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ABSTRACT 

Single crystals of the tetraethylammonium dihydrogenmonophosphate bis trihydrogenmonophosphate  

     3 2 2 4 3 44
CH CH N H PO H PO TEP  2

, were grown by slow evaporation solution technique at room temperature. 

The compound was characterised by IR, Raman, differential thermal analysis (TG-DTA) and single crystal X-ray dif-
fraction. It crystallizes in the monoclinic system (space group 12P c ) with the following unit cell dimensions: a = 

7.765 (2) Å, b = 16.531 (4) Å, c = 14.843 (2) Å, β = 100.99 (2)˚, 4Z  ,  31.67Mg m ,xD   31.532 Mg m ,Dm    λ 

(MoKa) = 0.71073 Å,  ,T = 20 (2)˚. The structure was solved by the direct method and 

refined to final R value of 0.0342 and for 3239 independent reflections. The structure consists of infinite 

parallel two-dimensional planes built of mutually 

10.384 mm ,  F

wR

 000 991

0.107

2H PO4
 , H3PO4 tetrahedra and  3 2CH CH 4

N


    cations connected 

by strong  and C-  hydrogen bonding. There are no contacts other than van der Waals interactions 
between the layers. 

O-H O H O

 
Keywords: Organic Phosphate; Crystalline Structure; Vibrational Spectra; Thermal Behaviour; Differential Thermal 

Analysis. 

1. Introduction 

In organic-cation monophosphates, the phosphate anions 
generally observed are the acidic ones  24HPO


or 

. Such anions are interconnected by strong hy- 
drogen bonds so as to build infinite networks with vari-
ous geometries: ribbons [1], chains [2,3], two-dimen- 
sional network [4-6], and three-dimensional network [7]. 
These entities can be associated to organic molecules to 
produce compounds having a particular interest as non- 
linear optical materials. 

 2 4H PO


4

4

During a systematic investigation of interactions be-
tween monophosphoric acid and organic molecules con-
taining one or more nitrogen atom different structures of 
monophosphate salts have been described:  

   3 2 3 2 42 2
NH CH NH H PO  [8],  

   3 2 3 2 4 32 2
NH CH NH H PO H PO  [9],  

 3 2 32
NH CH NH HPO  [2],  

 3 2 3 4 23
NH CH NH HPO H O  [10],  

   3 2 3 2 43 2
NH CH NH H PO  [11],  

 3 2 3 4 24
NH CH NH HPO 2H O  [12],  

   3 2 3 2 44 2
NH CH NH H PO  [13],  

     
 

3 2 2 2 2 2 32 2 2

4 22

NH CH NH CH NH CH NH

HPO 2H O

  


 [14], 

 6 5 2 2 2 2 2 2 2 4C H CH CHCH CH NH CH CH H PO  [15],  

 6 5 2 2 3 2 4 2C H CH NH CH H PO H O   [16],  

 3 2 4 22 2
NH CH NH HPO 2H O      [17,18]. 

In the present work we describe the chemical preparation, 
the crystal structure, calorimetric measurements and 
Fourier transform infrared (FTIR) spectral characteriza- 
tion of a new compound: the tetraethylammonium dihy- 
drogenmonophosphate bis trihydrogenmonophosphate 
    2
CH CH N H PO H PO 3 2 2 4 3 44

, here after abbreviated 
to (TEP), which is a close analogue of previously ob- *Corresponding author. 
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tained     3 2 2 4 3 4 24
CH CH N H AsO H AsO 

 3 2 4
CH CH NOH  

 
    

3 2 3 44

3 2 2 4 3

CH CH NOH 3H PO

CH CH N H PO H PO 

    

31.532 Mg mDm  

31.598 Mg mDx  



 [19]. 

2. Experimental 

2.1. Synthesis 

The crystal of TEP is easily prepared by slow evapora- 
tion at room temperature of an aqueous solution of 
H3PO4 and . Schematically the re- 
action is:  

4 24 2
H O

 

After some days of evaporation, colorless needle-sha- 
ped monocrystals appear in the solution. The chemical 
analysis of phosphorus and acidic proton has been car- 
ried out [20]. 

Density was measured at room temperature by flota- 
tion in toluene. The average value of density, 

, 

is agreement with that calculated,  

. 

The cell contains two formula units of  

  3 2 2 4 3CH CH N H PO H PO



 44 2
. 

2.2. Characterizations 

The infrared spectrum was recorded in the range 400- 
4000 cm‒1 with a “Perkin Elmer FTIR-1000” spectropho- 
tometer using a sample dispersed in a KBr pellet. Back 
scattering Raman spectra were obtained under micro- 
scope with a Horiba Jobin Yvon Raman spectrometer 
(Lab RAM HR 800 λ = 633 nm) in the 50 - 4050 cm‒1 
range. 

Setaram thermoanalyser, TG-DTA92, was used to per- 
form thermal treatment on samples of  

  3 2 2 4 34
CH CH N H PO H PO



 4 2
. 

TG-DTA thermograms were obtained with 34.35 mg 
sample in an open platinum crucible, heated in air with 
5˚C·min−1 heating rate, from room temperature to 275˚C, 
an empty crucible was used as reference. 

2.3. X-Ray Single Crystal Structure  
Determination 

Single-crystal X-ray data  

  3 2 2 4 34
CH CH N H PO H PO 4 2

 

were collected at room temperature on a Nonius Kappa- 
CCD diffractometer using Mo-Kα radiation λ = 0.71073 
Å through the program COLLECT [21]. Correction for 
Lorentz-polarisation effect, peak integration and back- 
ground determination were carried out with the pro- 
gram DENZO [22]. Frame scaling and unit cell parame- 
ters refinement were performed with the program  

Table 1. Crystal data and summary of intensity data col- 
lection and structure refinement. 

Compound 
Color/Shape 

Molecular weight, g·mol‒1 
Space group 

Temp. Deg ˚C 
Unit cell dimensions (Å) 

a, Å 
b, Å 
c, Å 
β, ˚ 

Cell volume, Å3 
Formula units/unit cell 

Dcalc, g·cm‒3 
μcalc, cm‒1 

Diffractometer/scan 
Radiation, graphite mono-

chromater 
Max. crystal dimensions, mm 

Reflections measured 
Range of h, k, l 

Reflections with F0  > 4σ(F0)
b

Weights 
GOF 

0 0cR F F F    

Rw 
Tmin 
Tmax 

Computer programsc 

[CH3CH2]4NH2PO4 (H3PO4)2 
Colourless/Parallelepiped 

450.23 
P21/c 

20 (2) 
7.765 (2) 

16.531 (4) 
14.843 (2) 
100.99 (2) 
1870.33 (8) 

4 
1.598 
0.384 

KAPPA CAD4. Enraf-Nonius 
Mo-Kα ( λ = 0.71073 ) 

0.7 × 0.3 × 0.3 
3239 

−9/3, −18/19, −17/17 
2506 

1/σ2 (Fo
2) + (0.0655P)2 + 0.00P]

avec P = (Fo
2 + 2Fc

2)/3 
1.157 

0.0342 
0.1072 
0.7749 
0.8935 

SHELXS-97(Sheldrick, 1990) 
SHELXL-97(Sheldrick, 1997) 

 
SCALE-PACK [22].  

Pertinent details of the crystal structure of  
    3 2 2 4 3 4CH CH N H PO H PO

4 2
are listed in Table 1. 

The crystal structure has been solved and refined in the 
monoclinic symmetry, space group 12P c , using the 
WINGX environment [23] and based on SHELXS97 [24] 
and SHELXL97 [25] softwares. All the hydrogen posi- 
tions of the diprotonated cation were placed geometri- 
cally and held in the riding mode, the C-H bonds were 
fixed and affined at 0.78 and 1.01Å, respectively). In- 
teratomic distances, bond angles and the hydrogen bonds 
scheme are listed in Tables 2 and 3 respectively. 

3. Results and Discussion 

3.1. Structural Analysis 

The asymmetric unit is composed of one  2 4H PO


 
anion, two neutral phosphoric acid  3 4  and one H PO
 3 2 4
CH CH N


  

 cation. The structural arrangement of 
    3 4PO H PO  

N C
3 2CH CH N H2 44 2

can be described as 
an alternation of organic 2 5 4


H   groups and in- 

organic   H PO2 4H PO 3 4 2
 is illustrated in Figure 1, 

viewed in projection along the direction of its two-fold 
screw axes. 

One can distinguish the chains of the acid molecules 
and the chains of the dihydrogenphosphates anions run- 
ning parallel to the Z axis in each layer (see Figure 2). 

The molecules/anions in the chains are related to each  
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Table 2. Principal intratomic distances (Å) and bond angles 

(˚) in       
3 2 2 3 4 24

CH CH N H PO H PO-
4 . 

Tetrahedron around P [CH3CH2]4N
+ cations 

P1-O1 1.552 (2) N-C1 1.512 (3) 

P1-O2 1.496 (2) N-C2 1.522 (3) 

P1-O3 1.554 (2) N-C3 1.526 (3) 

P1-O4 
O1-H1 
O4-H4 
O3-H3 

1.544 (2) 
0.78 (5) 
0.84 (4) 
0.78 (4) 

N-C4 1.522 (3) 

O2-P1-O4 110.0 (1) C1-C6 1.517 (4) 

O2-P1-O1 111.54 (1) C2-C8 1.509 (4) 

O4-P1-O1 108.1 (1) C3-C5 1.516 (3) 

O4-P1-O3 108.1 (1) C4-C7 1.517 (3) 

O1-P1-O3 104.5 (1) C1-N-C4 110.4 (2) 

O2-P1-O3 113.5 (1) C1-N-C2 107.0 (2) 

P2-O5 1.511 (2) C4-N-C2 110.9 (2) 

P2-O6 1.505 (2) C1-N-C3 111.1 (2) 

P2-O7 1.56 (12) C4-N-C3 106.5 (2) 

P2-O8 
O6-H6 
O7-H7 

1.571 (2) 
0.82 (1) 
0.82 (4) 

C2-N-C3 111.0 (2) 

O6-P2-O5 114.63 (9) C8-C2-N 114.9 (2) 

O6-P2-O7 106.19 (9) C7-C4-N 114.8 (2) 

O5-P2-O7 110.64 (1) C5-C3-N 114.4 (2) 

O6-P2-O8 107.63 (9) C1-C6-N 115.1 (2) 

O5-P2-O8 109.45(1)   

O7-P2-O8 108.05 (1)   

P3-O9 1.547 (12)   

P3-O10 1.540 (2)   

P3-O11 1.505 (2)   

P3-O12 
O9-H9 

O10-H10 
O12-H12 

1.554 (2) 
0.86 (4) 
0.78 (4) 
0.83 (4) 

  

O11-P3-O10 113.71 (9)   

O11-P3-O9 108.93 (9)   

O10-P3-O9 105.66 (9)   

O11-P3-O12 111.7 (1)   

O10-P3-O12 106.7 (1)   

O9-P3-O12 109.97 (9)   

Table 3. Principal interatomic distances (Å) and bond an- 
gles (˚) and detailed of the hydrogen bonding scheme. 

D-H…A 
d (D-H) 

(Å) 
d (H…A) 

(Å) 
d (D…A) 

(Å) 
D-H…A 
(angle ˚)

O1-H1…O2v 
O3-H3…O11 
O4-H4…O6 
O9-H9…O5i 
O7-H7…O2ii 

O10-H10…O6
O12-H12…O5iii

C1-H1B…O8iv

0.78 (5) 
0.78 (4) 
0.84 (4) 
0.86 (4) 
0.82 (4) 
0.78 (4) 
0.83 (4) 
1.01 (3) 

1.81 (5) 
1.83 (4) 
1.72 (4) 
1.68 (4) 
1.83 (4) 
1.76 (4) 
1.75 (4) 
2.37 (3) 

2.578 (2) 
2.598 (2) 
2.554 (2) 
2.521 (2) 
2.617 (2) 
2.539 (2) 
2.584 (2) 
3.315 (3) 

170 (5) 
174 (5) 
171 (4) 
165 (4) 
162 (4) 
177 (4) 
178 (4) 
154 (2) 

Symmetry codes: i−x + 1, −y + 1, −z + 1; ii−x + 1, −y + 2, −z + 1; iii–x + 2, 
−y + 1, −z + 1; ivx, y − 1, z; v–x + 2, −y + 2, −z + 1; vix + 1, y, z. 

 

 

Figure 1. Projection along the a axis of the atomic arrange- 

ment of       
3 2 2 3 4 24

CH CH N H PO H PO-
4 . 

 

 

Figure 2. Projection along the axis of the inorganic arran- 
gement. 
 
other by the two-fold screw axis. The distance (P (1) − P 
(3) = 4.313 (1) Å) between two H3PO4 groups linked by 
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hydrogen bond is shortened when compared to the re- 
maining P-P bond lengths P (1) − P (2): 4.499 (1) Å and 
P (2) − P(3): 4.369 (1) Å between H3PO4 and 2 4H PO  
groups. The 4  anions, 4H P  and  

4  molecules are joined into trimmers by the 
hydrogen bonds (see Table 3). The dihydrogenphosphate 
anions and the acid 4  molecules 
do not form any straight contact between themselves. All 
their of  one O-H groups are involved in the 
hydrogen bonds with the O(7)atoms of the acid 

4  molecules and all their of 4  three 
O-H group are involved in the hydrogen bonds with the 

 and  of the dihydrogenphosphate 
anions . 

 2H P 2 O

 2 42 O

 2 42 O

 O 12
 2 42 O

 3H P 1 O

 3 1 O

 3H P 3 O

H P

 3H P 3 O

H P

H P

 3H P 1 O

  O 9 ,O 10
H P

 33 O



The acid 4  molecules form strong  
 hydrogen bonds between themselves. O1-H1 O 2v

 O 5Note that the  atoms of the dihydrogenphos- 
phates anions participate in two hydrogen bonds with the 
OH groups (O(9)-H(9) and (O(12)-H(12)) of the neigh- 
bour orthophosphoric acid molecules of the same chain.  

The structure is based on sheets of 2 4H PO  and 
H3PO4

 tetrahedra fused together by strong intralayer 
 hydrogen bonds, giving to trimmers, d(O) − O 

< 2.73Å) [26,27]. The midplanes of these clusters, are 
located at z = 0.25 and z = 0.75.  

O-H O

The organic group of tetraethylammonium monocation 
structure is similar to that in the TESe and TEAs ana- 
logue [19,28]. Each tetrapropylammonium cation makes 
three short contacts with trimmers of the dihydroge- 
narsenate through the  hydrogen bonds: 

 (see Table 3). The  distance is 
equal to 2.37 (3) Å, respectively. The  distance is 
equal to 3.315 (3) Å, showing that those hydrogen bonds 
are very weak [29]. The  angle is equal to 
154(2). The structure of the tetrapropylammonium cation 
is similar to that in the crystals of tetraethylammonium 
chloride, is in the tetraethylammonium chloride mono- 
hydrate [30], tetraethylammonium chloride tetrahydrate 
[31] and anhydrous tetraethyl- ammonium chloride [32]. 
The lengths of the N-C bonds are in the range between 
1.512 (3) (N-Cl) and 1.516 (3) Å (N-C3). The lengths of 
the other two N-C bonds are equal to 1.522 (3) Å. The 
C-N-C angles are in between 106.5(2) to 111.1(2)˚. The 
C-C bonds lengths are in the region between 1.509(4) 
and 1.517(4). Thus, they are very similar. The final coor-
dinates and Ueq or Uiso of TEP are given in Table 4.  

C-H O

C-H O

C1-H1B O8iv H O
C O

3.2. Vibrational Investigations  

The FT-IR and FT-Raman spectra of the title crystal 
were measured for the powder sample at room tempera- 
ture. The bands observed in the measured region arise 
from the vibrations of hydrogen bonds, vibrations of the 
tetrapropylammonium cation, phosphate groups, and 
lattice vibrations. Vibrational spectra are shown in Fig-

ures 3 and 4. 

3.2.1. The Hydrogen Bond Vibrations 
The valence vibrations of O-H groups interconnected by 
a system of hydrogen bonds in the crystal appear in IR 
spectrum as broad bands in the 3500 - 1800 cm‒1 region 
[15]. As can be seen from Table 3, these consist of hy- 
drogen bonds of  type with length ranging 
from 

O-H O
 2.521 2  to 2.617 (2) Å. X-ray data show that H 

atoms of OH groups generate hydrogen bonds with the 
oxygen atoms of the PO4 group. 

The stretching type of vibrations of hydrogen bonds 
νOH displays a well defined and medium intense band in 
IR with the AB structure in the region between 3500 and 
2000 cm−1. In IR spectrum the frequency of A band is 
2750 cm−1 and B is 2460 cm−1. For Raman experiment 
the broad maxima are found at 2822 and 2550 cm−1. The 
intense IR bands correspond to a strong hydrogen bond 
with the  distance in the region 2.6 Å - 2.7Å [33]. 
The in-plane OH bending mode δOH gives rise to a me- 
dium band in infrared spectrum without counterparts in 
Raman spectrum at 1252 cm−1. The out-of-plane bending  

O O

 

 

Figure 3. IR spectrum of [CH3CH2]4N (H2PO4)(H3PO4)2. 

 

 

Figure 4. Raman spectrum of [CH3CH2]4N (H2PO4)(H3PO4)2. 
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Table 4. Principal intratomic distances (Å) and bond angles (˚) in       
3 2 2 3 4 24

CH CH N H PO H PO-
4  * * eq

1

3
ij i j i j

i j

U U a a .a a  

Atoms x/a y/b z/c Ueq or Uiso* 

P1 

P2 

P3 

O (1) 

O (2) 

O (3) 

O (4) 

O (5) 

O (6) 

O (7) 

O (8) 

O (9) 

O (10) 

O (11) 

O (12) 

H1 

H3 

H4 

H6 

H7 

H9 

H10 

H12 

n 

C (1) 

C (2) 

C (3) 

C (4) 

C (5) 

C (6) 

C (7) 

C (8) 

H (1A) 

H (1B) 

H (2A) 

H (2B) 

H (3A) 

H (3B) 

H (4A) 

H (4B) 

H (5A) 

H (5B) 

H (5c) 

H (6A) 

H (6B) 

H (6C) 

0.1 (7) 

0.70980 (7) 

0.20672 (7) 

0.2430 (2) 

−0.0332 (2) 

0.1999 (2) 

0.2539 (2) 

0.8479 (2) 

0.5279 (2) 

0.6960 (2) 

0.7616 (2) 

0.1654 (2) 

0.4068 (2) 

0.1023 (2) 

0.1651(2) 

0.171(6) 

0.165(6) 

0.350(5) 

0.4600(2) 

0.793(5) 

0.180(5) 

0.446(5) 

0.063(5) 

0.6747(2) 

0.8236 (3) 

0.5598 (3) 

0.7439 (3) 

0.5705 (3) 

0.8522 (4) 

0.9576 (3) 

0.4887 (4) 

0.4006 (4) 

0.879 (4) 

0.768 (3) 

0.627 (4) 

0.527 (3) 

0.811 (4) 

0.641 (3) 

0.653 (3) 

0.483 (3) 

0.948 (4) 

0.787 (4) 

0.897 (4) 

1.020 (4) 

0.903 (4) 

1.040 (4) 

0.49 (4) 

0.49978 (4) 

0.42355 (4) 

0.4957 (1) 

0.5117 (1) 

0.4066 (1) 

0.5555 (1) 

0.5531 (1) 

0.5109 (1) 

0.5166 (1) 

0.4086 (1) 

0.3748 (1) 

0.4171 (1) 

0.38909 (1) 

0.51456 (1) 

0.492 (3) 

0.404 (3) 

0.541 (2) 

0.4802 (3) 

0.514 (2) 

0.401 (3) 

0.446 (2) 

0.527 (2) 

0.2404 (1) 

0.2084 (2) 

0.1684 (2) 

0.2823 (2) 

0.3036 (2) 

0.2285 (2) 

0.2711 (2) 

0.2736 (2) 

0.1887 (2) 

0.169 (2) 

0.182 (2) 

0.127 (2) 

0.143 (2) 

0.324 (2) 

0.301 (2) 

0.348 2) 

0.321 (2) 

0.207 (2) 

0.185 (2) 

0.263 (2) 

0.292 (2) 

0.312 (2) 

0.244 (2) 

0.13 (4) 

0.2963 (4) 

0.4170 (4) 

0.0464 (1) 

0.1105 (1) 

0.1727 (1) 

0.2025 (1) 

0.3526 (1) 

0.3156 (1) 

0.1917 (1) 

0.3146 (1) 

0.4992 (1) 

0.4239 (1) 

0.3296 (1) 

0.4281 (1) 

0.002 (3) 

0.218 (3) 

0.235 (3) 

0.2829 (2) 

0.178 (3) 

0.550 (3) 

0.392 (2) 

0.403 (3) 

0.5702 (1) 

0.6421 (2) 

0.5342 (2) 

0.4926 (2) 

0.6116 (2) 

0.4423 (2) 

0.6843 (2) 

0.6904 (2) 

0.4623 (2) 

0.6136 (19) 

0.6914 (18) 

0.5076 (19) 

0.5870 (18) 

0.517 (2) 

0.4522 (18) 

0.632 (2) 

0.564 (2) 

0.482 (2) 

0.411 (2) 

0.396 (2) 

0.641 (2) 

0.715 (2) 

0.729 (2) 

0.0113 (2) 

0.0114 (2) 

0.0196 (4) 

0.0198 (4) 

0.0181 (4) 

0.0174 (4) 

0.0139 (4) 

0.0149 (4) 

0.0238 (5) 

0.0194 (4) 

0.0150 (4) 

0.0185 (4) 

0.0153 (4) 

0.0165 (4) 

0.065 (15)* 
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verifies the dependence of groups constituting our ma
rial. The hy onds conf  IR and X-R
diffraction explain the stability of our compound. 
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