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Abstract

This present work undertakes the study of a noxghmic—inorganic hybrid material, which
has been obtained successfully by an acid-baséaeat room temperature and structurally
studied by the single crystal X-ray diffraction imed. (GoH1sN2)2H-P,O7 crystallizes in the
triclinic system with the non-centrosymmetric spagreup P1 with the following lattice
parameters: a = 5.9159(2) A, b = 13.8451(6) A, d445973(5) A,a = 74.507(2)°,p=
89.980(2)°,y = 89.231(2)° with V = 1152.06(8)%and Z = 2. The X-ray structural analysis
supported by a detailed Hirshfeld 2D fingerprindtpl has been performed to elucidate the

different inter-contacts in the crystal structurainty associated with N-H O, O-H---O and

C-H---O between the different entities. An infrared speuot was registered to reveal the
vibrational modes of the title compound. The optio@asurements have been carried out at
room temperature. Theoretical calculations, whighquantum chemical techniques, based in
density functional theory (DFT) method in the grdustate will be devoted to study the
vibrational frequencies and structural parametefsthe investigated molecule by using
DFT/B3LYP/6-311G(d,p) basis set. The calculatedngetnic parameters and vibrational
frequencies are in good line with their experimedéda.

Keywords: Non-centrosymmetric hybrid material; Crystal stawetDFT; MEP; Mulliken
charges; HOMO-LUMO.

1. Introduction

Nowadays, a remarkable interest is bringing tootfganic-inorganic hybrid materials. Among
this large family, the main focus was on the hykt@mpounds based on phosphates, in
particular. The need to use these materials, whether the best properties of both the
organic and the inorganic components in a singkesehis permanently increasing. Hence,
this symbiosis can lead to new rich structure, dhalmand physical properties and has
secured a good place in various fields of appbratsuch as biomolecular science [1,2],
electronic [3], nonlinear optics [4-6] and medigivehere GsH23N3O2(H2POy), have been

found to have the potential for treatment of maldri]. In this context, the phosphate anion



has been combined with an organic amine based pergzine that is used as structure
directing agents due to their important charadiess

Moreover, phenylpiperazine and its derivates adelyiemployed as an organic cation owing
to their excellent biological, pharmacology anddoeavascular properties. In this regard, it has
been noticed that piperazine derivates are vegndfiund in a plethora of well-known drugs
with various therapeutic uses, such as antipsychi@il0], anticancer [11], antifungal,
antibacterial, antihistaminic and antidepressant.

Much attention is currently devoted to the non-tEsymmetric structures of organic cation
diphosphates which are still limited in compariseith other centrosymmetric diphosphates
[12,13]. In fact these compounds are potentiallpliapble as nonlinear optical materials
(NLO). Indeed, such compounds is of enormous tdolgial importance and embrace a
wide variety of active field of research due to itheotential applications in
telecommunications, electro-optical shutters, terah (THz) imaging and spectroscopy,
optical data storage and optical information preses[14]. Furthermore, the key that make
the non-centrosymmetric crystals one of the mostnsively studied compounds is their
important nonlinear property calledSecond Harmonic Generationwhich has been
performed by Franken and co-workers since 1960. [IBis process is also called frequency
doubling where incident photons with a frequencinteracting with a nonlinear material are
directly converted into new photons with twice frequency & of the initial one [16].

To gain insight into the structural characterizatiof the novel compound, 1-
phenylpiperazinium dihydrogenodiphosphatezsN2).H.P.0O;, the present research work
reports, the synthesis, the structure, the Hirghgeirface analysis, the vibrational and the
optical measurements. To calculate the theoretieaimetry and IR spectrum of the title
compound Density Functional Theory method was appin gas phase. The molecular
electrostatic potential (MEP), frontier orbitals @MO-LUMO) and Mulliken population
analysis were obtained computationally. The B3L¥®16G(d,p) was chosen as basis set for
the theoretical calculations.

2. Crystal growth and experimental techniques

The chemical synthesis of the title compoundolesN2).H-P,O; via an acid-base reaction
was carried out in two steps: Diphosphoric acid ¥uas$ prepared by passing a solution of
Na;P,O; through an ion exchange resin (Amberlite IR 120} was immediately neutralized
with analcoholic solution of 1-phenylpiperazine. It shoblel noted that the organic molecule
was added drop by drop with stirring for a few nte@suuntil obtaining a final solution at pH

2. The resulting solution was then slowly evapatateer a few days at room temperature
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until the appearance of good quality of colorlesd aansparent plate crystals occurred. The
reaction scheme can be described as follows:
2(CyoH1aN2) + HsP2O7 — (CyoH15N2)2HP07

A colorless crystal with approximate dimension2%0x 0.22 x 0.04 mfi) was selected
in order to perform its structural analysis by X-mffraction. Bruker-Nonius Kappa CCD
diffractometer with APEX Il detector, employing ghate monochromated MaKradiation
(A = 0.71073A), was used to collect total reflectiagemperature of 170 K. The structure
was solved with SHELXT [17] and refined using SHHLX18]. The drawing of the
molecular structure was made with DIAMOND [19]. Aflon-hydrogen atoms were
determined and refined isotropically and then anigucally. All hydrogen atoms were
situated in geometrically optimized positions arghted as riding atomBurther details of
the structure analysis are given in Table 1. Seteaengles and bond lengths are presented in
Table 2. The hydrogen bonds are listed in TabléH& X-ray powder diffraction (XRPD)
experiment was collected using a BRUKER D8-advatiffeactometer with Cul¢ radiation
(A = 1.5406 A) in the @angular range from 0 to 40°.

The quantum chemical calculations and the molecgleometry optimization of
(C10H15N2)2H-P,0O7 were performed using Gaussian03 program [20]. Syulessly, the
calculation results were visualized with the Gaus=sw4.1 [21]. Due to its cost-effectiveness,
Density functional theory (DFT) with the Becke-tbnparameter hybrid exchange functional
combined with the Lee-Yang-Parr correlation funeéib (B3LYP) [22,23] levels with the
standard 6-311G(d,p) basis seas used for complete calculations. To estimateckigenical
reactivity of (GoH1sN2)-H2P.O7, the molecular electrostatic potential (MEP) scefanap and
Mulliken population analysis were obtained with dhegical calculations at the B3LYP/6-
311G(d,p) level. In addition, the energies and RTspectrum of optimized structure were
also obtained at the same basis set. The harmdwiation frequencies for the optimized
structure were scaled using the scaling factor 189f4]. The molecular electrostatic
potential (MEP) map, electrostatic potential contooap and frontier molecular orbitals
(FMOs) were drawn using Gauss-View4.1 software.

To analyse the interactions in the crystal, Hirkhgrfaces mapped with4gl, and their
associated two-dimensional fingerprint presentedhia paper were plotted using Crystal
Explorer (version 3.1) software [25].

Infrared (IR) spectra were recorded at room tentpezaon a Nicolet IR200 FTIR

equipped with a diamond micro-ATR access in theD4@00 cnit range.



Solid state UV-Vis absorption spectra were obtaibgda Perkin Elmer Lambda 35
spectrophotometer in the range of 200—800 nm.

Emission spectrum was obtained on a PerkinElmer5Lf%orescence spectrometer
equipped with a 450 W xenon lamp as the excitatoarce using solid sample at room
temperature.

3. Results and discussions

3.1. Structure description
Fig.S1 compares the experimental and the simulaiffdactograms recorded at room
temperature of the synthesized product. It is notdw that the sample is in pure phase
because both the XRPD pattern of the obtained mheend the calculated pattern from the
single crystal data are perfectly matched.

The ORTEP representation of the asymmetric untitief compound shows twodependent
dihydrogenodiphosphates,P4O;* anions and four 1-phenylpiperazinium cationgHzsN,"
(Fig.S2).

It is well observed in Fig.1a that the atomic agement of (GH1sN2).H.P.O; is projected
according to the (bc) plane. It shows thasfD;]* anions are linked by O-HO hydrogen

bonds to built ribbons along the a axis atizand z =%. These ribbons are interlinked through
N-H---O hydrogen bonds to form a layer parallel to (depp at y =§ Each anionic group is

linked to its two close neighbors through four sgd-H--O hydrogen bonds, with an-GO
distances between 2.524(7) and 2.599(7) A. Thiecistion generates a single type of ring
R%(8) (Fig.1b). The organic cations are located betwehe [HP,O;]* anions and

interconnected via N-HO and moderate C-HO hydrogen bonds forming a three-
dimensional network.

Table 2 depicts the PQdistances inside the tetrahedral, indeed threen nygues of PQ
distances are listed. The longest one P-O(L) cpording to the P-O-P bonds which vary
from 1.596(5)A to 1.612(5)A, the intermediate of®O(H), ranging from 1.528(5) to
1.540(5) and the shortest one, P-O(E), correspgntdinthe external oxygen atoms, which
spread from 1.489(5) to 1.529(5). The average gdioethe P-O distances and O-P-O angles
are (1.536(5)A, 109.3(3)), (1.541(5)A, 109.26(3]1).538(5)A, 109.38(3)°) and (1.541(5)A,
109.29(3)°) respectively for P(1)OP(2)Q, P(3)Q and P(4)Q. The P-P distance is 2.94(3) A
and the P-O-P angle is 132.8(3)°. All these distanand angles are in agreement with
previous structural informations about diphosphateons [26]. The Baur method is a

functional way to calculate the average valuedefdistorsion indices [27] corresponding to
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the different angles and distances in the, BEahedral which are presented in Table S1 [DI
(OPO) = 0.034; DI (PO) = 0.020; and DI (OO) = 0.p17
It exhibits that the distortion in the P-O distasmide slightly higher than O-O distances.
Thereby, in this structure the PQ@roup form regular tetrahedral. The shape adopyethe
four crystallographically independent organic casicshows the presence of two types of
chair conformation, the most stable chemical canfdion. The conformation of the
piperazine six membered rings can be describecerimst of Cremer & Pople puckering
coordinates [28]. In the title compound, the putkgiparameters of the four rings (N4-C5-
C6-N1-C2-C3), (N4A-C5A-C6A-N1A-C2A-C3A), (N4B-C5B€B-N1B-C2B-C3B) and
(N4C-C5C-C6C-N1C-C2C-C3C) are QT = 0.5527, g2 49893 = 0.5524) = 2.03 ¢ = -
29.17, QT = 0.5603, g2 = 0.0428 g3 = 0.558% 4.38¢ = 177.21, QT = 0.5566, g2 =
0.0176 g3 = 0.5563, = 1.81¢ = -8.96 and QT = 0.5670, g2 = 0.0507 q3 = 0.56475.13¢p
= 173.75 respectively.
DFT calculations were applied oni(H15N>).H.P,0O; at B3LYP/6-311G(d,p) level in order to
estimate the effect of intermolecular interacti@msgeometrical parameters. The optimized
structure of the compound is shown in Fig.2. Thacstiral parameters obtained by the DFT
method for the studied compound are given in Tdbldth experimental resultés shown,
the optimized parameters (bond lengths, bond angiesvery close with the experimental
data (Fig.S3). This slight difference can be exydiby the fact that the calculation relates to
the isolated molecule where the interaction witle theighboring molecules are absent,
whereas the experimental result occurs in the séite

3.2. Hirshfeld Surface analysis
Hirshfeld surface analysis is a powerful tool usedjuantify the intermolecular interactions
of molecular crystals. The Hirshfeld surfaces [@8¢ fingerprint plots [30] presented here are
carried out using Crystal Explorer 3.1.The nornalizontact distance Jg.), based on d
(distance from a point on the surface to the neamasleus outside the surface) and d
(distance from a point on the surface to the neéameédeus inside the surface), was calculated
via the following expression:

di—rfW | de—r¥dW

dnorm - I.VdW + rvdw
i e

WhererYW is the van der Walls radius of the atom that iiesde the surface of Hirshfeld,

while YW is the van der Walls radius of the atom that kegside of the surface of

Hirshfeld.



The Hirshfeld surface of the title compound is sthated in Fig.3. In this latter a color
gradient is used, which varies from red (distanglesrter than sum of vdW with negative
dnormVvalue) through white (represents the contact araaiWil separation with ang, value of

zero) to blue (distance longer than of vdW with ippes d.om value). The red spots over

Hirshfeld surface point out the inter-contacts uideld in hydrogen bonds [31,32]. It is well
observed in Fig.3 that the red circular collapssagttributed to O—H-O and N-H--O and C—-

H---O hydrogen-bonding interactions. The surfaces ofdgla, are plotted over a fixed color
scale of -0.8042 (red) to 1.4147 (blue) A withanstard (high) surface resolution.

The fingerprint plot of all the intermolecular cants of the studied sample is shown in
Fig.4a. This latter indicates that the highest gbation of total Hirshfeld surface is attributed
to H---H interactions with 48.4% (Fig.4b) which aepresented with a single broad peak at
de =di~ 1.1 A, it should be also noted that(d) ~ 2.2 A. This value is superior to the sum
of van der Waals radii of hydrogen atom (1.20 A).

As can be seen the-HO/O:---H contacts is considered as the second dominagracttons
with 29.6% (Fig.4c) of the total Hirshfeld surfaaeea which are appeared with two sharp
symmetric spikes in the two-dimensional fingerprimips. The value {8 d) ~ 1.6 A is less
than the sum of van der Waals radii of oxygen (4%2nd hydrogen (1.20A) atoms. This

result allows us to confirm that the inter-contaatonsidered as being close contact.

Other inter-contacts, +HC/C---H, H---N/N---H, C---C and P:-H/H---P comprise 19.3%,
2.2%, 0.3% and 0.1% respectively.
3.3. IR Spectroscopy
FT-IR spectroscopy is considered as one of the galvéechnique which was used to
measure and identify the frequencies of vibratiohthe bonds of the atoms making up the
material, it is fair to note that every compound laacharacteristic spectrum. In the present
work, the theoretical IR spectrum was generatedguthe density functional theory (DFT)
method with the B3LYP/6-311G(d,p) basis set ondpemized geometries of the compound.
The scaling factor is taken as 0.9619 to reducedtkerepancy between the experimental
frequencies and the computational methddsr visual comparison, the theoretical IR
spectrum and the experimental one ofgkGsN2)H.P,O; is reported in Fig.5. Table 5
presents the scaled calculated and experimentaésrasiwell as the proposed assignments.
3.3.1. HP,O;* Vibrations analysis
In the studied region, the symmetric and asymmetritching vibrations of the R@erminal

groups are located in the region 1256-988'{88] and the DFT calculations give these



modes in the range 1248-1153 tnBy analyzing Fig.5 the symmetric and asymmetnic i
plane bending vibrations, denoted 8$P0;) andd,s(POs), are observed between 629 and
410 cm® [34]. The bands which appear between 760-692 ame assigned unambiguously to
the symmetric stretching vibrationg POP),while that at 967 and 897 chare attributed to
vad POP) and POH modes. As seen from Table 5, thed@mRmetric stretching vibration are
found at 844-785 cthand the POP symmetric stretching vibration are amukat 673 cih

3.3.2. [GoH1sN,] " cations vibrations
Generally, frequencies in the region 3100-3000" @re due to the stretching vibratiofC-H)
of aromatic ring. All the C-H bands are weak anid th due to the charge transfer between
the hydrogen atoms and carbon atofrtee DFT computation predicts this vibrational mode
around 3060 cih The theoretical value shows excellent agreemaétit the experimental
value. The observed bands in the 2980-2208 cagion can be assigned to symmetric and
asymmetric stretching vibrations of -glnd -NH". The stretching vibrations of N-H group
occur in this same region. The peaks calculate®220 and 2932 cih belong to the
asymmetric and symmetric stretching vibration oé HCH group. The C=C stretching
vibration are generally observed at 1600-1400"cin the present compound, the bands
located between 1637-1398 Crare ascribed to the symmetric and asymmetric ireic
vibrationsv(C=C) and the deformation modéN-H). The stretching vibrationgd C=C) were
calculated at about 1582 €mAlso, the out of plane deformation mode&§NH,) and in
plane deformation mode were calculated as 15261&%2 cnT, respectively. The bands
observed at 1348-1040 &ntorrespond to the stretching vibrations of (C-C)H) and§(C-
H) in plane deformation. Bands detected between83G7cm’ are attributed to the out of
plane deformation mode df{(C-H). Bands which appear between 760 and 692 ame
assigned to the out-of-plane deformation modes ¢C-N) ands (C-C). Finally, those
observed at 568-497 chare attributed to the mode of deformation of theugrs (C=C) out
of the plane.
It is obvious that the theoretical IR spectrum sk@wgood conformity with the experimental
one (Fig.S4).

3.4. Frontier HOMO-LUMO
Fig.6 shows the distributions and energy levelshef HOMO-LUMO orbitals computed at
the B3LYP/6-311G(d,p) level for (@H1sN2)-.H.P.O7. The frontier molecular orbitals (FMOSs)
play an important role in the chemical reactionise Dand gap, that is defined as the energy
difference between HOMO (the highest occupied maécorbital), that acts as electron

source, and LUMO (the lowest occupied moleculaital} that acts as electron sink, is a
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critical parameters in determining the stability tbe structure [35-38]. The HOMO and
LUMO energies, the energy gap, the ionization podér(l), the electron affinity (A),
electronegativity ) softness (S) and the hardnes} for the (GoHi1sN2)2H2P,O; molecule
were calculated at 6-311G(d,p) basis set and theltseare given in the Table 6. A hard
molecule has a large HOMO-LUMO gap and a soft md&ehas a small HOMO-LUMO gap.
In the present case the band gap is 3.50 eV an8 perameter was found equal to 0.28 eV.
These obtained results (the large value of the lgmpdand the small S parameter) indicate
that the title compound is a hard system whichrame to chemical reactions.

3.5.Mulliken populations analysis
Atomic charges cannot be experimentally obtainechbge they do not correspond to any
physical quantities. Atoms have negatively charmgledtrons coiled around positively charged
nuclei and there are no partial charges on the atBunt the presence of partial charges on the
nucleus results only in the understanding of trextebn density distribution. So, Mulliken
population method was used to obtain the total mt@hmarge distributions. Mulliken is highly
effective in detecting nucleophilic or electropbilattacks and regions sensitive to other
molecular interactions [39]. The Mulliken chargestdbutions analysis of molecule was
calculated using DFT/B3LYP/6-311G(d,p) level. Inblea 7, calculated charges were listed
for the title compound. According to Mulliken poptibn analysis results, all hydrogen atoms
in the molecule have a positive charge. Mullikeonat charge values of O8 (-0.689120), O9
(-0.689303), 012 (-0.746854) and O13 (-0.619938jnatwere found to be highly negative
values. This is because these atoms are largatfr@begative. In addition, it is seen that P3
(1.303282) and P4 (1.242866) atoms has higher kéulliatomic charge than other positive
atoms. The reason for this is that the neighboatmms (08, 09, 012 and 0O13) have
significant electronegative properties.

3.6.Molecular electrostatic potential (MEP) surface
The MEP mapped surface of(1sN2).H.P.O, for positive and negative potentials, is given
in Fig.7. The color code of these maps is in theyeabetween -0.102 a.u. (red) to 0.102 a.u.
(blue) for DFT method, the electrostatic potentiareases in the order red < orange < yellow
< green < blue. The most negative potential (trggore where the density of electrons is
higher than the nucleus through the whole of théemue) is shown in red, the blue color is
used to indicate the most positive potential (tbgian of partial positive charges) [40-44].
Interpretation of MEP maps plays a key role in ighentification of active sites in chemical
bonding and in the synthesis phase of new chemi&ds to predict reactive sites for
electrophilic attack for (¢@HisN2).H.P.O;, MEP was calculated at the DFT/B3LYP/6-
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311G(d,p) optimized geometry. While the negativgiars of MEP are rich in electrons, the
positive ones are not. This molecule has a possibdefor electrophilic attack, as shown in
Fig.7, the positive potential sites are around hlydrogen atoms as well as the negative
potential sites are localized on the electronegadtoms, the negative regions are mainly over
oxygen atoms [O(8), O(9), O(12) and O(13)]. Thestlament predicts that O(8), O(9),
0O(12) and O(13) atoms act as acceptor in hydrogedihg. As it can be seen, Fig.7 confirms
the O—H--O and N-H-O hydrogen bonding in Table 3.

3.7. UV=Vis Absorption
The solid-state UV-Vis absorption spectrum(GfoH1sN2).H2P.0O; shown in Fig.S5, exhibits
two peaks with different intensities and wavelengthe first peak which is located at= 330
nm can be attributed to ten* transition of the phenyl group while the secondkpaid. =
380 nm probably may originate from thmer* transition of the diphosphoric anion. The
optical band gap Eg, is given by Tauc’s model [Epplotting @hv)? versus h. This method
allows us to classify the sample as a semiconduweitbr an optical band gap value equal to
2.92 eV (offered by thatersection of the shapely decreasing region wighbaseline). This
latter allows that the title compound could be ugmdoptical applications in far UV and
optoelectronics [46].

3.8. Fluorescence Properties

Fluorescence property of the obtained material HBeen determined in solid state at
room temperature, by choosing the excitation wangtle athex = 330 nm. As seen in Fig.S6
the emission spectrum presents a single peak=aB50 nm which is attributed to the intra-
ligand n-a* of the transition of the 1-phenylpiperazinium catido determine fluorescence
guantum vyield [47] of the synthesized compound flln@escence quantum yield of pyrene in
cyclohexane ¢ = 0.32) was used as a reference. The fluorescgnartum yield can be
calculated using the following equation [48]:

=9 IsAfrIs2
° ! If Asnrz

®

Wheregs is the fluorescence quantum yield of referenstamd for the integrated area
under the emission curves. The subscripts s argtand for sample and reference,
respectively. A is the absorbance at a particubant&tion wavelengthy is the refractive
index of the medium. The absorbance of the dykeatkcitation wavelength was always kept
~0.1. The steady state absorption and emission repeare fitted by the log normal line

shape function. As a result, the fluorescence aumanyield of 1-phenylpiperazinium
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dihydrogenodiphosphate {§H1sN2).H.P,O7 is ¢ = 0.54. The compound is relatively high
luminescent.
4. Conclusion
Different physico-chemical methods have been usedharacterize the novel organic-
inorganic hybrid compound (gH1sN2).H.P,O; which have been prepared at room

temperature by slow evaporation. The inorganictiestare connected with each other via O—
H---O hydrogen bonds and both cationsgtGsN,)" and anions [kP,07]* components are

held together through N-HO and C— H--O hydrogen bonds leading to a three dimensional
network. The Hirshfeld surface analysis discloses the percervégaermolecular contacts of
the title compound which shows that the H---H adtons are the most abundant (48.4%).
The complete vibrational spectral analysis and réttezal calculations were carried out using
the density functional theory (DFT/B3LYP) methodttwi6-311G(d,p). The Mulliken
population analysis and the molecular electrostaditential (MEP) map are supporting each
other to give better idea about the chemical aataggons. In fact, the result shows that the
positive potential sites are around the H atomse Values of electronegativity, chemical
hardness and softness have been calculatedn Bmel S parameters were found to be 1.75
and 0.28 eV, respectively. The obtained small @rpater indicates that the title compound is
a hard system which is prone to chemical reactiatsn, the value of the energy between the
HOMO and LUMO was calculated (-3.50 eV). With agarHOMO-LUMO gap we can say
that the molecule is hard. The studies of optical lmminescence activities were investigated
and in consideration of the results achieved we amariirm the semiconductor behavior of

this material with an important band gap energ3.@2 eV.

Supplementary Data

Crystallographic data for the title compound haveerb deposited at the Cambridge
Crystallographic Data Center as supplementary patitin (CCDC 1900203). These data can
be obtained free of charge at www.ccdc.cam.ac.ukst@trieving.html (or from the
Cambridge Crystallographic Data Center, 12, Uniamad? Cambridge CB2 1EZ, UK; fax:
+44 1223/336 033; mailto: deposit@ccdc.cam.ac.uk).
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Table captions

Table 1: Crystal data and structure refinement fofotGsN2).H-P.0O;

Table 2: Main interatomic distances (A) and angles ().

Table 3: Principal intermolecular hydrogen bonding geoméky”).

Table 4: Some selected geometric parameters fagHGN2)-H-P.0; (A, °).

Table 5: Comparaison of the observed and calculated vibratimode frequencies of the title
compound.

Table 6: The calculated parameters of;§&8:5N>).H.P,O; using DFT/B3LYP/6-311G(d,p)
level.

Table 7: Calculated Mulliken charges of the atoms forofisN2).H2P,O;.



Table 1

Empirical formula
Formula weight
Temperature (K)
Wavelength (A °)
Crystal system
Space group

a(A)b A c A

a(®) B(°) v(°)

Volume (&)

Z

Deac (Mg cmi’)
Absorption coefficient
F (000)

Theta range for data collection
Crystal size (mr)
Limiting indices
Reflections collected
Reflections observed
Goodness-of-fit on ¥
Final R indices
Largest diff. peak and hole (3}

(C10H15N2)2H2P.0;
502.43(g.mol%)

170

0.71073

Triclinic

P1

5.9159(2) 13.8451(6) 14.5973(5
74.507(2) 89.980(2) 89.231(2)
1152.06(8)

2

1.448

0.24 (mm?)

532

2.4-29.2

0.25x 0.22 x 0.04

-8<h< 7, -18k<18, -194< 19
17669

10693

1.02

Ri1 = 0.0685 and wR= 0.1478
0.76 and -0.40




Table 2

Tétraédre P(1)Q@

P(1) 0(1) O(2) O(3) O(4)
0(1) 1.489 (4) 116.1 (3) 109.2 (3) 110.8 (3)
0(2) 2.560(3) 1.528 (5) 110.6 (3) 105.8 (3)
0O(3) 2.460(2) 2.513(1) 1.528 (5) 103.5 (3)
O(4) 2.543(1) 2.495(2) 2.456(3)  1.599 (5)
Tétraédre P(2)Q@
P(2) O(4) O(5) O(6) O(7)
0(4) 1.612(5) 103.0 (3) 103.3 (3) 112.4 (3)
0(5) 2.443(2) 1.509(5) 108.4 (3) 116.2(3)
0(6) 2.471(2) 2.472(2) 1.538(5) 112.3 (3)
o(7) 2.592(3) 2.559(3) 2.529(2)  1.506(5)
Tétraédre P(3)Q@
P(3) 0(8) 0(9) 0O(10) 0(11)
0(8) 1.493 (5) 115.3(3) 108.9 (3) 111.0 (3)
0(9) 2.554(2) 1.529(5) 111.0 (3) 106.1 (3)
0(10) 2.462(3) 2.524(2) 1.534 (5) 104.0 (3)
O(11) 2.546(1) 2.497(3) 2.467(2) 1.596 (4)
Tétraédre P(4)Q@
P(4) 0(11) 0(12) 0(13) 0(14)
0(11) 1.610(5) 103.1(2) 112.4 (3) 102.7 (3)
0(12) 2.442(2) 1.505(5) 116.4 (3) 108.1 (3)
0(13) 2.593(3) 2.562(2) 1.510(5) 112.8 (3)
O(14) 2.461(2) 2.466(3) 2.541(1) 1.540(5)
P(1)-P(2) 2.943(3) P(1)-O(4)-P(2) 132.9(3)°

P(3)-P(4)  2.937(3)
P(1)-O(E3)-H(30) = 110°
P(4)-O(E11)-H(140) = 106°

P(3)-0(11)-P(4)
P(2)-O(E6)-H(60)£08°

2A3(3)°
P(3)-O(E10)-H(100) = 119.9°




Table 3

D—H---A D—H(A) H---A(A) D---A(A) D—H---A(°)
03—H30---07 0.83 (3) 1.81 (4) 2.585 (7) 155 (8)
O6—H60---02 0.84 (3) 1.73 (4) 2.531 (6) 159 (8)
010—H100:--O13 0.82 (3) 1.83 (4) 2.599 (7) 156 (8)
014—H140---09 0.84 (3) 1.72 (4) 2.524 (7) 159 (9)
N1—H1A.--O12 0.91 (3) 1.83 (4) 2.695 (7) 157 (7)
N1—H1B---Ol1 0.92 (3) 1.73 (3) 2.651 (7) 176 (7)
N1A—H1C---05 0.90 (3) 1.80 (3) 2.679 (7) 164 (6)
N1A—H1D---09 0.91 (3) 1.87 (3) 2.770 (7) 174 (6)
N1B—H1E---O5 0.92 (3) 1.82 (4) 2.689 (7) 156 (6)
N1B—H1F---0O8 0.91 (3) 1.74 (3) 2.646 (7) 176 (7)
N1C—H1G---02 0.90 (3) 1.87 (3) 2.762 (7) 174 (7)
N1C—H1H-.-01% 0.90 (3) 1.81 (3) 2.687 (8) 162 (6)
C6A—H6D---08 0.99(1) 2.37(2) 3.295(3) 155(1)
C6C—H6H---01 0.99(1) 2.39(2) 3.302(3) 153(1)

Symmetry code(i) x,y, z—1; (ii) x+1,y, z (i) x-1,y, z (iv) X, y, z+1.



Table 4

Geometric Experimental Calculated
Parameters [X—ray diffraction] DFT

Bond lengths (A)

P3—-08 1.493 (5) 1.5092
P3-09 1.529 (5) 1.5158
P3-010 1.534 (5) 1.6262
P3-011 1.596 (4) 1.6542
P4-011 1.610 (4) 1.6664
P4-012 1.505 (5) 1.5238
P4-013 1.510 (5) 1.4894
P4-014 1.540 (5) 1.6437
N1—C2 1.505 (9) 1.4866
N1—C6 1.474 (9) 1.4893
N4—C3 1.443 (8) 1.4604
N4—C5 1.459 (9) 1.4703
N4—C7 1.407 (8) 1.4188
N1B—C2B 1.507 (9) 1.5012
N1B—C6B 1.469 (8) 1.4919
N4B—C3B 1.428 (8) 1.4592
N4B—C5B 1.474 (8) 1.4734
N4B—C7B 1.405 (8) 1.4185
Bond angles (°)

08-P3-011 111.0 (3) 109.9153
09-P3-011 106.1 (3) 103.9823
010-P3-011 104.0 (3) 102.2941
08—P3-09 115.3 (3) 120.1388
012-P4-011 103.1 (2) 105.4056
013-P4-011 112.4 (3) 106.9928
014-P4-011 102.7 (3) 101.6897
012-P4-013 116.4 (3) 124.2052
P3-011—P4 132.7 (3) 128.0915
C2-N1—C6 111.7 (5) 112.2355
C3—N4—C5 111.8 (5) 111.5549
C2B—N1B—C6B 112.5 (5) 111.8346
C3B—N4B—C5B 112.1 (5) 111.4292




Table 5

Assignments Experim_elntal IR Calculated
(cm™) B3LYP/6-311G(d,p)
v(OH) - 3702
v(OH) - 3373
va{CH) - 3060
va(CH) 3014 -
vadCHy) 2973 2990
vs(CHy) 2920 2932
vadNH2) 2840 2830
vs(NH2) - 1844
B(NHy) 1640 1650
v(C=C) 1607 -
v(C=C) - 1582
v(NHy) 1503 1526
BalCH) - 1473
B(CHy) - 1452
B(CHy) 1400 -
v(CHy) 1350 1366
v(CHy) 1320 1321
v(CHy) - 1293
VadPOs) 1255 1248
Y[(CH2)+ (NH)] - 1224
VadPOs) 1173 1153
VI(CH2)+ (NHy)] - 1137
Y[(CH2)+ (NHy)] 1088 1108
Y[(CH2)+ (NH2)] 1036 -
vo(POs) - 1004
vo(POs) 974 988
B(NH2) - 933
Ring breathing 900 904
vas(POP) - 844
Vas(POP) 760 785
Ya(CH) B 745
Ya(CH) 720 714
vs(POP) 692 673

v: stretching: in-plane bendingy: out of plane bending; as: asymmetric,
S: symmetric, ar: aromatic



Table 6

Parameters DFT/B3LYP
HOMO energy Bowmo (eV) -8.63
LUMO energy Euvo (V) -5.13
Energy gap AE= Biomo- ELumo (eV) -3.50
lionization potential I=-Fomo (eV) 8.63
Electron affinity A=-Eumo (eV) 5.13
Electronegativity y=(1 +A)/2 (eV) 6.88
Hardness n=(l - A)/2 (eV) 1.75
Softness S=1/2(eVY 0.28




Table 7

Atom Mulliken Charges Atom Mulliken Charges  Atom  Niken Charges
P3 1.303282 C7B 0.159211 H3F 0.150134
P4 1.242866 C8 -0.014025 H5A 0.132747
N1 0.263194 C8B -0.015807 H5B 0.132534

N1B 0.252966 C9 -0.002623 H5E 0.154133
N4 -0.463387 CoB -0.004424 H5F 0.140936

N4B -0.469540 C10 -0.000816 H6A 0.169623
o8 -0.689303 C10B -0.002028 H6B 0.135548
09 -0.689120 Cl1 0.000341 H6E 0.125308

010 -0.266076 CliB 0.000251 H6F 0.215853

011 -0.755632 C12 0.013687 H8 0.104184

012 -0.746854 Cl12B 0.016641 H8B 0.102510

013 -0.619933 H1A 0.315906 H9 0.094887

014 -0.265276 H1B 0.340404 HOB 0.093495
C2 0.205690 H1E 0.371701 H10 0.092485

C2B 0.195150 H1F 0.260148 H10B 0.091484
C3 0.187839 H2A 0.152198 H100 0.291559

C3B 0.201343 H2B 0.140336 H11l 0.093747
C5 0.177576 H2E 0.149459 H11B 0.093789

C5B 0.195150 H2F 0.136303 H12 0.094563
C6 0.214580 H3A 0.136865 H12B 0.095711

Co6B 0.216808 H3B 0.136865 H140 0.294926
C7 0.158108 H3E 0.136631




Figure captions

Figure 1: (a) Atomic arrangement of 1(815N2).H2P.O; in projection along the a-direction.
(b) A view of [H,P,O7]* anions, projected along the b-axis showing theesree of the rings
R3(8), the organic entities are omitted for figuraritly.

Figure 2: Optimized geometry of the molecule.

Figure 3: The red circular collapsing on tgrm surface of (GH1sN2)H2P,O; structure

represents the O-HO, N-H--O and G-H---O intermolecular interactions.

Figure 4: The view of the 2D fingerprint plots wighdnom for (@) the sum of the contacts
contributing to the Hirshfeld surfaceb)(H--H (48.4%), ¢) O--H/H--O (29.6%), ()
CH/H--C (19.3%), ) N---H/H-N (2.2%) and fj C--C (0.3%) contacts in the title
compound.

Figure 5: FT-IR spectrum (theoretical and experitagiof (C,oH15N2)HP.05.

Figure 6: Molecular orbital surfaces for the HOM@daLUMO of the title compound
computed at B3LYP/6-311G(d,p) level.

Figure 7: The total electron density surface 3D peapwith molecular electrostatic potential
(MEP) of the title compound.
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A new organic-inorganic diphosphate was synthesized at room temperature.

The XRPD data confirms the phase purity of the non-centrosymmetric material
(C1oH15N2)2H2P205.

Hirshfeld surface analysis was used to evaluate intermolecular contacts.

The computed vibrational spectraare in good agreement with the experimental results.
HOMO-LUMO, Mulliken population and MEP were reported.

Optical absorption and luminescence measurements were studied.



