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used instead of pyridine! which others have implicated in PEG decom-
position.*® The pale yellow SOCl,/toluene solution is slowly added over
ca. 20 min to the stirred MePEG /toluene solution, and after a 2-h reflux
the crude MePEG-CI (2) solution is reduced to a viscous melt at reduced
pressure in a rotary evaporator. Taking up the brownish polymer in 150
mL of dried (K,CO;) CH,Cl,, the solution was filtered, degassed with
Ar, treated with 50 g of activated alumina in a 500-mL flask for 30 min
to remove traces of SOC,, filtered, and reduced to 30 mL, 150 mL of
ether was added, and the solution was cooled in the freezer for 2 h after
which 15.1 g (yield 79%) of off-white powder MePEG-C! (2) was col-
lected: IR (KBr pellet) 1110 cm™ (CH,0OCHj,), 669 cm™ (CCl) and no
detectable OH absorption at 3300-3500 cm™.
MePEG-N;[CH3O(CH2CH20)HCH2CH2N3]’ 3 NaN; (33 g, S
mmol) was added with stirring to 12 g (6.3 mmol) of MePEG-CI (2) in
100 mL of DMF (dried over 4 A molecular sieves and freshly vacuum
distilled*!) heated under Ar to 120 °C (oil bath) in a flask equipped with
reflux condenser. After stirring at 120 °C for 4 h, the solution was cooled
to room temperature and filtered, the DMF was removed under reduced
pressure in a rotary evaporator, the viscous polymer melt was taken up
in 50 mL of CH,Cl,, and filtered, 150 mL of ether was added, and the
solution was cooled in the freezer for 2 h. The collected precipitate was
reprecipitated once further and 11 g (92% yield) of MePEG-N;, (3) was
collected as an off-white power: IR (KBr pellet) 2108 cm™ (N;7), 1110
cm™ (CH;OCH,), and no absorption for Cl at 669 cm™.
MePEG-NH,*CI', [CH;0(CH,CH,0),CH,CH,NH;*CI"], 4. Me-
PEG-N;, (3) (10.0 g, 5.3 mmol), 60 mL of absolute EtOH, and 20 mL
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of CH,Cl; purged with Ar in a Parr bottle, to which 1.5 g of 5% Pd(C)
was added, hydrogenated overnight at 50 psi H,. The product solution
was filtered through Celite and then through a 0.45-um syringe filter
(Gelman Sciences) to remove residual catalyst, and the solvent was
pumped off. The crude product was taken up in 20 mL of CH,Cl, and
100 mL of ether and was chilled in the freezer for 2 h; the precipitate
was collected and reprecipitated to yield 7.5 g (75%) of a white powder:
IR (KBr pellet) 3300 cm™ (NH,*), 1110 cm™ (CH,OCH,), and no
absorption for N, at 2108 cm™™.

Fc¢-MePEG, [CH,0(CH,CH,0),CH,CH,NH(CO)CpFeCp], 5. Me-
PEG-NH;*CI™ (4) (0.95 g, 0.5 mmol), 0.12 g (0.5 mmol) of ferrocene
carboxylic acid, 0.07 g (0.5 mmol) of 1-hydroxybenzotriazole, 0.12 g (0.6
mmol) of dicyclohexylcarbodiimide, 0.14 mL (1.0 mmol) of triethyl-
amine, and 50 mL of CH,Cl, in a sealed flask were stirred in the dark
for 5 days and filtered. Ether was added after standing in the freezer
for 2 h, and 0.84 g of crude Fc-MePEG (5) was collected. This product,
dissolved in 2.0 mL of water was centrifuged to remove an insoluble white
material and subjected to chromatography on a 1.7 X 20 cm phenyl-
sepharose (Pharmaceia, CL-4B) column, eluting with 0.5 M (NH,),SO,.
(This gel column was stored in 20% EtOH, after washing, in order, with
100 mL each of 0.5 M (NH,),SO,, distilled H,0, and 20% EtOH and
was prepared for use by the reverse of this procedure.) The single or-
ange-colored band was collected, extracted with CH,Cl, (3 X 10 mL),
precipitated with ether, and dried in a vacuum desiccator at room tem-
perature for 24 h to yield 0.50 g (53% yield; 29% yield overall MePEG)
of pale orange powder Fc-MePEG (5): IR 1649 cm™ (C-0O, amide),
1110 cm™ (CH,OCH,), no absorption for NHj at 3324 cm™; 3C NMR
(100.6 MHz, CDCl,) 38.4, 58.2, 67.6, 69.7, 75.9, 76.2, 76.4 ppm. Ele-
mental anal. Caled for [CH;0(CH,CH,0)s,  H,CH,NH(CO)-
CpFeCp] (C,i3sHaussFeiN;): C, 55.09; H, 8.78, N, 0.54; Fe, 2.16.
Found: C, 55.10; H, 8.56; N, 0.63; Fe, 1.86.

Acknowledgment. Y.L.M. acknowledges with gratitude a
NATO Fellowship. The research was supported in part by grants
from the Department of Energy (DE-FGO0S5-87ER13675) and the
National Science Foundation.

The Effect of Pressure on the Surface Plasmon Absorption
Spectra of Colloidal Gold and Silver Particles

Jeffery L. Coffer, John R. Shapley,* and Harry G. Drickamer*

Contribution from the School of Chemical Sciences, Department of Physics, and Materials
Research Laboratory, University of Illinois, Urbana~—Champaign, Urbana, Illinois 61801.

Received December 19, [989

Abstract: The first measurements of the effect of pressure on the peak position (w,,) and line width (fwhm) of the surface
plasmon absorption in several Au and Ag hydrosols have been recorded up to 10 kbar. Red shifts of the plasmon peak with
increasing pressure are observed for relatively large metal particles prepared by the citrate procedure (Au, d = 265 A; Ag,
d =230 A). The shift for silver is over twice that of gold (—420 cm™ vs 200 cm™). These red shifts are interpreted in terms
of pressure-induced volume changes within the context of a free-electron model. In contrast, particles prepared by the Faraday
method (Au, d = 54 A; Ag, d = 60 A) show initial blue shifts with pressure, with the magnitude again larger for silver. Upon
aging (as well as upon heating in the case of Au), the Au and Ag Faraday sols exhibit an increase in their average particle
size and degree of aggregation. Correspondingly, the pressure response of their plasmon absorption approaches that of the

citrate sols.

Interest in the physicochemical properties of colloidal metal
particles has been ongoing since the time of Faraday, who dem-
onstrated that colloidal gold particles can be formed in a facile
manner by reduction of an aqueous gold salt solution with white
phosphorus.! Current efforts focus on a number of different areas
and applications. One is the area of catalysis, where workers have
investigated the reactivity of colloidal metal particles on oxide
supports? as well as implicated metal colloids as the active species
in a number of reactions previously thought to be homogeneously
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catalyzed.? Additional studies have also examined colloidal metal
particles for applications as biological stains* and ferrofluids.* On
a fundamental level, the issue of “quantum size effects” is an

(3) (a) Lewis, L. N.; Lewis, N. J. Am. Chem. Soc. 1986, 108, 7228. (b)
Lewis, L. N.; Lewis, N. J. Am. Chem. Soc. 1986, 108, 743. (c) Picard, J.
P.; Dunogues, 1.; Elyussfi, A. Synth. Commun. 1984, 14, 95. (d) Freeman,
F.; Kappos, J. C. J. Am. Chem. Soc. 1985, 107, 6628. (e) Maier, W. F;
Chettle, S. J.; Rai, R. S.; Thomas, G. J. Am. Chem. Soc. 1986, 108, 2608.
(f) Burk, P. L.; Pruett, R. L.; Campo, K. S. J. Mol. Catal. 1985, 33, 1.

(4) (a) Faulk, W.; Taylor, G. Immunochem. 1971, 8, 1081. (b) Roth, J;
Bendayan, M.; Orci, L. J. Histochem. Cytochem. 1980, 28, 55.

(5) Charles, S. C.; Popplewell, J. In Ferromagnetic Materials; Wohlharth,
E. P, Ed.; North Holland: Amsterdam, 1980; Vol. 2.

© 1990 American Chemical Society



Surface Plasmon Absorption Spectra of Au and Ag

actively debated topic, with a number of experimental approaches
currently being utilized.®

A characteristic feature of gold and silver colloids is the discrete
band that can be observed in the visible electronic spectrum of
these particles, the surface plasmon resonance. For the surface
plasmon, i.e., a quantized plasma oscillation at the surface, the
experimental features most thoroughly studied are the full width
at half maximum (fwhm), and to a lesser extent, the peak location
at maximum intensity (wg,).” For metal particles suspended in
a glass or in an inert gas at cryogenic temperatures, previous
studies suggest an inverse relationship between average particle
size and the line width of the surface plasmon peak, with the
magnitude of the correlation highly dependent on the nature of
the embedding medium.2  Such observations have been inter-
preted, with some success, in terms of both classical’ and quantum
mechanical’*!® models. Studies of the surface plasmon peak
maximum, on the other hand, have failed thus far to establish any
firm correlation between the average diameter of the metal particle
and peak maximum location.®*1% This is in contrast to the
correlation between average particle size and location of the ab-
sorption edge for II-VI colloidal semiconductor megaclusters.'!
For colloidal metal particles, several reports have noted slight shifts
to higher energy with decreasing particle size.”*¢ In contrast,
a report by Smithard asserts that the plasmon peak location of
silver particles in glass shifts slightly red with decreasing particle
diameter.”® A number of theoretical studies have been undertaken;
methods of employing a quantum mechnical “particle-in-a-box”™
formalism with discrete energy levels predict “blue shifts” with
decreasing particle size,’!%12 while hydrodynamical theories
predict the opposite trend.!3

The application of high pressure has been shown to provide
unique information with regard to the electronic structure (i.e.
“pressure tuning”) of a variety of materials in condensed phases.!4
Thus we decided to probe the effects of high pressure on the
surface plasmon resonance of colloidal metal particles. We report
here the first measurements of the effect of applied pressure on
the surface plasmon resonance of gold and silver colloidal hy-
drosols. Between silver and gold, distinct differences are observed
in the pressure-induced peak shifts for particles prepared by two
different methods (citrate and Faraday). The shifts are interpreted
in terms of a free-electron gas model for the case of the citrate-
derived colloids. We also note in this work the sensitivity of
pressure-induced peak shifts to differences in particle size, sug-
gesting the onset of a “quantum size effect” for the smallest
particles examined. To our knowledge, the only previous account
involving high-pressure spectroscopic investigations of metal
colloids was a recent report analyzing the pressure effects on
selected vibrations observed for pyridine-adsorbed gold sols.'?
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Table I. Spectroscopic Properties of the Gold Colloids

E axs fwhm, E .« behavior
colloid (size) x10¥ecm™?  cm™  (in 10 kbar), cm™!

Au citrate (265 A) 19.14 3500 -200
Au Faraday (54 A) 19.28 4100 -80¢
Au Faraday (85 A) 19.27 3575 -130

aged 2 months
Au Faraday (108 A) 20.00 3900 -205

aged 4 months 16.50 5700 -165
Au Faraday (128 A) 19.07 4100 -160

heated at 75 °C

9The surface plasmon absorption of this sol initially shifts +20 cm™!
in 4 kbar.

Table II. Spectroscopic Properties of Silver Colloids

E paxs fwhm, Ex behavior
colloid (size) x10°em™ em™  (in 10 kbar), cm™
Ag citrate (230 A) 23.60 5300 -420
Ag Faraday (60 A) 24.70 4885 -2709
Ag Faraday (75 A) 24.54 5130 -190
aged 2 months
Ag Faraday (111 A) 24,76 5100 -245

aged 4 months

9The surface plasmon absorption of this sol initially shifts +200
cm™ in 4 kbar.

Experimental Section

Two well-known procedures for metal colloid preparation were chosen:
the Faraday method, as modified by Wilenzick et al.,'® and the citrate
reduction procedure of Turkevich, Stevenson, and Hillier.!” Each me-
thod was applied to prepare colloidal particles of either gold or silver, with
HAuCl, (Aldrich) or AgNO, (Alfa) as metal sources, respectively.
Representation of the distribution of particle sizes obtained in terms of
log—probability plots (Supplementary Material) reveals that for the ci-
trate and Faraday sols log normal distributions are obeyed, with median
particle sizes of 54 and 60 A obtained for the Au and Ag Faraday sols,
respectively, and corresponding values of 265 and 230 A obtained for the
Au and Ag citrate sols. From these log—probability plots, geometric
deviations of ¢ = 1.56 (Au) and 1.80 (Ag) were obtained for the Faraday
sols, with values of 1.35 (Au) and 1.21 (Ag) obtained for the citrate sols.
These values of ¢ are within the range observed previously for metal
particles prepared by several different routes.'® Each sol of identical
metal concentration was prepared fresh prior to the corresponding
high-pressure spectroscopic studies, with the exception of the aging
studies for which solutions were stored in stoppered flasks in the absence
of light at room temperature. To examine the effect of heating on the
metal particles, a gold Faraday sol was heated at 70-75 °C for 2 h in
air.

Particle size determinations of the colloidal metal particles were
carried out with either the Philips EM-400 or EM-420 instruments at
the Center for Microanalysis of Materials at the University of Illinois.
Samples were prepared by placing submicroliter amounts of colloid on
a carbon-coated copper grid prior to examination. Confirmation of the
identity of the colloidal particles as gold or silver was confirmed by
energy-dispersive X-ray analysis (EDAX) of the samples.

For the high-pressure experiments, a 1-mL sample of the colloid was
placed in an inner steel cylindrical cell employing sapphire windows as
pistons. This cell was placed in a high-pressure bomb,'® which was then
filled with isobutyl alcohol as a pressurizing fluid. The light source used
was an Oriel tungsten halogen lamp, with the light dispersed by a Kratos
1/4m monochromator with a 450 blaze grating. Light in the visible
region was detected by an EMI 9558 photomultiplier tube along with an
Ortec photon counting system. The resulting spectra were fit with a
single Gaussian band by means of the computer program SKEW with use
of a nonlinear least-squares algorithm. The values obtained for the peak
heights, locations, and widths were those that minimized the variance,
which for all spectra recorded was on the order of 10™ or less. A tabular
listing of variance values is given in the Supplementary Material. All

(16) Wilenzick, R.; Russell, D.; Morriss, R.; Marshall, S. J. Chem. Phys.
1967, 47, 533.
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Absorbance

Energy (x 103 cm-1)

Figure 1. Typical absorption spectra of the surface plasmon resonance
of a Au citrate colloid at atmospheric pressure (—) and 10 kbar (——-).
The overall shift of the peak maximum in this pressure range is ap-
proximately 200 ¢m™.
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Figure 2. Histograms of freshly prepared Au citrate (A) and Au Faraday
(B) sols.

pressure-dependent phenomena were both reversible and reproducible.

Results

Colloidal Gold Particles. For collodial gold particles suspended
as a hydrosol, the corresponding surface plasmon absorption peak
appears at approximately 19.2 X 10° cm™ (515 nm) at atmospheric
pressure (Figure 1). In order to evaluate the effect of pressure
on the spectroscopic properties of particles possessing very different
average sizes, two methods were utilized: (1) application of the
citrate reduction procedure to chloroauric acid solutions generated
gold particles with a median particle diameter of 265 A and a
o value of 1.35; (2) the modified Faraday method generated
particles with a median particle diameter of 54 A and a ¢ value
of 1.56 (Figure 2). Each method generates a range of particle
sizes satisfying a log normal distribution. The stark contrast in
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Figure 3. Electron micrographs of freshly prepared Au citrate (A) and
Au Faraday (B) sols.
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Figure 4. The net shift of the peak maxima of the Au citrate and Au
Faraday sols with increasing pressure.

median particle size is most clearly seen by comparing two typical
micrographs of these sols (Figure 3).

The effect of pressure on the peak position of the surface
plasmon absorption of these gold colloids is illustrated in Figure
4. The surface plasmon absorption peak of the Faraday gold sol
(median d = 54 A) shifts negligibly until ca. 4 kbar, and sub-
sequently shifts slightly red to lower energy overall (-80 cm™)
in 10 kbar. This is in contrast to the citrate sol (mean d = 265
A) in which the surface plasmon feature shifts continuously red
with increasing pressure for a total of approximately —200 cm™
in 10 kbar. Figure 1 shows these differences between atmospheric
pressure and 10 kbar for the case of the gold citrate sol. Thus,
between the two types of gold particles, there is a marked dif-
ference in terms of the shift of the peak position with increasing
pressure.

However, we consider the fact that there may be slight dif-
ferences due to the type of functional group stabilizing each type
of metal particle. In the case of the citrate sol, they are carboxylate
moieties; for the Faraday sol, they are presumably polyphosphate
groups. In order to evaluate the magnitude of such differences
on the pressure-induced peak shifts, we allowed the Au Faraday
sol (initial diameter of 54 A) to age at room temperature in the
dark for specific periods of time. Aging for 8 weeks resulted in
an increase in average particle size to 85 A and a ¢ value of 1.40
(Figure 5). Further aging of the sol for an additional 8 weeks
resulted in colloids possessing an even larger median particle size
(106 A) with a ¢ value of 1.65 (Figure 5). Also noteworthy of
this 16-week-aged gold Faraday sol is the significant aggregation
observed for some particles in the form of rods, chains, and large
globular spheres, some of which exhibit sizes up ta 500 A. The
corresponding pressure shifts of the surface plasmon peak maxima
for each of these two aged colloids are noted in Figure 6. Note
the intermediate pressure-induced behavior of the peak shift of
these sols: the 8-week-aged gold sample initially shifts red with
an overall shift of =130 em™ in 10 kbar, while the behavior of
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Figure 5. Comparative histograms of freshly prepared and aged Au
Faraday sols. Graph A compares the sizes of fresh and 8-week-aged
samples, while graph B compares 8-week- with 16-week-aged samples.
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Figure 6. The net shift of the peak maxima of the aged Au Faraday sols
with increasing pressure. The upper solid curve represents a least-squares
fit to the peak shift of the fresh Au Faraday sol, while the lower dashed
curve represents the corresponding fit of the fresh Au citrate sol. For
the 16-week-aged sample, O represents wy = 16.5 X 10% cm™!, while @
represents wo = 20.0 X 103 cm™,

the 16-week-aged sample even more closely resembles that of the
citrate sols with a shift of =205 cm™ in 10 kbar. The presence
of the large, asymmetric particles in the 16-week-aged sample (in
addition to the spherical non-interacting particles) introduces a
substantial asymmetry to its surface plasmon absorption, which
is consistent with the previous observations of Kreibig for ag-
gregated Au particles.® Thus, we found it necessary to utilize
two Gaussian peaks to fit the observed band. The two sets of
symbols in Figure 6 for the 16-week sample represent these two
separate features; both peaks shift with approximately the same
slope with pressure.

It should also be noted that for aged Au Faraday sols, the range
of sizes obtained at 8 and 16 weeks conforms to a log normal
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Figure 7. Comparative histograms of a freshly prepared Au Faraday sol
with an identical sample heated for 2 h at 75 °C.
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Figure 8. The net peak shift of the peak maximum of a heated Au
Faraday sol with increasing pressure. The upper solid curve represents
a least-squares fit to the peak shift of the fresh Au Faraday sol, while
the lower dashed curve represents the corresponding fit of the fresh Au
citrate sol.

distribution and that the retention of log—normal behavior upon
aging is consistent with a coalescence growth mechanism noted
previously for several types of metal particles.'®

We next examined a freshly prepared gold Faraday sol which
had been heated at 75 °C for 2 h. Examination of this heated
sol by high-resolution electron microscopy revealed particles with
an average diameter of 128 A (see Figure 5), negligible contact
between particles, and a size distribution that conformed to a log
normal distribution (¢ = 1.52). Correspondingly, the pressure
behavior of the surface plasmon absorption closely followed that
of the citrate sol, especially in the 1-4 kbar region (Figure 7).
Thus, regardless of the presence of multiparticle interactions or
different specific functional groups at the particle surface, the peak
location of these sols of diameter larger than 100 A is affected
by pressure in a strongly analogous fashion.

With regard to changes in full-width at half-maximum (fwhm),
all colloidal gold particles examined showed negligible change in
this parameter with increasing pressure.

Colloidal Silver Particles. Analogous procedures were utilized
to prepare silver colloids, which exhibit a surface plasmon ab-
sorption at approximately 20.0 X 10° cm™ (400 nm) (Figure 9).
In this case, the citrate procedure generated spherical particles
with a median diameter of 230 A (Figure 10), slightly smaller
than those generated for gold by this method. The Farada
method produced silver colloids with a median diameter of 60 K
(Figure 10). For silver, each method also generated a range of
particle sizes satisfying a log normal distribution with particles
prepared by the citrate method yielding a ¢ value of 1.21 and those
generated by the Faraday method giving a value of 1.80.

The effect of pressure on the peak position of the surface
plasmon absorption of these silver colloids is illustrated in Figure



3740 J. Am. Chem. Soc., Vol. 112, No. 10, 1990

Surface Plasmon Absorption - Ag Citrate Sol

Absorbance

18 ' 20 N 22 ' 24 ) 26
Energy (x 103 em-1)

Figure 9. Typical absorption spectra of the surface plasmon resonance

of a Ag citrate colloid at atmospheric pressure (-) and 10 kbar (—--).

The overall shift of the peak maximum in this pressure range is ap-

proximately 400 cm™,
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Figure 10. Comparative histograms of freshly prepared Ag citrate (A)
and Ag Faraday (B) sols.

11. Note that for silver, the Faraday sol (median d = 60 A)
exhibits a behavior with increasing pressure that mimics the gold
Faraday sol in terms of direction but is markedly different in
magnitude. While the initial (up to 4 kbar) and overall (10 kbar)
shifts of the gold Faraday sol are effectively +20 and -80 cm™!,
respectively, those for the analogous silver sol are +200 and -270
cm™. For the silver citrate particles (median 4 = 230 A), there
is a continuous red shift of the surface plasmon peak location with
a magnitude over $wo times that of the analogous gold citrate sol
(420 cm™ vs 200 cm™ in 10 kbar; see Figure 9).

Once again, aging studies were carried out on the Faraday sol
to assess any slight differences due to the type of functional group
stabilizing each type of metal particle. Aging the 60 A silver
Faraday sol for 8 weeks resulted in an increase in the median
diameter of the particles to 75 A (Figure 12). Correspondingly,
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Figure 11. The net shift of the peak maxima of the Ag citrate and Ag
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Figure 12. Comparative histograms of freshly prepared and aged Ag
Faraday sols. Graph A compares the sizes of fresh and 8-week-aged
samples, while graph B compares 8- with 16-week-aged samples.

an intermediate behavior in pressure-induced peak shifts between
the two size extremes was observed, as this 75 A silver sol shifts
negligibly up to 4 kbar and then shifted overall 190 cm™ to lower
energy in 10 kbar (Figure 13). Allowing this 8-week-aged sample
to age another 8 weeks resulted in the formation of particles with
a diameter of 111 A (Figure 12). For this sol, the overall plasmon
peak shift also is intermediate between the two extremes, but the
differences between this and the 8-week-aged silver sol appear
negligible.

In a manner analogous to the aged Au Faraday sols, the range
of sizes obtained at 8 and 16 weeks for the aged Ag Faraday sols
conforms to a log normal distribution, with ¢ values of 1.59 and
1.61, respectively. A coalescence growth mechanism of these
particles is assumed as well.

As in the case of gold, no significant changes in the fwhm of
the surface plasmon resonance absortion of any silver colloids were
detected in the pressure range studied.
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Figure 13. The net shift of the peak maxima of the aged Ag Faraday
sols with increasing pressure. The upper solid curve represents a least-
squares fit to the peak shift of the fresh Ag Faraday sol, while the lower
dashed curve represents the corresponding fit of the fresh Ag citrate sol.

Discussion

For both gold (4 = 265 A) and silver (d = 230 A) particles
prepared by the citrate procedure, there is a continuous shift to
lower energy in the absorption maximum of the surface plasmon
resonance with increasing pressure. The magnitude of the shift
observed for silver is over twice that for gold (—420 cm™! vs —200
cm™).

The classical theory for the dielectric response of isolated
spherical metal particles is the Mie theory.® Its formulation for
the surface plasmon peak maximum is usually expressed in terms
of the formula shown in eq 1,° where w,? is the bulk plasma
oscillation frequency, €' is the real part of the dielectric constant
of the metal, and ¢, is defined as the dielectric constant of the
medium:

wspz = wpz/(‘|+2‘m) (l )

With regard to changes in the terms of this expression with in-
creasing pressure, the corresponding values of ¢, are 1/20 the
magnitude of ¢,,?° and any pressure-induced changes in w, would
be dominated by this latter term. Specifically for ¢, it is known
that the dielectric constant of water increases in a nonlinear fashion
by ca. 20% in 10 kbar.?! Indeed, a plot of /e versus pressure
in the 0-10 kbar range shows a curvature closely mimicking that
of the pressure-induced peak shifts of the large citrate particles
(see Supplementary Material). This increase would predict a red
shift of the plasmon peak much larger than observed, although
the magnitude of the shift could be dampened by surface effects.
However, the most critical flaw of this model is that it alone cannot
explain the observation that the differential pressure shift in the
surface plasmon peak maximum of silver is a factor of 2 larger
for silver than for gold. Thus, this classical theory fails to sat-
isfactorily explain the observed pressure effects.

The surface plasmon may be treated in a quantum mechanical
context as deriving from a free-electron gas. In this case the Fermi
level energy may be calculated from the expression given in eq
2,58.22 where n = number density of the electrons and m = mass
of an electron:

Ep = R2(2m)'\(3n/8%)*? 2)

Utilizing this equation in conjunction with the known first-order
compressibility of gold and silver,?® we calculate that the Fermi
levels of these metals shift 161 and 310 cm™, respectively, to higher
energy in 10 kbar (see Supplementary Material). Thus, the
magnitude of these shifts in Er and relative differences between
gold and silver are markedly similar to the observed plasmon peak
shifts in this pressure range.

J. Am. Chem. Soc., Vol. 112, No. 10, 1990 3741

To account for an overall red shift of the surface plasmon
resonance, the position of the lowest excited state of the electron
gas must, with increasing pressure, remain stationary or shift blue
at a rate less than that of the ground state. Extensive precedent
exists to support this conclusion. First, it is well-known that 7—r*
excitations of organic materials in crystalline or polymeric media
shift to lower energy with increasing pressure due to a red shift
of the more-polarizable excited-state level relative to the ground
state.* Second, for the heavier alkali metals (Cs, Rb, K} it is
established from resistivity measurements that the excited energy
levels of d-band character rate significantly split with increasing
pressure.?® In fact, the width of the d band increases so sub-
stantially that above certain pressures (depending on the metal)
the bottom of the d band lies energetically below the top of the
s band. Since gold and silver are far less compressible than the
alkali metals?® (particularly in 10 kbar), the pressure effects on
the d bands of Au and Ag may be viewed as an analogous
“perturbation”. Therefore, shifts of the surface plasmon resonance
to lower energy are accounted for within the context to this model.

For the gold and silver particles prepared by the Faraday
method, substantial differences were also observed in both the
initial (up to 4 kbar) and overall (10 kbar) response to pressure
between these sols (median 4 = 54 A (Au), 60 A (Ag)). Since
there may be slight differences between these sols and the citrate
sols due to the type of functional group stabilizing each type of
metal particle, aging experiments were performed on the Faraday
colloids of both silver and gold. Examination by electron mi-
croscopy at the 8- and 16-weeks-aging periods indicated substantial
growth and aggregation of the metal particles, with a response
of the surface peak maximum to pressure gradually mimicking
that of the citrate metal particles (i.e., a continuous red shift of
the plasmon peak maximum with increasing pressure). In the
case of gold, isolated spherical particles of median diameter 128
A can also be generated by prolonged heating of a fresh sol at
slightly elevated temperatures (70-75 °C) and the pressure be-
havior of its surface plasmon resonance most closely resembles
that of the citrate sol. Thus, the pressure shifts observed are not
dependent on the specific functional group at the particle surface.

While the free-electron gas model provides a satisfactory ex-
planation for the citrate sols, a problem remains in interpreting
the blue shifts observed for the Faraday colloids of median di-
ameter 54 A (Au) and 60 A (Ag). Clearly the surface-to-volume
ratio changes significantly and surface effects (roughness, etc.)
take on an even greater importance. Previously, Kreibig has noted
that intrinsic size effects in absorption band shape are typically
observed for Au particles less than 150 A in diameter and for Ag
particles less than 100 A.$® However, even at atmospheric
pressure, changes in the peak location with size of such
“gquantum-confined” particles are believed to be a superposition
of several effects and the debate over which is dominant has yet
to be resolved in the literature.2 We do note, however, that the
plasmon peak(s) of the 54 A Au and 60 A Ag particles begin to
shift red at pressures higher than 4 kbar. Such behavior is typical
of an interplay between competing effects, one or more of which
begin to dominate at higher pressures.?

The final observation to note here is the lack of any detectable
changes with increasing pressure in the full-width at half-maxi-
mum (fwhm) of the surface plasmon resonance of these hydrosols.
The lack of any observed changes is strong evidence that pres-
sure-induced effects do not involve interparticle coupling, as
Kreibig has noted previously the sensitivity of line width to
multiparticle interactions.®® Furthermore, the average calculated
distance between freshly prepared particles in solution is on the
order of 510 um, and given the compressibility of the surrounding
aqueous medium in 10 kbar (ca. 20%), it is difficult to envision
significant interparticle coupling with increasing pressure.
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Conclusions

In this work we have demonstrated, for the first time, the effect
of pressure on the peak position of the surface plasmon resonance
of colloidal gold and silver particles. For the citrate-derived
particles, the observed red shifts and differential behavior of silver
vs gold can be interpreted in terms of a free-electron gas model.
For the particles prepared by the Faraday method, the pres-
sure-induced peak shifts appear to reflect the much smaller average
particle size obtained by this procedure. These results provide
evidence that “pressure-tuning” can detect the appearance of a
quantum size effect in these metal colloids.
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Abstract: We report the first observation of size-selective methane activation by unsupported platinum clusters. Platinum
dimer through pentamer are the most reactive. The other small clusters, Ptq 54, are less reactive. A factor of 4 drop in reactivity
occurs in going from Pts to Pts. The dominant products observed are of the form Pt,C, ;H,. As the clusters increase in size,
the number of hydrogens retained also increases. The reactivity tends to decrease with increasing cluster size, in contrast
to the trends observed for dihydrogen chemisorption on several transition metals. A mild correlation is found between reactivity
and the ability of certain size clusters to form compact structures and the number of <3-coordinated surface atoms in close-packed
structures found to be most stable from theoretical calculations. These results suggest that, as in organometallic chemistry,
coordinative unsaturation is critical for methane activation by naked metal clusters.

Advances in unsu?ported metal cluster synthesis! and char-
acterization methods,” combined with the ability to study chemical
reactivity,? have resulted in a significant increase in the type of
systems studied and the amount of information gained. We have
demonstrated that ionization potentials, magnetic moments, and
chemical reactivity of unsupported metal clusters can be measured
and frequently follow nonmonotonic trends from atomic to bulk
properties. Such experiments offer a rather direct approach to
increasing our understanding of fundamental properties in the
transition from molecular to metallic behavior.

Specifically, we have studied the reaction of methane with
platinum clusters containing up to 24 atoms. Under our exper-
imental conditions we have found them to activate C~H bonds
in methane with certain size clusters being more reactive than
others. Provided that our detection is nondestructive, we observe
that (1) chemisorbed species are produced at a low extent of
reaction whose hydrogen content only slightly varies with cluster
size and (2) products produced at high reactant concentrations
appear to chemisorb methane with significantly less hydrogen loss.
The small clusters undergo facile chemistry not previously observed
for either the atom or the bulk. Pt, s are more reactive than the
atom by at least | order of magnitude and the bulk by probably
several orders of magnitude. Nonmonotonic reactivity is observed
to 24 atoms (the largest cluster studied). This is one of the few
examples with unsupported transition-metal clusters in which the
small clusters are found to be the most reactive species. At low
extent of reaction, metal monocarbide peaks are observed for the
atom and dimer suggestive of complete dehydrogenation. As the
cluster size increases the extend of dehydrogenation decreases,
since product peaks consisting of a combination of carbide and
—CH,, species are detected. At high extent of reaction, the metal
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carbide, or ~CH,,, species appear to continue to chemisorb
methane but with minimal dehydrogenation.

Matrix isolation studies of metal atom chemistry have failed
to find a ground-state atom,’ with the possible exception of alu-
minum,5” that activates methane. However, alkanes including
methane are rather easily activated by partially coordinately
unsaturated metal centers in many organometallic complexes.®
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