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Abstract—A new polymeric gold(I) diisobutyl dithiophosphate (Dtph), [Au,{S,P(O-iso-C4Hy),},], (I), was
preparatively obtained and characterized by 1°C and >'P MAS NMR spectroscopy and X-ray diffraction (CIF
file CCDC no. 977818). Diagrams of the X2 statistic were constructed from the complete 3'P MAS NMR
spectra and used to calculate the 3'P chemical shift anisotropy (8, = 3., — 8;,) and the asymmetry param-
eter n = (3, — 8,,)/(8,, — 8;5,)- The main structural unit of complex I is the noncentrosymmetric dinuclear
molecule [Au,{S,P(0-iso-C4Hy),},], in which the gold atoms are linked by two bridging ligands Dtph. The
central cyclic structural fragment of the dimer [Au,S,P,] is additionally stabilized by the intramolecular auro-
philic interaction Au---Au. Further supramolecular self-organization of the complex involves intermolecular
aurophilic bonds Au---Au that serve to unite adjacent dinuclear molecules [Au,{S,P(O-iso-C4Hy),},] with
different spatial orientations into the polymer chains ([Au,{S,P(O-iso-C4Hy),},]),,. The thermal behavior of
complex I was examined by synchronous thermal analysis under argon. The character of the thermolysis of

the complex to reduced metallic gold as a final product was determined.

DOI: 10.1134/S1070328414100042

Gold(I) O,0'-dialkyl dithiophosphates [1—4] are
of interest because of an unusual type of their poly-
meric structures formed predominantly by the inter-
molecular aurophilic interaction Au---Au [5—8]. The
latter makes these complexes luminescent and allows
them to be used as sensors of volatile chemical agents
[2]. Earlier, using X-ray diffraction and 3C and 3'P
MAS NMR spectroscopy, we have studied polymeric
gold(I) dialkyl dithiophosphates of the general for-
mula [Au,{S,P(OR),},], (R = iso-C;H; [3] or cyclo-
C4H,, [4]). The latter complex features an atypical way
of forming a polymeric structure, involving pairs of
intermolecular secondary Au---S bonds (rather than
aurophilic Au---Au interactions as it usually is).

Since the literature data on dialkyl dithiophosphate
complexes are scarce [1—4] (in contrast to gold(I)
dialkyl dithiophosphonates [9—13] and gold(I) dialkyl
dithiophosphinates [14—17]), here we preparatively
obtained a new polymeric gold(I) diisobutyl dithio-
phosphate of the formula [Au,{S,P(O-iso-C,Hy),},l,
(I) and determined its structure by '*C and 3'P MAS
NMR spectroscopy and X-ray diffraction. The ther-

mal behavior of this complex was studied by synchro-
nous thermal analysis (STA).

EXPERIMENTAL

For the synthesis of polymeric catena-poly[bis(pt,-
0,0'-diisobutyl dithiophosphato-S,S")digold(I)]
(Au—Au) (I), potassium O,QO'-diisobutyl dithiophos-
phate (II) (CHEMINOVA AGRO A/S, Denmark)
was employed. All the solutions were used cooled to
0°C.

Synthesis of complex I. A solution of Na,SO;
(0.050 g) in distilled water (5 mL) was added to a solu-
tion of Na[AuCl,] (0.130 g). The resulting mixture was
stirred to complete decoloration [18]. After comple-
tion of the reduction Au(I1Il) — Au(l), a solution of
complex II (0.131 g, a 30% excess) was added. The
reaction mixture was stirred and left in the cold for 2 h
for maturation of a precipitate. The light yellow pre-
cipitate that formed was filtered off, washed with
water, and dried on the filter. The yield of complex I
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was 79%. The formation of gold(I) diisobutyl dithio-
phosphate can be written as follows:

2Na[AuCl,] + 2Na,S0; + 2K{S,P(0-iso-C,H,),}
+ 2H20 = [AU2{52P(O—iS0—C4H9)2}2] + 2KC1
+ 6NaCl + 2H,S0,.

Crystalline complexes I and II were characterized
by 13C MAS NMR spectroscopy:

L (1:1:2)76.6, 762 (1 :1, —OCH,—); 29.8,
29.6 (1:1,—CH=);20.9,20.7,20.1,19.8 (1:1:1:1
—CH,).

II: (1:1:2)75.1,74.2,73.5,73.2,72.9 (—OCH,-);
29.9, 29.8,29.7 (—CH=); 21.1, 21.0, 20.9, 20.8, 20.7,
20.6, 20.4, 20.3, 20.2, 20.1 (—CH,).

Single crystals of complex I suitable for X-ray dif-
fraction were grown from methanol.

13C /3P CP/MAS NMR spectra were recorded on
a CMX-360 spectrometer (Agilent/Varian/Chemag-
netics InfinityPlus) operating at 90.52/145.73 MHz
(superconducting magnet with B, = 8.46 T, Fourier
transform). The 'H—'3C and '"H—3'P cross polariza-
tion techniques were used; *C—'H and *'P—'H dipo-
lar interactions were suppressed via proton decoupling
in a magnetic field with the corresponding proton res-
onance frequency [19]. A sample (~60 mg) of
complex I was packed into a ceramic (ZrO,) rotor
(4.0 mm in diameter). The spinning rates in *C/3'P
MAS NMR experiments were 5500—6200(1)/2200—
7600(1) Hz. The numbers of scans were 580—880/4,
respectively. The proton m/2-pulse durations were
5.0/4.6 us. The '"H-"3C/'H—3'P contact times were
2.5/2.5 ms; the pulses were spaced apart at 3.0/3.0 s.
Isotropic *C and 3'P chemical shifts 3 (ppm) are ref-
erenced to a line of crystalline adamantane used as an
external standard (6 38.48 ppm relative to tetrameth-
ylsilane) and 85% H;PO,. The width of the reference
line of adamantane (2.6 Hz) was used to check the
homogeneity of the magnetic field. The J,,, values were
corrected for drift of the magnetic field strength (its
frequency equivalents for the '3C/3'P nuclei were
0.051/0.11 Hz/h). The 3'P chemical shift anisotropy
(S4niso = .. — O;,) and the asymmetry parameter (n =
(8, — 0,,)/(8,, — 0,,)) were calculated from diagrams
of the y? statistic [20]. The diagrams were plotted by
analyzing the integral intensity ratios of the sidebands
(due to spinning) [21, 22] in the complete 3'P MAS
NMR spectra recorded at different spinning rates. The
calculations were performed with the Mathematica
program [23].

X-ray diffraction study of complex I was performed
at 200(2) K on a BRUKER Kappa APEX2 CCD dif-
fractometer (MoK, radiation, graphite monochroma-
tor) for a twin crystal. The crystal—detector distance
was 60 mm. The domains are mutually oriented at an
angle of ~180° in the direction of the reciprocal space
vector [1 0 0]*. The numbers of reflections collected
from the first and second domains were 47973 (7224
unique reflections) and 47504 (7140 unique reflec-
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tions). The number of overlapping reflections from the
two domains was 33084 (6994 unique reflections). All
the reflections were combined and processed in an
HKLF 5 file used for structure refinement. In the final
cycle of refinement, the experimental data from the
first domain were employed. The BASF parameter
refined with the SHELXTL/PC program is 0.5135(8).
Structure I was solved by the direct method and
refined anisotropically (for non-hydrogen atoms) by
the least-squares method on F2. The hydrogen atoms
were located geometrically and refined using a riding
model. Experimental data were collected and edited,
and the unit cell parameters were refined, with the
APEX2 [24] and SAINT programs [25]. All calcula-
tions for structure determination and refinement were
performed with the SHELXTL/PC programs [26].

Selected crystallographic parameters and a sum-
mary of data collection and refinement for structure I
are given in Table 1. Bond lengths and bond angles in
structure I are listed in Table 2. Atomic coordinates,
bond lengths, and bond angles for structure I have
been deposited with the Cambridge Crystallographic
Data Collection (no. 977818; deposit@ccdc.
cam.ac.uk or http://www.ccdc.cam.ac.uk).

The thermal behavior of complex I was studied using
the STA method by simultaneously recording TG and
DSC curves. This study was carried out on a STA 449C
Jupiter instrument (NETZSCH) in corundum cruci-
bles. An opening in the cap of each crucible provided
a vapor pressure of 1 atm during thermolysis. A sample
(1.310—4.311 mg) was heated under argon to 1100°C
at a heating rate of 5°C/min. To make the thermal
effects in the low-temperature range more pro-
nounced, measurements were performed in aluminum
crucibles as well. The error in temperature measure-
ments was +0.7°C; the error in weight measurements
was £1 x 10~* mg. TG and DSC curves were recorded
using a correction file and temperature and sensitivity
calibration data for a given temperature program and a
given heating rate. The melting temperature of com-
plex I was independently determined on a PTP(M)
instrument (OAO Khimlaborpribor).

RESULTS AND DISCUSSION

The 3C MAS NMR spectrum of complex I (Fig. 1)
shows signals for the —OCH,—, —CH=, and —CH,
groups of the alkoxy substituents in the Dtph ligands.
The presence of a single signal in the centroid of the
complete 3'P MAS NMR spectrum suggests that the
3P chemical shift tensor corresponds to an axial sym-
metry (Fig. 2, Table 3). The 3'P chemical shift of this
signal (8;, = 103.4 ppm) is substantially lower than
that for the starting potassium salt (Table 3). This
lower value is due to covalent bonding between the
Dtph groups and gold. For quantitative estimation of
the 3'P chemical shift anisotropy and determination of
structural functions of the dithiophosphate groups, we
constructed diagrams of the y? statistic (Fig. 3) as a
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Table 1. Crystallographic parameters and the data collec-

KORNEEVA et al.

tion and refinement statistics for structure I

Parameter Value
Empirical formula C,6H3c04P,S,Au,
M 876.56
Crystal system Monoclinic
Space group P2,/c
a, A 9.3114(2)
b, A 24.6745(4)
e, A 12.0263(2)
B, deg 92.5455(8)
v, A3 2760.37(9)
z 4
Pealeds &/cm’ 2.109
w, mm~! 11.054
F(000) 1664
Crystal shape (dimensions, mm) Prism

0 scan range, deg

Ranges of A, k, and / indices

Number of measured reflections
Number of unique reflections

Number of reflections
with 7> 2c(])

Number of parameters refined
GOOF

R factors for F?>26(F?)

R factors for all reflections

Residual electron density
(min/max), eA3

(0.43x0.30 x 0.11)
1.89—34.98

—14<h<14,0<k<309,
0<7/<19

128561
11882

9183

262

1.098
R, =0.0429, wR, =0.1072
R, =0.0662, wR, =0.1198

—3.022/4.340

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY Vol. 40

function of §,,;,,and 1. At n = 0, the 3'P chemical shift
tensor is axially symmetric. An increase in 1 from 0 to
1 reflects an increasing contribution of the rhombic
component. For complex I, n is 0.06; this value is
indicative of a predominantly axial symmetry of the
3IP chemical shift tensor. The direction of the 3'P
MAS NMR spectra corresponds to &, (47.5 £
0.3ppm) < 3, (129.8 £ 1.6 ppm) ~ 95, (133.0 £
1.6 ppm), thus accounting for the negative sign of §,,,,;,,
(—55.9 ppm).

Previous studies of di-, tetra-, hexa-, and polynu-
clear dithiophosphates of zinc [27, 28], cadmium [29,
30], lead(I1I) [31, 32], silver(I) [33], thallium(I) [34,
35], and gold(I) [3, 4] have demonstrated that the neg-
ative J,,;,, value is a characteristic feature of bridging
Dtph ligands. The absolute value of J,,;, usually cor-
relates with the SPS angle: the greater the SPS angle,
the higher |6,,,;,| [27]. The experimental [5,,;,,| value =
55.9 ppm suggests that the SPS angle for the bridging
ligands in structure I is expected to be greater than
116.42° (found for [Au,{S,P(O-cyclo-C¢H;)),},l, at
[84misol = 44.6 ppm [4]) and greater than 117.16°—
117.39° (for [Au{S,P(O-iso-C;H,),},1, [3] at |80l =
47.9—54.7 ppm) (Table 3).

To verify the conclusions drawn from 3'P MAS
NMR data, we determined the crystal structure of
complex I by X-ray diffraction.

The unit cell of complex I consists of four structur-
ally equivalent noncentrosymmetric dinuclear mole-
cules [Au,{S,P(0-iso-C,Hy),},] (Fig. 4). In these mol-
ecules, both nonequivalent dithiophosphate ligands
bridge two gold atoms to form the extended eight-
membered chelate ring [Au,S,P,] (Fig. 5).

As expected from the 3'P MAS NMR data, the SPS
angles in both Dtph ligands (118.20° and 118.88°)
appreciably exceed 117.39°. Nevertheless, it should be
noted that the X-ray diffraction and *'P MAS NMR
data are formally inconsistent because the latter
method cannot distinguish between nonequivalent
Dtph ligands. This can be explained as follows: the iso-
tropic 3'P chemical shift of dithiophosphate groups is
affected most substantially by the structural function
as well as by the strength of their coordination to
metal; however, only one of four Au—S bonds in struc-
ture I reliably (though only slightly) differs in length
from the others (Table 2).

The Au—S bond lengths vary in a narrow range
(2.2913-2.3025 A). The somewhat less strongly coor-
dinated Dtph ligand containing the P(2) atom forms
the S—Au(1,2) bonds of equal length (2.3025 A),
while the S—Au(1,2) bonds formed by the second,
P(1)-containing ligand reliably differ in strength
(2.3004 and 2.2913 A). The dinuclear molecule
[Au,{S,P(O-iso-C,Hy),},] is additionally stabilized by
an intramolecular aurophilic interaction between the
gold atoms: the Au(1)—Au(2) distance (2.9875 A) is
substantially shorter than the double van der Waals
radius of the gold atom (3.32 A) [36—38]. That is why
the dinuclear molecule is distorted by contraction
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Table 2. Selected bond lengths d, bond angles ®, and torsion angles ¢ in structure I'*

Bond d,A Bond d,A
Au(1)—Au(2) 2.9875(3) P(1)—0(2) 1.566(4)
Au(1)—Au(2)? 3.0553(3) P(2)-0(3) 1.566(4)
Au(1)=S(1) 2.3004(15) P(2)—0(4) 1.578(4)
Au(2)-S(2) 2.2913(17) O(1)—C(1) 1.460(7)
Au(1)-S(3) 2.3025(14) 0(2)—C(5) 1.470(7)
Au(2)—S(4) 2.3025(16) 0(3)—-C(9) 1.468(8)
P(1)—S(1) 2.011(2) 0(4)—C(13) 1.474(7)
P(1)—S(2) 2.013(2) C(1)—C(2) 1.511(9)
P(2)—S(3) 2.014(2) C(5)—C(6) 1.497(10)
P(2)—S(4) 2.004(2) C(9)—C(10) 1.510(10)
P(1)-0(1) 1.568(4) C(13)—C(14) 1.493(8)

Angle o, deg Angle o, deg
Au(1)Au(2)Au(1)® 170.561(11) S(4)Au(2)Au(1) 97.03(4)
Au(2)Au(1)Au(2)?* 169.492(11) S(4)Au(2)Au(1)® 85.29(4)
Au(1)S(1)P(1) 102.04(7) S(1)P(1)S(2) 118.88(10)
Au(1)S(3)P(2) 98.07(7) S(1)P(1)0(1) 112.2(2)
Au(2)S(2)P(1) 110.43(8) S(1)P(1)0O(2) 107.8(2)
Au(2)S(4)P(2) 102.59(7) S(2)P(1)0(1) 109.9(2)
S(1)Au(1)Au(2) 92.06(4) S(2)P(1)0(2) 108.3(2)
S(1)Au(1)Au(2)? 94.31(4) O(1)P(1)O(2) 97.5(2)
S(HAu(1)S(3) 176.73(6) S(3)P(2)S(4) 118.20(10)
S(2)Au(2)Au(1) 92.02(4) S(3)P(2)0(3) 112.7(2)
S(2)Au(2)Au(1)® 86.30(4) S(3)P(2)0(4) 107.0(2)
S(2)Au(2)S(4) 170.35(5) S(4)P(2)0(3) 106.7(2)
S(3)Au(1)Au(2) 89.10(3) S(4)P(2)0(4) 108.1(2)
S(3)Au(1)Au(2)? 85.00(3) 0(3)P(2)0(4) 103.1(3)

Angle @, deg Angle @, deg
S(1)Au(1)Au(2)S(2) —36.65(6) S(3)Au(1)Au(2)S(4) —30.24(6)
S(1)Au(1)Au(2)S(4) 146.70(6) S(3)Au(1)Au(2)S(2) 146.41(6)
Au(1)S(1)P(1)S(2) —46.04(12) Au(2)S(4)P(2)S(3) 39.64(12)
Au(2)S(2)P(1)S(1) 14.43(14) Au(1)S(3)P(2)S(4) —66.66(10)

* The symmetry operation codes are ® x, —y + 1/2, 7 + 1/2; bx, —y+1/2,z—1/2.
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Table 3. Parameters of the 3P MAS NMR spectra of crystalline gold(l) dialkyl dithiophosphates

31P
Complex
8j50» PPM B aniso» PPM n
[Auy{S,P(0-iso-C,Ho),},1, (1) 103.4 +0.2 ~55.9+0.2 0.06 £ 0.06
[Au,{S,P(0-iso-C5H,) b1, [3] 103.0 (25)** ~56.4+1.0 0.54 +0.07
(11011 102.0 (24)** 547+ 1.0 0.50 + 0.08
97.3 (26)** ~50.6£0.8 0.43 £ 0.10
96.2 (24)%* —47.9+1.0 0.30 £ 0.17
[Au,{S,P(O-cyclo-C4H )5}l [4] 94.8 —44.6 0.4 0.82 £ 0.02
K{S,P(0-iso-C,Hy),} [27] 110.9 ~123.0+2.0 0.01 +0.14

* 6t/miso = 6zz - 51’50; n= (Syy - 6)c>c)/(8zz - 6iso)'
#% The 31 p-_31p coupling constants 4Jin herzes.

along the Au(1)—Au(2) line; for comparison, the dis-
tances between the sulfur atoms within the ligand are
3.466 and 3.448 A (the van der Waals radius of the S
atom is 1.80 A [36—38]). This interaction also results
in deviation of the angles S(1)Au(1)S(3) and
S(2)Au(2)S(4) from 180°: 176.73° and 170.35°,
respectively.

The geometry of the central chelate ring [Au,S,P,]
in dinuclear complex I corresponds to none of ten sta-
ble canonical conformations calculated for eight-
membered rings [39]. For this reason, the cyclic
framework of this molecule should be regarded as five-
membered rings [Au,S,P] fused along the Au—Au
bond. The torsion angles S(1)Au(1)Au(2)S(2)
(—36.65(6)°) and S(3)Au(1)Au(2)S(4) (—30.24(6)°)
suggest that the Au and S atoms are substantially not
coplanar (the coplanar arrangement of the atoms
under consideration is characteristic of the envelope
conformation). In turn, the torsion angles
S(1)Au(1)Au(2)S(4) (146.70(6)°) and
S(3)Au(1)Au(2)S(4) (146.41(6)°) characterize the

mutual orientation of these five-membered rings, and
the opposite signs of the angles Au(1)S(1)P(1)S(2)
(—46.04(12)°) and Au(2)S(4)P(2)S(3) (39.64(12)°)
(Table  2) indicate = their = opposition in
direction. Clearly, the five-membered rings [Au,S,P]
in structure I adopt two twist-configurations with
opposite orientations.

Subsequent supramolecular self-organization of
complex I involves an intermolecular aurophilic inter-
action (Au(1)---Au(2)? 3.0553(3) A), which is some-
what weaker than the intramolecular one. As a result,
each dinuclear molecule [Au,{S,P(O-iso-C,Hy),},]
are bound by aurophilic interactions to its two nearest

neighbors1 , Which gives rise to a zigzag polymer chain:
the Au(1)Au(2)Au(1)® angle is 170.561(11)° and the
Au(2)Au(1)Au(2)? angle is 169.492(11)°. The differ-
ent spatial orientations of dinuclear molecules that

1 Interestingly, dinuclear gold(I) diisobutyl dithiophosphinate,
which is similar in both composition and structure, shows no
intermolecular aurophilic bonds [16].

1 1 1 1 1 1 1 1 1

77.5 75.0 32.5 30.0 27.5 25.0 22.5 20.0 17.5
3, ppm
Fig. 1. 3¢ MAS NMR spectrum of complex I. The number of scans/spinning rate is 880/6.2 kHz.
RUSSIAN JOURNAL OF COORDINATION CHEMISTRY Vol. 40 No. 10 2014
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Fig. 2. 3lp MAS NMR spectra of complex I at two spinning rates: (a) 2.9 and (b) 2.2 kHz.

alternate along the polymer chain are due to an angle
of ~90° between them (Fig. 4).

In the polymer chain under discussion, both gold
atoms are in the distorted rhombic environment
[S,Au,], which suggests the outer-orbital sp’d-hybrid
state of the complexing agent. The longer axis of the
rhombs is given by the gold atoms Au—Au—Au
(6.042 A) and the shorter axes, by S—Au—S (4.603 and
4.594 A). Because complex I contains direct Au—Au
bonds (both within and between dinuclear molecules),
it can be classified as a cluster compound. The phos-

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY

phorus atoms of the Dtph ligands are in the distorted
tetrahedral environment [O,S,]. The P—S bond length
(2.004—2.014 A) is intermediate between idealized
single (2.14 A) and double (1.94 A) phosphorus—sulfur
bonds [40], which is due to electron density delocal-
ization over the structural fragments PS,.

The thermal behavior of polymeric gold(I)
diisobutyl dithiophosphate was studied by STA (simul-
taneous recording of TG and DSC curves) under
argon. The TG curve shows three steps of weight loss
(Fig. 6a). The first step (160—250°C) due to the ther-
No. 10
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0 ! 1 ]
—54 —56 —58
8anism ppm

Fig. 3. Diagrams of the Xz statistic (as a function of the
parameters of the 31p chemical shift anisotropy) for the
signal in the *'P NMR spectra of [Auy{S,P(O-iso-
C4Hg),}»1, at spinning rates of 2.2 and 2.9 kHz (thick and
thin lines, respectively). The solid and dashed lines bound
the 68.3 and 95.4% confidence regions, respectively, for
8aniso and 7.

molysis proper of complex I reflects the greatest weight
loss (35.80%). Differentiation of the TG curve
revealed that the weight loss rate is maximum at
198.8°C. The two other, flattened and indistinct steps
at 250—520°C (8.51%) and 520—960°C (4.76%) are
due to the desorption of the thermolysis products. The
weight of the residue (50.78%) at 1100°C exceeds that
calculated for metallic gold (44.94%) by 5.84%. When
the crucible was opened upon completion of the pro-
cess, numerous small gold beads were observed on its
bottom surface. The interior surface of the crucible
and its cap also showed a dark gray deposit of carbon
formed in an inert atmosphere; the presence of this
carbon accounts for the discrepancy between the cal-
culated and experimental weights of the residue.

The DSC curve shows several thermal effects
(Figs. 6b, 6¢). The endothermic effect in the low-tem-
perature range (before any weight loss) is due to melt-
ing of the sample (extrapolated 7, = 70.6°C). In an
independent way, we determined that complex I melts
at 70°C. The use of an aluminum crucible for DSC
measurements allowed us to resolve the thermal effect

Fig. 4. Crystal packing of complex I.

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY Vol. 40 No. 10 2014
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Fig. 5. Three-unit structural fragment of the polymer chain of complex I with atomic displacement ellipsoids (50% probability).

TG, % DSC, mW/mg
a c
100 g
\ 942C 1,
° 198.7°
70.6°C L
90 - —35.80% 16
197.4°C

202.2°C =45

80 1061.5°C
72.3°C 14

L | | | |
70 - 50 100 150 200 250 13
1062.6°C | 5
—8.51%
60 11
b 50.78%
—4.76% \1 1o
50 | | | | T
200 400 600 800 1000 7, °C

Fig. 6. (@) TG and (b, ¢) DSC curves of complex I. (¢) The low-temperature range of the DSC curve for a sample in an aluminum
crucible.
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in the first (main) step of weight loss. It can be seen in
Fig. 6¢ that this effect is a superposition of exothermic
(at 194.2°C) and endothermic effects (at 202.2°C),
which reflects a complicated character of the thermol-
ysis of the complex. The high-temperature endother-
mic effect is due to the melting of reduced gold
(extrapolated 7,,= 1061.5°C).
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