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We have investigated the thermal and photochemical characteristics of silver 4-nitrobenzoate (Ag-4NBA)
using various analytical tools, such as, X-ray diffraction (XRD), diffuse reflectance infrared Fourier transform
spectroscopy, Raman spectroscopy, thermogravimetric analysis, scanning electron microscopy, and transmission
electron microscopy. The XRD pattern was composed of a series of peaks that could be index®j to (0
reflections of a layered structure. Upon heating the sample, structural changes took place particularly at two
specific temperatures. The binding state of the carboxylate group changed from bridging to unidentate at
~380 K. A second dramatic structural change occurred=80 K, producing 4NBA-capped Ag nanoparticles.

The latter transition temperature for Ag-4NBA is about 80 K higher than that for silver alkanecarboxylates,
and such enhanced thermal stability of Ag-4NBA must be associated with the conjugation of the carboxylate
group to the aromatic ring. On the other hand, Ag-4NBA was readily subjected to photolysis even by visible
radiation. Under irradiation by a He/Ne laser at 632.8 nm, 4-NBA-capped Ag hanoparticles were produced
from Ag-4NBA. Upon irradiation by an Arlaser at 514.5 nm, nitro-to-amine group conversion took place
consecutively, finally producing 4-aminobenzoate-capped Ag nanoparticles. Accordingly, the Raman spectrum
of Ag-4NBA taken using the 514.5-nm line as the excitation source became identical to the surface-enhanced
Raman scattering (SERS) spectrum of 4-NBA adsorbed on Ag.

1. Introduction reflections are associated with the three-dimensionally stacked

Several surface-enhanced Raman scattering (SERS) studie§ilver carboxylate layersAs a result of_the specific arrangement
regarding the physicochemical properties of aromatic nitro ?f Ag atoms '2 %IayeraAgtggf{ mat(tetzlals hﬁ‘ge tt’gg\‘ pz:rcc))p;;sed
molecules on silver have been reported in the literatiwpon 0 possess £-L conduclivity In the solid 'S 9

irradiation by an Ar laser, the SERS peaks of the original nitro mat_erlals are also known 1o d_eco_mposg (in an atmo_sphere of
molecules usually decline in intensity, and a new set of peaks N,) into alkanecarboxylate-derivatized silver nanopartiéfe.

appears. The new peaks rapidly increase in intensity as aPerﬂuorocarboxylate-stabiIized silver nanoparticles have simi-
function of the laser illumination time, suggesting that the nitro Isalr Ii;rbeirr]ﬂpgergi;?gov'alg?étggggaésetﬁzmgrozgin r%‘:)'.gi’_ired
molecules are subjected to photoreaction on the silver surface. fivér perflu Xy : u gani Ieties

On the basis of these observations, we have recently reexamine ncr?or?d otn t?SOAPQ(] naﬂpphartlcle?_ cal? t:e cobrrplgtégsrem?ved
the SERS characteristics of 4-nitrobenzenethiol (4-NB¥pand y heating to or higher, optically tunabe, Jo-active

4-nitrobenzoic acid (4-NBAY on silver, and their SERS spectral Ag f'ITS can be reproducibly fabricated on glass microscope
features were found to be surprisingly coincident with those of slides:

4-aminobenzenethiol (4-ABT) and 4-aminobenzoic acid (4- thln ;:onjtunctlondv;/r;th thelag)bcr)]ve .|mpI|cat|<|)|ns, \tArI]e reﬁ)otrt herein
ABA) on Ag, respectively. Much the same conclusion could e structure and thermaj behavior as well as the photoresponse

be derived from X-ray photoelectron spectroscopy measurementsOf silver 4-nitrobenzoate (Ag-4NBA). The first concern in this

as well as from a coupling reaction forming amide bo?dEhe work is_ whether a layered structure is also_assumed fo_r siI\_/e_r
surface-induced photoreaction thereby allowed us to preparearomat'c carboxylate. The second concern is to determine, if it
patterned binary monolayers on Ag that would show different consists of a layered structure, how much the ther”?a' charac-
chemical reactivities. Using the binary monolayers as a litho- teristics of such a hybrid material are affected by the incorpora-

graphic template, we could also conduct site-specific chemical tion of aroma.tic r.ings instead of hydrocarbon chains. If organic
reaction<a molecule-derivatized Ag nanopatrticles are also produced by the

In the past decade, the number of organitrganic hybrid therma! decomposition of Ag_—4NBA, th_e thir(.j concern is to
materials that exhibit alternating 2-D molecular assemblies of determine whether the organic moiety is 4-nitrobenzoate; the

organic and inorganic constituents have expanded considerably,‘:onve'rs.Ion of dsnver compggtnds t? tillve:o nar;qp?rtlclttest nr;usdt
encompassing a host of technologically relevant matetials. occur via a redox process, 1t must then be ot interest 1o 1in
Silver alkanecarboxylates (AgGR) are one class of organic out whether the nitro group is also converted to an amine, along

inorganic heterostructured materials that show a Well-developed‘r'ggéttigﬁ 32\(/:3:532\?;:?&1—:; ic’)\luét: (I:r??;c?tmwlz ;’cv)zﬁtc:]?r:a?tfgto'
rogression of intense X-ray reflections; these intense X-ra ; . : ’ il
prog y y 4NBA consisted of a layered structure, and 4NBA-derivatized

* Author to whom all correspondence should be addressed. Pheg2: Ag nanoparticles were produced by the thermal treatment of
2-8806651. Fax:1+82-2-8743704. E-mail: kwankim@plaza.snu.ac.kr. Ag-4NBA similarly as for silver alkanecarboxylates. Surpris-
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ingly, however, 4-aminobenzoate (4ABA)-derivatized Ag nano-
particles were produced upon irradiation by an"Aaser (at
514.5 nm) on Ag-4NBA, whereas 4NBA-derivatized Ag nano-
particles were produced by irradiation with a He/Ne laser at
632.8 nm.

2. Experimental Section

2.1. Chemicals and SynthesisSilver nitrate (99%),
4-nitrobenzoic acid (4-NBA, 99%), 4-aminobenzoic acid (4-
ABA, 99%), and triethylamine (99%) were purchased from
Aldrich and used as received. Unless specified, other chemicals
were reagent grade, and triply distilled water (resistivity greater
than 18 M2-cm) was used throughout. To prepare silver

4-nitrobenzoate (Ag-4NBA), a methanolic solution of AgNO 20 d3) 0y Imedevscepachg (AL
(0.1 M, 100 mL) was added dropwise to an equimolar 1:1 983 899 2 17.98
mixture of 4-NBA and triethylamine in methanol (100 mL). B 8000d boch ol b

After 2 h of vigorous stirring, the resulting white solid was = § ol ik
filtered, washed thoroughly with water and methanol, and finally 8 soood T . 3187 281 7 1967

dried in a vacuum; hereafter it will be called Ag-4NBA. The b= 8 Wt 2 3 10
results of the elemental analysis, performed at the Korea Basic o 4000 = Ava. 1941+ 061A
Science Institute using a CE instruments/ThermoQuest Model = B e
Flash EA1112 elemental analyzer, are as follows. Anal. Calcd € 2000

for Ag-4NBA (%): C, 30.68; H, 1.47; O, 23.36; N, 5.11.

Found: C, 30.94; H, 1.56; O, 24.05; N, 5.58. In order to help 04

T T T T T

interpret the IR and Raman spectral peaks of Ag-4NBA, diffuse 10 20 30 40 50
reflectance infrared Fourier transform (DRIFT) and SERS 20, degree
spectra were obtained for 4-NBA and 4-ABA self-assembled Figure 1. (a) SEM image of silver 4-nitrobenzoate. (b) XRD pattern
on powdered Ag (Aldrich, 99%, 23.5 um) in 10 mM of silver 4-nitrobenzoate. The interlayer spacings derived from different
methanolic solution for 3 h. reflections are listed in the inset.

2.2. Characterization. XRD patterns were obtained on a o
Rigaku Model D/Max-3C powder diffractometer for @ ange ~ temperature for the acquisition of the DRIFT spectra. The
of 5° to 8C° at an angular resolution of 0.02ising Cu Ku Happ—GenzeI _apod|zat|on function was used in Fourier trans-
(1.5419 A) radiation. The samples were spread on antireflection forming all the interferograms. The DRIFT spectra are reported
glass slides to give uniform films. A scanning electron @S—l0g(R/R,), whereRandR; are the reflectance of the sample
microscope (SEM) image of Ag-4NBA was measured using a and of the pure KBr, respectl\{ely. . '
JSM 840-A scanning electron microscope at 20 kV. Transmis- Raman spectra were obtained using a Renishaw Raman
sion electron microscope (TEM) images were acquired for Ag- SyStem model 2000 spectrometer equipped with an integral
4NBA after thermal and radiation treatment on a JEM-2000EX|| mMicroscope (Olympus BH2-UMA). The 514.5-nm radiation
transmission electron microscope at 200 KV after placing a drop ffom a 17 mW air-cooled Ar laser (Spectra Physics model
of chloroform/methanol (9:1) mixed solution on carbon-coated 163-C4210) or the 632.8-nm radiation from a 17 mW air-cooled
copper grids (200 mesh). Thermogravimetric analysis (TGA) He/Ne laser (Spectra Physics Model 127) was used as the
data were obtained with a TA Instrument 2050 thermogravi- €Xcitation source. Raman scattering was detected wittf 180

metric analyzer in a nitrogen atmosphere at a heating rate of gé0metry using a peltier-cooleet{0°C) CCD camera (40&
10 K/min. 600 pixels). A glass capillary (KIMAX-51) with an outer

Infrared spectra were measured using a Bruker IFS 113v FT_diameFer of 1.51.8 mm was used as a ;sampling device, b,Ut
IR spectrometer equipped with a globar light source and a liquid when it was needed to reduce photolysis, samples made into

Nz-cooled wide-band mercury cadmium telluride detector. To Pellets were spun at 3000 rpm during the Raman spectral
record the DRIFT spectra, a diffuse reflection attachment measurement. The data acquisition time was usually 90 s. The

(Harrick Model DRA-2CO) designed to use 6:1,°96ff-axis holographic gratiqg (1800 grooves/mm) and the slit pe.r.mitted
ellipsoidal mirrors subtending 20% of ther&olid angle was @ SPectral resolultlon of 1 crh The Raman band of a silicon
fitted to the sampling compartment of the FT-IR spectrometer. Wafer at 520 cm' was used to calibrate the spectrometer, and
The pure powdered sample was transferred to a 4-mm diametefthe accuracy of the spectral measurement was e_stlmated to be
cup without compression and leveled by a gentle tap. A reaction better than 1 le' The Raman spectrometer was interfaced to
chamber, made of stainless steel (Harrick Model HvVC-DR2) a0 IBM-compatible PC, and the spectral data were analyzed
and loaded with the powdered sample, was located inside theUSiNg Renishaw WIRE software, version 1.2, based on the
reflection attachment. CaFcrystals were used as infrared CRAMS/32C suite program (Galactic Industries).

transparent windows. The temperature of the sampling cup WaSs o ocults and Discussion

regulated using a homemade temperature controller, and the™
chamber was flushed continuously with dry nitrogen (ca. 10  3.1. Structure of Silver 4-Nitrobenzoate.The SEM image
mL/min) during the measurement of DRIFT spectra. A total of in Figure 1la reveals that Ag-4NBA has a fibrous morphology.
32 scans was measured in the range of 3500 cn1! at a These fibrous samples were identified as possessing a layered
resolution of 4 cm® using previously scanned pure KBr as the structure from the XRD data shown in Figure 1b. The XRD
background. The temperature of the sampling cup was raisedpattern shows a well-developed progression of intense reflec-
at a rate of 10 K/min and kept for 5 min at each specified tions, and these intense reflections can be interpreted in terms
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Figure 2. Schematic depiction of the layered silver 4-nitrobenzoate.
binding state of the carboxylate group to silver in Ag-4NBA is

of three-dimensionally stacked silver carboxylate layers with a presumed to be a bridging one.
large interlayer lattice dimensidnThis implies that, as in silver 3.2. Thermal Behavior of Silver 4-NitrobenzoateOne aim
alkanecarboxylates, each layer of Ag-4NBA is separated from of this work was to determine how much the thermal charac-
the neighboring layer by twice the length of the nitrobenzene teristics of layered AgC&R would be affected by the incorpora-
moiety. In this sense, all intense reflections can be indexed astion of an aromatic ring instead of a simple alkane chain. In
(Ok0), and the reflections are assigned in Figure 1b. In the inset this regard, we have conducted a temperature-dependent DRIFT
of Figure 1b, we list the interlayer spacings derived from spectroscopy study along with TGA measurements.
different reflections. The averaged interlayer spacing is 19.41  3.2.1. Temperature-Dependent DRIFT Spectral Pattern of Ag-
+ 0.61 A. The layered structure of Ag-4NBA is schematically 4NBA.Figure 3 shows a series of DRIFT spectra obtained as a
drawn in Figure 2. function of temperature for Ag-4NBA. The peak positions of

The comparable XRD patterns of Ag-4NBA and silver the carboxylate stretching bands provide information on the
alkanecarboxylate suggest that the arrangement of silver andeffect of temperature on the headgroup structure. In this light,
carboxylate must be similar to each other in the two compounds. it is informative that the/,d COO") peak at 1575 cmt is rather
In this light, it is informative to recall the Ag K-EXAFS study invariant up to 383 K and then becomes weak and disappears
of Tolochko et al#°which showed that the silver atoms in silver above 443 K. Instead, a new peak develops at 1591 érom
stearate (Ag-STA) are bridged by the carboxylate in the form 383 K and is sustained up to 593 K. On the other hand, the
of dimers in an eight-membered ring and that the dimers are v(COQO") band decreases gradually from room temperature up
further bonded to each other by longer-A@ bonds forming to 623 K and thevy(C=0) band develops around 513 K. The
four-membered rings; the reported bond lengths ékg—AQ) present observation suggests that two distinct structural changes
= 2.90 A, r(Ag—0) = 2.25 A, r(C—0) = 1.20 A, andr(— take place, one at 383 K and the other at 513 K, in connection
OOC—CH,—) = 1.54 A. On the other hand, according to the with the Ag—O binding state. Assigning the newly developing
photographic X-ray study conducted by Blakeslee and Hdard, peak at 1591 cm at 383 K tov,{COQO"), the binding state of
the bond lengths in silver perfluorobutyrate atdg—Ag) = the carboxylate group must change from bridging to unidentate
2.90 A,r(Ag—0)=2.24 A,r(C—0)=1.25 A, and(—OOC— at 383 K. On the other hand, free acid seems to be produced at
CF,—) = 1.54 A. When these values are used, the thickness of 513 K probably from the thermal decomposition of Ag-4NBA;
the Ag—COO slab, that is, 2 in Figure 2, is estimated to be the first mass loss commences a520 K in the TGA
4.83 A. Considering that the averaged interlayer spacing derivedmeasurement (vide infra). It is intriguing that thg€=0) band
from Figure 1b was 19.41 A, the thickness of the nitrobenzene due to free acid is identified at a somewhat lower temperature
layer, that is, & in Figure 2, should then be 14.58 A. for silver alkanecarboxylates, that is, at 500 K for-A§TA%

Consulting the crystal structure of 4-NBAnd the van der  and at 480 K for silver hydroxyhexadecano#t&his implies
Waals (vdW) radius of the oxygen atdffithe molecular length  that the Ag-O bonds in Ag-NBA are stronger than those in
from the carboxylate carbon to the terminal Ngoup should silver alkanecarboxylates, presumably because of the conjuga-
be 7.73 A. Doubling this value yields 15.46 A, which is 0.88 A tion of the carboxylate group with the aromatic benzene ring.
longer than that derived from the measured XRD data, that is, On the other hand, considering the melting point of pure 4-NBA
14.58 A. The discrepancy of 0.88 A is presumed to be due to (512—514 K), the observed spectral change at 513 K must also
the tilting of 4-NBA (by ~19°) with respect to the Ag plane  be associated with the disordering of nitrobenzene moieties.
and/or the interpenetration of N@roups between the adjacent The NG, group related peaks also exhibit temperature-
layers in Ag-4NBA. We cannot derive the intralayer structure dependent spectral changes. Namely, both/tfeO,) andv,s
because of the insufficient signal-to-noise ratio for the high- (NO,) bands in Figure 3 gradually lose intensity from room
angle XRD peaks, but the overall structure of Ag-4NBA as temperature up to 623 K along with experiencing moderate band
drawn in Figure 2 is presumably similar to that of silver broadening. Concomitantly, the ring vibration at 1615ém
alkanecarboxylate. that is, 8a, gradually weakens up to 443 K. A new peak,

Room temperature DRIFT spectral features indicate that the however, develops at 1630 cinfrom 363 K and is sustained
as-prepared Ag-4NBA is not contaminated with free acid (see up to 543 K. It then shifts to lower frequency above 553 K and
the Supporting Information). In addition, referring to the becomes weak until it disappears above 593 K. The origin of
empirical relationship between the frequency difference of the the new peak at 1630 crhis currently unclear but its position
carboxylate stretching bands, that &y (~190 cntl) = is close to that of the 8a mode; the position of the 8a mode
1ad{COO") — v(COO")112 and the types of bonding, the may be dependent on the type of bonding of the carboxylate
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Figure 4. (a) TGA and (b) its first derivative traces of silver  Figure 5. (A) TEM image of silver nanoparticles obtained from the
4-nitrobenzoate (full lines); the dotted lines are for silver stedfate.  thermal decomposition of silver 4-nitrobenzoate. (B) DRIFT spectrum
of silver nanopatrticles obtained from the thermal decomposition of silver
group to silver in Ag-4NBA. All these spectral features 4-nitrobenzoate (a) and that of 4-nitrobenzoic acid self-assembled on
nonetheless support the contention that the 4-NBA moiety is 2 #M-sized silver powder (b).
sustained at least up to 593 K without decomposition. 3.2.3. Identity of the Thermal Decomposition Product of Ag-
3.2.2. TGA Measuremerftigures 4a and 4b (see full lines) 4NBA. Recently, we have reported that alkanecarboxylate-
show the TGA and its first derivative traces of Ag-4NBA, derivatized silver nanoparticles with a uniform size distribution
respectively. For comparison, similar data for-A§TA are also can be obtained via the thermal decomposition of silver
shown in the figures as dotted lines. It is evident that no mass alkanecarboxylates under,Natmospheréd4.6 In this light,
loss occurs up to~520 K. This implies that the transition consulting the DRIFT spectroscopy and TGA data, we have
occurring at 383 K in Figure 3 is associated entirely with the analyzed a sample of Ag-4NBA preheated to 600 K for 5 min
conformational change in Ag-4NBA. In the temperature region in N, atmosphere to verify that 4ANBA-capped silver nanopar-
of 520-775 K, two distinct mass loss features are observed in ticles are indeed produced by the thermal decomposition of Ag-
Figure 4. Most of the mass loss occurs around 593 K, and then4NBA. The heated sample was rinsed thoroughly with ethanol
a small amount is subsequently lost around 623 K. During the to remove free acids or possible impurities. The remaining solid
interval, the actual mass loss amounts to 58.5%. The first masswas soluble in a mixed solvent of chloroform and methanol.
loss event is presumably associated with the formation of 4ANBA- Figure 5A shows a typical TEM image of the sample. The image
capped silver nanoparticles caused by the thermal decompositiorreveals that silver nanoparticles are indeed formed by the thermal
of Ag-4NBA (vide infra), whereas the second loss event is due decomposition of Ag-4NBA. The sizes of the nanoparticles are
to the desorption of 4-NBA from the nanoparticles as well as quite uniform with an average diameter of 6:01.4 nm. The
the decomposition of residual free acid. On the basis of the formation of silver nanoparticles can also be confirmed from
formula weight of Ag-4NBA (AgCQ(CsH4)NO,) and the data  the XRD pattern (see the Supporting Information); all the XRD
from the elemental analysis, if the organic moiety is completely peaks can be attributed to the reflections of face-centered cubic
lost, the mass loss has to amount to 62% in total. It is remarkable Ag. We can confirm further from DRIFT spectroscopy that the
that this value is exactly the same as that observed by the TGAsilver nanoparticles are passivated with 4-nitrobenzoate. In the
measurement. This indicates that free silver remains exclusivelyDRIFT spectrum of the silver nanoparticles shown in Figure

above 623 K. 5B(a), peaks due to,{COQO"), vadNO,), v(COO"), and v
It is intriguing that the first mass loss event occurs for Ag- (NOy) are clearly identified at 1583, 1516, 1395, and 1350%m
4ANBA at about 80 K higher temperature than for-A§TA, respectively. The presence of these bands supports the contention

whereas the second loss event occurs at about 50 K lowerthat the silver nanoparticles are derivatized with 4-nitrobenzoate.
temperature (see the dotted lines in Figure 4; similar dotted dataOne intriguing aspect is that only thg(COO~) and v{(NO,)

are also obtained for silver hydroxyhexadecantatBecause bands are identified in the DRIFT spectrum of 4-NBA on
the first mass loss event is associated with the formation of Ag powdered silver shown in Figure 5B(b), whereasithfCOO")
nanoparticles, the higher temperature must be a result of theandv,{NO,) bands are also identified in the DRIFT spectrum
stronger Ag-COO bond in Ag-4NBA than AgSTA. As of nanopatrticles in Figure 5B(a). It has been well established
mentioned previously, the stronger AGOO bond in Ag-4NBA that the usual IR surface selection rule is applicable even to the
has to be attributed to the conjugation effect of the carboxylate surface of fine metal particlés:!112 The appearance of the
group to the aromatic ring as well as to the inter-ring 1a{COO") and v,dNO,) bands in Figure 5B(a) may be
interaction. Considering the fact that the second mass loss eventndicative of the binding of 4-nitrobenzoate to Ag nanoparticles
is associated with the complete loss of organic moieties, the via only one of the two carboxylate oxygen atoms, whereas in
lower temperature in Ag-4NBA can be understood by presuming the self-assembled monolayers (SAMs) of 4-NBA on powdered
that the adsorption strength of 4-NBA on highly curved Ag silver, the carboxylate group is bound to silver symmetrically
nanoparticles is far smaller than that of STA. At higher via its two oxygen atoms. In fact, Merklin et ¥l.observed a
temperatures, the inter-ringr interaction will not be favorable  similar spectral feature to that shown in Figure 5B(a) in their
for rigid aromatic molecules, whereas the vdW interaction is surface-enhanced IR absorption study of 4-NBA on silver island
possible for flexible alkanoic acids. film, but the two antisymmetric bands, that is{COO") and
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Figure 6. Raman spectra of (a) pure 4-nitrobenzoic acid and (b) silver
4-nitrobenzoate taken using the 514.5-nm line of anh Kser as the
excitation source under spinning at 3000 rpm; the power at the sampling
position was 17 mW, and the spectral acquisition time was 5 s.

vad{NO,), disappeared after thorough rinsing with methanol. In
our work, however, the,d COO") andv,dNO,) bands barely I s o 5 P SO S SRS B S

disappeared in the DRIFT spectrum of the nanoparticles evenFigure 7. (A) Raman spectra of silver 4-nitrobenzoate taken at static
after thorough rinsing with methanol and ethanol. conditions under irradiation by the 514.5-nm line (17 mW at the

As mentioned in the previous section, free silver remains S2MPling position) for (5 s and (b) 10, 20, and 30 min. (c) Raman
exclusivelv above 623 Kp(XRD data not shown). When such a spectrum of Ag-4ABA and (d) SERS spectrum of 4ABA adsorbed on
y 2 um-sized silver powder; both are obtained using the 514.5-nm line.

thermal decomposition is conducted after coating Ag-4NBA on The arrows in (b) denote the occurrence of distinct spectral changes.
inflammable solid substrates, highly SERS-active, nanostruc- (B) TEM image of silver nanoparticles obtained from the photolysis
tured Ag film can be fabricated as demonstrated in our previous of silver 4-nitrobenzoate.

publication?

3.3. Photochemical Behavior of Silver 4-Nitrobenzoate. and 867 cm?, respectively, in agreement with the IR results
Bokhonov et al® reported that long-chain silver carboxylates (see the Supporting Information). (The fact that tH{€=0)
were photochemically decomposed into silver nanoparticles band for the free acid appears at very different positions in the
under UV irradiation. Yonezawa et ¥l.showed that a silver IR and Raman spectra indicates that 4-NBA exists as a
film composed of silver clusters could be obtained from the hydrogen-bonded dimer. This form has a center of symmetry
photolysis of silver alginate under UV irradiation. These reports so that when the two monomer compounds vibrate in phase,
suggest that silver carboxylates can be transformed to nanosizedhe vibration will be Raman-active only, and when they vibrate
silver particles upon irradiation by UV light. It is indeterminate, out-of-phase, the vibrations will be IR-active only. In the Raman
however, whether Ag nanoparticles can also be produced byspectrum, the symmetricaF€0 stretch is thus seen near 1650
the irradiation of visible light onto Ag-4NBA. If Ag nanopar- cm™%, and in the IR spectrum, the antisymmetrica+C stretch
ticles are produced by visible-light irradiation, the organic is seen near 1700 crh?®)
moiety, that is, 4-NBA, may also be subjected to photochemical The Raman spectral features of Ag-4NBA taken in static
reaction. It can be expected from our recent SERS observationsconditions were significantly different from those obtained in
that the nitro-to-amine group conversion takes place for 4-NBT spinning conditions. In Figure 7A(b) are shown the Raman
on nanostructured silver by irradiation with anAaser at 514.5 spectra of Ag-4NBA taken consecutively in static conditions
nm2a2The photoconversion efficiency was found to be highly under exposure by an Adaser at 514.5 nm for 10, 20, and 30
dependent on the extent of surface roughness, that is, atomic-min; the sampling area was1 um? and the power at the
and nanoscale roughness, which is intimately associated withsampling position was 17 mW. For comparison, the Raman
the SERS enhancement sites, that is, the chemical and electrospectrum taken in spinning conditions (the same as that in Figure
magnetic enhancement sites, respecti¥eSeparately, we found ~ 6b) is reproduced in Figure 7A(a). Dramatic differences are
that the Ag nanoparticles physically in contact with 4-NBT identified in the spectral region of 136Q500 cnl. As
SAMs on Au could also induce the photolytic reduction of the indicated by the two arrows in Figure 7A(b), a peak near 1455
4-NBT moiety simply by irradiation with 514.5-nm laser cm ! grows and becomes stronger while a peak at 1340'cm
irradiation in ambient conditions.Based on these observations, progressively weakens as the laser exposure time increases.
we have examined the visible-light response of Ag-4NBA by Because the 1340 crh peak can be assigned tg(NO,), its
Raman spectroscopy. decrease in intensity indicates that a certain photoreaction occurs

Figures 6a and 6b show the ordinary Raman (OR) spectra ofat the nitro group of 4-NBA. The identity of the 1455 cin
pure 4-NBA and Ag-4NBA, respectively, taken using the 514.5- peak is rather uncertain at the moment. Nonetheless, because
nm line of an Ar laser as the excitation source. During the no spectral change occurs at all for the free acid, that is, 4-NBA,
measurement of the latter spectrum, a pelletized Ag-4NBA even after prolonged exposure to antAaser, the spectral
sample was spun at 3000 rpm in order to minimize any possible change in Figure 7A(b) must have been associated with the Ag
photoreaction. In the acid spectrum (Figure 6a), t(€=0) ions in Ag-4NBA.
and »(C—OH) bands derived from the H-bonded carboxylic It is surprising that the Raman spectrum of Ag-4ABA
group are clearly identified at 1636 and 1289 ¢nmespectively. obtained also in static conditions and shown in Figure 7A(c) is
The corresponding bands are completely absent in the Ag-4NBA almost identical to that of Ag-4NBA in Figure 7A(b). Moreover,
spectrum. Instead, in Figure 6b, thfCOO™) and 6(COO") it is very noteworthy that these Raman spectral features resemble
bands derived from the carboxylate group are observed at 1392very closely the SERS spectral features of 4-ABA self-
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30000 - resonance of silver. Regarding the latter matter, it has been
|10000 g R observed by Fedurco et Hthat the surface roughening of Ag
2 e results in a drastic increase of the photocurrent for the
o | 8a EOV e wavelength close to the surface plasmon frequency. It is well
= TR e conceivable that the condition of surface plasmon resonance
§ A /J \120 min A A\ Time (min) can be satisfied with the 514.5-nm excitation by the aggregation
£ of Ag nanopatrticles. In particular, as shown in Figure 7B, when
the photolyzed Ag nanoparticles are appropriately aggregated
80 min to show a large electromagnetic (EM) effect, the photoelectron
LA oAL_2min . N ejection efficiency will reach such a level as to induce chemical
1600 1400 1200 1000 800 600 reduction of the nearby functional group(s).
Raman Shift (cm™) We have to mention that the SERS spectrum is not observable

Figure 8. Raman spectra of silver 4-nitrobenzoate taken at static 0M the 4NBA-capped Ag nanoparticles produced via the
conditions under irradiation by the 632.8-nm line (17 mw at the thermal decomposition of Ag-4NBA; this is why only the
sampling position) for different durations. The inset shows the variation DRIFT spectrum is shown in Figure 5B(a). This is in sharp

of thg 8a mode intensity of 4-NBA. The dashed line is drawn only as contrast with the photolyzed Ag nanoparticles. This apparent
a guide to the eye. difference can be understood by recalling the fact that the SERS
) ) o effect is derived mostly from the EM enhancement that is in

assembled on the @2m-sized silver powders shown in Figure i strongly associated with the sizes and shapes of nanopar-
_7A(d). These observations suggest that Ag n_anoparticles haveicles as well as nanoaggregat®ss seen in Figure 5A, the
indeed been produced from Ag-4NBA upon irradiation by an thermally produced Ag nanoparticles are quite monodisperse
Ar' laser and that the nitro-to-amine group photoconversion \yhereas the photoproduced Ag nanoparticles in Figure 7B are
has subsequently taken place on nanosized Ag particles. highly irregular. It is presumed that at the initial stage of

To confirm the production of nanosized silver particles, a photolysis, very small Ag nanoparticles that are too small to
piece of pelletized Ag-4NBA that had been exposed to the exhibit SERS phenomenon are produced, but further exposure
514.5-nm line of a 17 mW Afr laser for 10 min was immersed  of light must lead to the growth and agglomeration of Ag
in a chloroform/methanol mixture, and then the mixture was nanoparticles sufficient for the occurrence of the SERS phe-
shaken gently after which its decanted solution was dropped nomenon. In contrast, during the thermal decomposition of Ag-
on a copper grid for the TEM measurement; the white-colored 4NBA, 4NBA-capped Ag nanoparticles are produced only in a
Ag-4NBA turns yellowish-brown upon irradiation by an’Ar  |imited temperature region so that the particles must assume
laser. In fact, as can be seen in Figure 7B, nanosized silveryell-separated positions without aggregation; hence, the EM
particles are clearly observed. Contrary to the nanoparticles enhancement is insufficient to produce the SERS phenomenon.
formed from the thermal decomposition of Ag-4NBA, the sizes 3.4, Plausible Mechanism for Producing Silver Nano-
are polydisperse and the shapes are quite irregular. Someparticles from Silver 4-Nitrobenzoate. There is no generally
particles are also seen to be present in a highly aggregated statexccepted mechanism for the thermal as well as the photolytic
These data dictate that the spectra in Figure 7A(b) must be SERSjecomposition of silver carboxylates. Nonetheless, it has
spectra that have been derived from the photolysis of Ag-4NBA peen proposed in the literature that both processes must proceed
to give aggregated Ag nanoparticles followed by nitro-to-amine via the production/annihilation of organic radicals as
photoconversion on these particles. follows:15:16,21,22

To examine the possible wavelength dependence, the Raman
spectrum of Ag-4NBA has also been obtained in static condi- p_ —Aq — AQ° — - 0 .
tigns using thegl7 mW He/Ne laser at 632.8 nm as the excitationR CO,~Ag— Ag™+ R-COO — (Ag +§ +CO,)
source. Figure 8 shows the Raman spectra obtained consecu- or (Ag" + R—COOH)
tively under exposure to the light for 2, 80, and 120 min.
Surprisingly, the Raman spectral pattern is nearly invariant, The carboxyl radical (RCOO) can either decompose into a
although the absolute peak intensities are variable with respectsecondary radical (fRand carbon dioxide (C£) or convert to
to the time of laser exposure. The Raman spectral pattern inpolymeric species (fj§ and/or carboxylic acid (RCOOH) by
Figure 8 is seen to be comparable to that in Figure 6b. This hydrogen abstraction from nearby organic moieties.
implies that the nitro-to-amine group conversion does not take  In the present work, the thermal decomposition of Ag-4NBA
place for Ag-4NBA upon exposure to the He/Ne laser at 632.8 was observed to occur above 593 K underatimosphere. The
nm. Nonetheless, the changes in the absolute peak intensitieC=0 stretching peak was clearly identified at1700 cnt?!
in Figure 8 are indicative of the occurrence of some sort of above 513 K (see Figure 3), which must have arisen from a
photolysis. As shown in the inset of Figure 8, the peak intensity free acid, that is, 4-NBA. (To form a free acid, a hydrogen
of the 8a mode gradually increases up to 80 min and then source is required. Its source is not yet clear, but we presume
abruptly decreases and reaches a plateau level. These spectréhat hydrogen atoms are provided by the dehydrogenation of
changes are presumed to be associated with the production anghenyl rings.) Metallic silver was also found to form upon
aggregation of Ag nanoparticles by 632.8-nm radiation. We thermal decomposition of Ag-4NBA. However, we could not
could indeed identify nanosized particles from the TEM find any evidence that would indicate the presence of silver
measurement of the He/Ne laser exposed Ag-4NBA (data notoxide as a constituent of the thermal decomposition products.
shown). We separately confirmed that the nitro-to-amine group This implies that metallic silver and 4-NBA are produced as
conversion hardly occurs for 4-NBA adsorbed on SERS-active the primary decomposition products but metallic silver is
Ag substrates by 632.8-nm radiation, as found in this work. immediately stabilized as nanoparticles by capping with 4-NBA
This may reflect that photoelectrons are more readily ejected molecules, as shown in Figure 5B.
from Ag (at least in the visible region) as the wavelength of  Although the photolysis of Ag-4NBA was conducted in the
the light source becomes closer to that of the surface plasmonambient condition, its reaction appeared to proceed via a
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mechanism similar to thermolysis. As mentioned previously, study of 4-NBA; hence, 4ABA-capped Ag nanoparticles are
Yonezawa et al® prepared a silver film via the photolysis of produced via the formation of 4ANBA-capped Ag nanoparticles
silver alginate on glass under UV irradiation in air; the film from Ag-4NBA. From the point of view of application, all of
was confirmed to be composed of pure silver by XRD and X-ray these observations suggest that, if the terminal functionality of
fluorescence (XRF) analyses. The absence of silver oxide maythe precursor molecule is judiciously chosen, the silver nano-
indicate that water molecules in air do not participate in the particles derivatized with proper end-functional molecules can
photolysis of silver alkanecarboxylates (Ag@®). We presume  be synthesized not only via thermolysis but also by photolysis
that the conditions of inertness of water and/or ambient oxygen of silver carboxylates. For instance, amine group-terminated
are maintained even for the cases of photolysis by visible light. nanoparticles can be easily manufactured via such thermolysis
It is also expected that the irradiation by visible light does not and/or photolysis, and the amine group may further be modified
cause noticeable damage to the organic moiety of A to incorporate other molecules or biomolecules to function as
this light, it is not unreasonable to observe that 4ANBA-capped delicate indicators or biosensors. In addition, the wavelength-
Ag nanoparticles are produced by the visible-light-induced dependent photoresponse of Ag-4NBA can be applied to the
photolysis of Ag-4NBA. Once the 4NBA-capped Ag nanopar- read-out methodology in memory devices and/or sensor fields.
ticles are formed, they will be immediately subjected to surface-
induced photoreaction to form 4ABA-capped Ag nanoparticles.  Acknowledgment. This work was supported in part by the
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