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A specific assembly process, driven by coexiskAg...O hydrogen bonding and X...O short intermolecuantacts (X = C,
N, O) is described, in which the psetideggin polyoxoanion and two types of molecule...cationrgpdwith G, and G
symmetries) were assembled to the programmed sapeantar architecture. Cooperation of the positiherge, resonance effect
and the O=C...Qmna intermolecular contact led to the short and streygmmetrical [O...H...O] hydrogen bond (O...0 =
2.449(13) A) in one of the molecule...cation pairgHgNO...H...ONCHg]* with the H-bonded proton in the center of invensio
The other [GHgNOH...ONC,Ho]* molecule...cation pair (non-centrosymmetric) wasrfed through a very strong asymmetric
[0.H.O]" hydrogen bond of 2.431(13) A in length which wasatedvia the synergistic effect between the minor N-H...O
secondary interaction, +CAHB (positive-charge-dssishydrogen bond) and RAHB (resonance assistedoggd bond)
mechanisms.
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INTRODUCTION molecules or clusters in its approach to the desifjrthe
programmed supramolecular architecture [3-5].

There are numerous recent examples involving rdiffe
molecular entities: organic molecules, proteingtigles, DNA
and others in molecular self-assembly [6,7]. Thsulteng

Hydrogen bonds (HBs) are involved in numerous
important contexts; they play a vital role to shabi
supramolecular aggregates and have been a key issue

natural sciences [1]. Giltt al. have classified hydrogen bonds hybrid materials exhibit cooperative properties different

as positive or negative charge-assisted hydrogend$o building blocks [8,9]. In this paper, we presentew POM-
(xCAHBs), resonance-assisted hydrogen bonds (RAHBS)D ) B )
ased hybrid material containing two symmetrically

polarization-assisted hydrogen bonds (PAHBs), audaied ) _ ) i
independent organic molecule cation pairs (withadd G

hydrogen bonds (IHBs) [2]. Familiarity with the oe¢ of . ' -
hydrogen bonds and other short intermolecular ctetss ~ SYMMetries). The cooperation between the posithzrge-

crucial for the elucidation of forces stabilizingaterials in ~ assisted hydrogen bond with the resonance-assigtibgen
solid state. Crystal engineering shows great istérethe non- Pond mechanisms and the minor secondary interac{©n.O

covalent forces and in accumulating the differefasses of short intermolecular contact and N-H...O hydrogen djon
resulted in some very strong homoconjugated [O.H.O]

*Corresponding author. E-mail: mahjouba@modareis.ac. hydrogen bonds in the title hybrid material.


www.SID.ir

Pourayoubi & Mahjoub

EXPERIMENTAL

Chemicals and Apparatus

IR Spectroscopy
The IR spectrum of hybrid material contains the
characteristic bands at 790 tnfMo-O,-Mo), 874 (Mo-Q-

All chemicals were purchased commercially and used/o), 956 (Mo-Q) and 1059 ci (P-Q) which demonstrate

without further purification.*H, **C and*)P NMR spectra
were determined on a Bruker Avance DRS 500 speet@m
'H and*®C chemical shifts were determined relative to imaér
TMS, and®P chemical shift relative to 85%;P0, as external
standard. Infrared (IR) spectrum was recorded &hienadzu

the pseudd<eggin structure of the Mo atom. The,Q0,, O,

and Q atoms are the oxygen atoms which bonded to P and
Mo, the corner-shared oxygen atoms of Maf@tahedra, the
edge-shared oxygen atoms of Mpo@ctahedra and the
terminal oxygen atoms, respectively. The band 4816n" is

model IR-60 spectrometer. The elemental analysis waassigned to C=0.

performed using a Heraeus CHN-O-RAPID apparatue Th

thermal behavior was measured with PLSTA 1500 atpsar
UV-Vis spectrum was recorded on a double-beam Siéma
2550 spectrophotometer. X-ray structural analysissimgle
crystal of title compound was carried out on a RUEBMART
1000 CCD diffractometer with graphite monochromaléat
Ka radiation § = 0.71073 A).

SyntheSiS of [CH;CH ZC(OH)NHCH 3] 3[P M01204o].
3CHsCH,C(O)NHCH

A solution of N-methyl propionamide (0.429 g, 4.92

mmol) in HCI (10 ml, 1 M) was added dropwise tocdution

of HsPMo01,049 (1.5 g, 0.82 mmol) in O (90 ml) and stirred
(1.5 h) at room temperature. The solution wasréileand kept
until the yellow crystals were obtained. IR (KBreduencies

NMR Spectroscopy

Phosphorus-31 NMR spectrum shows one signal 86-3.
ppm demonstrating the pseuleggin polyoxoanion of Mo.
'H NMR spectrum indicates three signals in aliphagigion
(triplet at 0.98 ppm for Ck quartet at 2.05 ppm for GHand
singlet at 2.55 ppm for the GHivhich linked to the N atom).
The lines at 9.8, 25.4 and 28.4 ppnti@ NMR spectrum are
related to CH, CH, and the CH (which linked to N) carbon
atoms. The C=0 signal appears at 174.0 ppm.

UV-Vis Spectrum

UV-Vis absorbance spectrum (Fig. 1) in water soluif
[CH3CH,C(OH)NHCH;] 3[PM0;,0,0].3CH;CH,C(O)NHCH;
(4.3 x 10* M) shows the absorption peaks at 237.5 nm and

(cm™): 3450m, 1643m, 1593m, 1453m, 1398m, 1347Tmgn7 5 nm.

1288m, 1153m, 1111m, 1059s (R0956s (Mo-Q), 874s
(Mo-0,-M0), 790vs (Mo-Q@-Mo), 683m, 633m, 563m, 496m,
461m.*'P NMR ((D;)DMSO): -3.85.'"H NMR ((Ds)DMSO):
0.98 (t,3J(H,H) = 7.6 Hz, 18H, 6C}), 2.05 (q,2J(H,H) = 7.6
Hz, 12H, 6CH), 2.55 (s, 18H, 6CH}, 8.12 (b, 9H, 6NH &
30H"). °C NMR ((Ds)DMSO): 174.0, 28.4, 25.4, 9.8. UV-Vis
(4.3x 10*M in water, Anay): 237.5 nm and 307.5 nm. Anal.
Calcd. for G4H5;M01:NgO46P;: C, 12.28; H, 2.45; N, 3.58.
Found: C, 12.09; H, 2.39; N, 3.50.

RESULTS AND DISCUSSION

The hybrid material [CECH,C(OH)NHCH;]3[PM0;,04(].

3CH;CH,C(O)NHCH; was obtained by the reaction of 12-

molybdophosphoric acid with N-methylpropionamide:6(1
ratios) in acidic (HCI) solution.

Absorbance
N

200 400 600

Wavelength (nm)

800

Fig. 1.UV-Vis absorbance spectrum of [gHH,C(OH)
NHCH]3[PMO0;,04¢].3CH;CH,C(O)NHCH; in water
(4.3 x 16M), Amax = 237.5 nm and 307.5 nm.
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Thermogravimetric and  Differential Thermal
Analysis (TG-DTA)

TGA and DTA for the compound were measured at=30-7
°C. The DTA diagram (Fig. 2) shows endothermal geak
109, 130, 191, 236, 427, 508, 532, 555, 583 and°&9énd
exothermal peaks, with maxima at 333 and 455 °Ce Th
endothermal peaks may be ascribed to the releasg- of
(methylamino)propylidene oxonium cations and physisd
H-bonded N-methyl propionamide molecules. The exottal
peaks may be assigned to psel@ggin anion decomposition
to yield a very stable metal oxide, M@OThe TG (Fig. 2)
analysis shows that the title compound underwetdsa of
26.3% (calcd: 26.4%), corresponding
molecules, the organic cations and

decomposition (loosing 0.5 mob®; and 1.5 mol KO and the

O]H-Bonds

100

90

AT (°C)

80

Weight loos (%)

_5 1 1 1 70
50 250 450 650
Temperature (°C)
Fig. 2. The TGA-DTA curve of hybrid material.

to the solvated
polyoxoanion

1.563(11) A. There are alternating ‘short’ and goMo-O,-

remaining MoQ). The thermal behavior of the compound mayMo-O, bonds in the polyoxoanion. For instance, in thie die

be largely attributed to the effect of the orgaoations, the
solvated molecules, the non-covalent interactiond #he
hydrogen-bonds and strong covalent bonds.

Description of the Crystal Structure

Single crystals of the hybrid compound were olddin
from an agueous acidic solution after a slow evaimn at
room temperature. The crystal data and the detdilx-ray
analysis are given in Table 1. The selected bondths and
angles are listed in Table 2.

In the crystal structure of the hybrid compourg simple
peptide  molecule, WHCO)R and its cation,
[R'NHC(OH)R]" (R! = CH,;, R? = GHs), were subjected to
self-assembly process with pseugdeggin polyoxoanionvia

Mo4-07-Mo05-08-Mo06-09-Mo4-07-Mo05-08-Mo06-09-Mo4,
the bond distances are 1.989(10), 1.809(10), 11992(
1.817(10), 1.980(10), 1.803(10) A (and again rapgathese
values due to the symmetry of anion), owing to ighsl
displacement of Mo atoms from the mirror planes tloé
Mo030q3 triplets. The ORTEP view of the asymmetric unit is
shown in Fig. 3. Two types of molecule...cationrpaixist in
the crystal network. The first [@NOH...ONCHs]* (non-
centrosymmetric) with the hydrogen located near gexy
(024) is bonded through a very strong asymmetriel.O.
hydrogen bond of 2.431(13) A in length (024-H24023,
Table 3). This molecule...cation pair is involved rmnor
secondary PM@03s0%...[CsHNOH...ONCHg] ...
PM0;,0360 Oemina)  iNteractions in  the

(O}

X-H...O hydrogen bonds and X...O short intermolecularcentrosymmetric rings arraya O = 015)...N2 electrostatic

contacts (X = C, N, O). The hybrid compound is made
PMo,,040> polyoxoanion, three [CHNHC(OH)CH,CH,]*
cations and three H-bonded ¢NHC(O)CH,CH; molecules.
The [PMa,04g)* anion has a pseudteggin structure and the
central P atom is surrounded by a cube of eighgemyatoms
with each oxygen site half-occupied. The P atom dieross an
inversion center instead of the tetrahedral synyneliserved
for the a-Keggin anion (Evans & Pope, 1984) [10]. This can
be interpreted as an orientational disorder of reba¥Keggin
anion over two positions related by an inversiomtee
(Attanasioet al., 1990) [11]. The P@group is disordered over
two sites with the P-O distances ranging fio611(11) to

866

force and @ = 0O14)...H3N-N3 hydrogen bond (Table 3).
Another pair, [GHgNO...H...ONGH,]*, causes the hydrogen
atom to be statistically distributed among 025 @&b#3 (#3
-X, -y, -z+1) base on the short distance betweem dxygen
atoms (2.449(13) A). The H250 atom is located atdénter
of inversion to form a homoconjugated centrosymioetr
cationic system [§HgNO...H...ONGHq]" with a short and
symmetrical O...H...O hydrogen bond. Because the hy&trog
bonded GHyNO molecules are symmetrically equivalent, the
(C4HgNO),H" cation is similar to the type A acid salts of
carboxylic acid [12], HF anion (F...F = 2.27 A in LiHp
[13], bis(homarine) hydrogen perchlerat [14] and
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Table 1. Crystal Data and Structure Refinement for fCH,C(OH)NHCH;]3[PM0;50,¢]. 3CH;CH,C(O)NHCH;

Empirical formula G4H5:M015NgO46P
Formula weight 2348.01
Temperature 120(2) K
Wavelength (A) 0.71073

Crystal system Triclinic

Space group
Unit cell dimensions

P1
a=11.6338(16) Ab = 11.7319(16) Ac = 13.8981(19) A,
o = 108.900(5)% = 95.151(5)% = 119.585(5)°

Volume (&) 1487.0(4)

z 1

Density (calculated) 2.622 g ¢n
Absorption coefficient 2.578 mn

F(000) 1130

Crystal size 0.24 x 0.21 x 0.18 fim

Theta range for data collection
Index ranges

2.04 to 30.06°
-16 h<16, -16<k<16,-19<1<19

Reflections collected 17441
Independent reflections 8615 [R(int) = 0.0214]
Completeness t& 98.4%

Absorption correction

Max. and min. transmission
Refinement method
Data/restraints/parameters
Goodness-of-fit on ¥

Final R indices [for 7978 rfln with | >&1)]

R indices (all data)
Largest diff. peak and hole

Semi-empirical from equivaken
0.620 and 0.540
Full-matrix least-squares dn F
8615/6/308
1.012
R1 =0.0812, wR2 =0.1644
R1 =0.0862, wR2 = 0.1672
2.914 and -2.892% A

Table ZSelected Bond Lengths and Angles for FCH,C(OH)NHCH;]3[PM01,04].

3GEH,C(O)NHCH;

P(1)-0(20) 1.533(12) 0(24)-C(5) 1.280(11)
P(1)-0(19) 1.546(11) 0O(23)-C(9) 1.266(12)
P(1)-O(19)#1 1.546(11) O(25)-C(1) 1.302(12)
P(1)-0(21) 1.563(11) N(1)-C(1) 1.303(15)
P(1)-0(22) 1.511(11) N(1)-C(4) 1.452(17)
Mo(2)-O(14) 1.665(10)  N(2)-C(5) 1.304(12)
Mo(3)-O(15) 1.659(10)  N(3)-C(9) 1.316(12)
P(1)-0(19)-Mo(3) 123.1(6)  O(25)-C(1)-N(1) 115.6(9)
0(22)#1-P(1)-0(22) 180.0(19)  N(1)-C(1)-C(2) 1137
0(22)-P(1)-0(20) 111.3(7)  O(25)-C(1)-C(2) 114.9(9)
0(20)-P(1)-0(21) 108.6(7)  O(24)-C(5)-N(2) 118.2(9)
C(9)-N(3)-C(12) 123.6(9)  O(23)-C(9)-N(3) 119.0(9)

Symmetry transformatiosgd to generate equivalent atoms: #1 -x+1, -y, -z.

867


www.SID.ir

Very Strong Centrosymmetric [O...H...Qdnd Asymmetric [O-H...G]H-Bonds

c12
023
N3 S-e

co

Fig. 3. ORTEP view (50% probability level) of polyoxoaniand the molecule...cation pairs 4JJGNO.H.ONGHg]".
Only symmetrically independent atones labeled. In molecule...cation C1025, the hydrogemdied H atom
is located at the center of invansi®ymmetry codes to generate equivalent atmmpolyoxoanion and
[GHoNO.H.ONGH]" are, respectively, -x+1, -y, -z and -x, -y, 1-z.

Table 3Hydrogen Bonds and Short Intermolecular Contamt$GH;CH,C(OH)NHCH;]3[PM0;50,)].

3GBH,C(O)NHCH;

D-H..A d(D-H) d(H..A) d(D..A) 0(DHA)
N(1)-H(1N)..O(13)#1 0.88 2.61 3.165(13) 122
N(1)-H(1N)..O(4)#1 0.88 2.66 3.534(13) 175
N(2)-H(2N)...0(3) 0.88 2.28 3.126(15) 160
N(3)-H(3N)...O(14)#2 0.88 2.45 3.061(14) 127
0(24)-H(240)..0(23) 0.97 1.47 2.431(13) 170
0(25)-H(250)..0(25)#3 1.22 1.22 2.449(13) 180
C(6)-H(6A)..O(5)#4 0.99 2.58 3.134(14) 115
O(15)..0(15)#5 2.794(13)
O(15).N(2)#5 2.925(14)
O(15)..C(8)#5 3.049(14)
C(1)..0(14)#6 3.197(13)
C(3)..0(17)#7 3.172(13)

Symmetry transformations ugedgenerate equivalent atoms: (#1) -x+1, -y£%]1; (#2) x, y+1,
Z+la (#3) -X, ‘y: _Z+l! (#4) _l<+y+11 -Z, (#5) -X, _yv -Z, (#6) X, yy Z+l! (#)7_)1! yy Z+1-
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Table 4.Very Strong Symmetric and Asymmetric Hydrogen Bond

Compound 0...0 Molecule...cation symmetry Ref.
(HOM),HCIO, 2.480(3) Centrosymmetric [14]
(PB)H.CIO, 2.456(5) Centrosymmetric [15]
(TRG)H.CI.H,O 2.456(4) Non-centrosymmetric [16]
(TRGLH.CIO4.H,O 2.484(3) Non-centrosymmetric [17]
(MIN) ,H.CI.H,O 2.456(3) Non-centrosymmetric [18]
(QB),H.CIO, 2.453(3) Non-centrosymmetric [19]
[H3PMO0;5040][CO(NH,),]3.5H,0O #2557 Non-centrosymmetric [20]
a-H3;PM0,;5040.6DMA.CH;CN.0.5HO 82.411, 2.420, 2.458 Non-centrosymmetric [21]
[(TMU) 2H]a[PW;,04q] #.45, 2.47, 2.33 Centrosymmetric [22]
[(TMU) 2H]3s[PM015040] - - [23]

HOM = homarine, PB = pyridine betaineR@ = trigonelline, MIN = 1-methylisonicotinate, B quinoline
betaine, DMA = N,N-dimethylacetamide, TMU. A ,3,3-tetramethylureesd was not determined in Refs. [20-
22];°was not discussed in Ref. [23].

bis(pyridine betaine) perchlorate [15] (Table 4)orglover, component, resulting in the increase of 025-C1 hdisthnce
there are many examples of very strong asymmeydedgen  (1.302(12) A) and the charge density on 025 oxygtm
bonds (with G symmetry) in the literature [16-19] (Table 4). relative to 024-C5 (1.280(11) A) and 023-C9 (1.26§(A).
In an earlier work, the short [@-H...OC(NH,),]" hydrogen  Such an assumption is supported by the fact treiahgest
bond (O...0 = 2.557 A) was reported in the structafe MO-Ommina iS M02-O14 (1.665(10) A) due to the decrease of
[H3PMO0;5040][CO(NH,),]3.5H,O  hybrid compound [20]. back-bonding from O14 lone pair to Mo2 (the lonér g
Williamson and co-workers have reported the stmectof a-  O14 is only slightly involved in C...O interaction).
H3PMo0,,040.6DMA.CH,CN.0.5H0O, where, although the This short symmetric strong hydrogen bond beldoghe
hydrogen atoms could not be located directly, sdver positive-charge assisted and the resonance-assibee@ffect
structural features suggested strongly that theywesociated of nitrogen atom lone pair) hydrogen bond which perates
with the six DMA (N,N-dimethylacetamide) solvate imcules  with the C...O intermolecular contact (Fig. 4). Feyametric
as three strongly hydrogen bonded pairs, [DMA-H-DMA molecule...cation pair, besides the +CAHB and RAHB
[21] (Table 4). Similarly, the [(TMUH]3[PW;,04] hybrid  mechanisms, the minor secondary N-H...O interactisn i
compound contained six TMU (1,1,3,3-tetramethylurearesponsible for the creation of the short distarb=ts/een the
molecules as three hydrogen-bonded pairs, in orwhidh,  hydrogen-bonded oxygen atoms (Fig. 5). It seems tia
i.e., the [(TMUYH]" pair, the hydrogen atom was located [22]. formation of N3-H3N...014 hydrogen bond causes the
The very strong hydrogen bonds in the title cormgbare  weakening of N3-H3N bond strength and increases the
among the shortest known O.H.O hydrogen bonds.d$ w electron density on N3 atom whose resonaxigethe C=0rt
interesting to notice that the packing map of thdrid system, increases the possibility of the H atorbeaccepted
compound showed the weak intermolecular electiostatby this carbonyl oxygen atom (hydrogen bond-assiste
C1...014 contact (3.197(13) A which was shorter ttize  hydrogen bond).
sum of van der Waals radii, 3.22 A). The C...O intéica is In the centrosymmetric molecule...cation pair, &EH,
attributed to the overlap between the non-bondiagtens of moiety is disordered over two positions (C2 & G23 & C3'
polyoxoanion terminal oxygen atom am#l of the organic  and their corresponding hydrogen atoms). Figuredgvs the

869


www.SID.ir

Very Strong Centrosymmetric [O...H...Qdnd Asymmetric [O-H...G]H-Bonds

Very strong hydrogen bond

C...O electrostatic intermolecular contact
in a short-contact assisted hydrogen bond

Resonance-assisted is weakened is weakened

Positive charge and resonance-assisted hydrogeh bon

Fig. 4. Cooperation of positive-charge assisted hydrdgend and resonance-assisted hydrogen bond meoisni
with C...O short intermolecular contacthie symmetric very strong [O...H...Ofiydrogen bond, the C...O
interaction is produced by weak rtaygping between the non-bonding electrons of padymion terminal

oxygen atom antiof the organic component.

Very strong hydrogen bond

Secondary hydrogen bond assistance

’,:O:Mo

H
\\ -<—— is weakened

N\ )

Positive charge and resonance-assisted hydrogeh bon
Fig. 5. Cooperation of positive-charge assisted hydrogerdtand resonance-assisted hydrogen bond meamaniith

secondary minor N-H...O interaction in eisymmetric very strong [O-H...Ohydrogen bond (the nitrogen atom
in left side of figure is involved N...O electrostatic force).
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X-H...O hydrogen bonds and X...O electrostatic intdoat  anions and two non-centrosymmetricigNOH...ONCHq]*

(X = N, O) in the crystal lattice. Furthermore, tREATON pairs). Connection of these chaing O...O electrostatic
analysis (Spek, 2003) [24] suggests the existefizeeak C- interaction and N2-H2N...O3 hydrogen bonds leads ta
H...O hydrogen bonding between the cation and afitam 7, array (Fig. 8). Furthermore, the weaker H-bonds )N(1
Table 3). The N1 atom makes a bifurcated hydrogemdb H(1N)..O(13)#1 and N(1)-H(1N)O(4)#1 are formed to
with the terminal O13 and the bridged O4 atoms. NBeand complete the crystal packing (the packing of the
N3 atoms form the H-bonds with O3 bridged and OZl14molecule...cation pairs is shown in Fig. 9). Uréll packing
terminal atoms, respectively. The 015...015 elecatast with polyhedra representation for the polyoxoanians ball
force occurs between the neighboring heteropolyania the  and stick for the organic components is shown g EO.

terminal oxygen atoms. In the crystal structure,n-no

centrosymmetric  molecule...cation  pairs 4fGNOH...  Supplementary Material

ONC4Hg]" and polyoxoanions are connecteda the CCDC 296875 contains the supplementary
intermolecular N3-H3N...014, 024-H240...023 hydrogencrystallographic data for this paper. These data be
bonds and the N2...015 interaction to form infiniteaims of  obtained free of charge from The Cambridge Crysgaiphic
centrosymmetric rings (each ring contain® tinorganic  Data Centrevia: www.ccdc.cam.ac.uk/data-request/cif.

Fig. 6. A view of N-H...O and O-H...O hydrogen bonds and N..r@ ®...0O electrostatic interactions.
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Fig. 7. A view of C-H...O hydrogen bonds and C...O short imelecular contacts.

Fig. 8.2-D array of centrosymmetric ringsontaining

polyoxoanions and non-centrosymmetiolecule... Fig. 9.A view of molecule...cation pairs gimg;
cation pairs [fBigNOH...ONCHg]* which is produced centrosymmetric molecule...cation paare shown
by connecting 1-D chains of centrosyrtriogingsvia with yellow color, non-centrosymmetrig ldlue and
0...0 electrostatic interaction and N-B..hydrogen red, the vacancies are the places of polynions.
bond.
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Fig. 10.A view of crystal packing of hybrid material, psiKeggin polyoxoanions are represented as polyhedra, argani

components as ball and stick forms.
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