll and 12.
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Figure22 FTIR and Raman spectraldpbcamNOs ().
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Tablell: The band assignment of FTIR and Raman spectipchmNOs (1).

FTIR Raman Assignment FTIR Raman Assignment
(cmr)  (cnmY) J (cnr)  (cnmY) J
112vs  External modes 1062w 1066m ?
194m 1098m 1087m |} NH,, GCH
275w 1110sh 1110w  3rg,} NH,, UCH
465m 465m ¥ NH: 1216m 1211w 3NN, Urg, UNCN, U CH
533w 531w | rg-C(NHy). 1231w 1228w | CH,3rg,¥ NH2, 3CN
547sh org,9CN;s 1306vs 1309m 3rg,3 CNs UCN3, UCH
597wb 585w 1387 vs 1389 m 33NOs',3rg, U CH, UCN;
634 vw 1408m 1409m 3rg,urg,uCH, 3 C-rg
675w 687m UNCN,3C-rg,lrg 1537m UNH:
723m  3,NOs',2CH 1574s 1563m 3 NCN,3rg, i NH, 4 CH
783m ? 1659m 1656w  UNHy, GCNs
825m 3, NO5' 1708vs 3 CNs, UNH,, U CNs
886w 882vw oCH 3065vw 3N Hé X
910m 909m arg, ¥ NH: 3106w 3CH
919w 3125m 3126w
940m  946m trg,3 CNs; 3CN,3NN 3144s 3145m
1041m 1044s 3;NO3',} NH, G CH 3328s 3345wb 3 NHg X
1049w 1052s | NH,,3CC,uCH
Note: SymbolX i atom N or O.
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Figure23: FTIR and Raman spectraldbcamNOs (I1) .
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Tablel2 The band assignment of FTIR and Raman spectfioodmNOs (11) .

FTIR Raman Assignment FTIR Raman Assignment
(cmb  (cm?) ’ (cmb)  (cm) ’
108s External modes 1231 m 1231 m J CH,3rg,¥ NH,
132s 3CN
203 m 1308 m  1305m  3rg,3 CNs, UCNs,
282 wb U CH
469vs 468 m ¥ NH> 1380sh 1391 m 33NO4, 3rg,lUCH,
533s 533w } rg-C(NHy)2 0 CN;
576 m 577w org,oCNs 1408 s 1416 m 3rg,lrg,UCH, 3 C-rg
634sh 633 vw 1437 m ?
669 s 1542sh 1542m  UNH:
682vs 687 m UNCN,3 C-rg, lrg 1560 m 1562 m 3 NCN,3rg, U NH,,
717 sh oCH U CH
723 m 34NOs', oCH 1571 m
776 s ? 1578 mb
820m 32 NOs' 1649 vw 1664 wb UNHy, UCNs
875m 878w oCH 1675 m
910 m 908 m drg, ¥ NH; 1707 m 3 CNz, UNH,, U CN3
922w  923vw  Urg,3CN3 3CN,3NN | 1732w ?
942 s 943 m trg,3CNs; 3CN,3NN | 3080 3072vw 3NHé X
1052 m 1053vs 3:NOs,} NH2 3CC, 3144 3112w 3CH
U CH 3135m
1087 m } NHz, GCH 3158 3157 m
1099 m 1091s 1 NH, G CH 3335 3342wb 3NH...X
1134 m 1133w ?
1219 m 1213vw 3NN, lrg, UNCN,
U CH

Note: Symbol, Xi atom N or O.

The comparison of calculated spectradpicamNOs (1) is discussed in Chaptérl.1
and forHpcamNO:s (1) is shownin Figure 24. Solid state calculations by CRYSTIAL
software for second modification of nitratgppcamNOs (II) have not reached convergence
and therefore these results are not presented. Potential energy minimum of this
modification is the most likely very close tizefirst one and that might be a reason why
these calculations have not founptimised structure which corresponds to the real one.
Both nitrate modifications are easy to distinguish by vibrational spectroscopy
because oflifferent characteristic bands neamMNOsl' vibration. Thedifference is easier
to see inRaman spectra in which in the region 1038094cm’ there are three intensive
bands foHpcamNOs (I) and only two forHpcamNOs (1) (Figures 22 and 23). In FTIR
spectra thelifference is not that obvious but in closer look rediéa0i 1150cm™ can be

used for distinguishing of the phassse Figures2and 23.
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The overall character of both nitrate vibrational speistia agreement with crystal

structure solutioii i.e. crystals are formed byipcam!* cations and N@ anions

connected by system bf-bonds.
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Figure 24: Simulated IR(red lines upper paijtand Raman spectra (green linesver
parf of an isolatedHpcam!* cation in vacuuncompared with real vibrational spect

of prepared saldpcamNOz(Il) .

4.2.4 1H-pyrazole-carboxamidinium dihydrogen phosphate(HpcamH2PQOxs)

Crystal structure
This salt was obtained fromvater solution ofpcam with phosphoric acid in molar

ratios 1:1, 1:2 and 2:IT@ble 4. Asymmetric unit is shown in Figur@5, crystal packing
in Figure 26, hydrogen bonds geometry is listed iable 13, diffraction maxima
andd-spacingobtained bypowder Xray diffraction are listed in Table Sin Supplement.
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Figure25: Asymmetric unit oHpcamH2POa.

Dihydrogen phosphate anion is the only doyietonated anion in prepared
inorganic crystals. These two protons enable much more possibilities of hydrogen bonds
which can beseen in complicated, hydrogéonded crystal structure. Dihydrogen
phosphate anions form layers by two hydrebended parallel chains in which base
cationsare embed.

These layers are formed by strong-B30...01 ad O4H40...02 interactions
with d(DL. A)Lthat slightly differ (2.595(2) and 2.580(2 ) . Hpcam!* cafons are not
arranged in layersin this structure therareagain present intramoleculamteractiors
N7-H7b...N2. All four amino hydrogen atom§H7a, H7b, H8a, H8baswell as H5 are
bonded tahe oxygen atoms of anions (see TabB.

Table13: Hydrogen bonds geometry BpcamH2POa.

dDi H) (dH:-B)Y (dDLA)Y ( DHLLLA
O3-H30...0F 0.96 1.64 2.595(2) 178
04-H40...02 0.86 1.72 2.580(2) 174
N7-H7a...02  0.91(2) 1.96(2) 2.852(2) 166(2)
N7-H7b..N2  0.86(2) 2.31(2) 2.664(2) 105(2)
N7-H7b..02  0.86(2) 2.20(2) 2.858(2) 134(2)
N8-HS8a...04  0.85(2) 2.05(2) 2.894(2) 174(2)
N8-H8b..O1  0.89(2) 1.91(2) 2.799(2) 173(2)
C5-H5...01 0.95 2.35 3.220(2) 152

Symmetry codes: a) X, 342, -1/2+z; b) x, 3/2y, 1/2+z; c)-x, -1/2+y, 1/2-z;
d) x, 1/2y, 1/2+z
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Figure 26. Crystal packing ofHpcamH2POas (projection to planeac). Dashed lines
indicate hydrogen bonds.

Vibrational spectra

FTIR and Raman spectra of sipcamH2POa4 are depicted in Figur2?7. Vibrational
modes of dihydrogen phosphatanion were assigned using the literateird” The rest
of thevibrational bands were assigned using quantunthemical calculations.
Thecomparison of the calculated spectra with the measured ones is shown below, see
Figures 28 and 29he band assignment is listed in Tablle

The overall character of vibrational spectrairisagreement with crystal structure
solutioni i.e. crystal formed byHpcam!* cations and EPQy anions connected
by H-bonds.
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Tablel14: The band assignment of FTIR and Raman spectfpodmH2POa.

FTIR Raman Assignment FTIR Raman Assignment
(cnm) (cnm) (cnm) (cnm)
129 s External modes 1019s J NH UuCH
149 m 1041w 1040s } NH., 3CC,uCH
189 m 1074 w ?
225 wb 1081 vs J NH» UCH
285w 1101 mb 33 PQy, } NH, G CH
368m 3PO 1123 m 3rg,} NHz, GUCH
393 m 1143 mb 1137w ?
409 sh ? 1205w 3NN, Urg,dNCN, U CH
464 sh 463 s UNCN 1218 w 1226 m 33P0, 3NN, lUrg,
472 w ¥ NH» UNCN, UCH
489 wb 482m  ? 1247 wb UPOH,} CH,3rqg,
514 w 515m  34PQy, } rg-C(NHy)2 ¥ NH2, 3CN
528 w 534 m 3P 1309 vw 1304 m 3rg,3CNs UCNs, UCH
548 w 553 vw 1412 w 1409w 3rg,UCH,UCNs
576 w  2rg,oCNs 1542 s UNH:
590 w 1573sh 1570 m 3 NCN,3rg, UNH,, G CH
632 w 636 vw 1580 m
682 vw 685m UNCN3C-rg,lrg 1640 w ?
775 m ? 1687 m 1674w  UNH;, UCN3
868 w 873w oCH 1709 m 1701 wb 3 CNs, UNH,, U CNs
893 m UPOH 3071w 3NHéO
910 w 909 m drg,¥ NH: 3065vs 3124m 3CH
926 vs 31 POy, lirg, 3 CNa, 3103 vs 3139 w
3CN,3NN 3138 vs
941 m trg,3CNs, 3CN, 3157 s 3156 m
3NN 3331 vs 3aNHé O
957 mb 950m 33PO

Note: The notation derived from the ideally tetrahedrals P@iety is used for the description

of theH.PQOy modes
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Figure 27: FTIR (nujol mull) and Raman spectra ¢ddpcamH2POa4. Nujol bands are
labelled by asterisk.
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Figure28: Recordé FTIR spectrunof saltHpcamH2PO4 compared with simulated If
spectrumof anisolatedHpcam'* cationin vacuum (red linesupper paijtand withsolid
state simulated IR spectrufiorownlines lower par}.
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Figure 29: Recoreed Raman speatm of salt HpcamH2PO4 compared with simulate
Ramanspectrumof an isolatedHpcam!* cation in vacuumdreenlines upper pait
and with solid state simulated Raman spectriloielines, lower parj.

4.2.5 1H-pyrazole-carboxamidinium hydrogen sulfate (HpcamHSOx4)

Crystal structure
This salt was obtained fromatersolution ofpcamwith sulfuric acid in molar ratios

1:1, 1:2 and 2:1Table 4. Asymmetric unit is shown irFigure 30 crystal packing
in Figure3l, hydrogen bonds geometry is listed in Tahl®, diffraction maxima
andd-spacingobtained bypowder Xray diffraction are listed in Table 8in Supplement.
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Figure30: Asymmetric unit oHpcamH SO..

As it is apparentfrom Figure 31lthere are nocentrosymmetric pairs ofations
formed in this structure. &ralel vertical layers of norbonded cationsare embed
in thehorizontalhydrogenrbonded chais of anionsThese chains are connectagstrong
hydrogen bond€01-H1...02 with d(DL B)l=2.586(2); . Resttwo oxygen atoms03
andO4 of anionsform bonds withthree hydrogenatomsH7a, H8a and H8f amino
groupsof base.The last hydrogen atom H7b is involvedtie Hbond with O2 as well
asin intramolecular interaction NH7b...N2. Distancesd(DL B)Lof all these NH é O

interactionsvaries, see Tabl&5.

Table15: Hydrogen bonds geometry BpcamHSOu.

dDiH) (dHLA)Y (dDLA)Y (7 D-HL L L A
O1-H1..02 0.90 1.69 2.586(2) 176
N7-H7a...03 0.83 2.07 2.902(2) 176
N7-H7b...N2 0.90 2.34 2.698(2) 104
N7-H7b...02 0.90 2.14 2.914(2) 144
N8-H8a...04 0.84 2.06 2.876(2) 163
N8-H8b...03 0.88 2.50 3.097(2) 126
N8-H8b...04 0.88 2.13 2.912(2) 148
C3-H3..0F 0.95 2.51 3.365(2) 149

Symmetry codes: (a) x, Hg 1/2+z; b) 1x, -y, 1-z; c) 1-x, 1/2+y, 1/2z; d) X, 1y, 1-z
e) 1+x, 1/2y, -1/2+z
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Figure31: Crystal packingof HpcamHSO4 (projection to planaé). Dashed lines indicate
hydrogen bonds

Vibrational spectra

FTIR and Raman spectra of sHipcamHSO4 are depicted in Figurg2. Vibrational
bands of hydrogen sulfate anion wee assigned using the literatéite® The rest
of thevibrational bands were assigned using quantahnemical calculations.
Thecomparison of the calculated spectra with the measured ones is shown below, see
Figures33 and 34. The band assignment is listed in Table

The overall characteof vibrational spectras in agreement with crystal structure
solutioni i.e. crystal formed byHpcam!* cations and HS® anions connected
by H-bonds.
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Figure32 FTIR (nujol mull) and Raman spectra BpcamHSOa. Nujol bands are labelled
by asterisk.

Table16: The band assignment of FTIR and Raman spectipcdmHSOa.

FTIR Raman Assignment FTIR Raman Assignment
(cmb) (e ° (cmb)  (emm) ’

118 s External modes 912 m 911 m drg,¥ NH-

133 s 919 m

186 m 935 m 937 s o9CH

274 w 1025 s 1024vs 3.SOy
416 vw 417 m 3 SOy 1046 m | NH,, 3CC
433m 432m 1069 s 1082 s 33SQy, } NH, GUCH
455s  452s ¥ NH> 1126w  3rg,} NHz, GCH, 33 SO
510w 515w  3,SQO 1169vs 1174w 33 SOy
537w 536 vw | rg-C(NHy). 1213vs 1207 w 3NN, Grg,0NCN, i CH,
573 s 573 m org,2CN3 33 SOy
585m 585 m 3, SOy 1228 m } CH,3rg,¥ NH2, 3CN
597 m 594 mb 1307 m 1308 m 3rg,3CNs, UCNs, UCH

608 m 1393 m  3rg,UCH,UCNs
633w 640vw  0rg,oCNs 1411w 1408 m  3rg,lrg,0CH,3C-rg
652 vw UNH,, oNH 1538 m U NH>
675w 695 m UNCN,3 C-rg, lrg 1568 m  1572s 3NCN, 3rg,iNH,, GCH
758 m oCH 1652 w 1663 w U NHz, U CNs

767 vw  ? 1705 s 1708 vw 3 CNs, U NH>, U CNs

3061lvw 3NHéO
823 vw ? 3121w 3CH
851 sh ? 3135w
880m 879m 3 S-O(H) 3151 m 3151 m
3369 m 3355wb 3NHéO

Note: The notation derived from the ideally tetrahe®@k moiety is used for the description

of the HSQ modes.
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Figure 33: RecordedFTIR spectrunof salt HpcamHSO4 compared with simulated i
spectrunof an isolatedHpcam?!* cation in vacuum (red linesipper pajtand withsolid

state simulated IR spectrufiorownlines, lower par}.
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Figure 34: Recorde Raman spectrum of sattpcamHSOs compared with simulate
Raman spectrum of an isolatétbcam!* cation in vacuumdreenlines upper pait
andwith solid state simulateBamanspectrum lfluelines, lower par}.

4.2.6 1H-pyrazole-carboxamidinium methaneslfonate (HpcamCH3sSOgz)

Crystal structure
This salt was obtained fromwater solution of pcam with methamesulfonic acid

in molar ratiosl:1, 1:2 and 2:1Table 4. Asymmetric unit is shown in Figur&s, crystal
packing in Figure86, hydrogen bonds geometry is listedTiable 17 diffraction maxima
and dspacing btained bypowder Xray diffraction are listed in Table Sin Supplement.
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Figure35: Asymmetric unit oiHpcamCH3sSOs.

Crystal packing in Fige 36indicates formation of centrosymmetric pairs of cations
which are agairstabilisel by intramolecular and intemolecular N7H7b...N2 hydrogen
bonds. These pairs are connectbg centrosymmetric pairs ahethanesulfonate anions
andall together form hydrogehonded layersDistancesd(DL BA)Lof N-H...O hydrogen
bond involving atoms H7a, H8a and H8b are comparable to each other (2.801(2), 2.821(2)
and28 89 (2) j) .
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Figure 36: Crystal packing ofHpcamCH3SOs (proje(;tion to planeac). Dashed lines
indicate hydrogen bonds.
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Tablel17: Hydrogen bonds geometoy HpcamCH3SOs.

dDiH) (dHLA) (dDL BN j = D-HL L L A
N7-H7a...02 0.88 1.93 2.801(2) 172
N7-H7b...N2 0.88 2.30 2.661(2) 105
N7-H7b...NZ 0.88 2.23 2.990(2) 144
N8-H8a...01 0.88 2.00 2.821(2) 156
N8-H8b...02 0.88 2.03 2.889(2) 164
C4-H4...0% 0.95 2.43 3.384(2) 178
C5H5...0F 0.95 2.26 3.136(2) 152
C7-H7c...02 0.98 2.53 3.474(2) 162

Symmetry codes: a4, -y, 1-z; b) 3/2x, 1/2+y, 3/2z; ¢)-1+x, y, z; d)2-x, 1-y, 1-z
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Vibrational spectra

FTIR and Raman spectra of sdifpcamCHsSOs are depicted in Figured7.
Vibrational band of methanesulfonatanion wee assigned using the literatéfteThe rest
of thevibrational bands were assigned wusing quantwhemical calculations.
Thecomparison of the calculated spectra with the measured sn&sown below, see
Figures38 and ®. The band assignment is listed in Tale The overall character
of vibrational spectras in agreement with crystal structureleni i.e. crystal formed

by Hpcam!* cations andCHsSQOs anions connected by-bonds.

Table18: The band assignment of FTIR and Raman spectipchmCH3SOs.

FTIR Raman Assignment FTIR Raman Assignment
(cmb)  (cnY J (cmh)  (cnt) J
117 s External modes 1053 m 1 NH2, 3 CC,0CH
132 vs 1088 m 1 NHz, GCH
155 m 1103 sh 1093 s 3rg,} NH,, GUCH
197 m 1145s 1145w ?
286 vw 1189vs 1195 m 3SG;;
348 m 1229s 1222w 3S0; 3NN, trg,
358 m UNCN,UCH
476 m 471 m ¥ NH; 1235 m } CH,3rg,¥ NH2, 3CN
520sh 520m ? 1315m 1315 m 3rg,3CNs, UCNs, UCH
529 m } rg-C(NH>)2 1324 sh UCHs
533 m 536w U SG; 1338 w UCHs
545m 545w 1403 m 1403 s 3rg,UCH,UCN;
556 m 558 m 1412s 1411s 3rg,urg,UCH, 3 C-rg
613sh 590w ? 1431 m U CHs
639vw  0rg,oCNs 1539 m U NH>
666s 689m UNCN,3 C-rg, lrg 1557 m 1555m  3NCN,3rg,tiNH,, GCH
720w 719vw oCH 1633 vw  UNH U CN3
778 s 780 s 3C-S 1669 w ?
793 vs ? 1679 m U NH2, 0 CNs
869vw ? 1717 vs 3 CNs, UNHa, UCN3
891w 892vw oCH 2957 m 2944 m 3sCHz
912m 910m drg,¥ NH; 3020 w 32CHs
927w 925vw oCH 3029 w
948 m 942sh  rg,3CNs 3CN,3NN 3065vw  3NHé X
952 m ? 3114 m 3112m 3CH
959 m 961sh 2 3137 m 3137 m
972sh 969sh |} CHs 3339m 3356wbh 3NHé X
1042 vs 1044 vs 3S0; ) NH,, UCH

Note: Symbol Xi atom N or O.
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Figure 38. Recordd FTIR spectrunof salt HpcamCHsSOs compared with simulate
IR spectrumof an isolatedHpcam!* cation in vacuum (red linesupper pait
andwith solid state simulated IR spectrufiprownlines, lower par}.
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Figure39: RecordedRaman spectrum of satpcamCH3SOs compared with simulate
Raman spectrum of an isolatétbcam!* cation in vacuum (green linesipper pait
andwith solid state simulated Raman spectrum (blue Jilozger parj.

4.2.7 1H-pyrazole-carboxamidinium sulfamate (HpcamNH2SOz)

Crystal structure
This salt was obtained fromvater solution of pcam with sulfamic acid in molar

ratios 1:1, 1:2 and 2:1 (Tab#y. Asymmetric unit is shown in Figur40, crystal packing
in Figure4l, hydrogen bonds geometry is listed ifable 19, diffraction maxima
andd-spacing dtained bypowder Xray diffraction are listed in Table 8in Supplement.
Also in this structure centrosymmetric pairscationswere found but there are not
formed any layerssee Figurell. There are different types of connection between cstion
and anions. Interesting is that amino group with at@iddims Hbonds only with oxygen
atoms (O1 and O3) of anion and anotherioaenino group with atom Wis involved only
in H-bonds with nitrogen atoms (N2 and NJhis stucture is alscstabilisal with weak

C-H...Ohydrogen bonds.
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Figure4l: Crystal packing oHpcamNH2SOs (projection to planéc). Dashel lines

indicate hydrogen bonds

Table19: Hydrogen bonds geometoy HpcamNH2SOs.

dDiH) (dH:-BA) (dDLBE (" D-HLLLA
N7-H7a...NG 0.89 2.01 2.898(2) 175
N7-H7b...N2 0.89 2.32 2.658(2) 103
N7-H7b...N2 0.89 2.27 3.072(2) 149
N8-H8a...03 0.89 1.99 2.861(2) 170
N8-H8b...01 0.90 1.94 2.826(2) 170
N9-H9a...02 0.89 2.02 2.892(2) 168
N9-H9b...03 0.92 2.00 2.837(2) 151
C3-H3...02 0.95 2.54 3.326(2) 141
C5-H5...01 0.95 2.38 3.250(2) 152

Symmetry codes: a) 1+x, }2 -1/2+z; b)2-x, 1y, -z; €) X, 1/2y, -1/2+z; d)-1+X, Y, Z;

e) Ix, 1y, 1-z
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Vibrational spectra

FTIR and Raman spectra of sdifpcamNH2SOsz are depicted in Figurel4.
Vibrational bang of sulfamateanion were assigned using the literatfiréThe rest
of thevibrational band were assigned using quantghemical calculations.
Thecomparison of the calculated spectra with the measured onesvis dfelow, see
Figures42 and 43. The band assignment is listed in Table The overall character
of vibrational spectras in agreement with crystal structure solutione. crystal formed

by Hpcam!* cations andNH2SOs™ anions connected by-bonds.
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Figure 42 Recorded FTIR spectrum of salipcamNH2SOs; compared with
simulated IR spectrum of an isolatetpcam!* cation in vacuum (red lines, upper part)
andwith solid state simulated IR spectrum (brown lines, lower part).
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Figure43: Recordd Raman spectrum of safppcamNH2S0Oz compared with simulate
Raman spectrum of an isolatétbcam!* cation in vacuum (green linesipper pait
andwith solid state simulated Raman spectrum (blue Jilozger parj.
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Figure44: FTIR (nujol mull) and Raman spectratdpcamNH2SOz. Nujol bands are
labelled by asterisk.
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Table20: The band assignment of FTIR and Raman spectipcAmNH2SOs.

FTIR Raman Assignment FTIR Raman Assignment
(cm?  (cm?) J (cmb)  (cnmY) J

105 m External modes 1050 m } NHz, GCH

124 vs 1056 m } NH2, 3 CC,UCH

165 m 1071 w ?

191 m 1098w 1084 m } NH2, GCH

288 wb 1126 m 1117w 3rg,} NHz, GCH

362 w 1196 m 335G

386 vw 1220 m 1217 sh 3NN, Urg,dNCN,UCH
415w  413vw ? 1231sh 1232mb J CH,3rg,¥ NHz, 3CN
466 m 467 m UNCN 1260s 1252vw  33SOs
535m 535w 4} rg-C(NH2)2 1310 m 1308 m 3rg,3 CNs, UCNs, UCH
551w 549w 3, SO; 1339 vw  ?
563 vw 564 m 34 SG; 1397w 1395 m 3rg,U0CH,UCNs
574m 584w org,2CNs 1411 m 1407 s 3rg,lrg,UCH,3C-rg
591 w 34 S0; 1539 m UNH:
633m 639vw 92rg,oCNs 1560 m 1558 wb 3 NCN, 3rg, U NH;,
652 m UNH2, o NH uCH
686 m UNCN 3 C-rg,lrg 1671 m 1633w UNH:, 0 CNs

691 s 1702 s 3 CNs, UNH3, G CN3
781m T775wb ? 3064vw  3NHEé X

798 wb ? 3100 m 3101 vw
833w ? 3122m 3121w 3CH
887vw 873vw oCH 3133w
910w 911 m drg, ¥ NH: 3142 m

3207 wb

942m 945 m Urg,3CN3;, 3CN,3NN | 3273 m 3276wb 3NHé X
1039 m 1039s 3;SO; 3339 m 3342 wb

Note: Symbol Xi atom N or O.

4.2.8 Summary for inorganic saltswith 1H-pyrazole-carboxamidine

Inorganic anions with different geometry andvde of protonation were used
asalternative crystallisation partners for target molecule to supress natural tendency
to form centrosymmetric pairs.

The target cation is planar in all of these inorganic salts. Even anions forming strong
hydrogen bonds with its amino groups did not deform its rigid conformation. Angles
anddistances between the atoms of cations are similatl iof the previously discased
structure, see Electronic Supplement ESES8.There are only small differencesbond
lengths and angles frothe calculated values of the target cation (TadleSsipplement).

Despite the formation of #Honds and usagef anionsderived from strog acids
centrosymmetric pairs of base were formed in chloride salt, both of the nitrate crystals,
methanesulfonate and sulfamate salk.of these pairs were connected by intramolecular

and intermé&ecular interaction NFH7b...N2.
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Unfortunately,none ofthe remainingstructureswhere thesepairs are not present
IS honcentrosymmetric.

Quantumchemical calculations were used for interpretation of the vibrational spectra
of prepared inorganic saltGenerally, used model of an isolatéthcam'* cation
in vacuum andolid state calculations led to definite band assignmtmt all
of thepreviously discussed salts excepipcamClOs. The match of simulated
andvibrational spectraf perchlorate salis not accurateand will be subject of further

studies.

4.3 Prepared saltsof 1H-pyrazole-carboxamidine with organic acids

Six organic crystalline salts gfcam were prepared and characteriseded acids,
ratios and prepared products are listed in Talle All of the used molar ratios
of particular acid led to the same crystalline salt.

Salts with organic acids preferred triclinic space gsdeyl (HpcamCl-formH:20,
Hpcam-Hox, Hpcam-sud: bbug or P1 (Hpcam-Hmalic). Only two salts crystallise
in monoclinic  space  groups - P2/c  (Hpcam-adipl kb d iHpO) and P2
(Hpcam-Ht ar tO) 2 H

Crystal structures and vibrational spectra of all of the prepared crystals are described
in this chapter individually. Basic crystallographic data atrdcture refinement details
for all theseorganic salts ardisted inSupplement (Tabke S/ and 8) andElectronic
Supplement (ES$- ES14).

The phase uniformity of prepared salts was verified by powdeayXdiffraction,
resultsof which are listedn Supplementor each salt individuallyTables ST andS22)
Measured diffraction patterns are consistent with calculated diffraction maxima (Diamond

softwaré®) from single crystal data.

Table21: Crystalline salts of H-pyrazolecarboxamidine with organic ats.

. Ratio (B:A)

Acid 11 12 21
adipic Hpcam-adiplHz2a d iHgOL
formic HpcamCl-formH20
L-malic Hpcam-Hmalic
oxalic Hpcam-Hox
succinic Hpcam-sud: kbuc
L-tartaric Hpcam-Ht ar tOL 2 |
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4.3.1 1H-pyrazole-carboxamidinium adipate - adipic acid monohydrate (1/1)
(Hpcam-adipL k& d iHpOI).

Crystal structure

This productwas obtained fronwater solution of pcam with adipic acid in molar
ratios 1:1, 1:2 and 2:1 (Tab®). Asymmetric unit is shown in Figu4b, crystal packing
in Figure45, hydrogen bonds geometry is listed ifable 22, diffraction maxima
andd-spacingobtained bypowder Xray diffraction are listed in Table $in Supplement.

As is apparent from Figure 43sa this structureis formed by Hbonded layers
of alternatingcations anionsand adipic acidsvith embedmolecules of watetConnection
between théayers is provided by OlwH1lw...O1 hydrogen bond between the water
moleales andadipate aniom This structure is alsostabilisel by intramolecular
N7-H7b...N2 and weak5-H5a...O1w hydrogehonds.

The lengths of € bonds inall four carboxylic groupsonfirm their protonation
in solved crystal structurieit consists of deprotonated adipate and neutral adipic sed;

ES9 inElectronic Supplement.

Table22: Hydrogen bonds geometry Bpcam-adipl. kh d iHpOL

dDiH) (dH:BA)Y (dDLAY (" D-HLLLA
Olw-H1lw..OF 0.88 1.97 2.851(2) 179
Ol1w-H2w...03 0.88 1.97 2.776(2) 152
O4-H4...02 0.86 1.76 2.621(2) 174
N7-H7a...01 0.92 1.83 2.743(2) 173
N7-H7b...N2 0.89 2.25 2.653(2) 107
N7-H7b...0P 0.89 2.12 2.877(2) 143
N8-H8a...02 0.91 1.95 2.854(2) 169
N8-H8b...01w 0.87 2.09 2.953(2) 170
C5-H5a...01w 0.95 2.41 3.284(2) 152

Symmetry codes: ay4, -1/2+y, 3/2z; b) kx, 1-y, 1-z
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Figure46: Crystal packing oHpcam-adipl: ba d iHpOL(projection to plan@c). Dashed
lines indicate hydrogen bonds.
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Vibrational spectra

FTIR and Raman spectiaf Hpcam-adipl. bh d iHpOLare depicted in Figurd?.
The overall character efbrational spectra is in agreement with crystal structure solution
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Figure47: FTIR (nujol mull) and Raman spectra Bipcam-adipL. & d iHpOLNujol
bands are labelled by asterisk.

FTIR (cm™): 3max 469w, 518m, 536m, 572wb, 637w, 688mb, 717 w, 736n, 781m,
901m, 911m, 938mb, 1038w, 1045vw, 1055vw, 1086w, 1099vw, 1125w, 1192s,
1215sh, 1278b, 1311sh, 1335/w, 1408m, 1462s,1550m, 1698vs, 2876wb, 2930mb,
2949m, 2961m, 3101m, 3126m, 3316w, 3503vw.

Raman (cm™): 3max121vs, 196 m, 28@v, 306 w, 391wb, 468m, 526m, 583wb, 638w,
662w, 688m, 715w, 771 vw, 875v, 912m, 938vs, 1038m, 1086s, 1112m, 1142w,
1231m, 1253w, 1276w, 1299m, 1305m, 1313m, 1405s, 142A/s, 1452m, 1535s,
1547m, 1665wb, 1712m, 2872m, 2914vs, 2944m, 3063vw, 3105m, 3126w, 3150m,
3254wb.
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4.3.2 1H-pyrazole-carboxamidinium chloride formate monohydrate
(HpcamCl-form H20)

This salt was obtained fromatersolution ofpcam with formic acid in molar ratios
1:1, 1:2 and 2:1 (Tabl@1). Asymmetric unit is shown in Figurd8, crystal packing
in Figure49, hydrogen bonds geometry is listed iRable 23, diffraction maxima
andd-spacing btained bypowder Xray diffraction are listed in Table 8in Supplement.

As it is seen from crystal packing in Figure 48€oan this structure centrosymmetric
pairs ofcaionswere found These pairs argtabilisal by intramolecular anishtermolecular
N17-H17b..N12 and N2H27b..N22 hydrogen bondssane astheones formed
in thepreviously discussed structurézairs of cationsre planafFigure 49) andogether
with choride and formate anions and water molecules form layers. Connection between
thelayers is provided byOlwH2w...Cl1 andOlwH1w...Olw hydrogen bonds.
Thesimilarlengths of GO bonds confirndeprotonation of formate anion in solved crystal
structure, se&S10 inElectronic Supplement.

Chloride atoms in this structure most likely originft@m initial commercial product

(they did not precipitate by silver carbonate

01

Figure48. Asymmetric unit oHpcamCl-formH20.
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Figure 49: Crystal packing of HpcamCl-formlH20 (projection to planeac- left

andprojection toplanebc - right). Dashed lines indicate hydrogen bonds.

Table23: Hydrogen bonds geometoy HpcamCl-form IH20.

dDiH) (dH:LA) (dDLAY (T D-HLLLA
OlwH1w...CIZ 0.94 2.42 3.252(2) 147
Olw-H1w...01wW 0.94 2.56 2.956(3) 105
OlwH2w...Cl1 0.83 2.32 3.139(2) 169
N17-H17a...01W 0.92 1.83 2.744(4) 171
N17-H17b...N12 0.98 2.26 2.677(4) 104
N17-H17b...N12 0.98 2.16 2.987(3) 142
N18-H18a...Cl1 0.98 2.28 3.251(2) 169
N18-H18b...02 0.95 1.89 2.803(3) 160
N27-H27a...0% 0.95 1.82 2.763(3) 170
N27-H27b...N22 0.90 2.31 2.679(4) 104
N27-H27b...N22 0.90 2.16 2.954(3) 147
N28-H28a...02 0.84 1.91 2.753(4) 174
N28-H28b...CIf 0.89 2.31 3.168(3) 161
C15H15...02 0.95 2.39 3.257(4) 152
C24H24...01 0.95 2.42 3.364(4) 170

Symmetry codes: a) 1+x, y, z; bx21-y, -z; ¢)-1+X, y, z; d)-1-X, -y, -z; e) kX, 1, 1-z;

f) -1+x, 14y, z
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Vibrational spectra

FTIR and Raman spectraf HpcamCl-formlH20 are depicted in FiguréO0.

Theoverall character ofibrationalspectra is in agreement with crystal structure solution
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Figure50: FTIR (nujol mull) and Raman spectratepcamCl-formLH20. Nujol bands are
labelled by asterisk.

FTIR (cm?): 3max471 m, 531 w, 543 vw, 585 vw, 639 w, 691 m, 716 m, 765 m, 773 m,
811mb, 884 vw, 913 w, 926 vw, 945 m, 1037 m, 1088 m, 1151 m, 1215 m, 1235 w,
1309m, 1346 s, 1367 s1378m, 1411 s, 1531 vs, 1547 v4602 mb, 1717 s, 2696 m,
2722m, 2803m, 3116 s, 3136, 3158 s, 3316 m.

Raman (cmY): 3max124 vs, 144 vs, 289 sh, 471 m, 531 w, 582 w, 637 w, 692 m, 718 w,
765vw, 870 vw, 881 vw, 911 m, 938 m, 1054 m, 1093 s, 1130 vw, 1153 w, 1219 m,
1233m, 1310 m, 1344 m, 1366 m, 1409 s, 1538 m, 1634 w, 2698 w, 2722304, m,
3065 vw, 3117 m, 313, 3161 m.
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4.3.3 1H-pyrazole-carboxamidinium hydrogen L -malate (Hpcam-Hmalic)

Crystal structure

This salt was obtained fromatersolution ofpcamwith L-malic acid in molar ratios
1:1, 1:2 and 2:1 (Tabl@l). Asymmetric unitis shown in Figure51, crystal packing
in Figure52, hydrogen bonds geometry is listed ifable 24 diffraction maxima
andd-spacing btained bypowder Xray diffraction are listed ifable S19n Supplement.

Prepared crystals were sticky ahérefore needed to be washed vethanol.

Figure51: Asymmetric unit oHpcam-Hmalic.

As seen inFigure 2 asymmetric unit contains two cations and two hydrogen
L-malate anionsAcidic protonsof anionsare involved in complicated hydrogéonded
structure. Also tis structure is stabilisel with intramdecular Hbond interaction
(N17-H17b...N12 and N2H27b...N22bonds) andveak Hbonds involving carbon atoms.
The lengths o€-O bondscorfirm protonation ofhydrogenL-malate insolved crystal
structure, seeES11 in Electronic SupplementThis complicated structurg@rovides

non-centrosym metric arrangement.
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Figure 52 Crystal packing ofHpcam-Hmalic (projection to planebc). Dashed lines
indicate hydrogen bonds.

Table24: Hydrogen bonds geometoy Hpcam-Hmalic.

dDiH) (dHLA)Y (dDLA)Y (" D-HLL LA
02-H2...04 0.94 1.53 2.458(3) 172
O5-H5...03 0.93 2.19 2.700(3) 113
O5-H5...N22 0.93 2.16 2.914(3) 138
09-H9...07 0.91 1.58 2.483(3) 175
010-H10...06 0.96 2.18 2.726(3) 115
0O10-H10...N12 0.96 2.15 2.905(3) 135
N17-H17a...03 0.88 2.01 2.894(3) 178
N17-H17b...08 0.88 2.07 2.866(3) 149
N17-H17b...N12 0.88 2.31 2.666(3) 104
N18-H18a...04 0.88 1.91 2.780(3) 168
N18-H18b...08 0.88 1.97 2.816(3) 162
N27-H27a...06 0.88 2.01 2.880(3) 173
N27-H27b...03 0.88 2.08 2.875(3) 149
N27-H27b...N22 0.88 2.32 2.673(3) 104
N28-H28a...07 0.88 1.91 2.770(3) 164
N28-H28b...01 0.88 1.97 2.829(3) 166
C2-H2b...02 0.99 2.52 2.293(3) 135
C14H14...0f 0.95 2.41 3.339(4) 166
C15H15...08 0.95 2.49 3.300(4) 144
C24H24...08 0.95 2.35 3.297(4) 172
C25H25...01 0.95 2.44 3.282(4) 148

Symmetry codes: a) 1+x, y, 1+z; X, y,-1+z; ¢) 1+X, y, z; d}1+x,-1+y, 1+z;
e) 1+x,-1+y,-1+z
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Vibrational spectra

FTIR and Raman spectcd Hpcam-Hmalic are depicted in Figurg3. The overall

character oVibrational spectra is in agreemaevith crystal structure solution
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Figure 53 FTIR (nujol mull) and Raman spectra ¢fpcam-Hmalic. Nujol bands are
labelled by asterisk.

FTIR (cnY): 3max449m, 478m, 536m, 551m, 580w, 638m, 692s,723s,775m, 872w,
910s, 948s, 984 w, 105In, 1081sb, 1140m, 1174m, 1215m, 1238mb, 1279w,
1309m, 1339m, 1358m, 1408m, 1508s, 1546s, 1717m, 3125m, 3149m, 3316m,
3473w.

Raman (cm™): 3max 106vs, 133vs, 193m, 276m, 284m, 333vw, 376m, 451m, 471s,
533m, 553m, 584w, 645m, 694s, 724w, 776vw, 825vw, 871w, 911s, 947 s, 984 vw,
1059s, 1089m, 1100m, 1141w, 1176w, 1215m, 1241m, 1311m, 1341w, 1357w,
1393s, 1409, 1540m, 1565m, 1700mb, 2866w, 2932m, 2947m, 2994m, 3067wb,
3114sh 3124m, 3153m, 3303 wb, 347v%w.
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4.3.4 1H-pyrazole-carboxamidinium hydrogen oxalate (Hpcam-Hox)

Crystal structure

This salt was obtained fromatersolution ofpcam with oxalic acid in molar ratios
1:1, 1:2 and 2:1 (Tabl@l). Asymmetric unit is shown in Figur®4, crystal packing
in Figure55, hydrogen bonds geometry is listed ifable 25, diffraction maxima
andd-spacing btained bypowder Xray diffraction are listed in Table 82n Supplement.

Asymmetric unit in Figuré4 indicates that only one hydrogen atom from carboxylic
anion is removedvionoprotonated anion together with cation endlalgangemenbased
on extensive network dfydrogen bonds as shown in Figls® Thereis also possible
to see alternating cations aadions forming hydrogehonded layersvhich are connected
via C4-H4...02 hydrogen bondsAlso this structure isstabilisel with intramolecular
N7-H7b...N2 hydrogen bond@helengths of CO bonds confirm théormation of hydrogen

oxalate aniorn solved crystal structure, s&&12 inElectronic Supplement.

Figure54: Asymmetric unit oiHpcam-Hox.
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