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The single crystals of bis[1-(diaminomethylene)thiouron-1-ium] fumarate were grown using a solution
growth technique. The compound crystallises in the centrosymmetric P2;/c space group of the mono-
clinic system. The conformation of the 1-(diaminomethylene)thiouron-1-ium cation is not strictly planar,
but twisted. Both arms of the cation are oppositely rotated by 13.8(1)° around the C—N bonds involving
the central N atom. The fumarate(2—) anion is also non-planar, both deprotonated carboxylate groups are
oppositely turned in relation to the planar carbon chain. The arrangement of oppositely charged compo-
nents, i.e. 1-(diaminomethylene)thiouron-1-ium cations and fumarate(2—) anions in the crystal is mainly
determined by ionic and hydrogen-bonding interactions forming three-dimensional network. The com-
pound was also characterised by the FT-IR and Raman spectroscopy. The characteristic bands of the
NH,, C=S and COO~ groups as well as of C—N—C, N—C—N, C—COO and C=C—C skeletal groups are dis-

cussed. The vibrational assignments have been supported by the isotropic frequency shift.

© 2010 Published by Elsevier B.V.

1. Introduction

Studies on the self-assembly of organic and inorganic molecules
in the solid state have become intense research activity due to their
physical and chemical properties as well as due to their applications
in the field of material sciences, molecular biology, pharmaceutical
sciences, supramolecular chemistry and the crystal engineering
[1-5]. The directional interactions resulting from the multiple
hydrogen bonds with the neighbours, mainly the O—H- - -0,0—H- - -N
and N—H. - -Oor N—H- - -N, play an important role in molecular recog-
nition and self-assembly of organic or organic-inorganic molecules
in solids [6-8]. Many different self-complementary hydrogen bond-
ing groups can be used to control association in supramolecular
chemistry to produce the programmed arrangement, such as chains,
sheets, ribbons, tapes and rosettes [9-14].

One of the methods used for obtaining new materials is based
on the acid-base ionic and directional hydrogen-bonding interac-
tions and molecular recognition [15-17]. Some of the acid-base
materials with ionic and hydrogen-bonding interactions exhibit
non-linear optical properties [18-20]. In these materials the acid
part of the molecular crystals is responsible for favourable chemi-
cal and physical properties due to the directional and strong hydro-
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gen bonds, while the base organic part with the relatively strong
hyperpolarisability is mainly responsible for non-linear optical
properties [21,22].

The crystalline 2-imino-4-thiobiuret (Aldrich, CAS No. 2114-02-
05) is in fact the tautomeric form of 1-(diaminomethylene)thio-
urea (Scheme 1) as has been identified by the X-ray single crystal
analysis [23].

Both tautomers, i.e., 2-imino-4-thiobiuret and 1-(diaminometh-
ylene)thiourea, are potentially interesting compounds as an organ-
ic base and can be used in the crystal engineering for obtaining
base-acid materials with extended hydrogen bonds framework,
since they contain several active hydrogen bonding sites (Scheme
1). Additionally, both tautomers can act as N,N- or N,S-coordinating
ligands forming several types of complexes with metal ions [24-
26]. Besides, the known Pt and Pd complexes with these tautomers,
the 1-(diaminomethylene)thiourea or its 2-imino-4-thiobiuret tau-
tomer can form salts, since they contain the basic N atom with the
lone-pair of electrons that can accept the H" forming positively
charged cations that together with the oppositely charged partners
can form extended hydrogen bonded networks in solids [27-31]. In
the present work, we investigate the crystal structure of 1-(diami-
nomethylene)thiouron-1-ium fumarate by the X-ray single crystal
diffraction method. The compound was also characterised by
vibrational spectroscopy, and the results are discussed and com-
pared with the data obtained for a neutral 1-(diaminomethyl-
ene)thiourea molecule.
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Scheme 1.

2. Experimental

All materials were commercially available and used as received.
Elemental analysis was carried out with a Perkin-Elmer 240 ele-
mental analyzer.

2.1. Preparation of bis[1-(diaminomethylene)thiouron-1-ium]
fumarate

Commercially available 2-imino-4-thiobiuret (amidinothiourea,
Aldrich, CAS No. 2114-02-05), which is in fact the tautomeric form
1-(diaminomethylene)thiourea and fumaric acid (Aldrich, purity of
99%) were added to hot water in a molar proportion of 1:1. When
the solution became homogenous it was cooled slowly and kept at
room temperature. After several days, transparent colourless crys-
tals were formed. Anal. Calculated for CgHgNgO4S5: C, 27.28%; H,
4.54%; N, 31.80%; O, 18.19% and S, 18.19%. Found: C. 27.33%; H,
4.51%; N, 31.82%; O, 18.22% and S, 18.12%.

2.2. X-ray data collection

X-ray intensity data for the crystal were collected using graph-
ite monochromatic Mo Ko radiation on a four-circle k¥ geometry
KUMA KM-4 diffractometer with a two-dimensional area CCD
detector. The w-scan technique with Aw =1.0° for each image
was used for data collection. The 760 images for six different runs
covering over 99% of the Ewald sphere were performed. The unit
cell parameters were refined by the least-squares methods on
the basis of 1522 reflections. One image was used as a standard
after every 40 images for monitoring of the crystal stability and
data collection, and no correction on the relative intensity varia-
tions was necessary. 10190 reflections (2045 independent,
Rine = 0.0210) were measured up to 59.0° in 20. Data collections
were made using the CrysAlis CCD program [32]. Integration, scal-
ing of the reflections, correction for Lorenz and polarisation effects
and absorption corrections were performed using the CrysAlis Red
program [32]. The structure was solved by the direct methods
using SHELXS-97 and refined using SHELXL-97 programs [33].
The hydrogen atoms were located in difference Fourier maps and
were refined. The final difference Fourier maps showed no peaks
of chemical significance. The largest peaks on the final Ap map
were +0.222 and -0.230 e A3, Details of the data collection param-
eters, crystallographic data and final agreement parameters are
collected in Table 1. Visualisation of the structure was made with
the Diamond 3.0 program [34]. Selected geometrical parameters
are listed in Table 2 and the geometry of hydrogen-bonding inter-
actions are collected in Table 3.

2.3. Vibrational spectra measurements

The vibrational measurements were carried out at room tem-
perature. The Fourier transform infrared spectrum was recorded
from nujol mulls between 4000 and 400 cm™! on a Bruker IFS
113 V FT-IR. The Fourier Transform Raman spectrum was recorded
on a FRA-106 attached to the Bruker 113V FT-IR spectrometer
equipped with Ge detector cooled to liquid nitrogen temperature.

Crystal system, space group
a(A)

b (A)

c(A)

B(°)

vV (A3%)

V4

Dcalc/Dobs (g Cm73)

i (mm™)

Crystal size (mm)

Radiation type, wavelength, / (A)
Temperature (K)

0 range (°)

Absorption correction

Tmin/ Tmax

Reflections collected/unique/observed
Rint

Refinement on

R[F? > 206(F?)]

WR (F? all reflections)
Goodness-of-fit, S

APmaxs APmin (€ A7)

Table 1

Crystallographic data for bis[1-(diaminomethylene)thiouron-1-ium] fumarate.
Empirical formula (C3H7N4S)2(C4H204)
Formula weight (g mol™!) 352.38

Monoclinic, P24/c (No. 14)
9.4229(19)
7.5791(15)
11.4021(21)
114.33(1)
742.0(3)

2

1.577/1.57

0.392

0.32 x 0.28 x 0.23
Mo Ko, 0.71073
295(2)
3.33-29.50
Numerical, CrysAlis Red [32]
0.8849/0.9153
10190/2045/1673
0.0210

F2

0.0287

0.0728

1.004

+0.222, -0.2230

1/2

WR = {z [w(F§ - Ff)z}/sz;’} : wl = 1/[62(F2) + (0.0577P)% + 0.1293P]

where P = (F; +2F2 ) /3.

Table 2
Bond lengths (A) and angles (°) for bis[1-(diaminomethylene)thiouron-1-ium]
fumarate.

S1—C1 1.6808(11) C1—N2 1.3164(15)
C1—N1 1.3833(14) N1—C2 1.3594(14)
C2—N4 1.3151(15) C2—N3 1.3178(15)
01—C3 1.2573(14) 02—C3 1.2523(14)
C3—C4 1.4953(15) C4—C4' 1.321(2)
N2—C1—N1 113.12(10) N2—C1-S1 121.11(9)
N1—C1-S1 125.73(8) C2—N1—C1 129.54(10)
N4—C2—N3 120.69(11) N4—C2—N1 116.65(10)
N3—C2—N1 122.66(10) 02—C3—01 124.14(11)
02—C3—C4 116.71(10) 01—C3—C4 119.16(10)
C3—C4—C4! 123.12(13)

Symmetry code, i=-x, -y, —z+ 1.

Table 3

Hydrogen-bond geometry (A, °).
D—H.- A D—H H-- A D--A D—H.- A
N1—H1.--01 0.854(15) 1.863(15) 2.7080(13) 169.9(14)
N2—H2. .01 0.866(16) 2.075(17) 2.9394(17) 176.0(15)
N3—H4- .02 0.810(18) 2.275(17) 2.9430(18) 140.2(15)
N3—H5.--S1 0.858(19) 2.310(20) 3.0102(17) 139.3(16)
N4—H6. - -02 0.896(16) 1.928(16) 2.8214(15) 175.1(13)
N4—H7...021 0.882(18) 2.040(18) 2.8550(16) 153.0(16)

Symmetry code: i=—x,y+¥, —z+Vs; ii=—x+1,y+%, —z+1.5.

Resolution was set up to 2 cm ™', signal/noise ratio was established

by 32 scans. Nd3*-YAG air-cooled diode pumped laser of power ca.
200 mW was used as an exciting source. The incident laser excita-
tion was 1064 nm. The scattered light was collected at the angle of
180° in the region of 3600-80 cm™}, resolution 2 cm™!, 256 scans.
Deuterated D’ bis[1-(diaminomethylene)thiouron-1-ium] fuma-
rate was prepared by the usual reaction with heavy water. The
crystals of bis[1-(diaminomethylene)thiouron-1-ium] fumarate
were dissolved in heavy water, and was left in the atmosphere sat-
urated with heavy water for 2 weeks in order to avoid the contam-
ination of the crystals. Than the procedure was repeated twice. The
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obtained deuterated analogue crystallizes similar as H-compound
in monoclinic system (P2;/c) with quite similar lattice parameters.

3. Results and discussion

Good quality single crystals of bis[1-(diaminomethylene)thiou-
ron-1-ium] fumarate suitable for the X-ray analysis were obtained
from water solution at room temperature. The X-ray single crystal
analysis shows that both carboxyl groups of fumaric acid are
deprotonated (Fig. 1). In addition, the X-ray analysis revealed that
only a half of the deprotonated fumarate(2—) anion is independent,
since it lies at the inversion center. The oppositely charged units,
i.e. 1-(diaminomethylene)thiouron-1-ium cation and fumarate an-
ion interact via two pairs of almost linear N—H---O hydrogen
bonds with a graph of R3(8) forming bis[1-(diaminomethylene)thi-
ouron-1-ium] fumarate molecular complex (Fig. 2).

The 1-(diaminomethylene)thiouron-1-ium cation in the crystal
is not strictly planar, but twisted. Both arms of the cation are oppo-
sitely rotated around the C—N bonds involving the central N1 atom
(Fig. 1). The dihedral angle between the N1/C1/S1/N2 and N1/C2/
N3/N4 planes is 13.8(1)°. The rotation of the arms around the
C—N bonds in the present structure is significantly smaller than
that in the crystal of neutral 1-(diaminomethylene)thiourea mole-
cule (22.2(1)°) [23]. The contraction of the dihedral angle between
the arms of the cation is undoubtedly connected with the elec-
tronic structure of the 1-(diaminomethylene)thiouron-1-ium cat-
ion, especially with the lone-pairs of electrons on the S1 atoms.
Protonation of the 1-(diaminomethylene)thiourea molecule causes
a decrease of the steric effect of the lone-pairs of electrons at the S1
atom, and in result reduces the dihedral angle between the arms of
the cation. The C1—S1 bond (Table 2) is slightly longer than the
typical C=S double bond as observed in the thioformaldehyde
CH,C=S (1.6019(8) A) [35], which represents 100% double-bond
character, and is slightly shorter than the value of ~1.74 A as ob-
served in several thiolate anions that represents 50% double-bond
character [36]. Thus the bond order of the C1—S1 bond is interme-
diate between the 2 and 1.5. The three C—NH, bond distances are
in the range of 1.315(2)-1.319(2) A, are thus shorter than typical
single bond C(sp?)—NH, of 1.341-1.363 A [37]. The central N1
atom links both arms of the 1-(diaminomethylene)thiouron-1-
ium cation by a shorter bond to atom C2 (1.359(2) A) and a longer
bond to atom C1 (1.383(2) A). However, both C—N bonds involving
the central N1 atom are significantly longer than the three C—NH,
bonds linking the amine groups (Table 2). The planarity of the
amine groups points to the sp? hybridisation of the orbitals on
the amine nitrogen atoms. This indicates that the lone-pair of elec-
trons occupies the p orbital that is perpendicular to the plane of
NH, group. Additionally, the p orbitals of the C, S and N atoms

Fig. 1. A view of bis[1-(diaminomethylene)thiouron-1-ium] fumarate showing
displacement ellipsoids at the 50% probability level and H atoms as a sphere of
arbitrary radii. Dashed lines represent the hydrogen bonds. Symmetry code: i = —x,
-y, 1 -z

Fig. 2. A view of hydrogen bonded bis[1-(diaminomethylene)thiouron-1-ium]
fumarate molecular complex. Symmetry code: i=—x, -y, 1 —z.

forming the 7 bond of the C1—S1 and C2—N1 double bonds as ob-
served in neutral molecule (see Scheme 1) are also perpendicular
to the plane. Therefore due to symmetry of the p orbitals the par-

Fig. 3. Molecular packing of bis[1-(diaminomethylene)thiouron-1-ium] fumarate
in the unit cell.

Fig. 4. A view of hydrogen-bonding interaction of bis[1-(diaminomethylene)thi-
ouron-1-ium] fumarate molecular complex with the neighbours. Symmetry code:
i=—x, -y, 1-zii=1-x,-05+y, 1.5 —z; iii=-x, —0.5+y, -05+2z, iv=-1+x,
05+y, —05+z; v=x05-y,05+z
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Fig. 6. Raman spectrum of bis[1-(diaminomethylene)thiouron-1-ium] fumarate.

tial delocalisation of 7 bonds is possible and leads to the elongation
of the double C1=S1 and C2=N1 bonds and to shortening of other
C—N bonds linking the amine groups (Table 2). Thus the bond or-
der of the C—NH, bonds is greater than of the both C—N bonds
involving the central N1 atom.

The centrosymmetric fumarate(2—) anion also exhibits twisted
conformation as both COO~ groups are turned oppositely by
13.7(1)° in relation to the carbon chain. This is in contrast to the
neutral fumaric acid molecule that in the crystal is almost planar
[38,39]. In several structures of singly deprotonated fumarate(—)
salts, the non-dissociated COOH group is coplanar with the carbon
chain, while the deprotonated COO~ group is turned around the
C—C bond by an angle between 5.1(1) and 30.3(1)° [40,41]. Simi-
larly as in the present structure, in several structures of double
deprotonated fumarate(2—) salts, the COO~ groups are oppositely
turned in relation to the planar carbon chain, however the rotation
angle varied between the +2.4(1)° in calcium fumarate trihydrate
[42] to £23.69(5)° in N,N'-bis-(pyridyl)urea fumarate [43]. Thus
deprotonation of the carboxyl groups in the fumaric acid leads to
the twisted conformation, but the rotation angle depends on the

Table 4
FT-IR and Raman spectral data for bis[1-(diaminomethylene)thiouron-1-ium]
fumarate.
Infrared, v Raman, v Assignment
(em™) (cm™1)
3378m v,(NH,) asym stretch
3353m 3358w va(NH,) asym stretch
3265w 3128w v(NHy) sym stretch
3116w 3024m vs(NH;) sym stretch
broad band N—H- - -0 hydrogen bonds
~2700
1724s Imine bond stretch
1676m 1653s v(C=C)
1629s 1624m v,(CO3)
1559m
1529m 1518w v(C—N) overlapped with § (NH,) asym
def.
1478w V(C—N)
1464s 7(C—C) overlapped with nujol
1409m
1378vs 1383m v5(CO5 ) overlapped with nujol
1317s 1321m S(NHy)
1277m 5(NH3)
1216m v(C—N)
1182w 1187w v(C—C)
1111m 1110m 7(NHz)
999m P(C—H)
979m 7(C—H)
914m 902m P(C—N)
7(C—C)
775m 769m (C—C)
734s 731vs v(C=S)
673s 665w Skeletal C—N—C, N—C—N, C—C—C
632m 626m 7(NH,), «(NHy)
600m Skeletal C—N—C, N—C—N, C—C—C
532m Skeletal C—N—C, N—C—N, C—C—C
522s 525m 5(C—C00)
433w 425m 7(C—C00)
361m 3(CS)
264m Skeletal
212m
139s

geometry and the structure of the cationic partners of the crystals.
The almost equal C—O distances of the COO~ point to the delocal-
isation of the charge over both C—0 bonds. The single C3—C4 bond
is slightly shorter than a typical C—C single bond and the double
C4—C4' is slightly longer than the typical double C=C bond [37].
The values of the C—C bond distances in the carbon chain together
with the sp? hybridisation of the orbitals on the all carbon atoms
indicate a partial delocalisation of the  bond over the whole car-
bon skeleton.

The oppositely charged units, i.e., 1-(diaminomethylene)thiou-
ron-1-ium cation and fumarate anion interact via two pairs of al-
most linear N—H.--O hydrogen bonds with a graph of R%(8)
forming in the crystal the bis[1-(diaminomethylene)thiouron-1-
ium] fumarate molecular complex (Fig. 3). The center of the
C4—C4' bond of the molecular complex lies at the inversion center.
The bis[1-(diaminomethylene)thiouron-1-ium] fumarate molecu-
lar complex interacts with the neighbours via N—H- - -O hydrogen
bonds (see Fig. 4) forming a three-dimensional hydrogen bonded
network (Fig. 3).

The FT-IR spectra of bis[1-(diaminomethylene)thiouron-1-ium]
fumarate and its deuterated analogue are shown in Fig. 5a and b,
respectively, while the Raman spectrum for protiated complex is
given in Fig. 6. The bands corresponding to the vibration of the
functional groups were identified with the aid of infrared correla-
tion charts [44,45]. In addition, the spectra of bis[1-(diaminometh-
ylene)thiouron-1-ium] fumarate are compared with the spectra of
1-(diaminomethylene)thiourea [46] and of fumaric acid [47,48].
The title compound has several functional and skeletal groups such
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Table 5
FT-IR spectral data for deuterated bis[1-(diaminomethylene)thiouron-1-ium]
fumarate.

Infrared, v (cm™!) Assignment

2524s ND, asym stretch
2468m ND, asym stretch

2441m ND, sym stretch

2322m ND, sym stretch

2217m ND, sym stretch

1977m N-D---0

1937m N—D---0

1629s v4(COy)

1547s

1480s V¥(C—N), v(C—C) overlapped with nujol
1372s v(CO; ) overlapped with nujol

1322s

1249m Imine bond stretch (ND)

1215m v(C—N)

1180w v(C—C)

1140m

999m 8(C—H)

970m J (C—H) overlapped with ND, rocking
959m V(C—N), 6(NDy)

875w v(C—C)

825w 7(NDy)

799m C—C stretch

731s V(C=S)

698s Skeletal C—N—C, N—C—N, C—C—C
672m Skeletal C—N—C, N—C—N, C—C—C
581m Skeletal C—N—C, N—C—N, C—C—C
560m Skeletal C—N—C, N—C—N, C—C—C
529s §(C—C00)

469w 7(C—COO0) overlapped with 7(NH>), w(NH>)
445m T(ND3), » (NDy)

as three NH,, (=S, C—N—C, N—C—N and N—C—S groups in the cat-
ion and COO~, C—C, C—CO0~, C(—C—C and C—H in the anion. A
careful inspection of the IR spectrum (Fig. 5a) shows medium-
strong intensity bands at 3378 and 3353 cm™! and the weaker
bands at 3265 and 3116 cm™! that can be attributed to the asym-
metric and symmetric stretching of NH, groups of the 1-(diami-
nomethylene)thiouron-1-ium cation. These bands, as expected,
are shifted in the IR spectrum of deuterated analogue (Fig. 5b) to
the spectral region of 2532-2217 cm~'. The strong narrow band
at 1724 cm~ ! is assigned to the stretching of imine bond of the cat-
ion, since a similar band is observed in some imines and their slats
[49]. In addition, the band of immine group of the deuterated ana-
logue is shifted, as expected, to the 1249 cm~! (Fig. 5b). The X-ray
data reveal that the all NH; groups of 1-(diaminomethylene)thiou-
ron-1-ium cation are involved in the N—H-.-O hydrogen bonds
with N...O distances ranging from 2.708 to 2.943 A. This reveals
as a broad band in the range of 3300-2500 cm !, which is shifted
to ~1950 cm~! in the spectrum of deuterated analogue. Addition-
ally, the broad band in the region of 1400-1100 cm~! that overlaps
with v(C—N) of the cation points the presence of the N—H..-O
hydrogen bonds. The strong band at 1653 cm™! in the Raman spec-
trum (Fig. 6) can be assigned to v(C=C) of fumarate anion, since a
similar band is observed in the Raman spectrum of fumaric acid
[47]. The v,(CO;) and v4(CO; ) bands of fumarate anion in the IR
spectrum of bis[1-(diaminomethylene)thiouron-1-ium] fumarate
is observed at 1559 and 1378 cm™!, respectively, which are also
present in other fumarate salts [50-53]. The band at 999 cm~' in
the IR spectrum of bis[1-(diaminomethylene)thiouron-1-ium]
fumarate, observed also in the spectrum of its deuterated analogue,
is assigned to 6 (C—H) of fumarate anion, since after deuteration
the H atoms of the C—H groups are unchanged. The v(C=S) band
of the 1-(diaminomethylene)thiouron-1-ium cation, similar as in
thiourea, is observed at ~730 cm™!, while in several thiourea metal
complexes the v(C=S) band is observed in the range 715-700 cm™!

[54]. The observed frequencies of the most prominent bands and
their assignments are listed in Tables 4 and 5.

4. Conclusion

The single crystals of bis[1-(diaminomethylene)thiouron-1-
ium] fumarate were grown using a solution growth technique.
The oppositely charged units of the crystal, i.e. 1-(diamino-methy-
lene)thiouron-1-ium cation and fumarate dianion are not planar,
they exhibit twisted conformation. The arrangement of these
oppositely charged units in the crystal is mainly determined by
the ionic and the N—H. - -0 hydrogen bonds forming three-dimen-
sional network. Comparison of the IR spectra of bis[1-(diaminom-
ethylene)thiouron-1-ium] fumarate and its deuterated analogue
clearly shows marked differences in the regions of vibrations of
the amine and imine groups as well as in the region of the N—H- - -O
hydrogen bonds.

Appendix A. Supplementary material

Additional material comprising full details of the X-ray data col-
lection and final refinement parameters including anisotropic ther-
mal parameters and full list of the bond lengths and angles have
been deposited with the Cambridge Crystallographic Data Center
in the CIF format as supplementary Publications No. CCDC
798711. Copies of the data can be obtained free of charge on the
application to CCDC, 12 Union Road, Cambridge, CB21EZ, UK (fax:
(+44) 1223 336 033; email: deposit@ccdc.cam.ac.uk). Supplemen-
tary data associated with this article can be found, in the online
version, at doi:10.1016/j.molstruc.2010.11.075.
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