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� A new iminophosphorane crystallized in two different polymorphic forms a and b.
� The molecules in a and b polymorphs adopt different conformations.
� Packing motifs in polymorphs influenced by redistribution of H-bond interactions.
� Intermolecular interactions mainly rely on dipole–dipole interactions.
� The calculated lattice energies indicate b polymorph more stable.
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a b s t r a c t

Two polymorphic forms of a new iminophosphorane have been investigated by infrared, nuclear mag-
netic resonance and mass spectroscopy, X-ray crystallography and studied through ab initio quantum
chemical calculations. The monoclinic polymorph a contains two independent molecules (aI and aII)
in the asymmetric unit, while the orthorhombic polymorph ß has one molecule in the asymmetric unit.
The molecules in polymorphs a and b adopt different conformations. Hirshfeld surfaces and fingerprint
plots were generated in order to compare the two independent molecules aI and aII in the asymmetric
unit and also for a comparison of ß molecule, in the orthorhombic crystal system, with the previously
reported monoclinic polymorph. The results show that the packing motifs in polymorphs a and b differ
mainly due to the redistribution of CAH� � �O and CAH� � �p hydrogen-bond interactions rather than their
percentage Hirshfeld surface area contributions. The dipole–dipole interactions significantly influence
the intermolecular interactions in polymorphs a and b. The calculated lattice energies indicate that poly-
morph a is slightly more stable than polymorph a.

� 2014 Elsevier B.V. All rights reserved.
Introduction

Iminophosphoranes (R3P@NR0) are important reagents in syn-
thetic organic chemistry, being key intermediates in the synthesis
of natural products, compounds with biological and pharmacolog-
ical activity [1]. The proton affinity of iminophosphoranes makes
them valuable building blocks in organometallic and coordination
syntheses [2]. They proved also their value in the Aza-Wittig reac-
tion [3], in the formation of carbodiimides [4], sterically hindered
amines [5] and heterocycles [6]. Iminophosphoranes find applica-
tions in modification of cell surfaces, protein engineering, specific
labeling of nucleic acids, proteomic studies and as a general tool
for bioconjugation [7]. While different methods of synthetic
approaches for the preparation of iminophosphoranes [8] are

http://crossmark.crossref.org/dialog/?doi=10.1016/j.molstruc.2014.11.018&domain=pdf
http://dx.doi.org/10.1016/j.molstruc.2014.11.018
mailto:mcrisan@acad-icht.tm.edu.ro
http://dx.doi.org/10.1016/j.molstruc.2014.11.018
http://www.sciencedirect.com/science/journal/00222860
http://www.elsevier.com/locate/molstruc


Table 1
Polymorph Screening of (CH3C6H4)3P@NP[(@O)(OPh)2].

Polymorph Re-crystallization conditions Polymorph

a Toluene/hexane diffusion a
Toluene/hexane mixture ß
Hexane/THF ß

ß Toluene/hexane diffusion ß
Toluene/hexane mixture ß
Hexane/THF ß
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reported in the scientific literature, only a few studies carried out
on their polymorphism and structures have been published so far
[9].

Polymorphism [10] arises from the ability of a chemical sub-
stance to exist in more than one crystal structure. Polymorphs
can have diverse mechanical, thermal, physical and chemical prop-
erties due to their different molecular arrangements or conforma-
tion of the molecules in the crystal lattice [11]. The strong interest
in crystal polymorphism can be also attributed to its frequent
occurrence in single molecular entities and in multicomponent
species that contain flexible functional groups capable of hydrogen
bonding [12]. This is maybe the most important critical force in
directing the crystallization of organic molecules [13]. Strong
hydrogen bonds (OAH� � �O, NAH� � �O, OAH� � �N) and weak hydro-
gen bonds (CAH� � �O, CAH� � �N, NAH� � �p) are equally significant
in crystal packing [14]. The polymorphs of an organic molecule
can show different crystal packings [15] even if the energy differ-
ence among them can be as low as 2 kJ/mol, or even lower [16].
The relative stability of the various crystalline modifications
depends on the free energy associated with the crystal packing,
the most stable having the lowest free energy.

This study qualitatively and quantitatively characterizes the
two polymorphs of a new synthesized iminophosphorane, and
therefore finds the relations between a molecule and crystal archi-
tecture, discusses the relationships between conformational
changes in a molecule and analyzes the nature of intermolecular
interactions. To quantify intermolecular interactions [17], eluci-
date similarities and differences between the structural motifs
for both polymorphs [18], the Hirshfeld surface (HS) analysis and
2D-fingerprint plots (FPs) have been applied.

Experimental section

General

Tri(p-tolyl)phosphine and diphenylphosphorylazide used for
the synthesis were commercially available from Aldrich. The sol-
vents used (toluene, hexane) were purchased from Merck. These
reagents have the highest purity grade and were used without
any further purification.

Thin layer chromatography (TLC) was performed on Merk Kie-
selgel 60F254 pre-coated silica-gel plates (0.25 mm layer thickness).
To visualize spots the plates were exposed under a Philips UV
(k = 254 nm) lamp. Melting points were determined with DSC anal-
ysis using a DSC 823e Mettler Toledo apparatus.

The FT-IR spectra were recorded between 4000 and 400 cm�1

on a JASCO � FT/IR-4200 spectrometer, using the KBr pellet tech-
nique at a scanning speed of 16 mm/s with a resolution of
4.0 cm�1. UV�visible spectra were recorded in the range of
190�900 nm on a JASCO V-650 spectrometer. Nuclear magnetic
resonance (1H NMR, 13C NMR, 31P NMR) spectra were recorded in
CDCl3 on a Varian Bruker ARX 400 (400 MHz) spectrometer.

Mass spectroscopic analysis was performed on an Esquire 6000
ESI (electrospray ionization) mass spectrometer from Bruker
Daltonics. Before measurements, all compounds were diluted in
methanol to 10�6 M concentration. The solutions were injected
into the spray chamber by a Hamilton syringe, with a constant
flow of 240 lL/h. The API-ESI (Atmospheric Pressure Interface–
ElectroSpray Ionization) generates ions, focuses and transports
them into the ion trap mass analyzer. Mass spectra were obtained
in the positive and negative mode. Mass spectra were acquired
using Esquire control and Compass DataAnalysis softwares
(Bruker Daltonics).

Thermogravimetric (TGA) analysis was performed using TGA/
SDTA 851-LF 1100-Mettler. This apparatus operates in the range
20–1100 �C with a sensibility of 1 lg. Samples (20–25 mg) were
heated from 0 to 600 �C at a heating rate of 10 K/min under
nitrogen atmosphere. Differential scanning calorimetry (DSC)
was performed with a DSC 823 Mettler Toledo. A small amount
of sample (2–3 mg) was enclosed in a hermetic aluminum pan.
The temperature range was 30–160 �C at a heating rate of
2 �C min�1. The instrument was calibrated using indium as the
reference material.
Synthesis and characterization of (CH3C6H4)3P@NP[(@O)(OPh)2]

The title compound was prepared using three different
approaches of Staudinger reaction: (a) to a magnetically stirred
solution of diphenylphosphorylazide (0.5 ml, 2.13 mmol) in tolu-
ene (10 ml) was added dropwise a toluene (20 ml) solution of
tri(p-tolyl)phosphine (0.5 g, 1.64 mmol). The mixture was stirred
for 1 h at room temperature. After 1 h (TLC control) the solvent
was removed under reduced pressure and colorless oil was
obtained. Single colorless crystals of polymorph a (0.77 g, yield
85%) were grown by slow solvent evaporation technique from
the mother solution and diffusion of hexane. (b) In this case, the
resulting mixture between toluene solutions of tri(p-tolyl)phos-
phine and diphenylphosphorylazide was heated under reflux for
20 min. After the reaction, the mixture was gradually cooled down
to ambient temperature. The solvent was removed under reduced
pressure and pale yellow oil was obtained. Finally, colorless crys-
tals of polymorph ß (0.81 g, yield 89.5%) were obtained by slow
solvent evaporation technique from the mother solution and diffu-
sion of hexane. (c) The reaction carried out in hexane, under reflux.
After diphenylphosphorylazide addition a white precipitate was
obtained. The product (0.87 g, yield 96%) was collected by filtra-
tion, washed with cold hexane and dried in a vacuum.

The polymorphs (a and ß) were recrystallized from pure sol-
vents and mixture of solvents (Table 1). The characterization data
of the compounds are given below.

DSC thermograms of a and ß forms show a single melting endo-
thermic peak (the onset temperature of 130.92 �C, respective
131.36 �C) and no phase transition is detected.

FT-IR (KBr, mmax/cm�1) a form: 3436, 3056 and 3024
(CAHaromatic), 2918 (CAHalifatic), 1599, 1590 and 1487 (C@Caromatic),
1319 and 1294 (P@O), 1275 and 1246 (PAN), 1204 and 1186
(PAO), 1112 (P@N), 905 and 894 (PAO with P(V) and para-
substituted); ß form: 3433, 3029 (CAHaromatic), 2918 (CAHalifatic),
1529 and 1486 (C@Caromatic), 1314 (P@O), 1247 (PAN), 1200
(PAO), 1108 (P@N), 904 (PAO with P(V) and para-substituted);
UV (CH2Cl2): k = 270.5 nm; 1HANMR (200 MHz, CDCl3): d, ppm:
2.44 (9H, s, CH3), 6.8–7.9 (22H, m, Ph); 13C NMR (50 MHz, CDCl3):
d, ppm: 142.79 (C-1, s), 132.71 (C-4‘,s), 132.48 (C-1‘,s), 129.39 (C-2‘,
s), 129.13 (C-3‘, s), 129.04 (C-3, s), 123.40 (C-4, s), 120.79 (C-2, s),
21.59 (C-5, s); 31P NMR (81 MHz, CDCl3): d, ppm: 14.22
(d, 2Jpp = 33.66 Hz, P-1), �7.45 (d, 2Jpp = 33.66 Hz, P-2); MS (ESI,
m/z,%): (246.9, [MAP(C6H4CH3)3]+, 8.45); (274, [MA2(C6H5O)AC6

H4CH3]+, 7.04); (366, [M-2 * C6H5O]+, 45.07); (458, [MAC6H5O]+,
100); (552, [M+ H]+, 1,4) (see Figs. S1–S5, Supplementary
Information).
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Data collection and crystal structure determination

Details of the crystal structure determination and refinement
for the two polymorphs are given in Table 2. The structures were
refined with anisotropic thermal parameters. The hydrogen atoms
were refined with a riding model and a mutual isotropic thermal
parameter. The software package SHELX-97 [19] was used for
structure solving and refinement [20]. Selected bond lengths and
valence angles for the two polymorphs of studied iminophosphor-
ane are listed in Table S1, Supplementary Information. The
Table 2
Crystal data and structure refinement parameters for the two polymorphs of iminophosph

Compound a

Empirical formula C33H31NO3P2

M 551.53
Wavelength 0.71073
T, K 100(2)
Diffractometer Xcalibur, Eos
Crystal system Monoclinic
Space group P21

a, Å 10.8371(4)
b, Å 19.1017(6)
c, Å 14.1832(4)
b, deg. 103.850(4)
V, Å3 2850.66(17)
Z 4
qcalc, mg/m3 1.285
l, mm�1 0.187
F(000) 1160
Dimensions, mm 0.15 � 0.12 � 0.11
h range for data collection, deg. 2.13–26.37
Index ranges �13 6 h 6 13, �23 6 k 6 23
Reflections collected/unique 83498/11662 R(int) = 0.091
Data/restraint/parameters 11662/1/709
GOF on F2 0.739
R1/wR2 (I > 2r(I)) 0.0384/0.0495
R1/wR2 (all data) 0.0710/0.0526
Largest diff. peak and hole, e. Å�3 0.401/�0.304

Table 3
Hydrogen-bonding geometry (Å, �) for iminophosphorane (CH3C6H4)3P@NP[(@O)(OPh)2].

Compound DAH� � �A d(D� � �H), Å d(H� � �A), Å d(

C(240)AH� � �O(10) 0.95 2.38 3.
a C(260)AH� � �O(10) 0.98 2.60 3.

C(330)AH� � �O(1) 0.98 2.49 3.

C(24)AH� � �O(1) 0.93 2.48 3.
ß C(19)AH� � �O(3) 0.96 2.54 3.

Fig. 1. ORTEP drawing for the two polymorphs (a and ß) of iminophosphorane (CH3C6H
50% probability level.
geometric parameters for hydrogen bonds are given in Table 3.
The drawings were created with the programs DIAMOND [21]
(Fig. 1) and ORTEP [22]. Crystallographic data for (CH3C6H4)3

P@NP[(@O)(OPh)2] were deposited in the Cambridge Crystallo-
graphic Data Center (CCDC 964614, 951221).

Hirshfeld surfaces computational method

Hirshfeld surfaces (HS) and their associated fingerprint plots
(FP) were generated using CrystalExplorer program [23,24].
orane (CH3C6H4)3P@NP[(@O)(OPh)2].

b

C33H31NO3P2

551.53
0.71073
297(2)
Bruker SMART APEX
Orthorhombic
Pbca
11.131(8)
19.182(15)
27.57(2)
90
5887(8)
8
1.245
0.182
2320
0.30 � 0.23 � 0.20
2.12–25.00

, �17 6 l 6 17 �13 6 h 6 12, �22 6 k 6 22, �32 6 l 6 32
8 38417/5004 R(int) = 0.1006

5004/0/355
1.190
0.0834/0.1453
0.1103/0.1561
0.208/�0.332

D� � �A), Å \(DHA), deg. Symmetry transformation for H-acceptor

275 157 �1 + x, y, z
476 149 �1 + x, y, z
436 163 �1 + x, y, �1 + z

358 158 �x, �y, 1 � z
490 168 1 � x, �y, 1 � z

4)3P@NP[(@O)(OPh)2] with the atomic labeling. Thermal ellipsoids are drawn at the



Fig. 2. FT-IR spectrum (KBr) of a and ß polymorphs of studied iminophosphorane.
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Hirshfeld surface analysis is presented in order to reveal subtle dif-
ferences and similarities in the studied crystal structures. The
Hirshfeld surface of a molecule in a crystal is constructed by
partitioning space in the crystal into regions where the electron
distribution of a sum of spherical atoms for the molecule (the
promolecule) dominates the corresponding sum over the crystal
(the procrystal). The Hirshfeld surface is then defined in a crystal
as that region around a molecule where molecular weight-function
w(r) P 0.5. That is the region where the promolecule contribution
to the procrystal electron density exceeds that from all other mol-
ecules in the crystal. The values of dnorm, de and di are the original
surface properties mapped onto the Hirshfeld surface, where dnorm

is a normalised contact distance, de is the distance from the
Hirshfeld surface to the nearest nucleus outside the surface. di is
the corresponding distance to the nearest nucleus inside the sur-
face. Where atoms make intermolecular contacts closer than the
sum of their van der Waals radii, these contacts will be highlighted
in red on the dnorm surface. Longer contacts are blue. Both de and di.
are determined for each point on the Hirshfeld surface and each
point on the 2D fingerprint plot corresponds to a unique (de, di)
pair, and the colour of each point corresponds to the relative area
of the surface with that (de, di) pair. There are three areas on finger-
prints (FP)representing the main intermolecular contacts in the
studied polymorphs such as CAH� � �O (1), CAH� � �p (2) and
CAH� � �H (3). The most visible pairs of spikes in the FPs, labeled
with 1 are characteristic of the CAH� � �O contacts and sums of de

and di values correspond to H� � �O HB.
Fig. 3. DSC thermogram of a and ß polymorphs of studied iminophosphorane.

Fig. 4. Intra- and intermolecular interactions (CAH� � �O with red, CAH� � �p with
black) in polymorph a. Only hydrogens involved in interactions are shown.
Results and discussion

Synthesis and characterization of (CH3C6H4)3P@NP[(@O)(OPh)2]

The iminophosphorane (p-CH3C6H4)3P@NP[(O)(OC6H5)2] was
synthesized from diphenylphosphorylazide (C6H5O)2P(O)N3 and
tri(p-tolyl)phosphine (CH3C6H4)3P, using three different
approaches of Staudinger reaction. As mentioned above, two differ-
ent polymorphs (a and ß) were obtained from crystallization
experiments performed in different solvents (toluene and hexane).
Recrystallization of polymorph a from toluene and hexane diffu-
sion resulted in crystals of a form, while from toluene/hexane mix-
ture and hexane/THF mixture resulted in crystals of ß form. Single
crystals of ß form were obtained from recrystallization of poly-
morph ß in all mixture and pure solvents mentioned above.

The products are stable in air at room temperature, soluble in
chlorinated solvents, ethyl acetate, less soluble in water and insol-
uble in non-polar solvents as hexane and pentane. The progress of
the reaction was monitored by thin layer chromatography (TLC)
analysis and suitable crystals for X-ray analysis were obtained
from slow diffusion of hexane into toluene solution. The compound
was characterized by X-ray, FT-IR, NMR (1H NMR, 13C NMR, 31P
NMR), UV–Vis, ESI-MS/MS analysis and thermal analysis (TG, DSC).

FT-IR analysis revealed subtle details of two polymorphic forms
of iminophosphorane (CH3C6H4)3P@NP[(@O)(OPh)2]. Significant
differences between polymorphs a and ß can be seen in whole
spectral region (see Fig. S2, Supplementary Information). The most
striking differences can be found in the strong stretching vibration
bands of P@O group (a form: 1319 cm�1 and 1294 cm�1; ß form:
1314 cm�1), PAOACaromatic group (a form: 1204 cm�1 and
1186 cm�1; ß form: 1200 cm�1), P@N group (a form: 1112 cm�1;
ß form: 1108 cm�1), and moderate stretching vibration bands of
PAN group (a form: 1275 cm�1 and 1246 cm�1; ß form:
1247 cm�1) (Fig. 2).

Iminophosphorane (CH3C6H4)3P@NP[(@O)(OPh)2] possesses a
P@NAP@O group which should be more electron-withdrawing
than simple P@O group. In our case, mezomer and inductive effects
of the electron attractive group AOAC6H5 and conjugation can pro-
duce bands moving to higher frequencies than theoretical range of
P@O group (1140–1300 cm�1) for a and ß forms [25].

Thermal properties of the polymorphs of iminophosphorane
(CH3C6H4)3P@NP[(@O)(OPh)2] were investigated by differential
scanning calorimetry (DSC) and thermogravimetric (TG, DTG) anal-
yses. The both forms are stable until 300 �C when mass loss begins.



Scheme 1. Synthesis of iminophosphorane (CH3C6H4)3P@NP[(@O)(OPh)2].
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The thermograms of both polymorphic forms show the absence of
water or recrystallization solvent, indicating that none of the solid
forms is a hydrate or solvate.

DSC thermograms of forms a and ß show a single melting endo-
thermic peak (onset of melting temperature at 130.92 �C, respec-
tive 131.36 �C) and no phase transition is detected (Fig. 3).
According to the Burger-Ramberger [26] heat of fusion rule, poly-
morphs a and ß appear to be monotropically related since the
higher melting form ß has the higher enthalpy of fusion (DHfus

for form a is 39.856 kJ mol�1 and for form ß is 41.075 kJ mol�1).
The higher enthalpy of form ß indicates larger lattice energy than
for form a (see Fig. 4 and Scheme 1).
Table 4
Selected torsion angles for polymorphs a and ß.

Compound P2ANAP1AO1 P1AO3AC7AC8 P1AO2AC1AC2

aI 97.6a 51.8 �95.9
�172.8b 14.1 �12.4

aII 176.8 �79.0 �66.0
172.8 �166.3 �14.9

b �69.8 �101.3 �83.4
172.7 �14.6 13.1

a The first row of data in the table refers to the crystal structure.
b The second row refers to conformer found by conformational search.

Table 5
CAH� � �Cg (p-ring) interactions and c angles (�) for polymorphs a and ß.

Compound CAH� � �Cga d(H� � �Cg), Å

a C(60)AH� � �Cg1 2.93
C(11)AH� � �Cg2 2.84
C(280)AH� � �Cg3 2.87
C(9)AH� � �Cg3 2.78

ß C(32)AH� � �Cg1 2.98
C(3)AH� � �Cg2 2.88
C(2)AH� � �Cg3 2.83
C(6)AH� � �Cg4 2.84

a In polymorph a the Cg1, Cg2, Cg3 are centroids of the C(13)AC(18), C(10)AC(60) C(70)A
centroids of the C(7)AC(12), C(13)AC(18), C(20)AC(25), C(27)AC(32) phenyl rings.

b c is angle between the normal to the aromatic ring and the line defined by the H at

Table 6
Computed total SCF energies (E, eV) and dipole moments (l, Debye) for studied compoun

Compounda Etot lx

aI �60626.978b 8.805
�60634.055c 11.392

aII �60626.933 7.880
�60634.104 11.343

b �60622.407 9.065
�60634.056 11.388

a The scheme of coordinate system for HF calculations is given in Fig. S9, Supplemen
where the x axis lays along the P1� � �P2 line and P1AN bond is in xy plane.

b The first row of data in the table refers to the crystal structure.
c The second row refers to conformer found by conformational search.
Solid state structures

The crystallographic details and structure refinement parame-
ters of single crystal X-ray diffraction data for polymorphs a and
ß are listed in Table 2. The polymorph a is monoclinic with polar
space group P21 and contains two independent molecules (aI and
aII) in the asymmetric unit, while the polymorph ß is orthorhom-
bic with space group Pbca and has one molecule in the asymmetric
unit. The ORTEP diagram along with the atom labeling of the mol-
ecules in the respective forms are displayed in Fig. 1.

In studied polymorphs the geometry around the phosphorus
atoms P1 and P2 is distorted tetrahedral and nitrogen atoms
occupy the common vertex of coordination polyhedra of these
atoms (Fig. 1). For each molecule the PAN distances are practically
the same within three standard deviations (Table S1). All P2-C
bond lengths in two polymorphs fall in the normal range
1.789(4)–1.814(4) Å, P1AO and P1@O bonds are in the regions of
1.598(3)–1.615(3) and 1.458(3)–1.473(3) Å respectively. But the
molecules in polymorphs a and b adopt different conformations
and hence the two crystal forms are conformational polymorphs
(Table 4).
NAP2AC13AC14 NAP2AC20AC21 NAP2AC27AC28

30.9 36.9 47.3
�165.1 �100.6 �136.5

7.4 �22.6 96.8
�15.2 �45.5 101.3

�24.6 �14.7 �80.9
�15.2 100.7 136.7

cb, deg. Symmetry transformation for Cg

6.8 1 � x, 1/2 + y, �z
6.9 1 � x, �1/2 + y, 1 � z
5.4 x, y, z

12.6 x, y, 1 + z

2.7 x, y, z
13.2 �x, �y, 1 � z

4.5 x, y, z
14.5 0.5 � x, �0.5 + y, z

C(120) phenyl rings respectively, while in polymorph ß the Cg1, Cg2, Cg3, Cg4 are the

om and Cg.

ds.

ly lz ltot

�1.958 �2.823 9.452
�3.483 0.301 11.917

�3.328 �0.288 8.558
3.373 0.356 11.840

�0.489 2.205 9.343
�3.490 �0.309 11.915

tary Information. This system of coordinates is common for all studied compounds



394 M.F. Petric et al. / Journal of Molecular Structure 1083 (2015) 389–397
For instance, the torsion angle of the PNPO skeleton for mole-
cule aI is much smaller than the one found in molecule aII [97.6�
and 176.8�, respectively]. The same torsion angle is smaller in poly-
morph ß [�69.8�]. The different conformations of aI, aII and b mol-
ecules may occur due to rotation of molecules’ moieties on bonds
P2AC13, P2AC20, P2AC27, P1AN, O2AC1, O3AC7. Therefore, this
result made us look for the low energy conformer for polymorphs
a and b. This was achieved by using the module Conformational
Search implemented in HyperChem 6.03 [27,28] (see Computa-
tional details, Supplementary Information). The results of these
calculations and found torsion angles are summarized in Tables 5
and 6.
Fig. 5. Crystal packing in polymorph a.

Fig. 7. Crystal packing
The dipole moment of polymorph a asymmetric unit cell, con-
taining two independent molecules, has been calculated too, and
its value is equal to 15.949 Debye. Thus the angle between the
dipole moment vectors of aI and aII molecules is equal to 124.6�,
indicating a significant dipole–dipole interaction between these
compounds. The dipole moments, its components and total HF
energies [29] of found conformers are practically coincident, but
the low calculated energy conformer belongs to aII molecule.
These conformers and the corresponding molecules in polymorphs
a and b adopt different conformations (Table 5). For instance, the
phenyl rings C1AC6, C7AC12 and C13AC18, C20AC25 are practi-
cally pairwise parallel to each other in found conformers. The
angles between their best planes in conformer aII are equal to
0.2� and 0.2� respectively (see Fig. S9, Supplementary Information)
while in aI, aII and b compounds the similar angles are equal to
82.6�, 80.7�, 61.9�, and 44.5�, 56.4�, 62.9�. At the same time, the
Fig. 6. Intra- and intermolecular interactions (CAH� � �O with red, CAH� � �p with
black) in polymorph ß. Only hydrogens involved in interactions are shown.

in polymorph ß.



Fig. 8. (a) Hirshfeld surfaces generated for all molecules with mapped dnorm value over the range �0.27 to 1.67. (b) Fingerprint plots with marked the CAH� � �O (1) CAH� � �p (2)
and CAH� � �H (3) interactions on aI only because these areas have similar positions in aII and b molecules. 2-D fingerprint plots of intermolecular contacts for each given area
are presented in Supplementary Information (Fig. S8).
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Table 7
Relative contributions to the Hirshfeld surface areas for various intermolecular
contacts.

Compound CAH� � �O (1) CAH� � �p (2) CAH� � �H (3) CAH� � �N

aI 7.6% 27.0% 62.5% 0.9%
aII 8.4% 26.4% 62.2% 1.0%
b 10.6% 22.8% 64.3% –

Table 8
Calculated sublimation enthalpy Hcalc (T = 300 K) and lattice energies Elatt without
(DFT) and with dispersion (DFT-D2) correction, respectively.

Polymorph Elatt, eV Hcalc, eV

DFT DFT-D2 DFT DFT-D2

a 466.2456 461.823 �466.2881 �461.8655
b 473.4679 469.2591 �473.5102 �469.3017
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value and orientation of the conformers’ dipole moments differ sig-
nificantly from those of the aI, aII and b molecules in the crystals
(Table 6).

On the other hand, the value and orientation of dipole moments
of the aI, aII and b molecules in the crystals slightly differ too. For
instance, the angles between the dipole moment vectors of these
compounds and P1���P2 line are equal to 21.3�, 23.0� 14.0� respec-
tively. Thus the value and orientation of dipole moments of the
compounds in polymorphs a and b depend on the rotation of mol-
ecules’ moieties on the bonds indicated above.

The weak CAH� � �O hydrogen bonds (HB) are present in both
polymorphs. The molecules in polymorphs a and ß are also
engaged in CAH� � �Cg (p-ring) interactions which are formed
between the phenyl rings (H� � �Cg < 3.0 Å, c < 30.0�) and the nor-
mals to the aromatic rings [30] (Table 5).

The molecular packing arrangements shown in Figs. 5–8 high-
light the distinct orientation of the molecules in the crystals of
the two polymorphs. In the a form molecules aII are joined in a
polymer like chain along a axis, through two hydrogen bonds,
while the molecules aI are assembled to the supramolecular archi-
tecture by one HB. The resulting arrangements are consolidated
into the layers spreading along the ac plane through CAH� � �p
interactions, and the layers are further linked by CAH� � �p interac-
tions in a three-dimensional supramolecular structure (Table 5,
Figs. 5 and 6). Due to the center of symmetry, the molecules in
polymorph ß assemble into the polymer like chains developed
along a direction in the unit cell. In turn, the monodimensional
chains spreading along the b axis form the layer type supramolec-
ular arrangement with CAH� � �p interactions within these layers
(Table 5, Fig. 6). These layers are stacked along the c axis without
further interactions (Fig. 7).

Hirshfeld surface

To quantify intermolecular interactions, elucidate similarities
and differences between the structural motifs for both poly-
morphs, the Hirshfeld surface (HS) analysis has been applied. HS
defines the shape of the molecule in terms of its surrounding crys-
talline environment, and it is introduced as the dividing surface
inside which more than half of the procrystal electron density
comes from the molecule itself. The molecular HS generated for
all independent molecules have distinctly different shapes, reflect-
ing different packing motifs and intermolecular arrangements in
the solid state (Fig. 8a). This is also clearly visible for the mapped
curvedness and shape indexes (see Fig. S7, Supplementary Infor-
mation). For aI, aII and b compounds the most of the hot spots
(i.e., high values of dnorm on the surface, where the intermolecular
contacts are shorter than sum of the van der Waals radii, Fig. 8a)
are located in the area of CAH� � �O HB (CAH� � �O1 HB for polymorph
a; CAH� � �O1 and CAH� � �O3 HB for polymorph b). But in case of
compounds aII and b the oxygen atoms acting as hydrogen-bond
acceptors are on both sides of HS, whereas for molecule aI the
O1 atom lies inside HS. Additionally, for aI there are some small
hot spots corresponding to lateral CAH� � �p interactions (where C
denotes the C4, C12 and C33 carbon atoms).

More information about the intermolecular interactions is pro-
vided by the analysis of so-called Hirshfeld ’fingerprint’ plots
[17,18]. The plots for both polymorphs are presented in Fig. 8b.
There are three areas on fingerprints (FP) representing the main
intermolecular contacts in the studied polymorphs such as
CAH� � �O (1), CAH� � �p (2) and CAH� � �H (3). The most visible pairs
of spikes in the FPs, labeled with 1 (Fig. 8b, aI) are characteristic of
the CAH� � �O contacts and sums of de and di values correspond to C-
H� � �O HB. The existence of CAH� � �p (2) interactions is evidenced
by the wings on all fingerprints. The major area on FPs, labeled
with 3 on Fig. 8b is attributed to CAH� � �H contacts. In polymorph
a there are also CAH� � �N intermolecular contacts which are not
observed in polymorph b (more detailed plots of these areas are
presented in Fig. S8, Supplementary Information).

The relative contribution of the HS areas due to above men-
tioned intermolecular contacts are illustrated in Table 7. The per-
centage contributions of these contacts to the total surface area
are quite similar in all molecules except for CAH� � �N ones, which
are present only in polymorph a. Thus the packing motifs in poly-
morphs a and b differ mainly due to the distribution of CAH� � �O
and CAH� � �p HB interactions rather than their percentage surface
area contributions.
Lattice energies calculations

For comparing the stability of polymorphs a and b, the lattice
energies were calculated by means of single-point periodic calcula-
tions, using the ABINIT program [31]. Lattice energy (Elatt) may
serve as a more global measure of intermolecular interactions in
crystal lattice. It is generally defined as the energy of formation
of a crystal from the isolated (gas phase) molecules: Elatt = Ecryst/
Z � Emol, where Ecryst is the crystal energy per unit cell, Z is the
number of molecules per unit cell and Emol is the energy of an iso-
lated molecule in the gas-phase [32] and it has been calculated by
Conformational Search aII conformer. The lattice energies Elatt are
also related to sublimation enthalpies DHsub at some temperature
T:DHsub = �Elatt � 2RT. It is known that Van der Waals-type inter-
actions make up an essential part of the intermolecular interac-
tions in organic solids. Therefore, the long-range van der Waals
interactions were also included in calculation of Elatt through the
semi-empirical Grimme corrections known as DFT-D2 method
[33], where the short range part of the GGA density functional
was adjusted to the presence of the long-range correction. The cal-
culated sublimation energies, lattice energies Elatt without (DFT)
and with dispersion (DFT-D2) correction are summarized in
Table 8.

The calculated lattice energies without and with dispersion cor-
rection suggest that b form is slightly more stable than a form of
the studied compound. The absolute values of calculated sublima-
tion enthalpies for polymorph a are also less than for b one. When
comparing the lattice energies with and without dispersion correc-
tion, it can be seen that for both polymorphs the dispersion energy
contributes c.a. 1% to the lattice energy. It means that dispersion-
type interactions do not play an essential role in the intermolecular
interactions in a and b forms of the studied compound.
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Conclusion

The synthesis, physicochemical characterization, X-ray diffrac-
tion and theoretical studies of two polymorphic structures of a
new iminophosphorane have been performed. In this study, it
has been shown that the crystallization conditions can determine
compound isolation in different crystalline forms, or polymorphs.
The polymorph a is monoclinic with polar space group P21 and
contains two independent molecules (aI and aII) in the asymmetric
unit, while the ß polymorph is orthorhombic with space group
Pbca, and has one molecule in the asymmetric unit. The molecules
in polymorphs a and b adopt different conformations. The molec-
ular Hirshfeld surfaces generated for aI, aII and ß molecules have
shown the distinctly different shapes, reflecting different packing
motifs and intermolecular arrangements in the solid state. The
packing motifs in polymorphs a and b differ mainly due to the
redistribution of CAH� � �O and CAH� � �p hydrogen-bond interac-
tions rather than their percentage Hirshfeld surface area contribu-
tions. The different conformations of aI, aII and b molecules may
occur due to rotation of molecules’ moieties on bonds P2AC13,
P2AC20, P2AC27, P1AN, O2AC1, O3AC7 that affect the value and
orientation of dipole moments of the compound in polymorphs a
and b. The calculated lattice energies without and with dispersion
correction suggest that b form is slightly more stable than a form of
studied compound and the dispersion-type interactions do not
play an essential role in the intermolecular interactions in these
polymorphs. On the other hand the aI, aII and b forms possess sig-
nificant dipole moments and the dipole-dipole interaction has led
to formation of two independent molecules in asymmetric unit cell
of polymorph a. Thus, the dipole-dipole interactions may signifi-
cantly influence the intermolecular interactions in polymorphs a
and b.
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Îndrumător de lucrări, UPTimis�oara, 1998.

[26] (a) A. Burger, R. Ramberger, Mikrochimica Acta 2 (1979) 259–271;
(b) A. Burger, R. Ramberger, Mikrochimica Acta 2 (1979) 273–316.

[27] Hyperchem 6, Hypercube Inc., Gainesville, FL, USA, 2001.
[28] C.E. Peishoff, J.S. Dixon, J. Comput. Chem. 13 (1992) 565–569.
[29] Gaussian 03, Revision B.01, M.J. Frisch, G.W. Trucks, H.B. Schlegel, G.E.

Scuseria, M.A. Robb, J.R. Cheeseman, J.A. Montgomery, T. Vreven, K.N. Kudin,
J.C. Burant, J.M. Millam, S.S. Iyengar, J. Tomasi, V. Barone, B. Mennucci, M.
Cossi, G. Scalmani, N. Rega, G.A. Petersson, H. Nakatsuji, M. Hada, M. Ehara, K.
Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao, H.
Nakai, M. Klene, X. Li, J.E. Knox, H.P. Hratchian, J.B. Cross, C. Adamo, J. Jaramillo,
R. Gomperts, R.E. Stratmann, O. Yazyev, A.J. Austin, R. Cammi, C. Pomelli, J.W.
Ochterski, P.Y. Ayala, K. Morokuma, G.A. Voth, P. Salvador, J.J. Dannenberg, V.
G. Zakrzewski, S. Dapprich, A.D. Daniels, M.C. Strain, O. Farkas, D.K. Malick, D.
Rabuck, K. Raghavachari, J.B. Foresman, J.V. Ortiz, Q. Cui, A.G. Baboul, S.
Clifford, J. Cioslowski, B.B. Stefanov, G. Liu, A. Liashenko, P. Piskorz, I.
Komaromi, R.L. Martin, D.J. Fox, T. Keith, M.A. Al-Laham, C.Y. Peng, A.
Nanayakkara, M. Challacombe, P.M.W. Gill, B. Johnson, W. Chen, M.W. Wong,
C. Gonzalez Pople, J.A. Gaussian Inc, Pittsburgh, PA, 2003.

[30] A.L. Spek, J. Appl. Cryst. 36 (2003) 7–13.
[31] X. Gonze, J.M. Beuken, R. Caracas, F. Detraux, M. Fuchs, G.M. Rignanese, L.

Sindic, M. Verstraete, G. Zerah, F. Jollet, M. Torrent, A. Roy, M. Mikami, Ph.
Ghosez, J.Y. Raty, D.C. Allan, Comput. Mater. Sci. 25 (2002) 478–492.

[32] C. Gatti, P. Macchi (Eds.), Modern Charge Density Analysis, Springer,
Dordrecht-Heidelberg-London-New York, 2012.

[33] S. Grimme, J. Comp. Chem. 27 (2006) 1787–1799.

http://dx.doi.org/10.1016/j.molstruc.2014.11.018
http://dx.doi.org/10.1016/j.molstruc.2014.11.018
http://refhub.elsevier.com/S0022-2860(14)01124-7/h0005
http://refhub.elsevier.com/S0022-2860(14)01124-7/h0010
http://refhub.elsevier.com/S0022-2860(14)01124-7/h0015
http://refhub.elsevier.com/S0022-2860(14)01124-7/h0020
http://refhub.elsevier.com/S0022-2860(14)01124-7/h0020
http://refhub.elsevier.com/S0022-2860(14)01124-7/h0025
http://refhub.elsevier.com/S0022-2860(14)01124-7/h0025
http://refhub.elsevier.com/S0022-2860(14)01124-7/h0030
http://refhub.elsevier.com/S0022-2860(14)01124-7/h0030
http://refhub.elsevier.com/S0022-2860(14)01124-7/h0035
http://refhub.elsevier.com/S0022-2860(14)01124-7/h0040
http://refhub.elsevier.com/S0022-2860(14)01124-7/h0045
http://refhub.elsevier.com/S0022-2860(14)01124-7/h0045
http://refhub.elsevier.com/S0022-2860(14)01124-7/h0050
http://refhub.elsevier.com/S0022-2860(14)01124-7/h0055
http://refhub.elsevier.com/S0022-2860(14)01124-7/h0060
http://refhub.elsevier.com/S0022-2860(14)01124-7/h0065
http://refhub.elsevier.com/S0022-2860(14)01124-7/h0070
http://refhub.elsevier.com/S0022-2860(14)01124-7/h0075
http://refhub.elsevier.com/S0022-2860(14)01124-7/h0075
http://refhub.elsevier.com/S0022-2860(14)01124-7/h0080
http://refhub.elsevier.com/S0022-2860(14)01124-7/h0085
http://refhub.elsevier.com/S0022-2860(14)01124-7/h0085
http://refhub.elsevier.com/S0022-2860(14)01124-7/h0090
http://refhub.elsevier.com/S0022-2860(14)01124-7/h0095
http://refhub.elsevier.com/S0022-2860(14)01124-7/h0095
http://refhub.elsevier.com/S0022-2860(14)01124-7/h0100
http://refhub.elsevier.com/S0022-2860(14)01124-7/h0100
http://refhub.elsevier.com/S0022-2860(14)01124-7/h0105
http://refhub.elsevier.com/S0022-2860(14)01124-7/h0105
http://refhub.elsevier.com/S0022-2860(14)01124-7/h0110
http://refhub.elsevier.com/S0022-2860(14)01124-7/h0110
http://refhub.elsevier.com/S0022-2860(14)01124-7/h0115
http://refhub.elsevier.com/S0022-2860(14)01124-7/h0115
http://refhub.elsevier.com/S0022-2860(14)01124-7/h0115
http://refhub.elsevier.com/S0022-2860(14)01124-7/h0120
http://refhub.elsevier.com/S0022-2860(14)01124-7/h0120
http://refhub.elsevier.com/S0022-2860(14)01124-7/h0125
http://refhub.elsevier.com/S0022-2860(14)01124-7/h0130
http://refhub.elsevier.com/S0022-2860(14)01124-7/h0130
http://refhub.elsevier.com/S0022-2860(14)01124-7/h0135
http://refhub.elsevier.com/S0022-2860(14)01124-7/h0135
http://refhub.elsevier.com/S0022-2860(14)01124-7/h0135
http://refhub.elsevier.com/S0022-2860(14)01124-7/h0140
http://refhub.elsevier.com/S0022-2860(14)01124-7/h0140
http://refhub.elsevier.com/S0022-2860(14)01124-7/h0140
http://refhub.elsevier.com/S0022-2860(14)01124-7/h0140
http://refhub.elsevier.com/S0022-2860(14)01124-7/h0140
http://refhub.elsevier.com/S0022-2860(14)01124-7/h0145
http://refhub.elsevier.com/S0022-2860(14)01124-7/h0150
http://refhub.elsevier.com/S0022-2860(14)01124-7/h0155
http://refhub.elsevier.com/S0022-2860(14)01124-7/h0160
http://refhub.elsevier.com/S0022-2860(14)01124-7/h0170
http://refhub.elsevier.com/S0022-2860(14)01124-7/h0175
http://refhub.elsevier.com/S0022-2860(14)01124-7/h0180
http://refhub.elsevier.com/S0022-2860(14)01124-7/h0185
http://refhub.elsevier.com/S0022-2860(14)01124-7/h0190
http://refhub.elsevier.com/S0022-2860(14)01124-7/h0190
http://refhub.elsevier.com/S0022-2860(14)01124-7/h0195
http://refhub.elsevier.com/S0022-2860(14)01124-7/h0195
http://refhub.elsevier.com/S0022-2860(14)01124-7/h0200
http://refhub.elsevier.com/S0022-2860(14)01124-7/h0200
http://refhub.elsevier.com/S0022-2860(14)01124-7/h0210
http://refhub.elsevier.com/S0022-2860(14)01124-7/h0225
http://refhub.elsevier.com/S0022-2860(14)01124-7/h0235
http://refhub.elsevier.com/S0022-2860(14)01124-7/h0235
http://refhub.elsevier.com/S0022-2860(14)01124-7/h0235
http://refhub.elsevier.com/S0022-2860(14)01124-7/h0235
http://refhub.elsevier.com/S0022-2860(14)01124-7/h0235
http://refhub.elsevier.com/S0022-2860(14)01124-7/h0240
http://refhub.elsevier.com/S0022-2860(14)01124-7/h0240
http://refhub.elsevier.com/S0022-2860(14)01124-7/h0240
http://refhub.elsevier.com/S0022-2860(14)01124-7/h0240
http://refhub.elsevier.com/S0022-2860(14)01124-7/h0245
http://refhub.elsevier.com/S0022-2860(14)01124-7/h0250
http://refhub.elsevier.com/S0022-2860(14)01124-7/h0260
http://refhub.elsevier.com/S0022-2860(14)01124-7/h0270
http://refhub.elsevier.com/S0022-2860(14)01124-7/h0275
http://refhub.elsevier.com/S0022-2860(14)01124-7/h0275
http://refhub.elsevier.com/S0022-2860(14)01124-7/h0275
http://refhub.elsevier.com/S0022-2860(14)01124-7/h0280
http://refhub.elsevier.com/S0022-2860(14)01124-7/h0280
http://refhub.elsevier.com/S0022-2860(14)01124-7/h0280
http://refhub.elsevier.com/S0022-2860(14)01124-7/h0280
http://refhub.elsevier.com/S0022-2860(14)01124-7/h0285

	Structural and ab initio studies on the polymorphism  of iminophosphorane (CH3C6H4)3PNP[(O)(OPh)2]
	Introduction
	Experimental section
	General
	Synthesis and characterization of (CH3C6H4)3PNP[(O)(OPh)2]
	Data collection and crystal structure determination
	Hirshfeld surfaces computational method

	Results and discussion
	Synthesis and characterization of (CH3C6H4)3PNP[(O)(OPh)2]

	Solid state structures
	Hirshfeld surface
	Lattice energies calculations

	Conclusion
	Acknowledgments
	Appendix A Supplementary material
	References


