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Trans-4-methyl-4'-(—S—(CH,),—O—)azobenzenes (1) with varying alkyl chain lengths (n
=4, 6, 9, 12) and trans-4-methyl-4'-(—S—(CH,),—0O—)stilbenes (2) (n = 6, 7, 8, 9) were used
to cap colloidal gold clusters, yielding composite shell—core nanostructures 3 and 4,
respectively. Aggregation of the terminal arene moieties by s-stacking within the organic
shells was weak in these composite particles. Upon irradiation at 350 nm, photoisomerization
of the appended trans isomer to the corresponding cis isomer takes place both in solution
and in the composite cluster. Inefficient photodimerization could be observed by *H NMR
spectroscopy for cluster 4. The quantum yields for photoisomerization of the composite
clusters 3 and 4 were affected by the length of the linker because of distance-dependent

through-bond quenching by the metal core.

Introduction

The synthesis and characterization of electro- and
photoactive self-assembled monolayers (SAM) of func-
tionalized thiols on noble metal surfaces is important
in developing next-generation optical and electronic
materials. =5 It is of special interest to examine differ-
ences in excited-state behavior observed when a photo-
responsive shell molecule is bound to the periphery of
a colloidal metal nanoparticle instead of to a flat noble
metal surface.>367 Surface irregularities in the result-
ing shell—core nanoparticle may influence photo-
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responsiveness because of variance in local packing or
lower local density of bound probe molecules. A thiolate-
capped colloidal gold particle can be viewed as a metallic
core comprised of edges and locally flat metal facets of
different sizes to which the organic thiolate is bound,
producing a loosely packed array of self-assembled
organic side chains (Figure 1).32

Composite shell—core clusters can often be dispersed
as an apparently homogeneous suspension. Extensive
spectroscopic characterization of such surface-capped
gold clusters has shown that the micromorphology of
these arrays often mimics that observed for a SAM on
flat polycrystalline gold,? although the curvature of the
smaller facets permits greater local conformational
flexibility. The effect of the metallic cluster on the
photochemistry of chromophores present in the capping
group can then be investigated as a means for control-
ling those materials properties that depend on local
order.8-10

The length and chemical composition of the linker
separating the terminal chromophore from the Au
support may also affect the photochemical reactivity of
the photoactive group present in the appended SAM.
First, varying the chain length of the spacer in a thiol-
capped Au cluster may induce conformational changes
that affect local order12 because of cumulative differ-
ences in interchain packing forces. Second, variation in
chain length can influence the magnitude of through-
bond coupling between the chromophore and the metal
core. Although excited states can be quenched near a
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Figure 1. Schematic representation of a thiol-capped gold
cluster emphasizing the variation in metal facet size.

metal surface through direct electron transfer or through
dipolar coupling via an image electron—hole pair,!3 this
guenching is incomplete,*®> for net emission and/or
photochemical reactivity can be observed. Electron
transfer from a donor to an acceptor generally takes
place through electronic coupling through the molecular
framework,!* so the linker length may be a key factor
in controlling the quantum yields of emission or chemi-
cal reaction.1®

In this paper, we compare the photoefficiency of
geometric isomerization in two families of shell—core
nanoclusters 3 and 4 capped with organic thiols end-
bound with an azobenzene 1 or a stilbene 2 chro-
mophore.18 In these clusters, the photoactive group is
separated by a thiol-terminated alkyl chain of variable
length from a gold cluster of a fixed size (Ausgp).
Azobenzene and stilbene derivatives are exquisitely
sensitive to the topology of molecular aggregation, both
in the solution and in the solid state.r’~22 In solution,
reversible photoisomerization of the precursor trans
isomer 1 or 2 to the corresponding cis isomer takes place
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upon direct excitation,?3-27 and analogous transforma-
tions are also observed for the bound chromophores in
clusters 3 and 4, respectively. Photodimerization of the
appended stilbenes is also expected when these groups
are tightly packed in crystals, microemulsions, or Lang-
muir—Blodgett films.52.1828

We report here the dependence on spacer length of
the observed quantum yields for trans to cis isomeriza-
tion in clusters 3 and 4. We explain why the trans-to-
cis photoisomerization of an analogous stilbene as a
monolayer on planar gold is blocked because of high
crystallinity and dense packing of the monolayer,>2
whereas trans-to-cis photoisomerization in clusters 3
and 4 can take place readily.’® Monitoring excited-state
partitioning between these two processes will provide
valuable information about optoelectronic characteris-
tics of these novel photoresponsive shell—core clusters.

Experimental Section

1. Materials and General Techniques. Chemical re-
agents (Aldrich) were used as received. All solvents were
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Scheme 1. Synthesis of Thiolate Azobenzene
Derivatives 1 and Composites 3
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spectroscopic grade (Fisher or Aldrich). Water (Milli Q) used
in the colloidal gold synthesis had a resistance of higher than
4 MW. Commercial solvents were used without further puri-
fication. Deuterated solvents were obtained from Isotech and
Aldrich.

Air- and moisture-sensitive reactions were performed under
an inert atmosphere (N, or Ar that had been passed through
adrierite tower). Glassware was oven-dried at 140 °C or flame-
dried, if necessary. The progress of each reaction was moni-
tored by thin-layer chromatography (TLC) carried out on 0.25-
mm E. Merck silica gel plates (60F-254). Baxter silica gel (60
A) (230—400 mesh ASTM) was used for flash column chroma-
tography.

2. Synthesis of Thiols 1 and 2. Trans-4-methyl-4'-(mer-
captoalkyloxy)azobenzenes (1) were prepared according to the
route shown in Scheme land the corresponding hydrocarbon
2 was prepared through an analogous route shown in Scheme
2.29731 gynthetic details are available in the Supporting
Information.

3. Preparation of Clusters 3 and 4. A colloidal gold
suspension was prepared by reducing a dilute water/toluene
solution of HAUCI, with NaBH, in the presence of tetraoctyl-
ammonium bromide.? Ligand exchange was induced by replac-
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ing the tightly bound bromide ion with the desired thiol. Thiol
1 or 2 (10 mg) was added to 25 mL of a toluene solution of
colloidal gold. The resulting solution was stirred under Ar at
room temperature for 4 h to form a fully equilibrated thiolate
monolayer. The solvent was removed under vacuum and the
residue was washed with ethanol and acetone. A black solid
collected on a 0.2-mm membrane filter was separated from the
film by sonication in acetone. The purity of the capped cluster
was monitored by 'H NMR and absorption spectra. After
evaporation of the solvent, the thiol-coated cluster was redis-
solved in CHCI; or CHCls.

4. Photoreactivity. Photochemical reactions were carried
out with phosphor-coated low-pressure mercury arcs blazed
at 350 nm in a Rayonet Photochemical Reactor (Southern New
England Ultraviolet). Thiols 1 or 2 or capped clusters 3 or 4
were dissolved in CH,CI;, to produce 1075 M solutions, which
were deaerated by bubbling with Ar for 15 min. The photo-
reactions were monitored by absorption spectroscopy, fluores-
cence spectroscopy, and *H NMR. The quantum yield (®) for
isomerization or dimerization was determined against a ben-
zophenone-benzhydrol actinometer.? By extrapolation of the
plot of the measured ® at various times to time zero, an
intrinsic quantum yield was determined.

Results and Discussion

1. Formation and Spectral Characterization of
Thiol-Capped Gold Clusters. A standard route to
thiol-capped colloidal gold clusters involves treatment
of a dilute HAuCI, solution with sodium borohydride
or sodium citrate in the presence of the capping thiol.33
Because thiols 1 and 2 are susceptible to reductive
decomposition, however, ligand exchange of a thiol for
the bromide ion tightly bound to the metallic cluster was
employed.3* Our colloid preparation followed the pro-
cedure of Brust and co-workers, with replacement of
tetraoctylammonium bromide by thiol taking place after
Au core formation.3d Transmission electron microscopy
showed cluster distributions identical to those reported
in this earlier work. Therefore, the diameters of the
colloidal gold clusters prepared by this method range
from 1.5 to 3.5 nm, centered at about 2.5 nm, containing
about 500 Au atoms in a cluster capped by about 100
thiol molecules.3ab

The surface of a colloidal Au cluster consists of
Au(111) subflats of a range of sizes.? Because a cluster
containing 500 gold atoms has roughly the dimensions
of a cube with 8 atoms on an edge, the facet sizes for an
Ausg core are necessarily fairly small. High densities
of surface irregularities or step edges and an abundance
of small metal facets of the gold nanoparticle dictate
that some thiols are bound near facet edges. The thiols
on small subflats would aggregate more weakly than
those bound on a larger flat facet because long-range
packing forces will be weak. According to the results of
IH NMR and FTIR spectroscopy, no residual tetra-
octylamminum bromide (<5%, from the detection limits
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Solomon, T. J. Electroanal. Chem. 1988, 247, 145. (d) Thomas, J. M.
Pure Appl. Chem. 1988, 60, 1517. (e) Edwards, P. P. Mater. Res. Soc.
Symp. Proc. 1992, 272, 311. (f) Hosteler, M. J.; Wingate, J. E.; Zhong,
C.-J.; Harris, J. E.; Vachet, R. W.; Clark, M. R.; London, J. D.; Green,
S. J.; Stokes, J. J.; Wignall, G. D.; Glish, G. L.; Proter, M. D.; Evans,
N. D.; Murray, R. W. Langmuir 1998, 14, 17.
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Figure 2. 'H NMR spectra of cluster 4 (n = 9) in degassed
CD.Cl; before (top, complete spectrum; middle, expanded
spectrum) and after (bottom) 3 h of irradiation at 350 nm.

of these techniques) remains on the Au core after
replacement by thiol. Instead, differences in surface
packing density on these shell—core composites and in
a self-assembled monolayer on an evaporated gold
surface were likely caused by incomplete surface cover-
age, as has been demonstrated for chromophores packed
more loosely on a Au cluster than on a flat Au surface.?
If so, average z-stacking of chromophores on the col-
loidal Au core will be weaker. Incomplete surface
coverage by thiols or the presence of surface defects
would also contribute to loose packing on the surface of
this shell—core nanocomposite.

Figure 2 shows a 'H NMR spectrum of cluster 4, n =
9. The peaks typical of the precursor 2, n = 9, were
broadened and overlapped in the cluster, indicating that
the thiol molecules were packed on the surface of the
Ausgo core and that their motions were restricted.®® The
peak broadening caused by the restricted motion of the
bound stilbene moieties produced significant spectral
overlap. Analogous spectral features were observed for
clusters 3, n =4, 6, 9, 12, and for clusters 4, n =6, 7,
8.

The transmission FT-IR spectrum of cluster 3 (n =
9) shows peaks characteristic of thiol 1 (n = 9) (Figure
3). Because the transmission of the C—O stretching
peaks (1225 and 1270 cm~1) became attenuated upon
binding to the colloidal Au core, the thiol molecules were
believed to have packed tightly at about a 30° angle from
the surface of the Au core.3>36 Clusters 3, n = 4, 6, 12,
and clusters 4, n = 6, 7, 8, 9, showed similar charac-
teristic transmission FT-IR stretches to those observed
with cluster 3, n = 9.

Thiols 1 and 2 displayed a remarkable decrease in
solubility in organic solvents upon increasing the linker
length n. The thiolate-capped gold clusters 3 and 4 also
showed the same tendency. Solubility was thus regu-
lated mainly by the capping reagent.

(35) (a) Brousseau, L. C.; Zhao, Q.; Shultz, D. A.; Feldheim, D. L.
J. Am. Chem. Soc. 1998, 120, 7645. (b) Grabar, K. C.; Freeman, R. G.;
Hommer, M. B.; Natan, M. J. Anal. Chem. 1995, 67, 735. (c) Hayat,
M. A., Ed. Colloidal Gold: Principles, Methods, and Applications;
Academic Press: San Diego, CA, 1991.

(36) (a) Dubois, L. H.; Nuzzo, R. G.; Annu. Rev. Phys. Chem. 1992,
43, 437. (b) Bain, C. D.; Whitesides, G. M. Angew. Chem., Int. Ed. Engl.
1989, 28, 506. (c) Nordlander, P. In Laser Spectroscopy and Photo-
chemistry on Metal Surfaces, Part I.; Dai, H.-L., Ho, W., Eds.; World
Science Press: Singapore, 1995; Chapter 9, p 347.
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Figure 3. Transmission FT-IR spectroscopy of (A) azobenzene
1 (n =9) and (B) a cluster 3 (n = 9) as KBr pellets.
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Figure 4. Absorption spectra of (a) azobenzene 1 (n =9, 2.5
x 1075 M) and cluster 3 (n =9, 2.0 x 107> M) and (b) stilbene
2(n=29,3.3 x 107° M) and cluster 4 (n =9, 3.0 x 107% M) in
degassed CH,Cl,.

Trans-azobenzene 1, n = 9, exhibits a weak n,z*
transition at 430 nm and an intense sz,7* transition at
351 nm (Figure 4a). Stilbene 2, n = 9, exhibited an
intensive sr,7* transition at 307 nm (Figure 4b). These
features are similar to those of their parent com-
pounds.18:19

The Au colloid stabilized by tetraoctylammonium
bromide displayed a broadened plasmon band with a
maximum near 530 nm.28 The plasmon bands in 3 and
4 were slightly blue-shifted, consistent with covalent
bonding of a reagent to the cluster surface. Cluster 3, n
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Table 1. Quantum Yields of Isomerization and Dimerization of Azobenzene Derivatives 1 or Clusters 3 and Stilbene
Derivatives 2 and Clusters 4 in Degassed CH,Cl, Solution (10-5 M) upon Photolysis at 350 nm

absorption Amax emission Amax

isomerization

relative yield?®

dimerization

system (nm) (nm) (D) (Pi)1 or 2/(Di)3 0r 4 (Pg x 106)
1,n=4 351 (1.0+£0.1) x 101 0
n==6 350 (1.0+£0.1) x 1071 0
n=9 351 (1.14+0.1) x 107 0
n=12 351 (1.0+£0.1) x 101 0
3,n=4 345 (7.3 +£23) x 107 137 0
n==6 344 (6.5+2.0) x 1078 15 0
n=9 346 (3.7+£0.6) x 1072 3.0 0
n=12 345 (6.7 +£2.2) x 1072 1.5 0
2,n=6 307 373 (3.3+0.8) x 1074 0
n=7 306 373 (34+£0.7) x 104 0
n=38 306 373 (3.34+0.8) x 104 0
n=9 307 374 (3.4+0.8) x 10 0
4,n=6 301 378 (5.7 +1.4) x 107 5.8 22+08
n=7 299 379 (1.34+£0.4) x 104 2.6 34+£09
n=28 301 378 (1.6 £0.4) x 104 2.1 38+11
n=9 300 378 (21+0.7) x 10 1.6 43+1.2
a Relative yield is defined as the ratio of the quantum yield of thiol 1 or 2 to that of cluster 3 or 4, respectively.
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Figure 5. Fluorescence spectra of stilbene 2 (n = 9, 3.3 x 0.8
10~°M) and cluster 4 (n =9, 3.0 x 107 M) in degassed CH,Cls.
0.6

= 9, exhibited m,7* transition at 345 nm and cluster 4,
n =9, at 300 nm (Figure 4a,b). The absorption maxima
of azobenzene 1 and cluster 3 or stilbene 2 and cluster
4 were almost independent of linker length (Table 1).
The absorption bands of clusters 3 and 4 were blue-
shifted by 5—7 nm from those of 1 and 2. Such shifts
are consistent with surface attachment of the probe as
a self-assembled monolayer and are incompatible with
a fully intercalated structure.

When stilbene 2 was excited at 310 nm or cluster 4
at 300 nm, fluorescence was observed (373 nm for 2, n
= 9, and 378 nm for 4, n = 9 (Figure 5)). The
fluorescence of cluster 4 was red-shifted by 4—6 nm from
that of thiol 2 (Table 1). The fluorescence intensity of
cluster 4 is enhanced upon increasing the linker length
of the chain binding the stilbene chromophore to the
Au core. No emission could be observed for either the
azobenzene derivative 1 or cluster 3.

Whitten and co-workers have observed a 25—30 nm
blue-shift in the absorption maxima of both azobenzene
and stilbene in bilayer assemblies from those seen with
the freely solvated analogues in solution and a 30—40-
nm red shift in the fluorescence maxima of the stil-
benes.181% They assign the blue shifts of the absorption
maxima and the red shift of fluorescence maximum to
aggregation caused by strong 7— interactions. These
reported shifts are much larger than those observed in
capped clusters 3 and 4. A significant dipolar interaction
between the gold surface and the chromophore is
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Figure 6. Changes in absorption spectra of (a) thiol 1 (n =9,
2.5 x 1075 M) in degassed CH,Cl, upon photolysis at 350 nm
for 12 s and (b) cluster 3 (n =9, 2.0 x 1075 M) for 30 s.

probably responsible because a highly polar environ-
ment would stabilize the singlet excited state relative
to the ground state, producing a red shift in the
absorption maxima.®” Weak z-stacking among adjacent
moieties in the clusters 3 and 4 is also probable, as
would be expected with loosely packed thiol arrays
encasing the metallic core.

2. Photoisomerization of Azobenzene in Thiols
1 and Clusters 3. Photoisomerization from trans- to
cis-azobenzene in thiol 1, n =9, in degassed CH,ClI, was
monitored by absorption spectroscopy (Figure 6a) upon
direct photolysis at 350 nm. Parallel reactions were also
observed for 1, n = 4, 6, 12. The &,7* band at 351 nm
decreased in intensity as the reaction proceeded, whereas

(37) Bortolus, P.; Monti, S. J. Phys. Chem. 1979, 83, 648.
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Figure 7. Changes in absorption spectra of (a) thiol 2 (n =9,
2.1 x 107% M) in degassed CHClI, upon photolysis at 350 nm
for 40 min and (b) cluster 4 (n = 9, 2.0 x 107° M) for 60 min.

the band at 306 nm rose simultaneously, producing an
isobestic point at 308 nm. The n,7* band was red-shifted
from 430 to 442 nm and its intensity was enhanced. The
final absorption spectrum closely resembles that of the
parent cis-azobenzene,3® indicating that trans-to-cis
photoisomerization had occurred. We calculate from the
observed spectral changes that almost all of the trans
isomer was converted to the cis isomer in solution under
these conditions. The quantum yields of photoisomer-
ization (®;); for thiols 1 are independent of the length
of the linker (Table 1).

Direct irradiation at 350 nm of cluster 3, n = 9,
displays a very similar reactivity to that observed for 1
in solution (Figure 6b). As with the soluble precursor,
analogous reactivity was observed in clusters 3, n = 4,
6, 12. The trans-azobenzene peak at 346 nm decreases
with a simultaneous growth in intensity at about 300
nm, indicating a net production of the cis isomer.
Changes in the isomeric composition were calculated
from the absorption spectral changes. The quantum
yields of isomerization for the clusters 3 (®;); increased
markedly upon increasing the linker length, Table 1,
but were still much lower than that for the correspond-
ing thiols 1.

3. Competing Photoisomerization and Photo-
dimerization of Stilbenes in Thiols 2 and Clusters
4. Photoisomerization of thiol 2, n =9, in CH,CI, from
the trans to the cis isomer was monitored with absorp-
tion (Figure 7a). The &,7* bands at 307 nm decreased
in intensity as the reaction proceeded, whereas the band
at 269 nm rose simultaneously, producing an isobestic
point at 278 nm. This observation was similar to the

(38) (a) Zimmerman, G.; Chow, L.-Y.; Paik, U.-J. 3. Am. Chem. Soc.
1958, 80, 3258. (b) Fischer, E. J. Am. Chem. Soc. 1960, 82, 3249.
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Figure 8. Changes in fluorescence spectra of (a) thiol 2 (n =
9, 2.1 x 107% M) before (trans) and after (cis) photolysis at
350 nm in degassed CH,CI; for 40 min and (b) cluster 4 (n =
9, 2.0 x 1075 M) for 60 min.

isomerization reported for the parent stilbene,>23° im-
plying that a cis isomer was formed.

As before, analogous photoisomerization is observed
for each of the other members of the series 2, that is,
for 2, n = 6, 7, 8. This absorption spectral change
provided evidence for the absence of a trans isomer in
the final product mixture, indicating that almost all of
the trans isomer had been converted to the cis isomer.
The cis isomer exhibited two fluorescence bands at 362
and 379 nm (Figure 8a), whereas the trans isomer m,7*
band showed only a single broad emission. The quantum
yield of geometric isomerization (®j), of thiol 2 was also
independent of linker length (Table 1).

A mixture of possible [2 + 2] stilbene photodimeriza-
tion products would be expected to exhibit tailing
absorption near 250 nm and a chemical shift near 4.3
ppm in its 'H NMR spectrum.52 No such characteristics
could be observed for the photoproducts derived from
thiols 2 in solution, indicating that photodimerization
did not occur in dilute solution. This is as expected
because stilbene itself does not dimerize unless irradi-
ated in highly concentrated solution or in the solid
state.18.28

Cluster 4, n = 9, was irradiated in degassed CH,Cl,
at 350 nm under identical conditions. The plasmon
absorption of the colloidal Au core overlapped the 7z,7*
band of the cis isomer. The absorption band at 300 nm
assigned to the trans stilbene group decreased with a
simultaneous growth in intensity at lower wavelengths

(39) (a) Stermitz, F. R. In Organic Photochemistry, Chapman, O.
L., Ed.; Marcel Dekker: New York, 1967; Vol. 1, p 247. (b) Saltiel, J.;
D’Agostino, J.; Megarity, E. D.; Metts, L.; Neuberger, K. R.; Wrighton,
M.; Zafiriou, O. C. In Organic Photochemistry; Chapman, O. L., Ed.;
Marcel Dekker: New York, 1973; Vol. 3, p 1.
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Scheme 3. Photoreactions of 1 and 2 in Degassed
CH,CI; Solution upon Photolysis at 350 nm
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(Figure 7b). As with the analogous solution species,
parallel reactivity was observed for 4, n = 6, 7, 8.
Changes in isomeric composition were calculated from
the observed decrease of &,7* absorption band of the
trans isomer upon irradiation, assuming quantitative
conversion to the cis isomer.

The fluorescence spectrum of the photoproduct de-
rived from cluster 4, n = 9, exhibited two bands at 379
and 362 nm (Figure 8b), as would be expected for the
emission of the free cis isomer in solution. This observa-
tion supports the premise that geometric isomerization
from trans- to cis-stilbene occurred on the cluster. It is
also interesting that the trans-to-cis isomerization is
observed in clusters 4 in solution, whereas the analo-
gous trans-to-cis geometric photoisomerization is blocked
in a self-assembled monolayer of thiol 7 capped on a flat

NC
M(CH2)1OSH

7

Au support.® It is likely that tighter packing of the
trans-stilbene groups of thiol 7 on a larger flat surface
facet sterically blocks the isomerization. In contrast, the
corresponding cluster 4 is less well-packed*® and thiol
2 is bound to smaller facets so that photoisomerization
can take place more easily. The average diameter of
each facet on an evaporated gold surface is about 50 nm,
whereas the Au particle only has an average 2.5-nm
diameter. Thus, the high curvature of the particle
should influence the degree of local order in the forma-
tion of the SAM on the shell—core composite.*02

The quantum yields for photoisomerization of clusters
4 were significantly lower than in those of thiols 2,
which can be most probably ascribed to a competing
guenching of the excited chromophore by the metal core
in cluster 43-515.34c gnd to steric hindrance to geometric
isomerization when present in the loosely packed clus-
ter.1?

The 'H NMR spectrum of the photoproduct from
cluster 4 (Figure 2) showed a decreased intensity at 6.9
ppm and an increased intensity at 4.3 ppm, as is
consistent with a much less efficient [2 + 2] cyclodimer-
ization of the stilbene moieties in cluster 4, n = 9.52
Because the solubility of cluster 4 in CH,CI, decreased
upon lengthening of the linker, only clusters with linker
lengths shorter than n = 9 could be observed. The
quantum yields of both isomerization (®;)s and dimer-
ization (®g)4 increased with linker length (Table 1) in
the cluster.

4. Mechanism. A proposed Kinetic sequence for the
photoisomerization of thiols 1 and 2 in solution is shown
in Scheme 3 in which T, T*, and C represent a ground-

(40) (a) Leopold, M. C. Ph.D. dissertation, North Carolina State
University, Raleigh, NC, 2000. (b) Aguila, A.; Murray, R. W. Langmuir
2000, 16, 5949.
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Scheme 4. Photoreactions of a Cluster 3 and 4 in
Degassed CH,Cl; Solution upon Photolysis at 350
nm
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state trans isomer, excited-state trans isomer, and cis
isomer, respectively, and ki, ki, and ks are rate constants
for isomerization of the excited state of the trans isomer,
nonradiative relaxation of the excited state of the trans
isomer, and fluorescence emission, respectively. Al-
though slow photodimerization also occurred for clusters
4, it can be neglected in the initial kinetic analysis
because the quantum yield of dimerization was <4% of
the quantum yield of isomerization. Steric hindrance to
photodimerization thus reduces its quantum yield so
significantly that this process can be neglected from a
kinetic analysis focusing on fluorescence, even though
excitation hopping within an array of tightly packed
chromophores may take place readily.

If so, the quantum yields of isomerization of thiols 1
or 2 in solution (®j)10r2 can be expressed as in eq 1,

(DP)1ore = kil (ki + ki + k) 1)

where the subscript 1 or 2 defines the photoresponsive
reactant.

Photoreactivity of cluster 3 or 4 is described in
Scheme 4, where an additional metal-mediated pathway
Km is included.'®> The quantum yields of isomerization
of clusters 3 or 4 on colloidal Au (®j)30r4 Can be expressed
asineq 2,

(Pi)3ora = kil (ki + ki, + ke + ky) 2

where the subscript 3 or 4 defines the chemical identity
of the specific cluster and kn, is the rate constant for
guenching of the excited chromophore mediated by the
colloidal metal core. If traces of residual tetraoctyl-
ammonum bromide remained on the Au core because
of incomplete replacment by thiol, the residual bromide
ion could quench (at least in principle) the excited
chromophore. However, spectral analysis shows that
residual tetraoctylamminum bromide is present at far
too low a concentration to account for the appreciable
guenching observed. In addition, the observed depend-
ence of quenching efficiency on the appended chain
length (vide infra) argues against a significant role for
the electrolyte whose presence should have been largely
independent of chain length.

Because the quantum yields of isomerization for 1 or
2 depend only weakly on linker length, the contribution
from the linker itself could be ignored. Assuming that
ki, ki, and k; in clusters 3 and 4 remain unchanged
relative to those of thiols 1 and 2, a combination of egs
1 and 2 yields eq 3:

(@) 1or! (Pi)3ors = 1 + Ky (ki + ki + k) 3

Because no fluorescence could be observed for the
azobenzenes 1 or 3, ki can be ignored. The linker length
can be estimated by calculating van der Waals contact
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Figure 9. Dependence on spacer length of the quantum
efficiency for trans to cis isomerization of clusters 3 and 4:
plot of —A[IN((Pi)10r2/(Pi)z0ra — 1)] @against Ar: (O) 3 and (%) 4.

distances and by assuming a zigzag conformation for
each —CH,— group.

If quenching by the metal cluster takes place by
electron transfer or by through-bond electronic interac-
tion, km will generally depend on the donor—acceptor
distance as in eq 4,1441

Km = Ko xp[—pB(r — rp)] 4)

where r is the donor—acceptor distance, rp is the van
der Waals contact distance separating the centers of the
donor and acceptor, and § is a constant that determines
the rate of fall-off with distance. Combining egs 3 and
4, one obtains eq 5

(Kn)al(Ki)g = [((Pi)10r2) A/ (Pi)zora)a — 11/
[((q)i)lorZ)B/ (((I)i)3or4)B —1]

= exp[—p(ra — rp)] )

for chain lengths A and B. Equation 5 can also be
expressed as

AIIN(DP) 16r2/ (Pi)3ora — 1)] = —BAr (6)

where Ar = (ra — rg) and A[IN((®i)1or2/(Pi)zorsa — 1)] =
IN((Pi)10r2/(Pi)30ra — L)a — IN((Pi)10r2/(Pi)30ra — 1)e.

When —A[IN((Pi)10r2/(Pi)30rs — 1)] is plotted against Ar,
a roughly linear relationship is obtained (Figure 9),
when the cluster 3, n = 4, was used as the reference for
the azobenzene derivatives 3 or the cluster 4, n = 6,
was used as the reference for the stilbene derivatives
4. The slope of the line for clusters 3 almost exactly
coincided with that for clusters 4. From the slope of this
line, the g values for both clusters 3 and 4 were
estimated as 0.5 + 0.1 A1,

Because f values for electron transfer through satu-
rated linkages generally range from 0.8 to 1.2 A~1,41.42
the value obtained here may appear to be somewhat
low.#3746 This value is also lower than that observed for

(41) (a) Mikkelsen, K. V.; Ratner, M. A. Chem. Rev. 1987, 87, 113.
(b) Wasielewski, M. R. Chem. Rev. 1992, 92, 435. (c) Chen, P.; Meyer,
T. J. Chem. Rev. 1998, 98, 1439.

(42) Barbara, P. F.; Meyer, T. J.; Ratner, M. A. J. Phys. Chem. 1996,
100, 13148.

(43) Ogawa, M. Y.; Wishart, J. F.; Young, Z.; Miller, J. R.; Isied, S.
S. J. Phys. Chem. 1993, 97, 11456.

(44) Barton, J. K.; Kumar, C. V,; Turro, N. J. 3. Am. Chem. Soc.
1986, 108, 6391.

(45) Arkin, M. R.; Stemp, E. D. A,; Jenkins, Y.; Barbara, P. F.;
Turro, N. J.; Barton, J. K. Polym. Mater. Sci. Eng. 1994, 71, 598.
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a SAM on a flat Au electrode (0.85),477% but is quite
consistent with a § value (0.50) for cyclic thioether
spacers used to bind g-CdSe to gold.5! A possible reason
for a low f value is that a bound organic reagent on a
metallic core is less rigid conformationally than that on
a flat support, where z-stacking is easily achieved.®
Through-bond electron-transfer quenching of the excited
chromophore by the Au core might thus be complicated
by contributions reflecting conformations of bound
reagents with significant local disorder.4% Alternatively,
because the chromophores in a partially disordered
monolayer have available to them a number of acces-
sible conformers where the distance is greatly reduced
from the fully extended molecules, a subpopulation of
conformers may provide the observed quenching chan-
nel. If so, the apparent § value obtained here would
represent a lower limit for the real distance depend-
ence.

The quantum yields for dimerization for clusters 4
also increased upon increasing the linker length (Table
1), likely because quenching of the excited stilbene by
the metal core became weaker as the chromophore was
positioned further from the metal core. However, even
at steady state, only about 15% of the appended stilbene
moieties were dimerized, independent of the linker
length. Photodimerization is generally believed to take
place only when the molecules are properly aligned and
within a “magic distance” of 0.35—0.42 nm.1828 Only a
fraction of the neighboring stilbene moieties in clusters
4 are packed closely enough to dimerize efficiently. We
infer that 4 is characterized by loose packing of the thiol
on the central Au core®!! or that -stacking is inhibited
by the small size of the local facets of the Au colloidal
particle.

Conclusions

Gold clusters capped by alkylthiols with 4—12 carbons
and terminal-functionalized with a trans-azobenzene or
a trans-stilbene group were photochemically active upon
direct photolysis at 350 nm. Photoisomerizations from
the trans to cis isomers were less efficient in the capped
clusters 3 and 4 than in the precursor thiols 1 and 2.
The quantum yields for isomerization and dimerization
in the clusters 3 and 4 depend on linker chain length,
likely because of length-dependent quenching of the
excited state by the metallic core. The g value for
clusters 3 and 4 estimated as 0.5 + 0.1 A~ is lower than
that observed for many through-bond coupling quench-
ers and may reflect significant disorder in the capped
cluster. The stilbene moieties present on clusters 4 could
be photodimerized only incompletely (about 15%), prob-
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ably because of loose packing of the chromophores on
the small surface facets of the metallic colloidal cores.
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