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The IR spectrum of cis-(CH3),Au(0,0’-acac) has been reassigned by comparing frequencies for cis-
(CH3)2Au(0,0-acac) and cis-(CD3);Au(0,0’-acac), and by analysis of the DFT-calculated normal modes
and their frequencies for the isolated molecules. The vibrational intensity in the C-H stretching region
arises almost entirely from the cis-(CHs ), Au fragment, while the methyl deformation intensity is largely
of acetylacetonato ligand origin. A low frequency mode in the C-H stretching region is the first over-
tone of the 8,(CH3) mode of cis-(CH3 ), Au. The Au-C stretching modes are affected by deuteration of the
cis-(CHs),Au fragment, while the Au-0 stretching modes are not.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Organogold compounds have long been used in therapeutic
formulations [1], in laser-directed (LCVD) [2] and electron-beam-
induced [3] chemical vapor deposition of gold spots and lines for
electronics applications, in metal organic chemical vapor depo-
sition (MOCVD) and chemical fluid deposition (CFD) [4] of thin
gold films, as homogeneous catalysts for organic reactions [5]
and in the preparation of supported gold catalysts by CVD [6-8].
Volatile cis-(CHs3),Au(0,0’-acac) [9] is the most widely-used com-
pound for CVD (m.p. 82°C, dec 180°C), despite its air-, light-
and temperature-sensitivity [2]. Its reaction chemistry has been
reported in solution [10-12], in the gas phase [13] and on sur-
faces [14-19]. For oxide surfaces with low isoelectric points such
as silicas and silica-aluminas, its use facilitates the synthesis of
highly-dispersed gold nanoparticles [20,21], since conventional
liquid-phase ion-exchange methods largely fail for these support
materials [22].

Accurate spectroscopic assignments are essential for monitor-
ing and interpreting the reactions of organometallic complexes in
solution, and on surfaces. In particular, our understanding of the
interaction of cis-(CH3),Au(0,0’-acac) with a variety of oxide sur-
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faces is predicated on spectroscopic (primarily IR) analysis of the
compound before and after its deposition [17,19,23-25]. In this
contribution, we present a detailed analysis of the IR spectrum of
cis-(CH3),Au(0,0’-acac). Since (acetylacetonato)metal complexes
possess many strongly-mixed vibrational modes [26], we base
our IR assignments on a combination of experimentally-observed
isotope shifts, comparison with DFT-predicted frequencies, and
examination of theoretical normal modes.

2. Experimental and computational methods

(CH3)2Au(acac) was purchased from Strem and used as received.
It was stored in the dark at —35°C and handled in an inert atmo-
sphere, using glovebox and Schlenk techniques. (CD3);Au(acac)
was synthesized following literature methods [11,27], with ligroin
(reagent grade, Aldrich), anhydrous pyridine (99.8%, Aldrich),
ethylenediamine (99%, Alfa Aesar), methyl-d;-magnesium iodide
solution (1.0 M in diethyl ether, 99 atom% D, Aldrich) and thallium(I)
acetylacetonate (97% min, Alfa Aesar) used as received. Its identity
and isotopic purity were assessed by solution-state NMR [11]. KBr
(SpectroGrade™ International Crystal Labs) and BN (>99%, Strem)
were dried under vacuum before use and stored under N,. AuCls
(Aldrich) and acetylacetone (ReagentPlus®, >99%, Aldrich) were
used as received.

IR spectra were recorded on a Shimadzu Prestige IR spec-
trometer, equipped with a modified sample compartment to
accommodate an air-free IR cell. The spectrometer was equipped
with a DTGS detector and purged with CO,-free dry air from a
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Fig. 1. DFT-calculated structure for an isolated molecule of cis-(CH3 ), Au(0,0’-acac)
[37].

Balston 75-52 Purge Gas Generator. Polycrystalline (CH3 ), Au(acac)
and (CD3 );Au(acac) were mixed with KBr and pressed into pellets
under N,. Each pellet was then placed in a sealed IR cell under an
inert atmosphere while its spectrum was recorded. Spectra were
recorded with 4cm~! resolution by averaging 50 scans.

Computations were performed using the DFT implementation
in the Gaussian03 code, Revision C.02 [28]. Geometry optimiza-
tions were performed using the hybrid exchange functional B3LYP
[29-31]. Au core electrons were treated by a pseudopotential
using the standard LANL2 parameter set (electron-electron and
nucleus-electron), while Au valence electrons were treated by an
uncontracted basis set from LANL2DZ. The 6-31G(d’) basis set, in
which correlation energies are extrapolated to the complete basis
setlimit, was used to describe all other atoms [32]. Stationary points
were characterized by the calculation of vibrational frequencies,
and the geometry was found to be a minimum energy struc-
ture (Njmag =0). DFT methods tend to overestimate IR frequencies
[33,34]. However, no attempt was made to improve the agreement
with experimental frequencies by applying a global scaling factor,
due to the need for different calibration factors to describe different
types of vibrational modes [35]. Spectra were predicted by assign-
ing a Lorentzian band profile with a half-width of 2cm~! to each
[IR-active mode.

3. Results and discussion

3.1. Computational modeling of (CH3 )>Au(acac)

In order to provide a basis for assigning the IR spectrum of the
polycrystalline material (see below), we investigated the vibrations
of both cis-(CH3);Au(0,0’-acac) and cis-(CD3),Au(0,0’-acac) using
the isolated molecule as a computational model, Fig. 1. Its bond
distances (Au-C 2.047 A; Au-0 2.141 A) agree reasonably well with
those measured by gas-phase electron diffraction (Au-C 2.054(5) A;
Au-0 2.085(7)A) [36], although the calculated Au-O distance is
slightly overestimated. In the solid-state, a crystal structure shows
that the molecule has essentially the same structure but lacks a C;,
axis, with inequivalent Au-C and Au-0 bonds [37].

The predicted IR frequencies and their normal mode assign-
ments are reported in Tables 1-3. The vibrations of the
undeuterated acetylacetonato ligand are virtually identical for both

Table 1

IR frequencies above 2000 cm~! for polycrystalline cis-(CH3),Au(0,0’'-acac) and cis-
(CD3)2Au(0,0’-acac),? with comparison to the frequencies of the DFT-predicted IR
vibrations® and their assignments for the corresponding isolated molecules

(CH3)2Au(acac) (CD3)2Au(acac) Assignment®
Calculated Observed Calculated Observed
3217 (0.02) n.d. 3217 (0.02) n.d. V(CH), methine
3162 (0.03) 2984 m va(CH3), (CHs )2Au
3160 (0.01)
3159 (0.04)
3154 (0.00)
3152 (0.00) n.d. 3152 (0.00) 2980 w,br v,(CH3), CCH3
3151 (0.06) 3151 (0.06)
3119 (0.03) 3119 (0.03)
3118 (0.00) 3118 (0.00)
3059 (0.05) 2911 m v5(CH3), (CH3 )2Au
3056 (0.03)
3054 (0.03)  nd. 3054 (0.03) 2924w vs(CH3), CCH3
2808 w 28,(CH3), (CH3),Au
2347(0.02)  2239m va(CD3), (CD3 ),Au
2345 (0.01)
2343 (0.02)
2339 (0.00)
2188 (0.03) 2118 m v5(CD3), (CD3 )2Au
2186 (0.02)
2060 w 28,(CD3), (CD3 )»Au

2 Recorded as KBr disks.

b Unscaled. Calculated intensities shown in parentheses.

¢ Based on analysis of theoretical normal modes. Symbols: v, stretching; 8, in-
plane bending; n.d., not detected.

isotopologs, and are in good agreement with recent assignments
for M(acac)s (M is Fe, Cr, Sc, Al) [38]. However, they differ sub-
stantially from the published assignments for (CH3z),Au(acac) [39],
which were based on the normal coordinate analysis of Nakamoto
[40]. Details of the assignments are described below. Calculated IR
spectra are shown for different frequency regions of the IR spectra
in Figs. 2-5.

3.2. C-H/C-D stretching vibrations

The IR spectrum of polycrystalline cis-(CH3),Au(0,0’-acac) in
the C-H stretching region (3100-2800 cm~!)is shownin Fig. 2a. The
two most intense vibrations at 2984 and 2911 cm~! are assigned to
the antisymmetric and symmetric C-H stretching modes, respec-
tively, of the cis-(CH3),Au fragment, Table 1. In order to assess the
contributions from C-H stretching in the acetylacetonato ligand, we
recorded the spectrum of polycrystalline cis-(CD3),Au(0,0’-acac).
In the same spectral region, its vibrations are much weaker, Fig. 2b.
The C-D stretching region of the partially deuterated compound
is even clearer, Fig. 3b, with two peaks at 2239 and 2118 cm™!
that are readily assigned to antisymmetric and symmetric stretch-
ing modes, respectively, of cis-(CD3),Au, and a third vibration
at 2060cm~!. The IR intensities of the C-H stretching modes of
the acetylacetonate ligand must therefore be much lower than
those of the (CH3),Au fragment, which we attribute to the higher
polarity of AuC-H bonds compared to CC-H bonds. Curiously, the
lower relative intensities of the acetylacetonate C-H stretches are
not predicted in the DFT-calculated spectrum. The acetylacetonate
methine stretch is also not detected experimentally, in spite of its
significant calculated intensity.

The band at 2808 cm~! must be a vibration of the cis-(CH3 ),Au
fragment, since a similar three-peak pattern is seen in both the
C-H and C-D stretching regions of the two isotopologs. In a previ-
ous study [39], the peak at 2808 cm~! was assigned to a vs(CHs)
vibration of the cis-(CH3);Au fragment. It was suggested that the
symmetric CH3 stretching mode is split into in-phase and out-
of-phase components (i.e., 2911 and 2808 cm~!), by analogy to
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Table 2
IR frequencies in the range 2000-1100 cm~" for polycrystalline cis-(CH3 ), Au(0,0'-acac) and cis-(CD3 ), Au(0,0’-acac),? with comparison to the frequencies of the DFT-predicted
IR vibrations® and their assignments for the corresponding isolated molecules

(CHs )2Au(acac) (CD3)2Au(acac) Assignment®
Calculated Observed Calculated Observed
1637 (1.00) 1595 s 1637 (1.00) 1598 s 15(CO)
1557 m combination: 85(CD3 )+ (CD3)d
1543 m 1535 m 2y(CH)4
1569 (0.60) 1518 s 1569 (0.60) 1518 s 3(CH) +v,(CCC)
1521 (0.02) n.d. 1520 (0.02) nd. 8a(CHs), CCH3 + 3(CH) + v4(CO)
1501 (0.12) 1421 sh 1501 (0.12) 1421 sh 84(CH3), CCH;
1496 (0.01) 1496 (0.01)
1495 (0.00) 1495 (0.00)
1495 (0.00) n.d. 34(CH3), (CH3 ),Au
1494 (0.02)
1486 (0.00)
1485 (0.00)
1460 (0.39) 1391s 1459 (0.37) 1391's 12(CO)+,(CCC) +8,(CH3 ), CCH3
1418 (0.00) 1416 (0.02) 1352s 1418 (0.00) 1416 (0.02) 1352's 85(CH3), CCH;
1308 (0.03) 1234 m 85(CH3), (CH3 )2Au, in-phase
1289 (0.09) 1263 m 1289 (0.08) 1263 m 15(CCC) +85(CH3), CCH3
1272 (0.00) 1209 w d5(CH3), (CH3 )2Au out-of-phase +3(CH)
1242 (0.04) 1196 m 1243 (0.03) 1204 m S(CH)

a Recorded as KBr disks.

b Unscaled. Calculated intensities shown in parentheses.

¢ Based on analysis of theoretical normal modes. For mixed modes, contributing vibrations are indicated with ‘+’ (not to be construed as combination modes, except where
noted). Symbols: v, stretching; 3, in-plane bending; n.d., not detected.

d Tentative assignment, see Table 3 for fundamentals.

the splitting of the d5(CH3) modes of the cis-(CH3),Au fragment In the absence of any DFT-predicted fundamentals near these
(see below). However, DFT predicts a frequency difference for the frequencies, we reassign the bands at 2808 and 2060cm~! to
vs(CH3) modes of only 3cm~! for these modes in the isolated cis- the overtones 28,(CH3) and 20,(CD3) for the respective cis-
(CH3),Au(0,0'-acac) molecule. (CH3)2Au fragments. The IR spectra of [cis-(CH3),Au(p-1)]; and
Table 3

IR frequencies below 1100 cm~! for polycrystalline cis-(CH3 ), Au(0,0'-acac) and cis-(CD3 ), Au(0,0’-acac),® with comparison to the frequencies of the DFT-predicted IR
vibrations® and their assignments for the corresponding isolated molecules

(CH3)2Au(acac) (CD3)Au(acac) Assignment®©
Calculated Observed Calculated Observed
1085 (0.01) 1084 (0.00) 1042 8,(CD3), (CD3)Au
1078 (0.00)
1076 (0.00)
1069 (0.00) 1022 s,br 1069 (0.00) 1022's (CH3), CCH;
1054 (0.03) 1052 (0.04) 1054 (0.03) 1052 (0.03)
1049 (0.00) 1050 (0.00)
1005 (0.02) 955 m 85(CD3), (CD3)Au, in-phase
982 (0.02) 941 m 85(CD3), (CD3)2Au, out-of-phase
956 (0.02) 928 m 955 (0.01) 928 m v,(C-CH3)
954 (0.02) 928 m 953(0.02) 928 m v5(C-C-C)+p(CH3), CCH3
911 (0.00) 831w p(CHs), (CH3)2Au
896 (0.00)
888 (0.00) 831w (CH3), (CH3)Au
872 (0.02)
803 (0.02) 777 s 803 (0.02) 781s Y(CH)
688 (0.02) n.d. p(CD3), (CD3),Au
680(0.01) 687 m 682 (0.02) 687 m (CHs), CCHs
681(0.01) n.d. p(CD3 ), (CD3 )2AU+p(CH3 ), CCH3
678 (0.03) 648 m A +v5(C-CH3)
676 (0.02) 652 m p(CD3), (CD3)Au+ A
666 (0.00) 621w T(CD3), (CD3)2Au
653 (0.01)
602 (0.05) 610 m 597 (0.05) 604 m A
578 (0.00) 583w vs(AuCy)
570 (0.00) n.d. 570 (0.00) n.d. p(CH3), CCH3 +I"
565 (0.01) 573 w v,(AuCy)
529 (0.01) 532w vs(AuCy)
519 (0.00) n.d. V,(AuCy)
439 (0.05) 442 s 439 (0.05) 444 s v5(AuO,)
429 (0.00) 426 m 428 (0.00) 424 m v,(Au0;)

2 Recorded as KBr disks.

b Unscaled. Calculated intensities shown in parentheses.

¢ Based on analysis of theoretical normal modes. For mixed modes, contributing vibrations are indicated with ‘+’. Symbols: v, stretching; 8, in-plane bending; -y, out-of-plane
bending; p, rocking in-plane; , rocking out-of-plane; A, in-plane ring deformation; I', out-of-plane ring deformation; n.d., not detected.
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Fig. 2. Transmission IR spectra of (a) polycrystalline cis-(CH3),Au(0,0’-acac); (b)
polycrystalline cis-(CD3),Au(0,0’-acac); and (c) calculated IR spectrum of cis-
(CH3)2Au(0,0'-acac), in the region of the C-H stretching vibrations. Spectra (a) and
(b) are vertically offset; spectrum (c) is offset horizontally.

[cis-(CH3),AuX,~] (X is Cl, Br) also show three-peak patterns in
their C-H stretching regions, and the lowest frequency band has
been assigned to 28,(CH3) [41]. Although the 8,(CH3) fundamen-
tal for cis-Au(CHs),, expected at ca. 1400cm™!, is obscured by
an intense band at 1392cm~! (see below), the position of the
8.(CD3) fundamental, clearly observed at 1042 cm™!, is consistent
with this assignment. The frequencies of the deformation over-
tones are slightly reduced and their intensities enhanced by Fermi
resonance with the vs(CH3) and vs(CD3) modes of cis-Au(CHsz ),
[42].

3.3. Vibrations of the acetylacetonate ring

The region from 1800 to 1100cm~! contains strongly-coupled
C-0 and C-C stretching modes, as well as the CH3 and CH defor-
mations. Bands associated with the acetylacetonate ring were
attributed by comparison to the DFT-calculated frequencies in
Table 2, with assignments for the deformations of the different
kinds of methyl groups aided by comparison of the spectra for
cis-(CH3 )2Au(0,0’-acac) and cis-(CD3);Au(0,0’-acac). Our assign-
ments differ from those reported for cis-(CHs),Au(0,0’-acac) on
the basis of normal coordinate analysis [39]. The two most intense
vibrations, at 1595 and 1518 cm~!, are the symmetric CO stretch
and the methine in-plane bend mixed with the antisymmetric
C-C-C stretch of the acetylacetonate backbone, respectively. No
fundamentals are predicted to appear between them. Therefore
we propose the assignment of the peak observed at 1543 cm™~!
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Fig. 3. Transmission IR spectra of (a) polycrystalline cis-(CH3),Au(0,0’-acac); (b)
polycrystalline cis-(CD3),Au(0,0’-acac); and (c) calculated IR spectrum of cis-
(CD3)2Au(0,0'-acac), in the region of the C-D stretching vibrations. Spectra (a) and
(b) are vertically offset; spectrum (c) is offset horizontally.

to the first overtone 2y(CH) (expected 2 x 777 =1554cm~1). The
peak at 1557 cm™! is observed only for cis-(CD3);Au(0,0’-acac),
and is assigned to the combination d5(CD3)+(CD3) (expected
955/941+621=1576/1562 cm™1).

The antisymmetric CO stretch, at 1391 cm™!, is mixed with
the antisymmetric C-C-C stretch and the antisymmetric deforma-
tion of the acetylacetonate methyl groups, while the symmetric
C-C-C stretch is mixed with the symmetric deformation of the
acetylacetonate methyl groups, and appears at 1263 cm~!. The
former obscures the 8;(CH3) mode of the cis-(CH3),Au fragment.
The 85(CH3) mode for the cis-(CH3),Au fragment appears at a
lower frequency than the vs(CCC) mode, even though its calcu-
lated frequency is higher, due to greater anharmonicity in the
vibration involving C-H bonds. The 85(CH3) mode is further split
into in-phase and out-of-phase components (1234/1209cm™1),
with the magnitude of the splitting comparable to that pre-
dicted by DFT. Finally, methine in-plane bending appears at
1196 cm™1,

In contrast to the relative intensities of the C—H stretching modes
for the two kinds of methyl groups, the intensities of the methyl
deformations are much weaker for the cis-(CHs3 ), Au fragment than
for the acetylacetonate ligand. Consequently, deuteration in the cis-
(CD3);Au fragment results in almost no change in this region of
the spectrum, with the exception of the absent ds(CH3) modes for
the cis-(CH3 ),Au fragment (1234/1209 cm~1). Again, the intensity
difference for the vibrations of the two types of methyl groups is
not predicted in the DFT calculations.
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Fig. 4. Transmission IR spectra of (a) polycrystalline cis-(CHs3)2Au(0,0’-acac);
(b) polycrystalline cis-(CD3),Au(0,0’-acac); and calculated IR spectra of (c)
cis-(CH3)2Au(0,0’-acac); (d) cis-(CD3),Au(0,0’-acac), in the region of the acetylace-
tonate ring vibrations. Spectra (a) and (b) are vertically offset; spectra (c) and (d) are
offset horizontally.

3.4. Fingerprint region

In the region below 1100 cm~1, the methyl rocking and torsion
modes appear, as well as the Au-0 and Au-C stretching vibrations.
Deformations of the cis-(CD3 ), Au fragment are red-shifted into this
region. The d,(CD3) mode of the cis-(CD3),Au fragment is a shoul-
der on a broad band at 1022 cm~! that contains the out-of-plane
rocking modes of the acetylacetonate methyl groups. The pair of
ds(CD3) modes is seen clearly at 955/941 cm~!. In-plane (Au)CHs
rocking occurs at 831 cm!, red-shifted to 621 cm~! for (Au)CDs.
The band at 928 cm~! is assigned to C-CH3 stretching of the acety-
lacetonate ligand, while the out-of-plane methine bend appears at
777 cm~1,

The peaks at 648 and 610cm~! are ring deformations. The
AuC, stretching modes appear as a pair of bands (symmetric and
antisymmetric), at 583/573cm~! for cis-(CH3),Au, while only a

LA

absorbance

wavenumber / cm-1

Fig. 5. Transmission IR spectra of (a) polycrystalline cis-(CHs3)>Au(0,0’-acac);
(b) polycrystalline cis-(CD3),Au(0,0’-acac); and calculated IR spectra of (c) cis-
(CH3)2Au(0,0’-acac); (d) cis-(CD3 )>Au(0,0'-acac), in the fingerprint region. Spectra
(a) and (b) are vertically offset.

single band at 532cm™! is resolved for cis-(CD3),Au. The large
splitting for this mode in the spectrum of the undeuterated iso-
topolog, the isotope shift and the very small splitting in the
spectrum of the deuterated isotopolog are predicted by DFT. In con-
trast, the symmetric and antisymmetric AuO, stretching modes,
which appear at 442/426cm™!, are expected and observed to
be virtually unaffected by deuterium labeling in these methyl
groups.

4. Conclusions

The IR spectrum of cis-(CH3 ); Au(0O,0’-acac) has been completely
reassigned, using the DFT-predicted frequencies and assignments
of the theoretical normal modes, as well as partial isotopic label-
ing, as guides. The vibrations visible in the C-H stretching region are
almost entirely due to the cis-(CH3 ), Au fragment, while the methyl
deformations are largely of acetylacetonate ligand origin. A low fre-
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quency mode in the C-H stretching region is the first overtone of
the 83(CH3) mode of cis-(CH3 ), Au. The intense acetylacetonato ring
modes are strongly mixed. Au-C stretching is strongly affected by
deuteration of the cis-(CHs3 ), Au fragment, while Au-0 stretching is
not.
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