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Abstract: We present a resonance Raman investigation of the lowest energy dipole-allowed absorption band
of [Auz(dcpm}](ClO,), (dcpm= bis(dicyclohexylphosphine)methane). The resonance Raman spectra provide
the first experimental proof of the 68 — 6po electronic transition in dinuclear goldtphosphine compounds.

A resonance Raman intensity analysis of the spectra allows estimation of the structural changestptije [d

excited states relative to the ground state.

Introduction

Luminescent gold(l) compounds, and in particular those with
intramolecular golergold interactions, have been receiving
intense interest from different perspective® Extensive pho-
toluminescence measurements have been made on this class

compounds, and in many instances the relationship between

aurophilicity (i.e., golé-gold bonding) and the emission energies
has been statédlt has also been reported that dinuclear and
polynuclear gold(l) compounds with bridging phosphine ligands
have long-lived emissive excited states which are powerful
photoreductants witlE® values ranging from-1.6 to—1.7 V
vs SCE'%a|ndeed, interesting photochemistry has been reported
for the [Aw(dppm}]?t (dppm = bis(diphenylphosphine)-
methane) complex which catalyzes reductive@bond cou-
pling from alkyl halides upon photoexcitation with UV light
and in the presence of sacrificial electron dorfrs.

Like d®—d® metal complexe8,metal-metal interaction in
dinuclear gold(l) compounds leads to an intense low-energy
ndo* — (n + 1)po transition, which red-shifts in energy from
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thendo* — (n+ 1)potransition ofits mononuclear counterpard10
Here, thendo™* refers to the antibonding combination afl2

and @ + 1)po to the bonding combination of then (+ 1)p,
orbitals. The prototype example of dinuclear gold(l) compounds
'§ [Auz(dppm}]?*, which exhibits an intense 5 — 6po
ransition at 297 nn:>2 In solution, this compound shows a
long-lived photoluminescence at 570 nm, which was assigned
to come from the3[do*po] excited state. Recent molecular
orbital studies revealed that such an assignment needs to be
revised!! The3[do*po] excited state of [Ap(H,PCHPH,)-] 2+

was calculated to have a getdold single bond and readily
forms a metatmetal-bonded solvent/anion exciplex in solution
at room temperaturg:12 Clearly, the excited states associated
with the 5&* — 6po transition have interesting photophysical
and photochemical properties, but because of the lack of vibronic
structure in this absorption band, the structural change of the
excited state(s) relative to the ground state can only be inferred
from the molecular orbital calculations. Here, we report a
resonance Raman investigation of the lowest energy dipole-
allowed absorption band of [A(dcpm)](ClO,), (dcpm= bis-
(dicyclohexylphosphine)methane), which provides the first
experimental proof of the Wt — 6po electronic transition in
dinuclear gold(l-phosphine compounds and provides informa-
tion that allows estimation of structural changes of the*fab]
excited states relative to the ground state. The choice of the
dcpm ligand is because its intraligand transitions occur at
energies much higher than that of thes5d— 6po transition.

Experiment

The preparation and crystal structure of dcpm}](ClO4), will
be described elswhetgThe resonance Raman experiments used sample
solutions with concentrations in the-30 mM range for [Au(dcpm}]-
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(ClOq4)2 in spectroscopic grade acetonitrile solvent. The resonance _ 2 2 2 00 o
Raman apparatus and methods have been previously destribed, oa(Ey) = (4meE M7/3riy c)j:wdé G(o) ZPiRE[L/; Wiy

only a brief description is given here. The excitation frequencies were =
obtained from the harmonics and hydrogen Raman shifted laser lines expli(E, + €)th] exp[-g(®] df (1)

from a Nd:YAG. A loosely focused laser beamyX mm diameter) and the resonance Raman cross sections were calculated from
excited the samples held in a stirred UV-grade quartz cell~A8C°

back-scattering geometry was used to collect the Raman signal with ®
reflective opti(?sgand imgge the light through a depolarizergand the COREEL®I= ﬁmdé G(é)ZZPiOR,iaf(EL) O(E_+€6—Es—¢)
entrance slit of a 0.5 m spectrograph. The light was dispersed onto a '
liquid nitrogen cooled CCD detector by a 1200 groove/mm ruled grating with
blazed at 250 nm. About 3660 1—-2 min scans collected from the -
CCD were added together to find the resonance Raman spectrum. ~ og; (E) = (87€"Es3E, MY/9h°CY)| j; i (t) Cexpli(E, +

Known acetonitrile solvent bands and Hg lamp emission lines were 2
used to calibrate the Raman shifts of the resonance Raman spectra. <)th] exp[-g()] dt” (2)
The resonance Raman spectra were intensity corrected for any remainingNheren is the solvent index of refractiotM is the transition length
sample reabsorption and the wavelength dependence of the detectior)evalluated at the equilibrium geometEy, is the incident photon energy
system respanse. Appropriately scaled solvent and quartz cell baCk'Es is the scattered photon enerdys th’e final state for the resonanc;e

groulnq hs?ectra ‘gi[}e subtrtacteclil kt)o Ir(emove d the s?l\:aentt. band‘;"t;heRaman process; is the energy of the ground-state energy leigl
ayleigh fine, and the quartz cell background signal. Fortions of the andd(E +e—Es—ej) is a delta function to sum up cross sections with

spegtra were fit to a baseline plus a sum of Lorentzian bands to obtalnthe same frequenci, is the initial Boltzmann population of the ground-
the mte_grated areas.of the Raman bands. ) - state energy levelillwhich has energy. |i(tY)O= e MAidis |i(t)0
Previously determined absolute Raman cross sections of aceton'tr'lepropagated on the excited-state surface for a tiarelH is the excited-
solvent bands were used as a referéhte measure the absolute  giate vibrational Hamiltonian. The absorption and resonance Raman
resonance Raman cross sections of {apm}](ClO,).. A UVivis cross sections were computed using an addition over a ground-state
spectrometer was used to measure the concentrations of the samplegg k gojtzmann distribution of vibrational energy levels. The Condon
solutions, and changes of less than 5% were observed for the absorpt'orépproximation was used, and the ground- and excited-state potential
spectra for the absolute Raman cross section measurements. Thenergy surfaces were approximated by harmonic oscillators displaced
absolute resonance Raman cross sections were calculated from the,; A in gimensionless normal coordinates. The time-dependent overlaps
average of a series of measurements. The depolarization ratio of the;, egs 1 and 2 were computed numerically from analytic formulations
vau-au band of [A(depm}](ClOs). and its first overtone in the 282.4 ¢ Mukamel and co-worker&
nm resonance Raman spectrum was determined te(hg5, and thls We carried out calculations with the damping function exg(t)]
value was used to calculate the absolutg Rama_m Cross s_ectlon. Theerm in eqs 1 and 2 modeled as a simple exponential decay function
absolute resonance Raman cross sections displayed little POWer(yhere the expfg(t)] term in egs 1 and 2 was replaced by exp]

doependence over arange of 6115 mW with differences of less than i, 7 the dephasing time) or as a Brownian oscillator. For the Brownian
5%. The maximum molar extinction coefficient was determined to be oscillator dephasing function simulations, thé) function has the

25400 M cm! for the ~277 nm absorption band of Afdcpm)- following form in egs 1 and 2:
(ClO4)2 in acetonitrile solution.

g(t) = (D/IA)*(At — 1 + exp(=At)) + i(D?A/2KT)(1 —

Calculations exp(—At) + tlr (3)
The simulations given here are meant to determine a reasonableyynere the solvent random perturbations cause the solute energy levels
estimate of the structural changes associated with H2&7 nm to fluctuate withD magnitude and\ frequency?* We assumed that

absorption band of Afdcpm)(ClO.).. These results will also provide  {hat the temperatureT) is large enough that the solvent mode
a useful reference to which more sophisticated simulations can be frequencies are<kT?* and that all the solvent modes were grouped

compared to assess the relative importance of effects such as changeﬁ)gether into one effective mode. Ttheterm in eq 3 is the pure lifetime
in the transition dipole moment with vibrational coordinate and gecay.

anharmonicity on the resonance Raman and absorption spectra. The

resonance Raman intensities and absorption spectra were calculateqResylts and Discussion

using a time-dependent formalisfit??2 The absorption cross sections

were computed from The use of resonance Raman spectroscopy to study the ligand
to metal charge transfer excited states of gold(l) thiolates has

(13) (a) Kwok, W. M.; Phillips, D. L.; Yeung, P. K.-Y.; Yam, V. W.  heen previously reported by Zink and co-work&&igure 1
W. Chem. Phys. Letl996 262 699-708. (b) Kwok, W. M.; Phillips, D. P y rep y 9

L. Yeung, P. K-Y.; Yam, V. W. W.J. Phys Chem. A997 101, 9286-  SNOWs the geometry and absorption spectrum ob{éepm}]-
9295. (c) Zheng, X.; Phillips, D. LJ. Chem. Phys1998 5772-5783. (ClOy)2 (1) in acetonitrile solution with the excitation wave-
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52711'7%%)_%‘%(' J. M.; Johnson, C. R.; Asher, S.JAChem. Phys1985 the absorption spectrum. Figure 2 shows an unprocessed
'(15) Lee, S. Y.: Heller, E. 1. Chem. Physl979 71, 4777-4788. resonance Raman spectrum obtained with 282.4 nm excitation
Ph(}sﬁié\g)ée;s% /;-8 27— l\élgtslge& R. A; Tannor, D. J.; Heller, EJJChem. and the same resonance Raman spectrum after intensity cor-
{1?) Tutt, L: Tannor, D.- Heller, E. J.: Zink, J. Inorg. Chem 1982 rections and subt(actlons 0)‘ the Raylelghlllne, glass bands, and
21, 38583850, solvent bands. Figure 3 gives an overview of the resonance
(18) Myers, A. B.; Mathies, R. ABiological Applications of Raman Raman spectra ol in acetonitrile solution. The resonance
SpectroscopyWiley: New York, 1987; pp +58. Raman spectra depicted in Figure 3 have almost all of their
Las ) Clark. R J. H Dines, T. Angew. Chem., Int. Ed. Engl986 98 intensity in the Au-Au stretch fundamentals and overtones, and
(20) (a) Doorn, S. K.; Hupp, J. T.. Am. Chem. S0d.989 111, 1142~ this is consistent with the proposed assignment of the absorption

1144. (b) Doorn, S. K.; Hupp, J. T.; Porterfield, D. R.; Campion, A;; Chase, bhand at~277 nm to be due toat — po transitions*>11The
D. B. J. Am. Chem. Sod.99Q 112 4999-5002. (c) Blackbourn, R. L.;
Johnson, C. S.; Hupp, J. T.; Bryant, M. A,; Sobocinski, R. L.; Pemberton, (23) Yan, Y. J.; Mukamel, SJ. Chem. Phys1987 86, 6085-6107.
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Figure 1. (Top) Geometry of Ap(dcpm}(ClO4), (1). (Bottom)
Absorption spectra of Aidcpm)(ClO,), (1) in acetonitrile solution

at room temperature with the excitation wavelengths for the resonance
Raman experiments indicated above the spectrum.
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Figure 2. (Top) Raw resonance Raman spectrum of(8cpm)(ClOs),

(1) in acetonitrile solution at room temperature taken with 282.4 nm
excitation. (Bottom) The same resonance Raman spectrum in (A) after
intensity corrections and subtractions of the Rayleigh line, glass bands,
and solvent bands.

fundamental frequency for the resonance Raman spectta of
is 88 cnT! in good agreement with the AtAu stretch peak
found in nonresonant Raman speéf&. Table 1 lists the Raman

(26) Tse, M. C. Ph.D. Thesis, The University of Hong Kong, 1999.
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Figure 3. Overview of the resonance Raman spectra of(dcpm)-
(ClOy)2 (1) in acetonitrile solution obtained with 266.0, 273.9, 282.4,
and 299.1 nm excitation wavelengths. The spectra have been intensity
corrected, and the Rayleigh line, glass bands, and solvent bands have
been subtracted. Asterisks mark regions were solvent subtraction
artifacts are present. The assignments of the more intense Raman bands
are shown next to the bands.

shifts, relative resonance Raman intensities, and absolute
resonance Raman cross section values found from the experi-
mental resonance Raman spectra shown in Figure 3.

We have simultaneously simulated the absorption spectra and
resonance Raman intensities blising time-dependent wave
packet calculations so as to estimate the structural change of
the excited electronic state relative to the ground electronic state.
Our first set of calculations used a simple exponential decay
function to model the spectral broadening due to solvent
dephasing, and our second set of calculations used an over-
damped Brownian oscillator function to simulate the solvent
dephasing. The simple exponential decay function for the
spectral broadening due to solvent dephasing is not very realistic
since it considers only the effect of the solvent on the solute
electronic transition and not vice versa. An overdamped
Brownian oscillator function for the solvent dephasing provides
a somewhat more realistic model in that it can account for
solvent reorganization and the Stokes shift between absorption
and emissiod? We used a simple overdamped Brownian
oscillator with a single effective mode given by eq 3 in the
Calculations. The best fit modeling parameters for both sets of
simulations are shown in Table 2 forFigures 4 and 5 compare
the computed and experimental absorption spectra and resonance
Raman intensities fat. There is reasonable agreement between
the experimental and calculated absorption spectra and resonance
Raman intensities for both sets of calculations as shown in
Figures 4 and 5. There is also good agreement between the
calculated and experimental absolute resonance Raman cross
sections listed in Table 1.

(27) Perreault, D.; Drouin, M.; Michel, A.; Miskowski, V. M.; Schaefer,
W. P.; Harvey, P. DInorg. Chem.1992 31, 695-702.
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Table 1. Resonance Raman Bands of dcpm}(ClO,), 1 in Acetonitrile Solution
Raman shift intensity
Raman band (cm™) 266.0 nm 273.9 nm 282.4 nm 299.1 nm
—2Vau-Au —176 9 19 20 20
—VAu-Au —88 80 104 164 202
Vau-Au 88 199 254 309 288
2Vpu-Au 176 100 100 100 100
absolute Raman cross section
of 2vau—au (A2molecule)
exptl 1.4x 108 2.4x 108 1.1x10°¢® 2.6x 1070
calcd 1.6x 1078 2.8x 108 1.0x 1078 2.9x 10710
calcd 1.4x 10°8 2.0x 1078 1.0x 10°8 3.6x 10710
3Vau-Au 265 25 27 22 12
4VAU*AU 350 4

a Estimated uncertainties are about 4 érfor the Raman shifts’ Relative intensities are based on integrated areas of Raman bands. Estimated
uncertainties are about 5% for intensities greater than 100, 10% for intensities between 50 and 100, and 20% for intensities’ i@dtumI&ted
using the parameters of Table 2A in egs 1 and 2 and the exponential decay damping function for solvent dé@&lsirigted using the parameters
of Table 2B in egs 1 and 2 and the overdamped Brownian oscillator damping function for solvent dephasing.

Table 2. Parameters for Simulations of Resonance Raman

e - . 10 - 23
Intensities and Absorption Spectra of Adcpm}(ClO,), (1) in H Experimental
Acetonitrile Solution 3.08r1 / N, ---- Calculated
. . . . 2 306
A. Parameters for Simulations Using the Exponential g3 /
Decay Damping Function 8 < 041
— - —— g 02 N
ground-state vibrational excited-state vibrational 5
frequency (crm?) frequency (crm?) A £ oo T | : -
88 175 0.68 32000 34000 36000 38000 40000

Wavenumber /cm’
Eo=35950cm,M=1.11An=1.344

homogeneous broadenidg= 1600 cn1! fwhm
inhomogeneous broadening,= 500 cnt? std dev

Wl Experimental X 5:
Calculated i

2 |
b
3
<

B. Parameters for Simulations Using the Overdamped Brownian
Oscillator Damping Function

ground-state vibrational excited-state vibrational
frequency (cm?) frequency (cm?) A

88 175 0.68

Eo =34 000 cm®, M =0.995 A,n=1.344
homogeneous broadenidg= 2150 cnt! fwhm
inhomogeneous broadening,= 200 cn1? std dev
Brownian oscillatorA/D = 0.06,A = 55.3 cn1?, D = 2048 cn1!

Intensity ——

i 299.1 nm
The best fit parameters for the first set and second set of i
calculations give similar agreement between the computed and gl B -
experimental absorption spectra and resonance Raman intensities Vibrational Mode
(see Figures 4 and 5 and Table 1). The ground- and excited-rigyre 4. (Top) Comparison of the calculated (dashed line) and
state frequencies as well as the normal mode displacementexperimental (solid line) absorption spectra for@lcpmy(ClOs). (1)
parameters do not noticeably change when using the two in acetonitrile solution. (Bottom) Comparison of the calculated (dashed
different damping functions. However, there are some minor bar) and experimental (solid bar) resonance Raman intensities for 266.0,
changes in the other simulation parameters when the two273.9,282.4, and 299.1 nm excitation. The parameters given in Table
different solvent dephasing damping functions are used. The 2A for Aux(dcpm)(CIO,), (1) were used in egs 1 and 2 to calculate
zero-zero energyko, for the excited electronic state becomes _the absorptloq and resonance Raman intensities (the mod(_el descrl_bed
lower by approximately the solvent reorganizational energy in the Calculations and an exponentlal decay solvent dephasing function

. . . were used for these calculations).

when using the overdamped Brownian oscillator solvent dephas-
ing function (e.g.Eo = 35 950 cn1! for 1 with the exponential
decay damping andgsy = 34000 cni! for overdamped
Brownian oscillator damping wit = 2048 cnt?1). When the
solvent dephasing contribution to the absorption bandwidth is
fairly large (such as-2000 cn1? for the ~277 nm absorption
of 1), the simulations using the somewhat more realistic
overdamped Brownian oscillator damping function should
provide a noticeably better estimate & than a simple
exponential decay damping function. The differing damping
functions also give rise to minor differences in the transition
lengths (exponential decay damping givds= 1.11 A for 1
compared tovl = 0.995 A for1 using the overdamped Brownian
oscillator function) and also the homogeneous broadening
parameters (exponential decay damping gives 1600 cnt?

for 1 compared td” = 2150 cnt! for 1 using the overdamped
Brownian oscillator function). This is mostly due to the different
line shapes that arise from using the two different solvent
dephasing functions (see calculated absorption spectra in Figures
4 and 5).

We can use the normal mode displacements shown in Table
2 to estimate the change of the AAu bond length in the
excited electronic state relative to the ground electronic state.
If we assume that the AuAu vibration is approximately a pure
metatmetal stretch, then we can estimate the change in the
bond length using the following equatiéh:

q= (uolh)*(Ax) (4)
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The simulation parameters given in Table 2 foshow a
large increase in the AtuAu stretch vibrational frequency in
the excited statex175 cnt?) compared to its ground electronic
state (88 cml). Indeed, the excited-state AAu stretching
frequency is comparable to the related {Pt) stretching
frequency of 156 cm! in the 3[do*po] excited state of
[Pty(P,OsH2)4]*~ that is regarded to have a single metaletal
bond3® This is consistent with the proposeds™d — po
absorption band assignment in that #go*po] excited state
is envisaged to have a formal metahetal bond order of 331
Some inhomogeneous broadening is needed to adequately
simultaneously fit the absolute Raman cross sections and the

absorption bandwidth for compourid A probable source for
this inhomogeneous broadening in compound likely to be
due to formation of a metalmetal-bonded solvent and/or anion
exciplex with slightly different electronic transition energies for
thelA, state. The X-ray crystal structure of [dcpm}](ClO,),
reveals weak caticranion interaction in the ground stdfeThe

Au atom adopts a T-shaped geometry, and the--&Q(CIOy)
distances average 3.36(2)ARecent ab initio calculatioh’s
indicate that the model compound [AH,PCHPH,),]%" (1)
does indeed interact with an acetonitrile solvent molecule weakly
in the ground state but strongly in the excited state. The
calculations found that structures of the uncomplexeg(tAs+
PCHPH,),2" and the] Aux(HoPCHPH,)2:(MeCN)} 2T complex
Figurg 5. (Top).Cqmparison qf the calculated (dashed line) and hzgi/?vglrz))/zsirrilzfr;ber{Alljjii(istzarlcf:;bs ilr_llzt)ﬁéAljgroﬁ}nd eCIce’ctEoiic
experimental (solid line) absorption spectra for,fepmy(CIO.), (1) state (3.167 and 3.155 A, respectively)t was also found that

in acetonitrile solution. (Bottom) Comparison of the calculated (dashed 3 op .
bar) and experimental (solid bar) resonance Raman intensities for 266.0,N€ *Au state off Aux(HoPCHPH,)o:(MeCN)} 2™ gives rise to

273.9, 282.4, and 299.1 nm resonance Raman spectra. The paramete Much shorter AuAu distance £2.719 A)? Our present

given in Table 2B for Audcpmy(ClO). (1) were used in egs 1 and  fesonance Raman intensity analysis ofthg— A, transition

2 to calculate the absorption and resonance Raman intensities (the modedf 1 in acetonitrile solvent indicates that thé, state undergoes

described in the Calculations and an overdamped Brownian oscillator a moderate AtAu bond length change consistent witfi/g,

solvent dephasing function were used for these calculations). — 1A transition of mainly p-bonding character of the two Au
atoms, and the significant inhomogeneous broadening needed

whereq is the dimensionless normal coordinatés the reduced  to simultaneously model the absolute Raman cross sections and

mass of the metalmetal bondw is the ground-state vibrational  absorption bandwidth provides indirect evidence for the un-

frequency, and\x is the change in the bond length. The-Au complexed and solvent-complexed formsIofn acetonitrile

Au bond length changes by about 0.11 A foin the initially solution.
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