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In this paper we report a versatile and effective strategy to attain
strong surface-enhanced infrared absorption by employing a sand-
wich system consisting of metal island films and self-assembled
monolayers (SAMs) of 4-pyridinethiol. The observed larger en-
hancement factor stems from coupling of the electric fields induced
by excitation of the surface plasmon resonance of the overlayer
and underlayer Au island films, and from enhanced chemical in-
teractions of the Au island films and the pyridine molecule in the
sandwiched structures, compared to the corresponding SAM-Au
configuration. © 2001 Academic Press
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INTRODUCTION

4-nitrothiophenol measured by IR reflection—absorption spg
troscopy (IRAS). Important conclusions obtained include th
(1) optimization of experimental conditions using Au islan

In the preceding paper (1), we described the dependenc
of the enhancement of infrared (IR) absorption on stru
ture and vibration modes of the chemisorbed molecules usi

the self-assembled monolayers (SAMs) of 4-pyridinethiol an

Knoll et al. (2) investigated the conformational structures o
Langmuir-Blodgett (LB) films of cadmium arachidate by sur-
face IR and SERS techniques. They found that evaporation of
Ag island film on the monolayer LB film deposited on a flat Ag
surface imposes no practical changes on the IR spectra, sugg
ing that there is no SEIRA effect for such a configuration. Thi
phenomenon was also observed by others (3) and was later in
preted within the framework of the theoretical model for SEIRA
proposed by Osawa (4). In contrast, Raman signals of the L
film of cadmium arachidate sandwiched between a flat Ag filr
and an Ag island film are clearly detected in comparison wit
the case for LB film on a flat Ag surface, due to the presence
the Ag island film operating as a SERS-active substrate. Lat
by measurement of ATR SEIRA spectra of 20-nm-thick films o
p-nitrobenzoic acid derivatives sandwiched by Ag island films
Badilescu and co-workers (5) suggested that the overall IR e
hancement observed in the sandwich configuration is due to
increase in the number of interfaces where metal-sample che
ical interaction takes place. Recently ¥tal. (6) investigated
he electromagnetic effectin surface-enhanced Raman scatter

RS) by employing SAMs of azobenzene derivatives san
wiched by Ag island films. Their work implies that coupling of
ﬁ'e electric fields of the overlayer and underlayer metal islar

ﬁms occurs, and it interacts with the SAM within the Ag film

Sandwich. We demonstrate in the present study that a sandwicl

films as active substrates for surface-enhanced infrared absorp-

tion (SEIRA) yields enhancement comparable to or even Iargae[g
than that reported using Ag island films; and (2) the stronc@‘q9

SEIRA enhancement observed stems from electromagnetic

to the overall SEIRA enhancement. In this paper, we report

i

chemical origins, with the former contributing predominanth(ati

cgnfiguration can substantially improve the enhancement of |
sorption, which, as a continuation and deepening of our pr
§ing work, will aid in a better understanding of the enhance

nt mechanisms operating in SEIRA. A schematic represe
on of the Au island flm—SAM configurations is shown in

. . . ig. 1.
a feasible and versatile method by which a large enhancemer%
of IR absorption measured in transmission mode can be gained.

An enhanced IR absorption can be achieved by preparing two

EXPERIMENTAL SECTION

Au island films sandwiching a SAM of 4-pyridinethiol, and a
system with a second SAM on the top of the sandwiching Ag 4-Pyridinethiol and other chemicals used are the same

films.

those described in the preceding paper (1). As for the prep
ration of sandwiches between the Au island film and the SAN
of 4-pyridinethiol and SEIRAS measurment, it can be describe

1To whom correspondence should be addressed. Fax: +81-52-789-5Q3H€fly as follows: after deposition of an Au island film at a rate
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of 0.1 A/s onto IR-transparent Calsubstrates (for measuring

0021-9797/01 $35.00
Copyright© 2001 by Academic Press
All rights of reproduction in any form reserved.



108 ZHANG AND IMAE

the relative enhancement factor, that is, the ratio of absorban
of a band in the transmission IR spectrum of the SAM o
4-pyridinethiol on the Au island films to that of the same band ir
IRAS ofthe SAM on a thick Au film. We then discuss the surface
enhancement mechanisms on the basis of the relative enhan
ment factors for different metal-SAM structures. The relative
enhancement factors calculated for all Au—SAM configuration
SAM are listed in Table 1. It should be noted that the dispersive featu
of the band for thicker Au films may induce some calculatior
Au(d2)  errors, but it does not affect the conclusions drawn from th
SAM experiment.
Au(dl)

Incident light

SAM-Au Configuration

CaF, Substrate

Figure 2 shows transmission SEIRA spectra of the SAM ©
4-pyridinethiol on Au island films of different thicknesses on
CaF, substrates. The spectral profile is similar to the IRAS
and RA SEIRA spectra we reported in the preceding paper (1
As in the case of our investigation on SEIRA reported in the
preceding paper, an increase in the Au film thickness vyielc

FIG.1. Schematic presentation ofthe Auisland film SAM of 4-pyridinethioBn increase in the relative enhancement factor, but the amg
configuration. tude is remarkably smaller than the analogous one in the RA

SEIRA. This is due to a smaller sampled area in transmissic
IR spectra in the transmission mode), a background spectrun®iIRA than that in RAS SEIRA. Johnson and Aroca (9) in
measured immediately. A SAM of 4-pyridinethiol is then formedestigated SEIRA of Langmuir-Blodgett (LB) films of N-(2-
on the Au island film according to the preceding paper (1). Aghenylethyl)perylenetetracarboxylic monoimide on Ag islanc
IR spectrum of the SAM is then measured. Followed by depfilms and found that the enhancement factor in SEIRA measur
sition of the overlayer Au island film, a background spectruriﬁ transmission is about one-third thatin RAS mode for the sarr
was recorded. Finally, an IR measurement is taken after a skB-film. In the present work, no attempt is made to compare th
ond SAM is formed on the Au island overlayer. The single beafglative enhancement factor in the transmission SEIRA of th
spectrum of the Au films recorded before the formation of theAM of 4-pyridinethiol on island films on Cafsubstrates with
SAM was always used as the background spectrum unless spBat in the corresponding RAS SEIRA on glass substrates sin
ified otherwise. different substrates impose different effects on enhancement

the IR absorption. It seems that the enhancement is not yet sa

RESULTS AND DISCUSSION rated even when the thickness of the Au island film is increase

to 15 nm.

4-Pyridinethiol molecules chemisorbed on Au island films
thermally deposited onto CaFsubstrates successfully form TABLE 1
SAMSs, as evidenced by the IR transmission spectra. The transRelative Enhancement Factors in Transmission SEIRA Spectra
mission SEIRA measured for these SAMs have spectral patteoh8u-SAM Systems with Different Configurations (Value in Paren-
similar to those of the RAS SEIRA of the 4-pyridinethiol SAMgheses was Obtained by Using a 15-nm Au Island Film on a CaF,
on the island films deposited on glass substrates (1). Accordffigte as a Background)
to our previous assignment of the IR absorption bands, the bands

at 1607, split 1569/1561, and split 1471/1462 dyrare due to —___o9r2ton Relative enhancement factor
ring stretching modesa8 8b, and 1% of the pyridyl group, re- sAM-5nm Au 2

spectively. The presence of the split bands at 1572/1565 &#év-10 nm Au 6

1471/1462 cm' in the SAM spectrum but the absence of thes%”"\"S‘All\E/'I ”Q“n’:]‘quAu 1%

bands in the KBr may be due to changes in intermolecular mtéﬁ_SAM_lo nm AU 14

actions in the film environment compared with that in the KBK,_sam-15 nm Au 28

pellet. The bands due td&nd 1% modes in the transmission SAM-Au-SAM-5 nm Au 27

SEIRA of the SAM show some distortion and dispersive fe®AM-Au-SAM-10 nm Au 24

tures, a phenomenon frequently observed in the SEIRA specfd/-Au-SAM-15nm Au 33(59)

that_ IS C_Iue to the dISpeI’SIOn of the refractive index of thel CoM- The values for all SAM—Au-SAM-Au configurations refer to the relative
p0§|te film (7, 8). Therefpre, we choose the band at 1607 €M enhancement factors of the upper SAMs only, except for the value in parenthes
which shows less distortion than the other two bands, to estimais includes contributions from both the upper SAM and the sandwiched SAN
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layer Au film to the N atom of the pyridine group may facilitate
the charge transfer from the overlayer Au film to the pyridine
as suggested in previous literature on SEIRA (5) and on SEF
(10-12).

It should also be noted that deposition of an Au overlayer me
alter the orientation of the pyridine group in the SAM to some
extent, resulting probably in lessening of the enhancement of t
bands due to in-plane vibrations, if the pyridine plane becom:e
more tilted toward the surface of the Au underlayer film. Tc
investigate this effect, we compare the RAS spectra of the SA
formed on a thick Au surface with and without the presenc
of a 5-nm Au overlayer film, as shown in Fig. 4. The reasol
we chose this system is that there is no enhancement causec
the electromagnetic mechanism in this case (2, 4). Therefo
the change in intensity, when inducing an overlayer Au film
only comes from the chemical effect, especially alteration in th
molecular orientation. The intensity of the bands forthe SAM ol
a thick Au layer with the presence of a 5-nm Au island film wa:
approximately 80% compared to the SAM on a thick Au surfac
without a Au overlayer (see Fig. 4). Apparently, the presence
an Au overlayer has no significant influence on the intensitie
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FIG.2. IRA spectrum of the SAM deposited on a thick Au film evaporated

on glass substrates (a) and transmission SEIRA spectra in region from 1700 t
1400 cnt! of a SAM of 4-pyridinethiol on Au island films with thicknesses of
(b) 5, (c) 10, and (d) 15 nm deposited on Gakbstrates.

Au-SAM-Au Configuration

Interesting results were obtained when we deposited an over
layer of Au island film 10 nm thick on the SAM on the Auisland
used above (shown in Fig. 1). Figure 3 exhibits the transmissior
SEIRA spectra of the Au—-SAM-Au sandwiches. In the present
experiment we kept the thickness of the overlayer Au film to
be constant (10 nm) and adjusted that of the underlayer film.
It has been found that with the increase in the thickness of the
underlayer Au films, the relative enhancement factor increase:
about twice for every 5 nm increase of the Au film thickness,
having almost the same tendency as the SAM—Au structure il-
lustrated in Fig. 2. Nevertheless, relative enhancement factor:
more than 2 times larger than those of the corresponding SAM-
Au configurations were observed, in all cases. It is reasonable
to assume that the introduction of the overlayer Au film on the
SAM gives rise to considerably larger enhancement. Formatior
of the sandwiched structure enables the SAM to interact with

Absorbance

W

Wavenumber (cm-1)

T 1
1700 1600 1500 1400

the enhanced electric field via coupling of the surface plasmonsg, s 5 transmission SEIRA Spectra of (@) 10 nm Au-SAM-5 nm Au

excited from the overlayer and underlayer Au films as suggesi@gio nm Au-SAM-10 nm Au, and (c) 10 nm Au-SAM-15 nm Au on €aF
by Yu and collaborators (6). Moreover, the access of the ovaubstrates.
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two spectra thus obtained are presented in Fig. 6. The SEIR
with the former background shows a relative enhancement fact
of 33, while that with the latter is 59. Assuming that the relative
enhancement factor of 28 for the 10 nm Au—SAM-15 nm Al
configuration remains unaltered before and after formation of
second SAM on the top of the sandwich, we can then estima
the relative enhancement factor of the upper SAM by simpl
subtracting the relative enhancement factor of 28 for the san
wiched SAM from the total relative enhancement factor of 59
We then get a relative enhancement factor of 31 for the top SAN
The value is in good agreement with the experimental value «
33. Therefore, we infer that the relative enhancement factors f
the SAM—Au-SAM-Au configurations shown in Table 1 are
merely from the upper SAM.

That the upper SAM in the SAM-Au-SAM-Au configura-
tions gives a larger enhancement than that in the correspor
ing SAM—-Au configurations can be explained by the following
two possible reasons. One is that the surface morphology
the overlayer Au is different from that of the Au films in the
SAM-Au configuration, since the overlayer Au is deposited ol
the SAM, while the Au film in the SAM—Au structure was de-
posited directly on the bare CaBubstrate. It was reported that

I0.006

Wavenumber (cm™!)

FIG. 4. IRA spectra of the SAM on the 200-nm Au surface (a) without and
(b) with a 5-nm Au overlayer on the top of the SAM.

of the IR bands. A similar phenomenon was also observed by
Knoll and collegues (2).

SAM-Au-SAM-Au Configuration

By extending the above-mentioned work, we formed a seconc g
SAM of 4-pyridinethiol on the top of the sandwiches (see Fig. 1) &
and measured their transmission SEIRA spectra. The results a|§

givenin Fig. 5. Compared with the corresponding Au—-SAM-Au
and the SAM—Au configurations, all SAM—Au-SAM-Au con-
figurations give an increase in the relative enhancement facto
to different extents, depending on the configuration as indicatec
in Table 1. It is important to note that the observed relative en-
hancement factors for the SAM-Au—-SAM-Au structures orig-
inate almost, if not absolutely, from the upper SAM, since we
eliminated the IR absorbance of the sandwiched SAM during
the spectral measuring process by using an Au—-SAM—Au sam
ple as the background spectrum. That is, the contribution of the
sandwiched SAM to the total IR absorption can be eliminated
if we use the Au coated with the SAM as a background. Such &
contribution will be presentif a bare Au surface is used as a back:
ground. To clarify this point, we measured two SEIRA spectra

-/

1700

T T
1600 1500
Wavenumber (cm™!)

1400

of the same sample, SAM-10 nm Au-SAM-15 nm AU By US- 5 5 1ransmission SEIRA specira of () SAM=10 nm Au-SAM-5 nm
ing two different background spectra of the 10 nm Au-SAMxay, () SAM—10 nm Au-SAM—10 nm Au, and (c) SAM=10 nm Au-SAM—
15 nm Au and the 15-nm Au configurations, respectively. The nm Au on Caf substrates.
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enhancement factors larger than the corresponding upper c
since the electric field within the sandwich should be stronge
0.01 than that outside the sandwich. The possible alteration in the o
entation of the pyridine molecules in the Au-sandwiched SAN
results in a relatively smaller SEIRA enhancement, but to a vel
limited degree, as we discussed earlier. Further work is desir
to clearly elucidate the phenomenon.

CONCLUSION

In the present work we discussed the large enhanceme
in SEIRA resulting from the presence of an Au island film-
chemisorbed molecule in sandwiched structures. The coupli
of the electric fields from both upper and lower Au films and th
increase in molecule—Au film interactions are presumably re
sponsible for the strong enhancement. The strategy is versa
and effective for observation of a strong enhancementin SEIR,
and thus may assume general significance in surface-enhan
spectroscopies.

There are still some problems that remain unsolved. For e
ample, why the upper SAM gives a larger relative enhanceme
than the sandwiched SAM is not definitely clear at present. Fu
ther work to understand the phenomenon is currently in progre
a in our laboratory and will be reported in a separate paper.

Absorbance
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FIG.6. Transmission SEIRA spectra of SAM—10 nm Au—SAM-15 nm Au
on Cak, substrates with (a) 10 nm Au—SAM-15 nm Au and (b) 15 nm Auon a

Cak substrate as the background spectrum. 1. Zhang, Z.-J., and Imae, T3 Colloid Interface Sci233, 99 (2001),
doi: 10.1006/jcis.2000.7220.
2. Knoll, W., Philpott, M. R., and Golden, W. MJ. Chem. Phys77, 219

the metal films deposited onto a chemically modified substrate (1982).
surface could bring about changes in the surface structure, afdKamata, T., Kato, A., Umemura, J., and Takenakal.dngmuir3, 1150
thus in optical and electronic properties of the metal films (13 (1987). ,

[ . 4. Osawa, M.Bull. Chem. Soc. Jpr70,2861 (1997), and references therein.
14). The second. pOSSIb.Illty is that there is, at or near the surfa%e (a) Badilescu, S., Ashrit, P. V., Truong, V. V., and Badilescu, IAppI.
of overlayer Au island film where the upper SAM is formed, @  spectrosc43, 549 (1989); (b) Badilescu, S., Ashrit, P. V., and Truong,
strongly enhanced electric field induced by coupling of the sur- V. V., Appl. Phys. Lett52,1551 (1988).
face plasmons from the underlayer and overlayer Au films. Such Yu, H.Z., Zhang, J.,, Zhang, H. L., and Liu, Z. Eangmuirl5, 16 (1999).
a possibility is very likely because the electric field created by 315937""31*9"35 Ataka, K., Yoshii, K., and Nishikawa, Xppl. Spectrosci7,
exciting surf:_ace .plasmons at or near the metal surface exteng_sMerk"(n, G)T and Griffiths, P. R1. Phys. Chent01,5810 (1997).
to 5-10 nm in distance from the adsorbate to the metal (4, 9, johnson, E., and Aroca, R.,Phys. Cheng9, 9325 (1995).
15). Considering that the thickness of the 4-pyridinethiol SAND. MccCall, S. L., and Platzman, P. MPhys. Rev. 22,1660 (1980).
is only about 0.5 nm at most when the pyridine is oriented péil. (&) Chang, K., and Furtak, T. E., “Surface Enhanced Raman Scatterin:
pendicular with respect to the metal surface (16), the upper SAM Plenum Press, New York, 1982; (b) Otto, A., Mrozek, |., Grabhorn, H., an

. . . . L Akemann, W.J. Phys. Condens. Mattdr, 1143 (1992).

will be able to interact with th(_a electn_c field produced fron_w _bottfz Lippitsch, M. Phys. Rev. 29,3101 (1984).
overlayer and underlayer Au island films. Consequently, itiS N} ajiara, D. L., Hebard, A. F., Padden, F. J., Nuzzo, R. G., and Falcon
unreasonable to conclude that a coupled electric field from over- D. R.,J. Vac. Sci. Technol. &(2), 376 (1983).
layer and underlayer Au films contributes to large enhancemét DiMilla, P. A., Folkers, J. P., Biebuyck, H. A., Harter, R., Lopez, G. P., anc
for the upper SAM in the SAM—Au—-SAM-Au configurations. _ Whitesides, G. M.J. Am. Chem. S04.16,2225 (1994).

5. Suétaka, W., “Surface Infrared and Raman Spectroscopy: Methods &

It seems strange to observe a larger relative enhancement %aC-AppIication,” Plenum Press, New York, 1995.

tor for the upper SAM than for the sandwiched SAM. Itwas origre. Allen, P. M., Hill, H. A. O., and Walton, N. JJ, Electroanal. Chem 78,
inally expected that the sandwiched SAM should exhibit relative 69 (1984).
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