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Abstract: On 13C,-labeled octanethiol-protected 2.7 nm Pd nanoparticle surfaces, it has been observed
that the 3C; NMR of the a-carbon shows a peak centered around 38 ppm (with respect to tetramethylsilane
(TMS)), which virtually coincides with that of the a-carbons in a dioctyl—disulfide molecule (39.3 ppm), and
the corresponding *3C; spin—spin relaxation becomes nonexponential. In addition, the infrared spectrum
of the same sample shows that the ligands have a 100% gauche conformation, which is also consistent
with a dioctyl—disulfide arrangement. By comparing with data obtained on 3C;-labeled octanethiol-protected
2.8 nm Au nanoparticles, we propose that a dioctyl—disulfide structure of the ligands is formed on the
octanethiol-protected Pd nanoparticle surface, in contrast to the thiolate structure proposed on the Au
nanoparticles. In addition, CO adsorption experiments show no sign of a PdS layer formed on the Pd
nanoparticle surface. Furthermore, data taken over a period of more than 1 year show that the Pd
nanoparticles are rather stable in organic solvents (for instance benzene), although slow degradation does
happen and oxygen seems to play an important role in accelerating the degradation.

Introduction ols from the very beginning, no such interlayer structure has
For the most intensively studied archetypal systems of self- Peen reported-12instead, the available XPSdata suggest that
assembled monolayers (SAMspf alkanethiols on metal tISinan all P& state. However, Murray and cq-workers d!d
(specifically gold) single crystal or the corresponding nanopar- observe a much higher alkanethiol content in alkanethlql-
ticle (NP) surfaces, the prevailing experimental observations Protected Pd than Au NPs and speculated that the protecting
consistently suggest an alkanethiolate structure with a dominant'@yer includes a Pd(ll) thiolate ring and/or chain structufes.
trans conformatiofi=# So far, few dialkydisulfide structures [N this paper, we report neWwC nuclear magnetic resonance
have been observed. The best-known example is probably the(NMR) and infrared (IR) evidence that strongly suggests the
one published by Fenter et al. a decade ago in which grazingformation of a dioctyt-disulfide structure on the octanethiol-
X-ray diffraction data have suggested the existence of a dialkyl Protected Pd NP surface, as compared to that obtained on
disulfide structure on a Au(111) surfagévost interestingly, octqqethlol-protected_ Au NPs that have similar parpcle size. In
Whitesides, Nuzzo, and their co-workers have recently proposed@ddition, CO adsorption shows that no PdS layer is formed on
an unusual palladium sulfide (PdS) interlayer sandwiched the surface of the Pd NPs |nv_e_st|gated in this paper. Fu_rthermore,
between the alkanethiol SAM and the Pd surfaces with a & rathergood Iong-terr_n stability of the Pd NPs is confirmed by
dominant (111) facet.A similar PdS interlayer structure has ~data taken over a period of more than 1 year. However, slow
been inferred by extended X-ray absorption fine structure degradation does happen, and oxygen appears to play an
(EXAFSY and X-ray photoelectron spectroscopy (XP&)r important role in accelerating the degradation.
alkanethiols adsorbed opreformedPd NP surfaces. On the Experimental Section
other hand, for Pd NPs synthesized in the presence of alkanethi-

Synthesis of NPsOur synthesis of octanethiol-protected Pd (and

(1) Dubais, L. H.; Nuzzo, R. GAnnu. Re. Phys. Cheml993 43, 437463, Au) NPs followed the conventional two-phase proceéturailizing

(2) Badia, A.; Cuccia, L.; Demers, L.; Morin, F.; Lennox, R.BAm. Chem.

S0c.1997 119, 2682-2692. tetran-octylammonium bromide (TOAB, 98%, Aldrich) as a phase-

3 g'glséetleh M. J.; Stokes, J. J.; Murray, R. Wangmuir1996 12, 3604~ transfer reagent. All aqueous solutions were prepared with water purified

(4) Bryant, M. A.; Pemberton, J. El. Am. Chem. Socl991, 113 8284-

8293. (9) Yee, C. K.; Jordan, R.; Ulman, A.; White, H.; King, A.; Rafailovich, M.;

(5) Fenter, P.; Eberhardt, A.; EisenbergerSeiencel994 266, 1216-1218. Sokolov, J.Langmuir1999 15, 3486-3491.

(6) Love, J. C.; Wolfe, D. B.; Haasch, R.; Chabinyc, M. L.; Paul, K. E.; (10) Chen, S.-W.; Huang, K.; Stearns, J.@Ghem. Mater200Q 12, 540-547.
Whitesides, G. M.; Nuzzo, R. Gl. Am. Chem. SoQ003 125, 2597 (11) Shen, C.M.; Su, Y.K,; Yang, H. T.; Yang, T. Z.; Gao, HChem. Phys.
26009. Lett. 2003 373 39-45.

(7) Murayama, H.; Ichikuni, N.; Negishi, Y.; Nagata, T.; TsukudaChem. (12) Zamborini, F. P.; Gross, S. M.; Murray, R. Wangmuir2001, 17, 481—
Phys. Lett2003 376, 26—32. 488.

(8) Lu, W.; Wang, B.; Wang, K. D.; Wang, X. P.; Hou, J. Gangmuir2003 (13) Brust, M.; Walker, M.; Bethell, D.; Schiffrin, D. J.; Whyman, ®.Chem.

19, 5887-5891. Soc., Chem. Commut994 801-802.
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Figure 1. TEM pictures and size distribution histograms for the Pd (A and B) and Au (C and D) NPs.

by a Millipore Milli-Q Gradient A-10 system to 18.2 8. For Pd, 20 38 ppm
mM PdCk (99.9%, Strem) in 0.5 M HCI (Fisher) and 25 mM of TOAB — Pd
(in 2 times excess) in toluene were shaken vigorously, resulting in a — Au $
complete phase transfer of the Pd ions. For Au, 34 mM hydrogen
tetrachloroaurate hydrate (99.9985%, Strem) in Milli-Q water was
mixed with 47 mM TOAB (in 1.5 times excess) in toluene under
vigorous stirring that also results in a complete phase transfer of the
AuCl,~ into the organic phase!®C;-labeled GH;;SH (Isotech,
Miamisburg OH) was added to the separated organic phase according
to a Pd/thiol ratio of 2:1 and a Au/thiol ratio of 5:1. Then a 10 times
excess of 0.5 M NaBld(99.995%, Aldrich) was poured into the
mixtures under vigorous stirring, and dark brown Pd and Au colloids
were instantaneously formed. Multiple cycles of filtering, rotary
evaporation, and redissolving of the separated Pd and Au colloids gave
the final dark brown product whose purity was checked by routthe
and*C NMR. Parts A-D of Figure 1 show the transmission electron
microscopic (TEM) images of the samples so prepared and the
corresponding size distribution histograms. Average particle sizes of
2.7+ 0.6 and 2.8+ 0.6 nm were obtained for Pd and Au, respectively.
Nuclear Magnetic Resonance and Infrared SpectroscopyAll ! !
NMR measurements reported here were carried out at room temperature 120 80 40 0
on a “home-assembled” 400 MHz spectrometer equipped with an 6 (ppm)
Oxford active-shielded 9.395 T widebore superconducting magnet and Figure 2. 13%C; NMR spectra ofC,-labeled octanethiol-protected Pd (blue)
a Tecmag Libra acquisition system. The NMR samples consisted of 4 A, (red) NPs.
the concentrateddDs solution of Pd and Au NPs flame-sealed into 10

NMR Amplitude

mm x 25 mm glass ampules. A Hahn spiacho pulse sequence/? Results and Discussion
— 7o — 7T — To — acquisition) with 16-phase cycling was used for data
acquisition. Thet/2 pulse= 6 us andzo = 50 us. The chemical shift 13C; NMR Shifts and Relaxations.We compare in Figure

of CeDs (128.39 ppm with respect to TMS) was used as the internal 2 the 13C; NMR spectrum of Pd NPs (blue) with that of Au
secondary reference. Tfg's were measured by conventional inver-  \pg (red). The spectrum of the Au NPs was previously

Z:’;Leni%en%??;ht?iaé':ht:zihbgsrzoﬂzmgg ;T]Zsaf’cerg:gl_t?]rgf’smggtemm published* and is reproduced here for comparison. The vertical
0 q : P lines at 15, 24, and 33 ppm indicate the positions of

relaxation values were obtained by reading the variations in signal

amplitude at a given spectral position. All repetition times were set to NMR peaks from @ to Cs along the pptane chaifi. As

5T,. expected, they appear at the same positions for both samples.
However, the'3C; positions are noticeably different: 38 ppm

IR spectra were recorded in transmission mode using a Bruker Vector ) X
22 IR spectrometer with a spectral resolution of 2&and 126 scans. ~ 10r Pd NPs but 50 ppm for Au NPs, although their particle

The IR samples were prepared by grinding ca. 1 mg Pd or Au NPs

together with KBr and then pressing it into a wafer. All the resulting (14) fglaliigwigz, B. S.; de Dios, A. C.; Tong, Y. ¥. Am. Chem. So@003
data were background-subtracted and treated with baseline correction(15) Licaa GTC.-' Zelakiewicz, B. S.; Tong, Y. . Electroanal. Chem003

and smoothing. 554-555 127-132.
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Figure 3. RepresentativéC; spin—spin relaxation curves across the spectra for the Pd (A) and Au (B) NPs.

sizes are virtually the same. Compared to #i€; NMR can be clearly seen, the spiapin lattice relaxation is not a
chemical shift of a free octanethiol at 24.7 pptrhinding to single-exponential for the Pd NPs (the solid curves in Figure
the Pd NPs only causes a 13 ppm shift toward high frequency, 3B are ad hoc biexponential fits to the data, i%¥z)/S = a
which is 12 ppm less than when bound to the Au NPs. It is exp(27/TS) + (1 — o) exp(—27/T,s), where a is the
generally accepted that alkanethiols form a thiolate structure fraction of the slow component), while it is a single-exponential
when self-assembled on a single crystal or nanoparticle Au for the Au NPs. It is also less variant for the former than for
surface? Since hydrogen has a higher electronegativity than Au, the latter NPs. More detailed data are shown in Figure 4A. On
charge withdrawing from the {docation is unlikely to be the  the other hand, th&C; spin—Ilattice relaxation of the Pd NPs
cause of the deshielding observed when the octanethiol is bounds a single-exponential, whose across-the-spectrum values are
to the Au surface. We think the deshielding is most likely caused compared with those of the Au NPs in Figure 4B. Although
by either the back-donation from the metal to the bound ligand, the spin-lattice relaxation is slightly slower for the Pd than
which would increase the population of low-lying molecular for the Au NPs, they are overall very similar, indicating that
LUMOs (lowest unoccupied molecular orbitals), or by the the 13C; spin—lattice relaxation of the octanethiols on the Pd
spillover of conducting electrons (or both) and, therefore, an NPs is still dominated by the random tumbling of the partiéfes.

increase of the paramagnetic contribution to the NMR shift.  There are two possible reasons for the nonexponeti@al
Now, if the same thiolate structure is also formed on the Pd spin—spin relaxation observed in the Pd NPs, and both can be
nanoparticle surface, then an even larger deshielding would beyatignalized as a result of the dioctydisulfide formation. The
expected since Pd is usually much more able to back-donategys; is the motional hindrances caused by the dicetjiulfide
electrons to the ligand than Au does. Indeed, available experi- formation that generates large anisotropy in the local motions
mental evidence (vide infra) strongly suggests this is the case.,\hich cannot be totally averaged out by the particle tumbling
Thus, a deshielding of 12 ppm less for Pd NPs than for Au ;. the NMR time scale. Thus, tH&C, spin—spin relaxation

NPs is sqmewhat surprising.. ) sees an inhomogeneously distributed autocorrelation behavior
Inter?stlngly, the peak position of tHéC, NMR spectrum a4 ¢4 1se5 a nonexponential relaxation in the Pd NPs. The other
of the *3C,-labeled octanethiol-protected Pd NPs, 38 ppm, sqiniity is simply that the formation of the dioctytlisulfide

coincides with that %f ther-carbons in a dioctytdisulfide structure generates two nonequivaléf€; sites which have
molecule (39.3 ppm? This coincidence leads us to propose different spin-spin relaxation rates, yet whose spectra largely

that a dioctyt-disulfide structure may be formed on the Pd NP overlap. Indeed, the average fraction of the slowly relaxing

surface. A.n '}T m.edlf':l\lte .corllf.sequtlence gf thle folrmattpn of such acomponent across the spectrunois= 0.52 + 0.06, strongly
structure is that it will significantly modify local motions, e.g., suggesting a haffhalf partition.

reduce substantially the rotational freedom and local chemical .
y Gauche vs Trans S-C IR Stretching. If the adsorbed

environment as seen by tRéC;. It, therefore, will influence tanethiols do f dioctdisulfide struct the Pd
the relaxation behaviors accordingly, for nuclear spin relaxations octanethiols do form a | loctyldisulfide struc ure on the
NP surface, then a dominant gauche conformation of th€ S

are highly sensitive to changes in the local motions. Indeed, . L
the 13C, spin—spin relaxation of the Pd NPs behaves qualita- PONdS iS expectetlThis is, in fact, the case observed by IR

tively different from that of the Au NPs, as shown in Figure 3. measurements, as presented in Figure 5. Two spectral regions

Parts A and B of Figure 3 present three representative relaxation®f ty?;f:al IR spectrum are shown: fr?ﬁmf 50?] . 80(hTéIrfor ’
curves at different spectral positions for Pd and Au NPs. As the€ S=°C (A) and from 2800 to 3100 cn for the methylene
methyl (B) stretching frequencies. The red and blue spectra are

(16) KnowltAll Informatics System 3.8io-Rad Labortories, Inc., 20812003. for the thiols on the Au and the Pd NPs, respectively. According

J. AM. CHEM. SOC. = VOL. 126, NO. 32, 2004 10055
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Figure 4. Across-the-spectruffC; spin—spin (A) and spin-lattice (B) relaxation data for the Pd (blue circles) and Au (red triangles) NPs. The blue solid
and open circles in A are, respectively, the fast and slow components for Pd NPs.
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Figure 5. IR spectra for the Pd (blue) and Au (red) NPs: (A)S and (B) methylene and methyl stretching regions.

to the assignments proposed in the literature for thiols on Au which are in excellent agreement with the literature vafues.
surfaces*17 the bands forvsiyete{ S—2%Cirans and Vsirete{ S— Altogether, the IR data confirm that the octanethiols on the Au
12C)gauchestretching should appear at 721 and 642 &mvith NP surface have a thiolate structure and a dominant trans
the former overlapping with that of the more intensive methylene conformation.

rocking (R) band. With 13C; labeling, as is the case here, both
are expected to show a red shift. Of particular importance is
that such a red shift would enable a resolution of thgwr
(S—13C)trans from the voekin(CH2) band. This is indeed being
observed in the red spectrum, Figure 5A, for the octanethiols
on the Au NPS:Vsgrete{ S—13C)rans = 696 cnt?, well-separated

> h k 13- hich
o) v Ky oo .1 DS ek spanr o 03 brtiencan o
which can be assigned to thgyeic{ S—3C)gauche IN the 28006~ y assig gauche ' '

3100 cnt spectral range (Figure 5B), we observetCHs) = the uncertainty of the experiments, all the octanethiols on the

Pd NPs surface take a gauche conformation which is in
2849 cnm?, v,{CH,) = 2919 cn1?, andvadCH3) = 2955 cn?, . . 2
va{CH2) va{CHy) agreement with a dioctyldisulfide structure. The methylene

(17) Schaaff, T. G.; Shafigullin, M. N.; Khoury, J. T.; Vezmar, |.; Whetten, R. and methyl stretching frequeneies (Figure SB) ﬁé(é:Hz) N
L. J. Phys. Chem. B001, 105, 8785-8796. 2851 cnTl, v,{CH,) = 2922 cnTl, andv,dCH3) = 2954 cn1l,

10056 J. AM. CHEM. SOC. = VOL. 126, NO. 32, 2004

It is, however, an entirely different story for the octanethiols
on the Pd NPs, as shown by the blue spectrum in Figure 5A.
Although a band appears at 721 thwhich can be assigned
to the methylene rocking ¢ band, there is no band around
696 cnTl, as expected for thesyeic{ S—1%C)ransband. Instead,
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Figure 6. IR spectra for the Pd NPs with (a) and without (b) CO
bubbling: (A) C-O and (B) S-C stretching regions. a
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which are blue-shifted compared with those for the Au NPs. 200 150 100 50 0
This is consistent with the expectation that the gauche confor- é(ppm)
mation of the S-C bonds will resultin a less ordered crystalline  Figure 7. 13C; NMR spectra taken (a) 2 days after the Pd NPs were made,
carbon chain structure. (b) 400 days after the Pd NPs were made during which the sample was

. . . . sealed in a glass ampule, and (c) 34 days after spectrum b during which
Surface Composition.As mentioned in the Introduction, an  ihe sample was exposed to air. The spectra were normalized by setting the

unusual palladiumpalladium sulfide (PdS)thiols interlayer signal amplitude at 38 ppm to 1. See the text for detailed discussions.
structure has been proposed for alkanethiol SAM on the Pd
surfaces with a dominant (111) fadeto verify if this could CO,. However, the results do strongly suggest that it seems
also be the case for our Pd NPs, we used CO adsorption as ainlikely that the possible presence of adsorbed oxygen, if any,
qualitative probe. The idea is quite simple: Since a-Bdond could be the reason for the gauche conformation of th€ S
(~70 kcal/mol}® is much stronger than a P€CO bond (45 bonds since the CO adsorption does not alter it at all.
kcal/mol)® CO would not be able to displace the S bound to  Pd NP Stability. It has been observed previously that
the Pd surface in the form of a sulfide. This is why the S is one alkanethiol-protected Pd NPs are not as stable as alkanethiol-
of the strongest poisons for catalytic transition metal surfaces protected Au NP&%12.22|n particular, the degradation process
in general and Pd surfaces in particld&rherefore, CO would is significantly accelerated in the presence of the reaction media
either not be able to absorb on a Pd NP coated with a PdS layerin which the Pd NPs were synthesiz&tand/or in the presence
or, if adsorption does happen, it would have very different IR of extra free thiol$2 presumably leading to some yet unidenti-
stretching frequencies as compared to COs on a normal Pdfied Pd(ll) thiol complexes as the final produé®2To see if
surface. such Pd complexes could be the reason for the proposed
For the IR measurement, a toluene solution of the Pd NPs dioctyl—disulfide structure, we carried out a long-teA¥C;
was bubbled by gaseous CO for about 20 min and then drop-NMR study. In Figure 7, threé3C; NMR spectra of the Pd
cast onto a KBr wafer which was subject to IR measurements. NPs recorded at different times are presented, which are
The IR spectrum so obtained is presented in Figure 6 (spectrumnormalized by setting the signal amplitude at 38 ppm to 1.
a). Also shown in Figure 6 (spectrum b) is the IR spectrum of Spectrum a was taken 2 days after the sample was prepared,
the Pd NPs that have not been subject to CO bubbling. Theand spectrum b was taken after 400 days during which the
appearance of a dominant bridge-bound CO band at 1889 cm sample had been sealed in a glass ampule. After spectrum b
with a minor atop-bound CO band at 2050 ¢hiFigure 6A), was taken, the sealed ampule was opened to air. Half of the
which are characteristic for CO adsorbed on small Pd NPs sample was recollected for TEM and IR measurements. The
having a particle size of ca. 2.5 nthdemonstrates quite clearly  other half of the sample was left in a glass tube for recording
that the presence of a PdS layer on the Pd NP surface is highlyspectrum ¢, which was taken 34 days after the sample was
unlikely, if not at all impossible. Equally important is the exposed to air. The variation in signal-over-noise ratio is due
observation, as shown in Figure 6B, that the adsorption of CO to different numbers of acquisition scans and sample quantities.
does not alter the gauche conformation of theCSbonds. The peak at 128.39 ppm is fromg0s. However, GDe/CsHs
Notice that the CO adsorption cannot exclude the possible was used for spectrum a, resulting in a reduction of the peak
presence of adsorbed oxygen on the Pd surface because C@mplitude. Notice that the sample preparation and the subsequent

can eliminate adsorbed oxygen via a reaction €0D,gs — flame-sealing were carried out in ambience and no special
precautions were taken to exclude air.
(18) Makkonen, I.; Salo, P.; Alatalo, M.; Rahman, TRliys. Re. B 2003 67, A couple of important observations can be made from the
Art. No. 165415. - . :
(19) Somorjai, G. A.ntroduction to Surface Chemistry and Catalysi®hn data presented in Figure 7. First, for all cases, the dominant
Wiley & Sons: New York, 1994. eak is still the one at 38 ppm that has been assigned to the
(20) Rodriguez, J. A.; Chaturvedi, S.; Jirsak,dhem. Phys. Lett1998 296, p PP 9
421-428.
(21) Bradley, J. S.; Millar, J. M.; Hill, E. W.; Behal, S.; Chaudret, B.; Duteil,  (22) Murayama, H.; Narushima, T.; Negishi, Y.; TsukudaJTPhys. Chem. B
A. Faraday Discuss1991, 92, 255-268. 2004 108, 3496-3503.
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dioctyl—disulfide structure on the Pd NP surface, indicating that happen slowly, even in normal organic solvent, and is apparently
the majority of the sample does not change. This is consistenta complicated multipath process.

with the observations in which the TEM and IR taken on the

sample exposed to air after 400 days show no qualitative Conclusions

changes in terms of the particle size and theCSstretching
bands. This means that the results we have observed are clearl}_éV
not due to the degradation of the sample. Second, however, new,
13C NMR peaks do appear in spectra b and c, which are
indicative of a degradation process, although very slow. Most

mte.restmg is the narrow peak ‘?t 1.79 ppm that we tentatively studied here. Concerns on the long-term stability of the Pd NPs
assign to'3C; of the alkane chains in some detached product . - . .

. . o . were investigated with data taken over a period of more than 1
generated during the degradation. Its substantial increase in

amplitude after 34 davs of exposure to air clearly indicates that year, which show clearly that the Pd NPs are rather stable,
phitu ys Of exposu al y Indicat although slow degradation does happen and oxygen seems to
oxygen may play an important role in the degradation of

alkanethiol-protected Pd NPs. accelerate the degradation process. In addition, the appearance

. " )
In spectrum ¢, another narrow peak appears at 39.5 ppm..ofmul'uple new!3C; NMR peaks from the degradation products

Coincidently, theC, chemical shift of a free dioctyldisulfide indicates that the degradation is a complicated multipath process.

molecule is 39.3 ppm. Such a coincidence points to the presence B(Iaf(_:ause of a much slhorher sulfsulfur distaEpe, afdialky+
of free diocty+disulfide molecules in the solution which may ~ disulfide structure could allow a denser packing of SAMs on

directly come from the disulfide on the Pd NP surface. It is not metal surfacgs than a SimP'e alkanethiolgte str'ucture does.
clear at this moment why it is below the detection limit in Therefore, higher alkanethiol coverage, i.e., higher sulfur
spectrum b. Since it appears after the sample was exposed ggontent, could be expected.

air, oxygen may again play a role here. We also think that, One important question that needs to be addressed in the
purely based on sensitivity considerations, the shoulders at 50future, in particular theoretical research, is why t#&; NMR

and 63 ppm and the hump at 110 ppm in spectra b and c are alishift of a dioctyl-disulfide on a Pd surface appears almost at
from the labeled!3C; contained in other products generated the same place as a free dioctglisulfide molecule. A possible
during the degradation. Although we refrain from any specific €xplanation is that a saturated suffigulfur bond might
assignment of these new peaks for the lack of information, we Significantly reduce the influence from the metal surface.
would like to point out the fact that they are all more deshielded
than 38 ppm, the shift value found for octanethiols on the Pd
NP surface. It is highly likely that one of the products is some
sort of Pd(ll) thiolate. Thus, it is reasonable to conjecture that
a thiolate structure on the Pd surface would at least hd%&;a
shift of 50 ppm, again supporting the assignment of the 38 ppm
peak to the dioctytdisulfide structure. The appearance of these
new peaks indicates that the degradation of the Pd NPs doeslA0491883

In summary, we have reported nel®C; NMR and IR
idence that is consistent with the formation of a dioetyl
isulfide structure on an octanethiol-protected Pd NP surface.
CO adsorption experiments demonstrate that the formation of
a PdS layer is highly unlikely on the surface of the Pd NPs
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