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The vibrational spectra of platinum nanoparticles {24nm) capped with poly{-vinylpyrrolidone) (PVP)

were investigated by deep UMRaman and FTIR spectroscopy and compared with those of pure PVP. Raman
spectra of PVP/Pt show selective enhancement=s©OCC—N, and CH vibrational modes attributed to the
pyrrolidone ring. Selective enhancement of ring vibrations is attributed both to the resonance Raman effect
and SERS chemical enhancement. A red shift of the PVP carbonyl frequency on the order of @fdirates

the formation of strong~C=0—Pt bonds. It is concluded that PVP adheres to the nanoparticles through a
charge-transfer interaction between the pyrrolidone rings and surface Pt atoms. Heating the Pt nanoparticles
under reducing conditions initiates the decomposition of the capping agent, PVP, at a temperati€e 100
below that of pure PVP. Under oxidizing conditions, both PVP/Pt and PVP degrade to form amorphous
carbon.

Introduction can also be systematically changed, as shown in Figure 1.

However, very little is known about the structure and nature of

“Platinum blue” and “platinum tan” coordination compounds
with 2—8 platinum atoms arranged as a bridging chain have
attracted much interest over the past decade. Many binuclea
and tetranuclear Pt compounds stabilized by amide bridging
ligands have been isolated and structurally charactetized.
Crystallographic studies of Ppyridone and Ptpyrrolidone
complexes show that amide groups usually bind (through O or
N) to mixed valence PtPt bridge sites with average Pt
oxidation states of Pt, P£25", P&5" and P¥". An increase
of the formal Pt oxidation state fromPtto P£* is reflected in
the increase of PtPt bridge distance from 2.6 to 2.98 AThese
coordination compounds possess attractive chemical propertie
that include unusual structural flexibility of the Pt chain
depending on oxidation staié,interesting catalytic behavior
such as the ability to act as one step, two-electron reductants,
or activity as antitumor agents.

In light of these properties, it may not be surprising that the
polymeric form of vinylpyrrolidone, PVP, has been used
extensively as a macroligand for stabilizing Pt, particularly in
the form of nanocrystals® More specifically, PVP has been
used as a shape-controlling reagent in the PVP-mediated polyo
process to produce metallic nanostructures with different siape,
and as a flexible membrane around metallic colloids, which
influences the selectivity of catalytic reacticid he integration
of PVP/Pt nanoparticles in catalytic reactions has introduced
new opportunities to create tailored catalytic systems. In addition
to the control that PVP can provide over nanoparticle size and
shape, the size and structure of polymeric shell, e.g., altering
the molecular weight of PVP and degree of PVP cross-linking,
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the chemical bond between PVP and platinum nanocrystals at
the molecular level. Different experimental techniques have been
sed to explore the interface of PVP/Pt including XR3$y —

is.% FTIR,2 and Raman spectroscop.

In this paper we report a study of PVP-capped Pt nanocrystals
using deep UW¥-Raman and FTIR spectroscopy. Deep YV
Raman spectroscopy can be advantageous for probing the
interaction between PVP and the Pt surface because of the
substantial intensity enhancement expected for some vibrational
modes as a result of both the resonance Raman and chemical
enhancement effects of SERS. We were able to differentiate

u
\

Setween modes arising from unbound PVP and polymer

interacting with surface Pt atoms of nanoparticles. Some
vibrational modes of the pyrrolidone rings in deep URaman

(244 nm) are enhanced due to resonance Raman and chemical
enhancement of SERS, making the amide groups in PVP
sensitive probes for the interaction of PVP with the Pt
nanocrystals. We have also studied the thermal and chemical
degradation of pure PVP and PVP coated Pt nanocrystals in

Ihydrogen and oxygen.

Experimental Section

Synthesis of Shape-Controlled Platinum Nanocrystals by
Ethylene Glycol Reduction. Platinum cubes (9.4 0.6 nm,
80%) were synthesized by adding 0.5 mL 0&2.0~3 M silver
nitrate (AgNQ) solution in ethylene glycol (EG) to refluxing
EG followed by stepwise addition of polf¢vinylpyrrolidone)
and hexachloroplatinic acid gRtCl-6H,0) solutions in EG.

The resulting mixture was heated under reflux for an additional

5 min followed by centrifugation. A more detailed description

of the experimental procedure can be found elsewhéiieer
separation of the supernatant and precipitate in acetone, the latter
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were taken with an additional band-pass filter in front of the
spectrometer to further reduce the intensity of elastically
scattered radiation. Spectra were recorded with apd¢ddled,
UV-enhanced CCD camera. The instruments dispersion is 2.1
cm~Ypixel; the typical resolution of 12 cnt was controlled

by the slit width of the dispersion stage of the triple spectrom-
eter.

Deep-UV irradiation of PVP is known to induce intra- and
intermolecular cross-linking of the polymer cha#iso elimi-
nate modification or decomposition of PVP/Pt samples under
UV irradiation we used a custom designed rotating sample
Cc holder (1200 rpm) equipped with a second motor for lateral

Figure 1. Schematic illustration of PVP/Pt nanopatrticles with different tranSIt?]tlon (t? 40 rpm).l In;hls mar.mert’t;[hed\alser was XY_-raste_red
structure (morphology) of capping polymeric macroligand: (A) low CVE' tN€ entiré sampie, decreasing the UV exposure in a given

molecular weight PVP, (B) high molecular weight PVP, and (C) dense, SPOt by 16 when compared with a static sample holder. No-
cross-linked PVP. detectable photodegradation of samples was observed in this

configuration over a period of 90 min.

was redispersed and washed twice with ethanol and finally To prepare samples for the Raman study, solutions of PVP/
dispersed in ethanol or chloroform. Nanoparticles obtained in Pt in chloroform were evaporated on 30 mm diameter Al foil
the absence of silver ions were predominantly cubic 81.2 substrates. Typical collection times were30 min, using 3-5
nm, 80%) (Figure 2). mW of 244 nm excitation energy. An oil-free Alcatel Drytel

Synthesis of PVP-Capped Platinum Nanoparticles by 34 turbo-pump station was used for sample evacuation. GRAMS/
Ascorbic Acid Reduction. PVP stabilized platinum nanopar- Al software from Thermo Galactic was used for processing
ticles with a mean diameter of 5.3 nm were synthesized by the Uy —Raman and FTIR-DRIFT spectra.
direct reduction of HPtCk-6H,0 with ascorbic acid in a water/
methanol solvent mixture. The platinum precursor was added Results and Discussion
to a refluxing solution of PVP and ascorbic acid under vigorous
stirring. A color change from yellow to dark brown within a
few minutes indicated the formation of nanoparticles. After a
15-min reaction time, the solution was cooled to room temper-
ature and isolated by precipitation with acetone. Excess PVP
was removed by repeated suspensiong4imes) of the particles
in ethanol and precipitation with hexanes. The final product was — -
then dispersed in ethanol.

Vibrational Spectra of Neat PVP. The vibrational spectrum
of pure PVP has been studied previously with IR and Raman
techniques. It was shown that increasing the molecular weight
from 3 000 to 2 000 000, i.e., the number of repeating units,
did not induce any substantial changes in the Raman sp@éctra.

A dilute solution of the purified sample was applied onto a _ClH'ﬁ__
200 Mesh Formvar/C coated Cu-grid and dried in air. TEM 0 N_'"2
analysis was carried out with a Tecnai 12 Transmission Electron @

Microscope operated at 100 kV acceleration voltage.
Spectroscopic Characterization.All UV —vis absorption
spectra were measured in water on an Agilent 8453-\igible
ChemStation equipped wiita 1 cmpath length quartz cuvette. - ~n
FTIR-DRIFT spectra were measured with a Nicolet Nexus-670
spectrophotometer with integrated diffuse reflectance optics Also, the FTIR spectra of soluble and cross-linked PVP are very
(Spectra-Tech Collector 11). We found that improved spectra similar1? Figure 4 shows the FTIR and UVRaman spectra of
could be obtained by using a thin layer of PVP/Pt evaporated pure PVP55 (MW 55 000) in the region of 568700 cntl.
from chloroform or ethanol solution on a reflective surface such The presence of a heteroatom and a carbonyl group in the
as aluminum or gold foil in place of the standard DRIFT sample pyrrolidone ring sufficiently decreases the symmetry so that the
holder. Since the layer thickness can be adjusted so as to rendemajority of vibrational modes are present in both the IR and
the sample partially IR transparent, we were able to optimize Raman spectra, although with different intensities (Figure 4A).
the ratio of diffuse to specular reflectance and obtain spectra of It has been shown that the frequency of the carbonyl stretch is
similar quality compared to those measured in transmission very sensitive to hydrogen bond formation with water molecules.
mode. This method can be described as a hybrid of DRIFT and As the concentration of adsorbed water is increasedy (e
IR reflection absorption spectroscopy (IRRAS). The tempera- O) shifts from 1680 to 1652 cnt.1113 A comparison of the IR
ture/vacuum chamber Spectra-Tech 0030-101 was used for inand Raman €H stretching modes shown in Figure 4B makes
situ FTIR measurements in kr (10% Hy) flow. it possible to identify five peaks corresponding to theand
The deep UW¥-Raman spectroscopy system is shown in v,s(CH,) stretch of the pyrrolidone ring as well aéCH,) and
Figure 3. A continuous wave (cw) intracavity doubled argon the tertiary C-H stretch of the backbone. Deconvolution of the
ion laser operating at 244 nm is used as the excitation source.Raman spectrum for PVP in this spectral region is depicted in
A custom designed (Omega Optical) UV long-pass edge filter Figure 5A. The weak Raman line at 3300 chtorresponds to
is used to block plasma lines below 246 nm. A 37 mm focal the first overtone of the carbonyl stretch (Figure 5B). Empirical
length fused silica lens allowed focusing of the laser erb@0 assignments of IR and Raman lines of pure PVP are summarized
um spot on the surface of the sample. Backscattered light wasin the first two columns of Table 1.
collected with the same lens, collimated, and directed to the Excitation with 244 nm radiation did not induce selective
entrance slit of a triple spectrometer Spex 1877C, which was enhancement of any vibrational mode intensities indicating that
optimized for performance in the deep UV region. Some spectra for pure PVP we detect a “normal” Raman spectrum. The deep
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Figure 2. TEM analysis of ethylene glycol reduced PVP stabilized Pt nanoparticles: (A) TEM image of predominantly cubic platinum nanoparticles
(8.7 £ 1.2 nm, 80%) synthesized in the absence of silver ions and (B) corresponding size histogram.
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Figure 3. Overview of UV—Raman spectroscopy system: (A) special
XY-moving sample holder allows decrease UV-irradiation dose by a
factor of about 1®compared with standard static holder.

UV—Raman (244 nm) spectrum of PVP is similar to previously

measured PVP spectra obtained with laser excitation at 488

nm!2 632.8 nmi* and 1064 nni! As further evidence that no
enhancement occurs, the ratio of intensiti@gs—=0)(1660) to
I(CH, bend)(1442) are consistently less than 1 for all excitation
lines in the range of 2441064 nm.

UV Raman and FTIR Spectra of PVP/Pt. The UV—Raman

spectra of pure PVP and PVP-capped Pt nanocrystals (2.4 NMg206 cntl

random shape) differ noticeably (Figure 6A). A dominant intense
line appears at 1606 crhwith a weak shoulder at 1660 crh
The ratio of intensities of(C=0) to I(CH, bend) becomes
1(1606)> 1(1442), which is opposite to the ratio for pure PVP.
Additionally, the CH bending region is dramatically perturbed
with the strongest line now at 1380 c# The CG-H and O-H
stretch region of PVP/Pt (25C in air), shown in trace 1 of
Figure 6B, has peaks at 2930, 3206, and 3450cHideating
the sample at 70C in air for 30 min resulted in a decrease in
the intensity of the broad line at 3450 chrelative to that at
2930 cnrt (Figure 6B, trace 2). This broad line is attributed to
the OH stretch of hydrogen-bonded watkwhile the peak at

J A PVP
3
© 6
E UV Raman
7]
2,
-
=

2

FTIR
N
00 ) 1000 1200 1400 1600 1800
WAVENUMBER, cm”

21
:: 15
=
D,
4
w
=
F4

05

-

20 2700 2800 200 3000 3100

WAVENUMBER, cm™!

Figure 4. UV Raman and FTIR spectra of pure PVP: (A) overview
of UV—Raman and FTIR spectra of PVP in the region of 53200
cm~t and (B) comparison of Raman and FTIR spectra of PVP in the
region of C-H stretch.

is assigned to the first overtone of the carbonyl group
vibration at 1610 cm!. Furthermore, comparison between the
Raman spectra of pure PVP and PVP/Pt shows that the ratio of
intensity of the overtone at 3206 cito the fundamental CH
stretch at 2930 cnt is substantially larger for PVP/Pt. The
appearance of intense lines in the YRaman spectrum of PVP/

Pt is most probably a result of resonance Raman enhancement
of specific vibrational modes of PVP moieties that interact with
platinum. Although steric considerations suggest that the number
of pyrrolidone rings interacting with the Pt surface must be small
in comparison with noninteracting rings, the selective enhance-
ment of vibrational modes associated with chromophoric groups
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; i~ Figure 6. UV—Raman spectra of PVP/Pt (random shape, 2.6 nm):
that are adsorbed on the metal surface is sufficiently large to (A) spectrum of PVP/Pt in the region of amide stretch and Bihding

result in an intense spectrum of thes_e P_t-coordlnated 9roups.iprations and (B) spectra of PVP/Pt at 25 (1) and PVP/Pt heated
The UV—Raman spectrum shown in Figure 7 for cubic Pt 4t 70°C for 20 min in air (2) in the region of 25063800 cn™. After
nanocrystals (7 nm) capped with PVP has two intense bands atheating, the line intensity of adsorbed water at 3450 cdecreased
1605 and 1640 crt attributed to the carbonyl stretch (Figure while the intensity of the first overtone at 3206 thdid not change.
7A), and an intense doublet at 3206, 3270 émorresponding
to the first overtone of the(C=0) stretch with a line shape
reminiscent of the fundamenta|{C=0O) mode (Figure 7B). The

TABLE 1: Poly(vinylpyrrolidone) IR and UV-Raman Line
Assignments

intensity of the first overtone of the{C=0) at 3300 cm? for IR Raman Raman _ so20
pure PVP is about 5% of the intensity of the nearby fundamental __PYP PVP PVP/Pt assignmet*®
CH, stretch (Figure 5B). By contrast, the spectrum for PVP/Pt 3342 3300 3305} 2 % (C=0)
(7 nm, cubes) exhibits intensities of the fundamentaj €tretch 3206 .
and the first overtone of the(C=0) that are equal in magnitude gg;g 2322 2063 asym Chtretch, chain

. N e . asym CHtretch, ring
(Figure 7B), indicating that the overtone transition is dramati- 5922 2923 sym Chistretch, chain
cally enhanced by coordination to Pt. It is worth noting that 2895 2902 sym Chistretch, ring
the shape of the €H stretch absorptions for pure PVP and 2873 2860 2860 €H stretch
PVP/Pt (cubic) is different, as shown on an expanded scale in 1695} 1662 1640 amide
Figure 8A. Detailed comparison of the profile of FTIR and 12;‘2" 1404 1165% Ccfg' C-N stretch
Raman bands ma_kes it possi_ble to distinguish five components 7 461 1462 } Chisissor
for pure PVP, which are attributed to the gbktretch modes 1430 1445 144
vs(CHy) andv.dCHy) of the pyrrolidone ringys(CH,) andvas 1371 1380 1380 CH bend
(CHy,) for the polymer backbone, and the tertiary-B stretch 1315}
(Figure 5A and Table 1). The Raman spectrum for PvVP/Pt 1280 1296 1300 Chwag, C-N stretch
(cubic), however, has only three-® stretch peaks at 2860, 1229} .
2902, and 2963 cnt according to the deconvolution shown in 1167 Ch twist

Ve ) 1017 102 C—C, CH;rock
Figure 8B. The prominence of these three peaks suggests that 930 900 G-C, ring breathing
there is an interaction between the platinum surface and the 844 851 C-Cring
amide group of the pyrrolidone rings and this charge-transfer ngg 754 G-C chain
coupling influences the ChHvibrations of the rings. The three 573} 560 N-C—=0 bend, ring def.

CH stretching modes in the UvRaman of PVP/Pt may be
assigned ta’,d CHy) andvs(CHy) of the pyrrolidone ring, and 150°C PVP undergoes thermal densification as a result of cross-
tertiary C—H of the backbone (Table 1). linking.1®> A sample of PVP/Pt that was heated at 2Q0for 20

The structure of PVP adsorbed on platinum nanoparticles min in air shows a/(C=0) overtone intensity that increased to
varies during heating in air. Recently it was shown that above the size of the fundamental line (Figure 9). The increase in
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Figure 7. UV—Raman spectra of PVP/Pt (cubes nanocrystals, 7 nm)
and pure PVP: (A) spectrum of PVP/Pt and spectrum of powdered
PVP in the region of 12061800 cnT* and (B) spectra of PVP/Pt cubes
and PVP in the region of 2668700 cnT?. Attention is drawn to the
fact that the intensity of the amide first overtones at 328270 cn?

is as strong as that for the fundamental Gittetching vibrations.

200
A 2 u
N O E
. D >
= v ~N
< 1501 5
s :
=
w0
=
£ 100
=
504
0_
1 T 1 L} 1 1
2800 2850 2900 2950 3000 3050
2860
10- B 2902
2963

I

1
2800

T T T T
2900 2950 3000 3050

RAMAN SHIFT , cm !

Figure 8. Comparison of the shapes of-&l stretch absorptions: (A)
Raman lines of PVP/Pt (cubes, 7 nm) (1) and powdered PVP (2) in
the region of 27583100 cn1! and (B) deconvolution of the €H
stretch Raman line of PVP/Pt (cubes, 7 nm).

T
2850

intensity of the first/(C=0) overtone suggests that the structure

Borodko et al.

140

2930
5 2985

120

> 3305

100

80-

2820

60

200°C

INTENSITY, a.u.

40

25°C

20

30I00 32|00 34|00 36|00

RAMAN SHIFT, cm™
Figure 9. Effect of heating on U¥-Raman spectra of PVP capping Pt
nanocrystals with cubic shape, 7 nm. Synthesis of Pt nanocrystals was
performed with ascorbic acid as reductant. Comparison of the spectra of
PVP/Pt at 25C and after heating at 200 in air for 20 min in the region
of 2500-3800 cnt? indicates that the intensity of the first overtone of the
carbonyl stretch at 3305 crhincreased under heating. Heating increases
the cross-linking of capping PVP, resulting in the rise of the number of Pt
<— amide group contacts and a concurrent increase of the intensity of the
carbonyl first overtone due to the SERS effect.
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thereby increasing the number of contacts between the pyrroli-
done rings and the platinum surface (Figure 1C).

Chemical Nature of Surface Enhanced Raman Scattering.
The UV—vis absorption spectra of pure PVP and PVP/Pt differ
notably at 244 nm, which corresponds to the laser excitation
wavelength for the U¥-Raman studies. Platinum nanocrystals
capped with PVP absorb strongly at 244 nm while pure PVP
does not exhibit perceptible absorption (Figure 10). Recently it
was shown that the U¥vis spectrum of the PVP/Pt exhibits
absorption at 215 nm as a result of an interband (d-sp) transition
with a small contribution from plasmon oscillations, and a
second absorption band near 260 nm assigned to clusters of
nanoparticle§2 The resonance Raman enhancement of vibra-
tional modes of the amide group and ring vibrations observed
here indicates that the 244 nm excitation line lies within the
absorption band that originates from charge transfer (CT)
between Pt and the pyrrolidone rings of PVP, although its
strength may be too low for detectidf.

The selective detection of vibrational modes associated with
pyrrolidone rings interacting with platinum nanoparticles by
UV—Raman (244 nm) occurs as a result of two enhancement
effects: the resonance Raman effect and CT or chemically
enhanced SERS (Figure 10X).The chemically enhanced
Raman scattering refers to a “first-layer” chemical enhance-
ment!8 Electronic coupling between adsorbed molecules and
surface atoms of a metal is known to increase the scattering
cross section of Raman lines associated with CT chromophoric
groups!’ This model may be applied for analysis of B¥Raman
(244 nm) spectra for the PVP/Pt system based on the following
observations: (i) the pyrrolidone rings of PVP interact strongly
with Pt surfaces via the carbonyl group as indicated by the 50
cm! red shift of v(C=0); (ii) the appearance of a new UV
absorption at 244 nm and selective enhancement of pyrrolidone
ring vibrational modes; and (iii) the intensity of the first overtone
of »(C=0) is very strong and becomes comparable in intensity
to the fundamental mode. The last point is in agreement with
theoretical consideration of the CT-SERS effect. For a strong
charge-transfer interaction between an adsorbed chromophore
and a metal, the FranelCondon transition associated with the
displaced potential energy minimurA@) along the normal
coordinate is expected to result in an increase of the intensity
of the first overtone’$-2°as depicted in Figure 10B. We conclude

of the capping PVP becomes denser at higher temperaturesthat the observed intensity of the first overtoner¢€=0) at
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3300 cn1?! in the PVP/Pt system is in agreement with the
theoretical prediction that overtone intensity for adsorbed
molecules on a metal surface with strong CT interaction may
be as strong as the fundamental mé¥e.

FTIR measurements of PVP/Pt further corroborate the

FTIR spectra of PVP/Pt at selected temperatures between 26 and 245
°C in Hy/Ar flow; significant decomposition is observed at 246.

(B) Transformation of the FTIR spectrum of PVP/Pt in the region of
CH; bending, amide stretch, and carbon monoxide vibrations in the
temperature range of 245 °C.

done rings are able to interact with the Pt surface (Figure 1A,B).
It is worth noting that the only new feature in the FTIR-DRIFT
spectrum of PVP/Pt is an additional band at 2043 tmmat
may be attributed to edge-bound carbon monoxide formed
during the polyol synthesis of Pt nanocrystals stabilized by PVP.
Experiments performed in situ showed that the frequency of
chemisorbed CO shifted gradually from 2043 to 1996 &m
when PVP/Pt was subjected to reducing conditions &®0at
is well established that(CO) depends on the oxidation state
of surface P#23

Thermal Decomposition of PVP/Pt and PVP The thermal
stability of pure PVP has been extensively studied:25
However, considerably less is known at the molecular level
about the fate of capping PVP on the surface of Pt nanocrystals
subjected to high-temperature treatment under reducing and
oxidizing conditions that are standard procedure in heteroge-
neous catalyst preparation. Here we monitor in situ the
transformation of PVP/Pt and pure PVP in the temperature range
of 25—400°C (heating rate 2 deg/min) ing#Ar (10% H,) flow
with FTIR-DRIFT technique. As can be seen in Figures 11 and
12, the spectra recorded upon thermal decomposition of PVP
and PVP/Pt differ substantially. The sample of pure PVP was

conclusion that selective UV enhanced Raman vibrational modesstudied after removal of adsorbed water at°@in a vacuum

may be assigned to “first-layer” chemically bonded pyrrolidone
rings. Unlike the U\-Raman spectrum, the FTIR spectrum of

PVP/Pt is very similar to the spectrum of pure PVP since steric
considerations suggest that only a small number of the pyrroli-

(107> Torr), and only after heating beyond 23D do significant

changes in the €H region become visible (Figure 11). While
the position and intensity of the carbonyl stretch at 1680%cm
did not change, the intensity of the CH stretches relativesto O
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with final products of decomposition of PVP-50C and PVP/Pt-350C.

C< clearly decreased. It is believed that the pyrrolidone rings to the N-H and C-H aromatic stretch absorptions, respectively
are stable at these temperatures, and that decomposition an@Figure 12A)%% This suggests that the degradation of capping
cross-linking takes place mostly in the backbone chain. There PVP occurs above 178C in Hp, and that it affects both the
is no evidence of ring opening. pyrrolidone rings and the backbone chain. We conclude that Pt
By contrast, the changes in the spectrum of PVP/Pt are nanocrystals catalyze the degradation of capping PVRAAH
complex (Figure 12). We found that at 9C the band at 3400  flow. It is quite possible that hydrogen atoms formed during
cm™1 attributed to hydrogen-bonded water disappeared com- H, spillover on the platinum surface can initiate radical
pletely (Figure 12A). At 19C°C the band intensity of carbon  conversion of capping PVP. The presence of residual ethylene
monoxide (2012 cmt) reached a maximum and then decreased glycol or ascorbic acid oxidation products may also influence
toward higher temperature (Figure 12B). Also above 1Z0 capping PVP degradation.
most CH stretch intensities of PVP decrease while two new  Oxidation of PVP and PVP/Pt in air was monitored with
bands appeared at 3142 and 3045 tthat may be assigned UV—Raman (Figure 13A,B). Two results should be noted. First,
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at temperatures above 38Q both PVP and PVP/Pt degrade  Soc.1982 104 897. Sakai, K.; Tanaka, Y.; Tsuchiya, Y.; Hirata, K.;
to amorphous carbon. Furthermore, carbon forms on PVP/Pt at!subomura, T.; lijima, S.; Bhattachardjee, AAM. Chem. S0d998 120

; 8366.
a lower temperature (30) than in the case of pure PVP (450 (2) O'Halloran, T. V.; Roberts, M. M. Lippard, S. fnorg. Chem
°C). The amorphous carbon shows two peaks commonly labeled1986 25, 957. ‘
as G and D. The G peak is due to the bond stretching of pairs (3)()4’1\3atsum0to' K.; Takahashi, H.; Fuwa, K.Am. Chem. Sac1984
of sp* atoms and the D peak is due to the breathing modes of ™)\ icjis, 1. s.; Lippard, S3. Am. Chem. Soa981, 103 6761. Holls,
sp? atoms in ring$’ The weaker D peak relative to the G peak L. s;; Lippard, S.J. Inorg. Chem1993 22, 2605.
indicates a more graphite-like structure with less disorder. As  (5) Rosenberg, BCancer Chemother. Rep. Part 1975 59, 589.

can be seen in Figure 13C, the presence of platinum nanopar-Rosenberg, B.; Van Camp, L.; Trosko, J. E.; Mansour, VNeture1969

. ; e 222, 385.
ticles favors the formation of a graphitic structure at lower 2(6) Sakai, K. Kizaki, Y.: Tanaka, Y.: Tsubomura, T.: Matsumoto, K.
temperatures. J. Mol. Catal.1993 79, 141.
(7) Fievet, F.; Lagier, J. P.; Blin, B.; Beaudoin, M.; Figlarz, Sblid
; State lonicsl989 32/33 198. Viau, G.; Fievet-Vincent, F.; Fievet, Solid
Conclusions State lonics1996 84, 259. N
We have shown that U¥Raman and FTIR spectroscopy are (8) (a) Song, H.; Kim, F.; Connor, S.; Somorjai, G, A.; Yang,J.

useful for monitoring the interaction of capping PVP with Pt Eﬂ’é&m_fgﬁw'ﬁgggfﬁ igi: ((2; Kﬂvgf,)é'rBA;_%an’{;glyn?_yeAgj ?‘e;cﬁ'ﬁd\('

nanocrystals. Specifically, deep ARaman (244 nm) is capable 2001, 12, 96. (d) Hirai, H.; Chawanya, H.; Toshima, React. Polym1985
of detecting the vibrational modes related to amide group and 3. 1(297)- () Bonet, F.; Tekaia-Elhsi < Sarathy. KBl Mat

5 : : H A wer _ »” i a, onet, r.; leKala- sissen, K.; sarathy, K. . ater.
ring V|b_rat|ons, Whlch may be assigned to flrst layer” pyrroli _ Sci 2000 23/3 165, (b) Jiang, P.: Li. S.-Y.: Xie S.-5.. Gao, Y. Song, L
done rings chemically bonded to the platinum surface. This chem—Eur. J.2004 10, 4817. (c) Henglein, A.; Erschov, B. G.: Malow,
selective enhancement is due to a combination of the resonancéy. J. Phys. Cheml995 99, 14129. (d) Narayanan, R.; El-Saed, M. A.

Raman effect and charge-transfer (or chemically) enhancedPnys. Chem. 2005 109 18460. (€) Lepp, A.; Siiman, Q. Phys. Chem.
SERS effect ted bv (i) th f the 244 1985 89, 3494.
effect, supported by (i) the energy of the NM (10 Lai, Y.-C. JAppl. Polym. Sci1997, 66, 1475. Kminek, I.; Yagci,

excitation laser line which lies within the strong absorption band Y.; Schnabel, WPolym. Bull.(Berlin) 1992 29, 277.
of PVP/Pt, (ii) a decrease of the pyrrolidone rimgC=0) (11) Taylor, L. S.; Langkilde, F. W.; Zografi, Gl. Pharm. Sci2001,

: _ 90, 868
frequency on the order of 60 crhin strong>C=0—Pt bonds, (12) BASF-PHARMA. Technical Information MEMP 030753e, July

and (iii) an intensity enhancement of the first overtonevof 2, 2005.
(C=0) at 3200 cm! comparable to the intensity of fundamental (13) Tanaka, N.; Ito, K.; Kitano, HMacromol. Chem. Phy4.994 195,
mode, which is characteristic of the CT-SERS effect. The 3369

distinction between the Ct$tretching modes for the pyrrolidone Str&lc‘t)lggal::;g'ggii A Gil, H. A. €. de Queiroz, A. A. Al. Mol.

ring and backbone chain of PVP/Pt was made based on the (15) Yoshida, M.; Prasad, P..Mppl. Opt.1996 359, 1500.
selective appearance of ring peaks at 2964 and 2900.cm (16) Moskovits, M.Rev. Mod. Phys1985 57/3, 783.

; " : . (17) Campion, A.; Kambhampati, Ehem. Soc. Re 1998 27, 241.
Under reducmg condltlons.platmum nanoqrystals initiate the (18) Kneipp, K.; Kneipp, H.: ltzkan, I.. Dasari, R. R. Phys. Condens.
modification and decomposition of the capping agent, PVP, at matter 2002 14, R597.

about 100°C below that of pure PVP. Starting at 18Q for (19) Albrecht, A. C.J. Chem. Physl961, 34/5, 1476.

PVP/Pt, degradation of the backbone proceeds together with__(20) Clark, R. J. H.; Dines, T. Angew. Chem.Int. Ed. Engl 1986
aromatic moiety formation. Under oxidative conditions, both ‘(21) Arenas, J. F.; Woolley, M. S.; Tocon, I. L.; Otero, J.JCChem.
PVP/Pt and PVP degrade to form amorphous carbon, althoughphys.200q 112117, 7669.

the decomposition of PVP/Pt proceeds at a lower temperature (22) Bauschlicher, C. W.; Bagus, P.BChem. Physl984 81/12, 5889.

(300 °C) than for pure PVP (456C). 10§[273)l§g<1).u, M.; Andrews, L.; Bauschlicher, C. W&hem. Re. 2001,
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