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Organophosphine/phosphite stabilized disilver(I) methanedisulphonates:
synthesis, solid state structures and their potential use as MOCVD
precursors†
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New disilver(I) methanedisulphonate complexes [CH2(SO3)2Ag2·Ln] (L = PPh3; n = 2, 2a; n = 3, 2b; n = 4,
2c; n = 5, 2d; n = 6, 2e; L = P(OEt)3; n = 2, 2f; n = 4, 2g; n = 6, 2h) were prepared by the reaction of
[CH2(SO3)2Ag2], which could be synthesized from methanedisulphonic acid and Ag2CO3 in water, with
triphenylphosphine or triethylphosphite in dichloromethane under a nitrogen atmosphere. The solid
state structures of three complexes 2c, 2d and 2f were determined by single X-ray structure analysis.
Hot-wall metal organic chemical vapor deposition (MOCVD) experiments were carried out at 395 ◦C,
420 ◦C and 450 ◦C using 2g as precursor for the deposition of silver films, respectively. The silver film
with high purity obtained at 420 ◦C is dense and homogeneous, which is composed of many well
isolated, granular particulates spreading all over the substrate surface.

Introduction

Silver exhibits the lowest resistivity and highest thermal conductiv-
ity of all metals at room temperature.1–3 Silver plays an important
role in many fields of materials science, for example, contacts in
microelectronics,4 the production of mirrors,5 component of high-
temperature superconducting materials,6 magnetics,7 or bacterici-
dal coatings.8 Various methods have been used to deposit silver
thin films, such as sputtering,9 thermal evaporation,10 electron-
beam evaporation,11 and chemical vapor deposition (CVD).12

Of these techniques, metal organic chemical vapor deposition
(MOCVD) is a very effective technique for the contacts in ultra
large-scale integration (ULSI) devices and the dopant in high-
temperature superconductors, because of its high deposition rates
with good step coverage13–16 and high aspect ratio in the multilevel
metallization structure.17

The key to achieve success for MOCVD, however, is
the selection of suitable precursors. Several inorganic and
organometallic precursors, including AgF,18 [(C4F7)Ag]n,19–21

(b-diketonato)Ag(PR3),22–26 (hfac)Ag(CNMe)27 and various
organophosphine stabilized silver carboxylates 28 have been used
as MOCVD precursors in a number of studies. Thus, new classes
of fluorine-free silver(I) precursors are highly desirable due to
less fluorine contamination. Known for good chelating ability,
the class of cyclic b-diketones can impart desired chemical and
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physical properties to the precursor complex as well as modulate
the volatility. As with cyclic b-diketones, methanedisulphonic acid
could lead to precursors with novel six-membered ring system
structures however there are only a few reports of these metal
complexes.29

Here we describe the synthesis and characterization of
a series of organophosphine/phosphite stabilized disilver(I)
methanedisulphonates of type [CH2(SO3)2Ag2·Ln] (L = PPh3; n
= 2, 2a; n = 3, 2b; n = 4, 2c; n = 5, 2d; n = 6, 2e; L = P(OEt)3; n =
2, 2f; n = 4, 2g; n = 6, 2h). Complex {CH2(SO3)2Ag2·[P(OEt)3]4}
(2g) was tested as a precursor for the deposition of silver by using
MOCVD techniques for the first time. The single crystal structures
of 2c, 2d and 2f have been determined and discussed as well.

Experimental section

General procedures

All operations were carried out under an atmosphere of pu-
rified nitrogen with standard Schlenk techniques. The solvent
dichloromethane (CH2Cl2) was purified by distillation from
P2O5 under N2 before use. 1H NMR were recorded with a
Bruker Advance 300 spectrometer operating at 300.13 MHz in a
Fourier transform mode; 13C{H} NMR spectra were recorded at
75.47 MHz. Chemical shifts are reported in d units (parts per
million) downfield from tetramethylsilane (d = 0.0 ppm) with the
solvent as the reference signal (1H NMR, CDCl3 d = 7.26; 13C{H}
NMR, CDCl3 d = 77.55). 31P{H}NMR spectra were recorded with
a Bruker Advance 300 spectrometer operating at 121.49 MHz,
using the pulsed Fourier transform mode. 31P{H} NMR spectra
were run under conditions of broad band proton decoupling in
CDCl3. All spectra were referenced to external 85% H3PO4 at
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room temperature, with the appropriate lock solvent. Infrared
spectra were collected on a Bruker Vector 22 instrument as KBr
pellets at room temperature. Elemental analyses were performed
on a Perkin–Elmer 240 C elemental analyzer. Thermogravimetric
studies (TG) and differential scanning calorimetric (DSC) studies
were carried out with the NETZSCH STA 409 PC/PG with a con-
stant heating rate of 10 ◦C min-1 under N2 (30 cm3 min-1). Melting
points were observed in sealed capillaries and were uncorrected.
The MOCVD experiments were carried out in a vertical quartz
tube hot-wall MOCVD reactor, 60 mm in diameter. Heating
was achieved by a resistively heated tube oven (AICHUANG
Company). The temperature was set by a temperature control FP
93 (SHIMADEN Company) and calibrated with a thermocouple
type SR 3 (SHIMADEN Company) digital thermometer. The pre-
cursor container was heated with a heating band for evaporation of
the precursor. The precursor vapor was transported to the reactor
tube by N2 carrier gas. The carrier gas flow was regulated using
a D07-7B (SEVENSTAR Company) mass flow controller which
was connected to the apparatus by a section of flexible stainless
steel tubing. The pressure control system consisted of a cooling
trap and a FT-110 (KYKY Company) molecular pump unit. The
trap prevented the reactor effluents from entering the vacuum
pump. Scanning electron microscopy (SEM) images and Energy-
Dispersion X-ray Spectroscopy (EDX) analysis were carried out
by a Hitachi Model S-4800 with scanning electron microscope and
energy dispersive X-ray detector.

Synthesis of [CH2(SO3)2Ag2] (1)

Methanedisulphonic acid (4.58 g, 0.026 mol) dissolved in 30 mL
of H2O was added dropwise into a stirred suspended solution
of [Ag2CO3] (7.72 g, 0.028 mol) in 20 mL of H2O at 20 ◦C.
The clear solution was obtained by filtration through a pad of
celite after stirring the reaction mixture for 1 h at 20 ◦C. A white
solid product was obtained after removing the water in a rotary
evaporator and vacuum drying oven at 50 ◦C. The product was
stored under nitrogen and kept in darkness. Yield: 8.52 g (84%,
based on Ag2CO3).

Synthesis of [CH2(SO3)2Ag2·(PPh3)2] (2a)

Triphenylphosphine (0.2623 g, 1.00 mmol) dissolved in 20 mL of
CH2Cl2 was added dropwise into a stirred suspended solution of
[CH2(SO3)2Ag2] (0.1949 g, 0.50 mmol) in 20 mL of CH2Cl2 at 0 ◦C.
The clear solution was obtained by filtration through a pad of celite
after stirring the reaction mixture for 6 h at 0 ◦C. A white solid
product was obtained after removing all the volatiles in vacuo using
an oil-pump. Yield: 0.42 g (92%, based on [CH2(SO3)2Ag2]. M.p.
(decomp.): 189 ◦C. Anal. Calc. for C37H32O6Ag2P2S2: C, 48.60;
H, 3.53. Found: C, 48.53; H, 3.44%. IR (KBr) data (cm-1): 3052
(m), 1479 (m), 1434 (vs), 1243 (s), 1202 (s), 1157 (w), 1095 (m),
1008 (m), 791 (m), 745 (s), 694 (vs), 578 (m), 516 (s). 1H NMR
(CDCl3): d 4.2 (s, 2H, CH2-H), 7.2–7.4 (m, 30H, Ph-H). 13C{1H}
NMR (CDCl3): d 68.9 (CH2), 134.0 (JPC = 16.4 Hz, C6H5), 131.2
(JPC = 32.7 Hz, C6H5), 130.5 (C6H5), 129.0 (JPC = 10.0 Hz, C6H5).
31P{1H} NMR (CDCl3): d 11.5.

Synthesis of [CH2(SO3)2Ag2·(PPh3)3] (2b)

Complex 2b as a white solid was obtained following the above
procedure, only using [CH2(SO3)2Ag2] (0.1949 g, 0.50 mmol) and

triphenylphosphine (0.3935 g, 1.50 mmol) instead. Yield: 0.55 g
(93%, based on [CH2(SO3)2Ag2]. M.p. (decomp.): 194 ◦C. Anal.
Calc. for C55H47O6Ag2P3S2: C, 56.14; H, 4.02. Found: C, 56.05; H,
3.94%. IR (KBr) data (cm-1): 3051 (m), 2925 (m), 2853 (m), 1478
(m), 1434 (vs), 1249 (vs), 1202 (vs), 1096 (m), 1064 (w), 1004 (m),
747 (s), 695 (vs), 577 (m), 509 (s). 1H NMR (CDCl3): d 4.1 (s, 2 H,
CH2-H), 7.2–7.4 (m, 45 H, Ph-H). 13C{1H} NMR (CDCl3): d 68.9
(CH2), 134.1 (JPC = 16.2 Hz, C6H5), 131.4 (JPC = 31.9 Hz, C6H5),
130.6 (C6H5), 129.0 (JPC = 9.7 Hz, C6H5). 31P{1H} NMR (CDCl3):
d 11.4.

Synthesis of [CH2(SO3)2Ag2·(PPh3)4] (2c)

Complex 2c as a white solid was synthesized in the same manner
as 2a. In this respect, [CH2(SO3)2Ag2] (0.2690 g, 0.69 mmol) was
reacted with triphenylphosphine (0.7239 g, 2.76 mmol). Yield:
0.93 g (94%, based on [CH2(SO3)2Ag2]). M.p. (decomp.):
202 ◦C. Anal. Calc. for C73H62O6Ag2P4S2: C, 60.93; H,
4.34. Found: C, 60.87; H, 4.56%. IR (KBr) data (cm-1):
3052 (m), 1480 (m), 1435 (vs), 1251 (s), 1204 (s), 1096
(m), 1026 (w), 1007 (m), 789 (m), 744 (s), 694 (vs),
578 (m), 505 (s). 1H NMR (CDCl3): d 3.9 (s, 2 H, CH2), 7.2–
7.4 (m, 60 H, Ph). 13C{1H} NMR (CDCl3): d 68.6 (CH2), 134.1
(JPC = 16.4 Hz, C6H5), 132.1 (JPC = 26.5 Hz, C6H5), 130.0 (C6H5),
128.8 (JPC = 9.4 Hz, C6H5). 31P{1H} NMR (CDCl3): d 8.0.

Synthesis of [CH2(SO3)2Ag2·(PPh3)5] (2d)

Complex 2d as a white solid was prepared as described for 2a, only
using [CH2(SO3)2Ag2] (0.2690 g, 0.69 mmol) and triphenylphos-
phine (0.9049 g, 3.45 mmol) instead. Yield: 1.08 g (92%, based
on [CH2(SO3)2Ag2]). M.p. (decomp.): 208 ◦C. Anal. Calc. for
C91H77O6Ag2P5S2: C, 62.24; H, 4.56. Found: C, 62.15; H, 4.49%.
IR (KBr) data (cm-1): 3051 (m), 2926 (m), 1480 (m), 1434 (s), 1242
(s), 1200 (s), 1161 (m), 1095 (m), 1006 (m), 746 (s), 696 (vs), 578
(m), 510 (s). 1H NMR (CDCl3): d 3.9 (s, 2 H, CH2), 7.2–7.4 (m,
75 H, Ph). 13C{1H} NMR (CDCl3): d 68.6 (CH2), 134.1 (JPC =
16.8 Hz, C6H5), 132.8 (JPC = 22.2 Hz, C6H5), 129.9 (C6H5), 128.8
(JPC = 9.3 Hz, C6H5). 31P{1H} NMR (CDCl3): d 5.8.

Synthesis of [CH2(SO3)2Ag2·(PPh3)6] (2e)

Complex 2e as a white solid was prepared following the synthesis
of 2a. In this respect, triphenylphosphine (0.7869 g, 3.00 mmol)
was reacted with [CH2(SO3)2Ag2] (0.1949, 0.50 mmol). Yield: 0.92
g (94%, based on [CH2(SO3)2Ag2]). M.p. (decomp.): 215 ◦C. Anal.
Calc. for C109H92Ag2O6P6S2: C, 66.67; H, 4.72. Found: C, 66.58;
H, 4.62%. IR (KBr) data (cm-1): 3051 (m), 1479 (m), 1434 (vs),
1240 (s), 1201 (s), 1093 (m), 1026 (m), 1010 (m), 743 (s), 695 (vs),
579 (m), 514 (s). 1H NMR (CDCl3): d 3.9 (s, 2H, CH2), 7.2–7.4
(m, 90H, Ph). 13C{1H} NMR (CDCl3): d 68.9 (CH2), 133.9 (JPC

= 16.83 Hz, C6H5), 133.4 (JPC = 15.52 Hz, C6H5), 129.7 (C6H5),
128.7 (JPC = 8.73 Hz, C6H5). 31P{1H} NMR (CDCl3): d 5.0.

Synthesis of {CH2(SO3)2Ag2·[P(OEt)3]2} (2f)

Complex 2f was synthesized as described earlier (see synthesis of
2a). In this respect, [P(OEt)3] (1.8791 g, 11.32 mmol) was reacted
with [CH2(SO3)2Ag2] (2.2067 g, 5.66 mmol). After appropriate
work-up, complex 2f can be isolated as a white solid. Yield: 3.68 g
(90%, based on [CH2(SO3)2Ag2]. M.p. (decomp.): 47 ◦C. Anal.

This journal is © The Royal Society of Chemistry 2011 Dalton Trans., 2011, 40, 9250–9258 | 9251
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Table 1 Crystallographic data for complexes 2c, 2d and 2f

2c 2d 2f

Formula C73H62Ag2O6P4S2·(C7H8, CH2Cl2) C91H77Ag2O6P5S2·4(CH2Cl2) C26H64Ag4O24P4S4

Formula weight 1616.05 2040.97 1444.37
l (Mo Ka) (Å) 0.71073 0.71073 0.71073
Space group P-1 P21/n P-1
Crystal system Triclinic Monoclinic Triclinic
Z value 2 4 2
a (Å) 12.299(3) 15.329(3) 12.475(3)
b (Å) 13.261(3) 21.750(4) 15.116(3)
c (Å) 25.321(5) 27.277(6) 16.300(3)
a (◦) 99.86(3) 90 64.90(3)
b (◦) 97.83(3) 90.39(3) 67.97(3)
g (◦) 111.25(3) 90 74.61(3)
V (Å3) 3702.7(18) 9094(3) 2559.5(12)
Dcalc (g cm-3) 1.449 1.491 1.874
F (000) 1652 4160 1448
Temperature (K) 153(2) 153(2) 153(2)
Reflections collected 29 033 43 506 17 793
Unique/observed [I > 2s(I)] reflections 13 301/10 663 17 561/15 852 9148/7818
Rint 0.048 0.033 0.017
R1, wR2 [I > 2s(I)] 0.0685, 0.1744 0.0573, 0.1310 0.0221, 0.0531
R1, wR2 (all data) 0.0840, 0.1878 0.0643, 0.1364 0.0267, 0.0545
Goodness-of-fit on F 2 1.067 1.032 1.012

Calc. for C13H32O12Ag2P2S2: C, 21.62; H, 4.47. Found: C, 21.57;
H, 4.38%. IR (KBr) data (cm-1): 2977 (m), 2934 (m), 2903 (m),
1443 (m), 1390 (m), 1273 (m), 1222 (vs), 1205 (s), 1163 (m), 1022
(vs), 938 (m), 813, (m), 775 (m), 587 (m), 517 (m). 1H NMR
(CDCl3): d 1.3 (t, 18H, JHH = 7.0 Hz, CH3/CH3CH2-), 4.1 (qd,
12 H, JHH = 7.1 Hz, JPH = 2.7 Hz, CH2/CH3CH2-), 4.5 (s, 2 H,
CH2). 13C{1H} NMR (CDCl3): d 68.1 (CH2), 61.3 (JPC = 5.7 Hz,
CH2/CH3CH2-), 16.4 (JPC = 6.3 Hz, CH3/CH3CH2-). 31P{1H}
NMR (CDCl3): d 126.8.

Synthesis of {CH2(SO3)2Ag2·[P(OEt)3]4} (2g)

Complex 2g was synthesized following the synthesis of 2a. In
this respect, [P(OEt)3] (1.4210 g, 8.56 mmol) was reacted with
[CH2(SO3)2Ag2] (0.8343 g, 2.14 mmol). After appropriate work-up
(see Section 2.2.1), complex 2e was obtained as a colourless liquid.
Yield: 2.07 g (92%, based on [CH2(SO3)2Ag2]). Anal. Calc. for
C25H62O18Ag2P4S2: C, 28.48; H, 5.93. Found: C, 28.37; H, 5.82%.
IR (KBr) data (cm-1): 2981 (s), 2935 (m), 2904 (m), 1478 (m),
1443 (m), 1391 (m), 1248 (s), 1215 (s), 1208 (s), 1163 (s), 1098 (m),
1019 (vs), 940 (s), 770 (s), 580 (s). 1H NMR (CDCl3): d 1.3 (t, 36
H, JHH = 7.0 Hz, CH3/CH3CH2-), 4.1 (qd, 24 H, JHH = 7.2 Hz, JPH

= 1.7 Hz, CH2/CH3CH2-), 4.4 (s, 2 H). 13C{1H} NMR (CDCl3):
d 68.4 (CH2), 60.6 (JPC = 4.4 Hz, CH2/CH3CH2-), 16.3 (JPC =
5.5 Hz, CH3/CH3CH2-). 31P{1H} NMR (CDCl3): d 128.3.

Synthesis of {CH2(SO3)2Ag2·[P(OEt)3]6} (2h)

Complex 2h as a colourless liquid was synthesized in the
same manner as 2a. In this respect, [P(OEt)3] (1.5936 g,
9.60 mmol) was reacted with [CH2(SO3)2Ag2] (0.6238 g,
1.60 mmol). Yield: 2.02 g (91%, based on [CH2(SO3)2Ag2]). Anal.
Calc. for C37H92O24Ag2P6S2: C, 32.04; H, 6.69. Found: C, 32.00;
H, 6.58%. IR (KBr) data (cm-1): 2982 (vs), 2933 (s), 2905 (m),
1478 (m), 1444 (m), 1391(s), 1244 (s), 1203 (s), 1163 (s), 1098 (m),
1023 (vs), 949 (s), 776 (s), 580 (s). 1H NMR (CDCl3): d 1.3
(t, 54 H, JHH = 7.0 Hz, CH2/CH3CH2-), 4.1 (qd, 36 H, JHH =

7.1 Hz, JPH = 1.3 Hz, CH2/CH3CH2-), 4.3 (s, 2 H). 13C{1H} NMR
(CDCl3): d 68.6 (CH2), 60.1 (JPC = 3.3 Hz, CH2/CH3CH2-), 16.1
(JPC = 5.6 Hz, CH3/CH3CH2-). 31P{1H} NMR (CDCl3): d 130.3.

Structure determination and refinement

Single crystals suitable for X-ray structure measurements of 2c,
2d and 2f were obtained by cooling saturated dichloromethane
and toluene solutions containing these complexes to -30 ◦C.
Suitable crystals for X-ray determination were placed in glue under
N2 due to their sensitivities to oxygen and moisture. The X-ray
structure measurements were performed on a BRUKER SMART
Apex CCD, detector equipped with graphite monochromatic Mo
Ka radiation (l = 0.71073 Å). The structures were solved by
direct methods using SHELXS-97.30 The structures were refined
by full-matrix least-square procedures on F 2 using SHELXL-
97.31 All non-hydrogen atoms were refined anisotropically, while
the hydrogen atoms were refined using a riding model.† The
crystallographic data and selected bond distances and angles for
2c, 2d and 2f are listed in Table 1 and Table 2, respectively.

2c. One Cl atom and C atom of the CH2Cl2 are disordered and
have been refined to split occupancies of 0.363/0.637 (Cl2, C81).

2d. One of the SO3 groups of the CH2(SO3)2 ligand is
disordered and has been refined to split occupancies of 0.35/0.65
(S1, O1–O2).

2f. The C atoms in CH3 groups of two P(OEt)3 ligands are
disordered and have been refined to split occupancies of 0.67/0.33
(O16, C9, C10), 0.67/0.33 (O22, C21, C22) and 0.60/0.40 (O24,
C25, C26). One –OCH2 unit of a P(OEt)3 ligand is disordered and
has been refined to split occupancies of 0.60/0.40 (O24, C25).

Results and discussion

Synthesis and characterization

The organophosphine/phosphite stabilized disilver(I) methane-
disulphonates of type [CH2(SO3)2Ag2·Ln] (L = PPh3; n = 2,

9252 | Dalton Trans., 2011, 40, 9250–9258 This journal is © The Royal Society of Chemistry 2011
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Table 2 Selected bond distances (Å) and angles (◦) for complexes 2c, 2d and 2f

2c 2d 2f

Bond distances
Ag(1)–O(5) 2.367(4) Ag(1)–O(5) 2.462(3) Ag(1)–P(1) 2.328(1) C(1)–S(2)i 1.791(2)
Ag(1)–P(2) 2.420(2) Ag(1)–P(5) 2.501(1) Ag(1)–O(2) 2.355(2) C(2)–S(3) 1.782(3)
Ag(1)–P(1) 2.425(2) Ag(1)–P(1) 2.505(1) Ag(1)–O(4) 2.358(2) C(2)–S(4) 1.784(2)
Ag(1)–O(2) 2.465(4) Ag(1)–P(2) 2.509(1) Ag(1)–O(1) 2.375(2) O(1)–S(1)i 1.446(2)
Ag(2)–P(4) 2.426(2) Ag(2)–O(3) 2.365(3) Ag(2)–O(7) 2.300(2) O(2)–S(1) 1.457(2)
Ag(2)–P(3) 2.442(2) Ag(2)–P(4) 2.437(1) Ag(2)–P(2) 2.333(8) O(3)–S(1) 1.465(2)
Ag(2)–O(1) 2.461(4) Ag(2)–P(3) 2.437(1) Ag(2)–O(10) 2.351(2) O(4)–S(2) 1.448(2)
Ag(2)–O(4) 2.461(4) Ag(2)–O(6) 2.481(3) Ag(2)–O(3) 2.593(2) O(5)–S(2) 1.441(2)
C(1)–S(1) 1.784(7) C(91)–S(2) 1.787(4) Ag(3)–O(9) 2.327(2) O(6)–S(2)i 1.457(2)
C(1)–S(2) 1.793(6) C(91)–S(1) 1.796(4) Ag(3)–P(3) 2.348(9) O(7)–S(3) 1.460(2)
O(1)–S(2) 1.460(4) O(1)–S(1) 1.447(4) Ag(3)–O(11) 2.374(2) O(8)–S(3) 1.436(2)
O(2)–S(2) 1.459(4) O(2)–S(1) 1.599(1) Ag(4)–O(3) 2.300(2) O(9)–S(3) 1.456(2)
O(3)–S(2) 1.444(4) O(3)–S(1) 1.419(3) Ag(4)–P(4) 2.339(1) O(10)–S(4) 1.454(3)
O(4)–S(1) 1.460(5) O(4)–S(2) 1.434(3) Ag(4)–O(6) 2.390(2) O(11)–S(4) 1.466(2)
O(5)–S(1) 1.454(4) O(5)–S(2) 1.465(3) Ag(4)–O(11) 2.526(2) O(12)–S(4) 1.440(2)
O(6)–S(1) 1.444(5) O(6)–S(2) 1.445(3) C(1)–S(1) 1.777(2)
Bond angles
O(5)–Ag(1)–P(2) 112.6(1) O(5)–Ag(1)–P(5) 99.7(8) P(1)–Ag(1)–O(2) 133.5(5) O(9)–Ag(3)–O(11) 80.2(7)
O(5)–Ag(1)–P(1) 111.0(1) O(5)–Ag(1)–P(1) 98.8(7) P(1)–Ag(1)–O(4) 118.8(6) P(3)–Ag(3)–O(11) 137.4(5)
P(2)–Ag(1)–P(1) 130.3(5) P(5)–Ag(1)–P(1) 109.9(4) O(2)–Ag(1)–O(4) 89.4(7) O(3)–Ag(4)–P(4) 149.5(5)
O(5)–Ag(1)–O(2) 81.7(1) O(5)–Ag(1)–P(2) 122.6(7) P(1)–Ag(1)–O(1) 132.1(5) O(3)–Ag(4)–O(6) 81.8(6)
P(2)–Ag(1)–O(2) 110.1(1) P(5)–Ag(1)–P(2) 113.3(4) O(2)–Ag(1)–O(1) 83.5(6) P(4)–Ag(4)–O(6) 126.3(5)
P(1)–Ag(1)–O(2) 98.7(1) P(1)–Ag(1)–P(2) 111.2(4) O(4)–Ag(1)–O(1) 83.8(7) O(3)–Ag(4)–O(11) 93.2(6)
P(4)–Ag(2)–P(3) 137.4(6) O(3)–Ag(2)–P(4) 109.5(1) O(7)–Ag(2)–P(2) 140.3(5) P(4)–Ag(4)–O(11) 103.0(6)
P(4)–Ag(2)–O(4) 108.5(1) O(3)–Ag(2)–P(3) 113.2(1) O(7)–Ag(2)–O(10) 83.7(6) O(6)–Ag(4)–O(11) 79.0(7)
P(3)–Ag(2)–O(4) 104.1(1) P(4)–Ag(2)–P(3) 127.5(4) P(2)–Ag(2)–O(10) 127.5(5) O(9)–Ag(3)–P(3) 139.8(5)
P(4)–Ag(2)–O(1) 105.9(1) O(3)–Ag(2)–O(6) 81.5(1) O(7)–Ag(2)–O(3) 88.5(6) S(1)–C(1)–S(2)i 117.8(1)
P(3)–Ag(2)–O(1) 105.9(1) P(4)–Ag(2)–O(6) 112.5(9) P(2)–Ag(2)–O(3) 117.8(5) S(3)–C(2)–S(4) 117.4(1)
O(4)–Ag(2)–O(1) 80.3(1) P(3)–Ag(2)–O(6) 102.9(8) O(10)–Ag(2)–O(3) 80.1(7)
S(1)–C(1)–S(2) 117.5(3) S(2)–C(91)–S(1) 120.0(3)

Symmetry code: (i) -x, -y + 2, -z.

2a; n = 3, 2b; n = 4, 2c; n = 5, 2d; n = 6, 2e; L = P(OEt)3; n = 2,
2f; n = 4, 2g; n = 6, 2h) were prepared by the consecutive reaction
of [CH2(SO3)2Ag2] with auxiliary donor ligands in stoichiometry
in dichloromethane as solvent at 0 ◦C (Scheme 1). The complexes
were isolated in high yield as white solids (2a–2f) or colorless
liquids (2g, 2h), which were stable under an inert atmosphere
for months at room temperature. On exposure to air they all
decomposed within days (2a–2h) to form brown products.

Scheme 1 Synthesis of complexes 2a–2h.

The complexes also could be prepared by treatment of [AgNO3]
with auxiliary donor ligands and [CH2(SO3)2K2] in diethyl ether

at 0 ◦C (eqn (1)). The disadvantage of the synthesis procedures
described in eqn (1) for 2a–2h is the purification because some
products may contain traces of chloride which is detrimental to
their use as CVD precursors in microtechnology. These preparative
studies show that an economical and straightforward synthesis
route to prepare organophosphine/phosphite stabilized disilver(I)
methanedisulphonate complexes is presented.

(1)

Complexes 2a–2h were characterized by elemental analyses, FT-
IR, 1H-, 13C{1H}- and 31P{1H}-NMR spectroscopy (Experimental
section). The molecular structures of 2c, 2d and 2f in the solid state
are reported.

In the IR spectra, the medium-weak bands at 2977–2981 and
3051–3052 cm-1 are assigned to the aliphatic and aromatic C–H
stretch, respectively. As we know, the typical group vibration of sul-
fonates shows in the range of 1350–1050 cm-1.32,33 When the SO3

-

anion is “free” (non-coordinated), it shows local C3v-symmetry
with two nso bands for the symmetry. Upon coordination to a
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metal, the C3n-symmetry is broken and for a Cs-symmetrical –
SO2–O–M moiety and three nso bands are observed (nas(SO2);
ns(SO2); n(S–O)). In the IR spectra of 2a–2h, the SO3 groups show
their characteristic group frequencies. The prominent absorptions
in the range of 1222–1250 cm-1 and 1200–1205 cm-1 can be
attributed to the asymmetric and symmetric vibration of SO2.34–38

The absorptions around 1090 cm-1 can be assigned as vibration of
S–O, which is similar to a previous report.39 Absorption bands of
triethylphosphite derived from P–O–C stretching vibrations are
shifted for 2f–2h by 7–11 cm-1 and in comparison with the free
triethylphosphite (1030 cm-1), which confirms the coordination of
the ligands.40

The NMR spectra (1H, 13C{1H} and 31P{1H}) were recorded
for all complexes at room temperature. In 1H NMR spectra, the
integration area ratios are consistent with the stoichiometries of
the complexes. The protons of complexes 2a–2e in the aryl proton
region appear in the range of 7.2–7.4 ppm. The complexes (2f–
2h) are easily distinguished because the resonances of the protons
show only two groups. The protons of –CH2– in –O3SCH2SO3–
appear in the range of 3.9–4.5 ppm as a single signal, which agrees
well with a previous report.41 In the 13C{1H} NMR spectra of
2a–2e, the triphenylphosphine carbon resonances appear in the
range of 128.7–134.1 ppm. The carbon resonances of –CH2– on
–O3SCH2SO3– are observed in the lower field (68.1–68.9 ppm)
comparing to that of [P(OEt)3] (60.1–61.3 ppm).

At room temperature, the phosphorus resonance signals for
all coordination complexes 2a–2e and 2f–2h appear between 5.0–
11.5 ppm and 126.8–130.3 ppm as single signals, respectively.
A trend can be seen in the chemical shift of the 31P{1H} NMR
signals for 2f–2h as a previous report.42 Complexes with only one
equivalent phosphite ligand per silver(I) centre show a signal at
higher field, while addition of a second and a third equivalent
of P(OEt)3 subsequently shifts the signals to lower field, i.e.
2f: 126.8, 2g: 128.3, and 2h: 130.3 ppm (Experimental section).
The chemical shifts are similar to the observed values for PPh3

ligands coordinated to silver(I) and can be compared with those of
related compounds: [Ag2(pz)2(PPh3)2] (pz = pyrazole) at d 9.87,43

[Ag4(L4)(PPh3)10]·8H2O (L4 = 1,3,6,8-pyrenetetrasulfonate) at d
9.4444 and [Ag2(pz)2(PPh3)3] (pz = pyrazole) at d 6.13.43

Molecular structures of complexes 2c and 2d–2f

Single crystals of [CH2(SO3)2Ag2·(PPh3)4] (2c), [CH2(SO3)2-
Ag2·(PPh3)5] (2d), and {CH2(SO3)2Ag2·[P(OEt)3]2}2 (2f) could
be grown by cooling a saturated dichloromethane and toluene
solution containing these species to -30 ◦C. Complexes 2c and
2f crystallize in the triclinic space group P-1, and 2d crystallizes
in the monoclinic space group P21/n. Because of different molar
ratio of triphenylphosphine with disilver(I) methanedisulphonates,
complex 2c exhibits an anticipated dinuclear structure of two six-
membered ring systems like cyclic b-diketones, with each silver
atom coordinated by two PPh3 groups. Complex 2d, however,
is a dinuclear structure of only one ring system, with one silver
atom coordinated by two PPh3 groups and the other silver
atom coordinated by three PPh3 groups. Important crystal data,
collection and refinement parameters are presented in Table 1
(Experimental section). Selected bond distances (Å) and angles
(◦) of 2c, 2d and 2f are summarized in Table 2.

In the case of 2c, the asymmetric unit comprises one molecule
of 2c, one molecule of dichloromethane and one molecule of
toluene, as shown in Fig. 1. In the structure of 2c, the Ag2S2O6

core of the molecule is regarded as a “Lei Feng hat” framework
(Fig. 1 below left), with the crown of the hat occupied by the
methanedisulfonic carbon atom and the earflaps occupied by silver
atoms and four methanedisulfonic oxygen atoms. Each silver atom
is coordinated by two phosphorus atoms of triphenylphosphine
and two methanedisulfonic oxygen atoms, thereby completing
a distorted tetrahedral coordination arrangement of each silver
atom and forming the eight-membered ring (AgOSOAgOSO)
(Fig. 1 below right). The angles of P–Ag–P [130.3(5)◦, 137.4(6)◦]
are close to the reported complex [CH3SO3Ag·(PPh3)2] 132.4(4)◦.45

Fig. 1 Molecular structure (top), structure of “Lei Feng hat” framework
(below left) and (AgOSOAgOSO) skeleton (below right) of 2c, showing
30% probability displacement ellipsoids. The hydrogen atoms and solvent
molecules are omitted for clarity.

Complex 2d is composed of one molecule of 2d and
four molecules of dichloromethane, as shown in Fig. 2.
Because of the different molar ratio of triphenylphosphine
with disilver(I) methanedisulphonates, the eight-membered ring
(AgOSOAgOSO) is destroyed, but one six-membered ring (CSOA-
gOS) remains intact. One silver atom is coordinated by two
phosphorus atoms of triphenylphosphine and two methanedisul-
fonic oxygen atoms, but another silver atom is coordinated
by three phosphorus atoms of triphenylphosphine and only
one methanedisulfonic oxygen atom at the same time, hence
completing a distorted tetrahedral coordination arrangement
of each silver atom. The angle of P(3)–Ag(2)–P(4) [127.5(4)◦]
is a little smaller than that of complex 2c and the reported
complex [CH3SO3Ag·(PPh3)2] [132.4(4)◦].45 The angles of P–
Ag(1)–P [111.2(4)◦, 113.3(4)◦, 109.9(4)◦] are similar to the reported
complex [C4H4O2NAg·(PPh3)3] [113.3(5)◦, 113.7(5)◦, 109.5(5)◦].46

Complex 2f represents a novel tetramer (Fig. 3), which contains
four eight-membered rings (AgOSOAgOSO), which are connected
by Ag atoms with sulfonic third O atoms and eight-membered ring
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Fig. 2 Molecular structure of 2d, showing 30% probability displacement
ellipsoids. The hydrogen atoms and solvent molecules are omitted for
clarity.

Fig. 3 Molecular structure of 2f, showing 30% probability displacement
ellipsoids. The hydrogen atoms and solvent molecules are omitted for
clarity.

O atoms, respectively (Fig. 4). The asymmetric unit comprises
two molecules of 2f, possessing a crystallographically imposed
inversion symmetry with the inversion centre in the centroid
of the Ag2O2 core. Each Ag(I) ion [Ag(1), Ag(2), Ag(4)] pos-
sesses a pseudo-tetrahedral environment setup by one P atom
from the P(OEt)3 ligand and three O atoms from different
methanedisulphonate groups with bond angles ranging from
79.0(7)◦ to 149.5(5)◦ except Ag(3). The Ag(1)–O(2) [2.355(2) Å]
distance of the Ag2O2 core is shorter than other connective bonds
Ag(2)–O(3) [2.593(2) Å] and Ag(4)–O(11) [2.526(2) Å], and it is
similar to the situation in complex {CH2(SO3)2Ag2·[P(OMe)3]2}•

[connective bonds Ag–O: 2.363(3) Å and 2.510(3) Å].47

With auxiliary donor ligands, the averaged angles of S–C–S [2c:
117.5(3)◦, 2d: 120.0(3)◦, 2f: 117.6(1)◦] and O–Ag–O [2c: 81.0(1)◦,
2d: 81.5(1)◦, 2f: 82.3(2)◦] in the ring systems (Fig. 1 below right) are
larger than those [111.8(4)◦ and 77.3(2)◦] of the reported complex
[CH2(SO3)2Ag2],48 but close to the others [116.4(7)◦ and 81.5(2)◦]
with no ring in complex [CH2(SO3)2Ag2],48 respectively. In the ring
systems, the averaged Ag–O distances in complexes [2c: 2.439(4)
Å, 2d: 2.423(3) Å, 2f: 2.347(2) Å] are close to that of complex
[CH2(SO3)2Ag2].48 In addition, the averaged Ag–P distances in
complexes 2c [2.428(1) Å] and 2f [2.337(5) Å] are shorter than the

Fig. 4 Structure [CH2(SO3)2Ag2·P2]4 skeleton of 2f, showing 30% proba-
bility displacement ellipsoids.

sum of covalent radii of the P and Ag atoms (2.44 Å)49 and that
[2.478(1) Å] of complex 2d, they are all shorter than that [2.494(7)
Å] of complex [(R3P)2AgPI] (PI = C8H4NO2).50

In general, silver(I) salts of structural type [AgX] (X = organic
or inorganic group) contain strongly ionic bonds or are highly
aggregated.6,48,51 The role of the neutral donor ligand is to ensure
a fully saturated coordination environment at the silver atom to
prevent aggregation in the solid state and to enhance stability
during volatilization.

Disilver(I) methanedisulphonates [CH2(SO3)2Ag2] with no aux-
iliary donor ligand are highly aggregated and form a chain struc-
ture containing strongly ionic bonds. The metal atom coordination
numbers (CN) are 5 and 6 as observed in A (Scheme 2).48 With
two auxiliary donor ligands, the special structure of C47 exhibits an
infinite chain structure of eight-membered rings (AgOSOAgOSO)
fully interconnected with O atoms from the sulfonic ligands, where
as the tetramer of B exhibits a short chain structure of four eight-
membered rings (AgOSOAgOSO) whereby the CNs are 3 and 4,
respectively. However, the structures with four auxiliary ligands
(D) and five auxiliary ligands (E) are typical dinuclear monomers
(Scheme 2). With donor ligands P (P = PPh3, P(OEt)3 or P(OMe)3),
the ring systems of the 2 : 2 complex [CH2(SO3)2Ag2·(P)2]n and the
2 : 4 complex [CH2(SO3)2Ag2·(P)4] can remain intact unlike the 2 : 5
complex [CH2(SO3)2Ag2·(P)5]. With donor ligands P (P = PPh3),
half of the ring system in the 2 : 5 complex [CH2(SO3)2Ag2·(P)5] is
destroyed with the CN of the metal atoms 4 as in E. Common for
type C–E molecules is that the silver(I) ion possesses a tetrahedral
surrounding, with 18-valence electrons. Only large ligands and
the numbers of auxiliary donor ligands may prevent molecules
containing strong ionic bonds and forming oligomers.

TG and MOCVD studies

TG and DSC studies are required to optimize the temperature at
which the respective single silver precursor should be maintained
during the MOCVD experiments. For example, the TG and DSC
curves of complex 2g are shown in Fig. 5. It can be seen from
the DSC curve that there is one apparent endothermic process
from 92 ◦C to 426 ◦C with a small peak in temperature at
225 ◦C and 324 ◦C. Firstly, it may illustrate dissociation of
three triethylphosphite ligands between 94 ◦C and 228 ◦C with
corresponding weight loss of about 47.98% which is close to the
theoretical loss (47.28%). Then, the weight loss between 228 ◦C
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Scheme 2 Schematic representation of structural type A–E molecules.

Fig. 5 TG and DSC curves of 2g (heating rate 10 ◦C min-1, argon
atmosphere).

and 233 ◦C is the result of the elimination of the 4th P(OEt)3

ligand with corresponding weight loss of about 14.86% which is
close to the theoretical loss (15.76%). It is very difficult to know the
real thermal decomposition mechanism of methanedisulphonates
from 233 to 395 ◦C. The final percentage of the residue is 20.85%,
which is close to the theoretical value of silver (20.46%). The
thermal measurement is in good agreement with the structural
analysis.

Complexes 2a–2f were solid state with a lower volatility than
complexes 2g and 2h. It is difficult to make the precursor vapor and
transport into the reacting zone of the CVD reactor. In addition,
according to the thermal properties obtained from the TG and
DSC studies, the disilver complexes decompose with release of the
auxiliary ligands first. Therefore, on the basis of the properties of
complexes 2a–2h, we choose 2g as a potential CVD precursor to
grow silver films first.

The deposition of silver films were conducted using a vertical
quartz tube hot-wall MOCVD reactor at temperatures between
395 ◦C and 450 ◦C. Oxidized silicon as substrates were applied
and the typical deposition time was limited to 60 min. For
each MOCVD experiment, approximately 500 mg of 2g was

charged into the sample reservoir, maintained at 85 ◦C to ensure
the generation of adequate partial pressure of the sample. A
stream of nitrogen was introduced with the flow rate adjusted
to 30 sccm under a pressure of 6 ¥ 10-5 bar. The surface
morphology and composition of the silver films from the MOCVD
experiments using 2g were examined by SEM and EDX analysis
(Fig. 6).

Their morphologies exhibit obvious differences depending on
their deposition temperature. At 395 ◦C, the film is not completely
closed and homogeneous and is composed of two kinds of
particulates spread all over the substrate surface. From our
analytical data, it can be seen that the film deposited at 395 ◦C is
a grayish-white color and exhibits the highest level of impurities.
However, the silver metal coverage became significantly better as
the deposition temperature was increased to 420 ◦C. The dense
and homogeneous silver layer is composed of many well isolated,
granular particulates spread all over the substrate surface. The
sizes of silver grains are in the range of 50–70 nm. Finally, upon
further increase of the deposited temperature to 450 ◦C, the quality
of the metal coverage was poor. This observation is consistent with
the fact that the nuclear growth rate of the silver deposit is much
greater than that of the formation of the initial nucleation sites
on the substrate, which then gives much larger metal aggregation
instead of giving better thin film uniformity.47 EDX analyses of
the as-deposited films at 420 ◦C and 450 ◦C show the presence
of silver alone. The other light elements, such as C, and P, which
might be present as impurities or formed by surface oxidation of
silver, are below the detection limit. The average film thickness
at different temperature were about 0.53 mm, 0.62 mm, 0.77 mm,
respectively.

The UV–Vis absorption spectra of the silver films deposited at
395 ◦C, 420 ◦C and 450 ◦C are shown in Fig. 7. The absorption
spectra of the as-deposited film at 395 ◦C shows a broad peak at
400 nm. The absorption of the as-deposited films at 420 ◦C and
450 ◦C are red shifted towards 416 nm and 412 nm, respectively.
The absorption peaks at ca. 405 nm are due to the surface plasmon
polariton resonance (SPPR) of Ag particles, which are sensitive
to the microstructure of the films.52 The peak broadness is due to
dipole–dipole interactions of the Ag particles.53–55
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Fig. 6 SEM images and EDX spectrums of the films deposited from 2g using N2 as the carrier gas at temperatures (a) 395 ◦C, (b) 420 ◦C, (c) 450 ◦C.

Fig. 7 UV–Vis spectra of the films deposited from 2g using N2 as the
carrier gas at temperatures (A) 395 ◦C, (B) 420 ◦C, (C) 450 ◦C.

Conclusions

A straightforward synthesis methodology for the prepa-
ration of a series of organophosphine/phosphite disilver(I)
methanedisulphonates complexes of composition [CH2(SO3)2Ag2·
Ln] (L = PPh3, P(OEt)3; n = 2, 3, 4, 5, 6) is described. The
solid state structures of three metal–organic complexes were
determined by single X-ray structure analysis. It was found that
depending on the number (n) and the size of the auxiliary ligands
in complexes [CH2(SO3)2Ag2·Ln] different structural motifs were
obtained. Complex 2g was used as a precursor in the deposition
of silver for the first time by using the MOCVD technique. The
as-deposited film at 420 ◦C is dense and homogeneous, which
is composed of many well isolated, granular particulates spread
all over the substrate surface. The EDX results showed that the

obtained layer is composed of pure silver within the detection limit
of EDX.
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