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Abstract: The second harmonic (SH) intensity at gold electrodes modified with self-assembled monolayers
(SAMs) of two novel molecules, which hateansferrocenyl-nitrophenyl ethylene and thiol groups as the
second harmonic generation and surface-attached groups, respectively, was found to be strongly dependent on
the oxidation state of the ferrocene group. The SH intensity increased when the ferrocene moiety of the SAMs
was oxidized electrochemically to the ferricenium cation, and it decreased and returned to the original value
when the ferricenium cation of the ferrocene moiety was reduced to neutral ferrocene. These changes were
reversible and were repeated many times. The molecular orientation change in each SAM upon reduction/
oxidation of the ferrocene moiety was investigated by in situ Fourier transform infrared refleatisorption
spectroscopy, and the hyperpolarizabilities of these molecules were calculated using a computational electronic
structure model. The origin of the SH intensity change is discussed on the basis of these results.

Introduction To construct a highly efficient SHG-active electrochemical
interface, it is essential to arrange a molecule of high molecular
polarizability (hyperpolarizability) on the electrode ordered at
a molecular level so that high interfacial nonlinear polarizability
is attained. The self-assembly (SA) technique has been very
widely used to construct ordered molecular layers of various
functionalities, and self-assembled monolayers (SAMs) of
alkanethiols on gold have been the most well-studied sy%t&€m.
The molecular layers formed by this method are expected to
be very well ordered as a result of the chemical bond formation
between the substrate and the sulfur of the thiols and the
hydrophobic interaction between alkyl chains. These layers are
expected to be more stable than those formed by the LB method
because the adsorbed molecules chemisorb on the substrate in
the former but physisorb in the latter. Although several reports
on SHG from SAM-modified electrodes are availabtel® the
SHG properties were used to probe the interfacial structure in
&hese studies. For example, Kim et al. measured the rotational
anisotropy of the SH intensity from the Au(111) modified with
the SAM of 2-mercaptohydroquinone (QSH) to investigate the
superlattice structure of the QSH SAM on Au(114i)No
attempts have been made to construct an electrochemically
controllable SHG-active interface by a SAM-based electrode.

Optical second harmonic generation (SHG) is a nonlinear
process in which two photons of frequeneyare converted to
a single photon of frequency:.2 This requires a strong electric
field and a noncentrosymmetric medidn®. The SHG process
is one of the most efficient ways to shorten the wavelength of
light. The control of second harmonic (SH) intensity by an
external stimulus such as electric and optical perturbation is
very important in various applications. One promising system
in this respect involves electrochemical control of SH intensity
at electrode/electrolyte interfaces. In a metal electrode
electrolyte solution system, the SHG process takes place only
at the interface, where centrosymmetry is broken. Because th
SH intensity depends on the nonlinear susceptibility of the
interface, one should be able to control the SH intensity by
controlling the interfacial structure. Although it is known that
the SH intensity depends on the electrode potential even at bar
metal electrode%;8 a more drastic effect of electrode potential
on SH intensity is expected at metal electrodes modified with
organic molecules which undergo redox reactions by both
molecular hyperpolarizability and molecular orientation, which
are known to affect the SH intensity and which are expected to
be dependent on the oxidized state of the functional group of
the molecule.
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We have already reported on the molecular orientation of relationship between the induced polarizati®fiand the incident fields
the ferrocenylalkanethiol SAM on gold electrodes upon reduc- is given by
tion/oxidation of the ferrocene moiety of the SANI26 It is
also known that th&rans-ferrocenyl-nitrophenyl ethylene group
has a high hyperpolarizability3,,,2"-2° Thus, an electrode
modified with a SAM containing &rans-ferrocenyl-nitrophenyl

P, = 1w E(@)E(w) @)

When a two-dimensional arrangement of adsorbed molecules on the

. - surface is isotropic, the SHG from the monolayer is invariant during
ethylene group should be a good candidate for a stable, ef'f'c'ent’rotation of the surface about the surface normal, and the surface

electrochemically controllable system for the SH intensity.  pqpjinear susceptibility tensor®, then has only three unique elements,
Here we report novel SAM-based systems in which the SH j e,y 52xx andyzzz where thex andY axes are surface parallel
intensity can be controlled electrochemically. The systems and thez axis is surface normal. The intensity of p-polarized SH light,
consist of gold electrodes modified with the SAM of two novel 1,(2w), can be directly related to these eleméhnts:
moleculestfans[1-(6-mercaptohexyl)ferrocenyl-2-(4-nitrophen-
yethylene] (NPEFcESH) andtrans[1-(6-mercaptohexanoyl)-  15(20) O [(Qyxxz + @tzxx + 852229C08 ¥ + agrzux Sir? y [2l(w)?
ferrocenyl-2-(4-nitrophenyl)ethylene] (NPEFcCEBEH)), which 2
have both ferrocenyl-nitrophenyl ethylene and thiol groups, as
shown in Scheme 1. The SH intensity increased 6 times in the
former and 4 times in the Iat'Fer upon OX|dat.|on of.the ferrocepe the incident laser light, respectively. Theterms describe the electric
mOIety of the SAMs. The origin of _the SH intensity change is fields in the monolayer and thus include the dielectric constants of the
discussed in terms of molecular orientation of the SAMS UpOn monolayer e(w) ande(2w).45 When p-polarized incident light is used
redox of the ferrocene moiety, measured using in situ Fourier (y = 90°), the SH intensity) po(20), is simply given by
transform infrared reflection absorption spectroscopy (FT-
IRRAS), andpj,;;values of the molecules in the oxidized and
reduced states, calculated using a computational electronic
structure model of Zerner’s intermediate neglect of differential When the contribution from the substrate is negligible, the elements
overlap (ZINDO) program. of X(Z? can 'be related only to F_he elements of the molecular nonlinear
polarizability (hyperpolarizability), of the adsorbed molecules and
the molecular orientation distribution functiof, All ¥, 8, andF are

. ) .. presented by the surface coordinate akek,andK, and the molecular
The SHG can be described in terms of the second-order polarization, cqordinate axes j, andk.45

P®, induced in the interface by the incident light wa¥esThe incident

wherey andl(w) are the polarization angle of the incident ligit-€
0° for p-polarized and 90for s-polarized light) and the intensity of

lop(20) O [agtxxz T 8)zxx T aaXzzz|2|(w)2 3)

Theoretical Background

light field E(w) at frequencyw generates a light wave aw2 The Yk = rz [H:IJKijk(‘Plala)wijk )
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described in Figure 423LIf .., is the only nonzero tensor element,
i.e., the molecule has hyperpolarizability only for thdirection, then

the number of independent surface nonlinear tensor elements is reduced
to two*S

Xzxx = Xxxz = (I cos6 sir? 0p,,)12 (5)
Xzzz = r COS’% QXZZZ (6)
and eq 3 is greatly simplified as

|po(200) O [{ (ay + &) sir® 6}/2 + a, cos )T cos 0,,21(w)
@)

When a simple two-level model where the ground (g) and the single
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Figure 1. Definition of the anglesq, ¢, and 6, employed in the
molecular orientation calculation. The surface normal and the molecular Figure 2. Cyclic voltammograms and potential dependence of 1064-
coordinate are defined as teand thez axes, respectively. nm-excited SHG (532 nm) at (a) NPERSEH SAM-modified, (b)
NPEFcCOGSH SAM-modified, (¢) FceSH SAM-modified, (d) G-
optical transition near the wavelength of interest), the equatiofifer SH SAM-modified, and (e) bare gold electrodes measured in 0.1 M

0 200 400 600 800 1000
Potential / mV vs. Ag/AgCi

can be given b33 HCIO, solution at a scan rate of 5 mV*’s The dipping times of the
surface modification were 12 h for NPERSH and NPEFcCO&SH
AU, and 1 h for FcGSH an H. The SH intensity was normalized by
Ugr®gn dlhf @GS d GS he SH i i lized b
222 the intensity from the bare gold at 0 mV, which was measured after
B2z ®) he i ity from the b Id at 0 mV, which d aft

(g — 40®) (w5, — @) : . meast
gn gn thiol molecules were desorbed anodically, and the intensity of the

incident light (1064 nm).
wheref, Augn, wgn, andw are the oscillation strength, the difference in
the permanent dipole moment at @, and n, un, the excitation  and 415 mV, respectively. The redox potential of the NPEFc-
frequency from g to n, and the incident laser frequency, respectively. COGsSH SAM was more positive than those of the NPERcC
From eqs 7 and 8, to generate a strong SH signal from the monolayer,SH and FcGSH SAMs because of the electron-withdrawing

it is necessary to choose a molecule having high valuésantl Axgn . .
and having a high resonanceg, with  and/or 2», to adsorb many effect of the carbonyl group which existed next to the ferrocene

molecules onto the substrat€)(and to align thetransferrocenyl- ring of NPEFCCOGSH?*% The surface coveragé;, of the_

nitrophenyl ethylene part of the molecules in one directién ( NPEFcGSH, NPEFCCOESH, and FcESH SAMs was esti-
mated to be 1.% 10%, 2.0 x 10™, and 4.0x 10"* molecules

Results and Discussion cm~2, respectively, from the redox charge of the ferrocene

moiety. Thel values of the NPEFcSH and NPEFcCO§SH

voltammograms (CVs) and the simultaneously obtained potential SAMs were lower tha!“ that of FeSH. This fShOUId be due to
dependence of the 1064-nm-excited SHG signal at (a) NPEFCC the effect of the steric hindrance of the nitrophenyl ethylene
SH, (b) NPEFcCOgESH, (c) 6-ferrocenylhexanethiol (FgEH), group. .

and (d) hexanethiol (§H) SAM-modified gold electrodes Since the gold electrode used in the present study has (111)

measured in 0.1 M HCI@solution at a scan rate of 5 mV's surface structure, the SH intensity depends on the azimuthal
Dipping times for the surface modification were 12 h for angle. When the SH intensity was measured at an azimuthal
NPEFcGSH and NPEFCCOGSH and 1 h for FcgSH and angle of 0 at the bare gold electrode, the SH intensity increased
CeSH. The CV and the potential dependence of the SHG signal linearly with the electrode potential, as shown in Figuré 2e.
at a bare gold electrode are also shown in Figure 2e for At the FCGSH SAM-modified and €SH SAM-modified gold
comparison. electrodes (Figure 2c,d), however, the SH intensity was not
At the NPEFCGSH, NPEFCCOGSH, and FC@SH SAM- changed in the potential region employed in the present study
modified gold electrodes, anodic and cathodic current peaks duedt all tr_'e azlml_JthaI angles. These results |nd_|cat_e that the
to the reduction/oxidation of the ferrocene moiety in the SAMs 2dsorption of thiol molecules reduces the contribution of the

were observed at 400 and 410 mV. 640 and 720 mV. and 405 90!d surface to SHG. We also observed that the SH intensity
' ' did not depend on potential at all the azimuthal angles at the

In Situ SHG Measurements. Figure 2 shows the cyclic

(33) Oudar, J. L.; Chemla, D. S. Chem. Physl977, 66, 2664-2668.
(34) Moylan, C. R.; Ermer, S.; Lovejoy, S. M.; McComb, |.-H.; Leung, (35) Mann, C. K.; Barnes, K. KElectrochemical Reactions in Non-
D. S.; Wortmann, R.; Krdmer, P.; Twieg, R. J. Am. Chem. Sod.996 aqueous SystemMlarcel Dekker: New York, 1970.
118 12950-12955. (36) Yagi, |.; Nakabayashi, S.; Uosaki, K. Manuscript in preparation.
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Table 1. SH Intensity at the Bare and Modified Gold Electrodes r

at 0 and 850 mV oskE

SH intensity SH intensity > 7

electrodes at0omv at 850 mV 2 osE

bare gold 1.0 2.0 % E

CsSH SAM 0.04 0.04 S =

FcGSH SAM 0.04 0.06 = 04F

NPEFcGSH SAM 0.11 0.61 o
NPEFcCOGSH SAM 0.08 0.33 T N T S IR I

ol

- - - - ; 5 10 15 20 25 30
aValues of the SH intensity were normalized to the SH intensity at Charge / uC cm-2

the bare gold at 0 mV and the intensity of the incident light.

0.6E
gold surface after sulfur adsorptiéhSulfur or thiol adsorption 5 o5k
seems to pin the surface electronic structure of gold. Thus, we A F
can neglect the contribution of gold in the potential-dependent S osE
SHG behavior at the SAM-modified gold electrode. si f_
At the NPEFcGSH and NPEFcCO§SH SAM-modified gold = o3k g
electrodes, the SH intensity increased when the potential was E
made more positive so that the ferrocene moiety was oxidized 0.2k (')"""

5 10 15 20 25 30

to the ferricenium cation. It became constant after the oxidation Charge / uC cm-2

of the ferrocene moiety in the SAMs was completed. When the
ferricenium cation was reduced back to the neutral ferrocene,
the SH |nt.en5|ty.decreased and returned to the original values.goId electrodes. Positive and negative scans are represen@diy
These SH intensity changes at the NPEfSiCand NPEFcCOE x, respectively. Other experimental conditions were the same as in
SH SAMs were observed to be reversible. Figure 2.

The SH intensities at 0 and 850 mV for all electrodes studied
are summarized in Table 1. At all the SAM-modified gold @
electrodes, those values were normalized to the values observed
at 0 mV after the SAMs were anodically removed from the gold
surface in the same solution. The SH intensities at all the SAM-
modified gold electrodes at both 0 and 850 mV were much lower
than those at the bare gold, indicating that the SAM formation
on the gold surface reduced the SH intensity, i.e. ytRet the
gold electrode/electrolyte solution interfaée’® Buck et all!
have already reported that the intensity of the SH signal
decreased with the increase in the coverage of thiols on the gold
surface.

The SH intensities at the NPEFgEH and NPEFcCO£SH

Figure 3. Charge dependence of the square roots of the SH intensity,
lop(2w)Y2, at (@) NPEFcESH and (b) NPEFCCO$SH SAM-modified

800 mV
700 mV

{ 800 mv
700 mV
600 mV
500 mV

AR/R/ %
AR/R/ %

600 mV
500 mV

400mv w 400 mv

3 300 mV e ~ 300 mV

200 mV Wil ~{ 200 mV

SAM-modified electrodes were larger than those at thegFcC 3200 3100 3000 2600 2800 1700 1600 1500 1400 1300
SH and GSH SAM-modified electrodes at both 0 and 850 mV, Wavenumber / om-1 Wavenumber /cm-!
indicating highers,,,values for these molecules. ®)

Although the potential dependence of the SH intensities at

the FcGSH and GSH SAM-modified electrodes and the bare 1005% ¢°‘°5%
gold was very small, those at the NPEESE and NPEFcCO& ' s ]
SH SAMs at 850 mV were much larger than those at 0 mV as st 900V 900 mv
a result of the oxidation of the ferrocene moiety, as mentioned = |urrrm—t 800mv W
before. [ A s00mv S M 800 mV
According to eq 3, the square root of the SH intensity, oo whnn 600mV  [rafMaman g fieed 700 MY
lop(2w)Y2, depends directly on the surface susceptibility. To Pttare o] oy e o] 600 MY
investigate the relationship between the surface susceptibility |, = 400 v :m 500 mv
and the oxidation state of the ferrocene moiety in the SAMs, T 400 mv
the values of p,(2w)V2 were plotted against the oxidation charge PR A et 300 Y MNMMMMW 300 mv
at the NPEFcgSH and NPEFcCO§SH SAM-modified gold 3200 3100 3000 2900 2800 1700 1600 1500 1400 1300
electrodes and are shown in Figure 3. The oxidation charge was Wavenumber / cm-1 Wavenumber / cm-!

estimated from the oxidation and reduction peaks in Figure 1 Figure 4. SNIFTIR spectra of (a) NPEFgSH and (b) NPEFcCOE
after subtracting the double-layer charging current. In the SH SAM-modified gold electrodes obtained by p-polarization in 0.1
positive scan @), 1p(2w)¥? continued to increase up to the M HCIO, solution at various sample potentials shown in the figure.
potential at which the oxidation of the ferrocene moiety in the The reference potential was 0 V.

SAM to ferricenium cation was completed, and then it decreased

and returned to the original value in the negative scanThese In Situ FT-IRRAS Measurements. Figure 4 shows the
results confirm that the SH intensity change is directly related subtractively normalized interfacial Fourier transform infrared
to the redox of the ferrocene moiety in the SAM. Although no reflection—absorption (SNIFTIR) spectra in the regions of
hysteresis was observed at the NPEFIE SAM-modified 3200-2800 and 17561250 cnt of the NPEFcGSH and
electrode, some hysteresis exists in the potential dependencé&PEFcCOGSH SAM-modified gold electrodes obtained at
of 1p(2w)¥? at the NPEFcCOESH SAM-modified electrode.  various sample potentials in 0.1 M HCIGolution with a
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reference potential of 0 mV using p-polarized light. Clear peaks

exist in both spectra at relatively positive potentials. On the « X,
other hand, no bands were observed when the s-polarized light )

was used, showing that the bands observed in Figure 4 are really , @ ® @ \
due to the attached NPEFgEH and NPEFcCO{SH SAMs

on the gold substrate. VR \  Ovidator, g’ é@ é@ é@’
At the NPEFcGSH SAM-modified gold electrode, two LECECRS S qvaion”

upward peaks at 2925 and 2845 ¢hand one downward peak \ \ \ \ \ \ \ \

at 3111 cnt! were observed in the region of 3260800 cnt? S S > Vs L A S 5
when the sample potential was more positive tHe800 mV,

at which the redox reaction of the ferrocene moiety in the 7 /4 Z %
NPEFcGSH SAM started. The two upward peaks at 2925 and 46-0

2845 cn1! are attributed to the asymmetric and symmetrie-C © \\

stretch, respectively, of the methylene group in the SENE.

The positions of these two peaks are in good agreement with

those observed in ex situ IRRAS spectra of the NPEStC §

SAM on gold (2925 and 2847 cm#).2526:39.40The downward B = \  Oxdation,
peak at 3111 cm should be due to the €H stretch of two @ & & ® <
pentadienyl rings in the ferrocene moiety in the SAMA \ \ \ \
similar band at 3113 cmt was observed for 11-ferrocenyl- 5 Vs 5 Vs
undecanethiol (FcGSH) SAM by in situ IRRAS measure- 7z
ments26 7

7

_ The upward and downward bands in the SNIFTIR spectra gig e 5. schematic models for the orientation change in (a) NPEFCC
indicate weaker and stronger infrared absorption, respectively, sH and (b) NPEFcCOSH SAMs upon redox of the ferrocene moiety.

at the sample potential than at the reference potefitiBhus,
the above result shows that the absorptions due to thel C
stretch of the ferrocene ring (3111 ch) increased but those
due to the asymmetric and symmetric-8 stretch of the . )
methylene groups (2925 and 2845 dprespectively) decreased that the electro_n_s in the N@roup were at;racted elect_rostqu-
upon oxidation of the ferrocene group at the NPESRIC SAM- call_y to the oxidized form of ferrocene, i.e., the ferricenium
modified gold electrode. Because p-polarized light was used cation.

for this measurement, the stronger the IR absorption is, the more [N contrast to the result at the NPEFSEI SAM, no bands
perpendicular to the surface the dipole moment is, according in_the region of 32062800 cnt! were observed at the
to the “surface selection rule” of IRRAS measurement on a NPEFCCOGSH SAM at all the sample potentials studied. In
metal surfacé? Thus, these results show that the alkyl chain the region of 17561250 cn1, only three bands of bipolar type

Arrows andA# are the vector from ferrocene to nitrophenyl group
and the difference angle of those vectors upon the redox of ferrocene,
respectively.

of the NPEFcGSH SAM became more perpendicular upon

were observed around 1670, 1512, and 1343lcmhich were

oxidation of the ferrocene moiety, as schematically shown in @ssigned to €0, asyg;metric NG and symmetric N@stretch
Figure 5a. A similar orientation change was observed at the ands, respectivefy/;*® when the sample potential was more

FcC1SH SAM on a gold electrod®.

In the region of 17561250 cn1?, three downward peaks at
1630, 1589, and 1468 crh were observed when the sample
potential was more positive thafB00 mV. They were assigned

to the G=C stretch of the ethylene group between the ferrocene
and nitrophenyl groups, the ring mode of the phenyl group, and

the bending mode of the methylene group, respecti¥/ei§*!

The increases in absorbance of these bands are in good”

positive than+500 mV, where the oxidation of the ferrocene
moiety in the NPEFcCO§SH SAM started. The €0 band of
bipolar type indicates the frequency shift as described above.
The bipolar band corresponding to the=O stretch was reported
before for the 11-mercaptoundecyl ferrocenecarboxylate (Fc-
COOG;SH) SAM on gold upon reduction/oxidation of the
ferrocene moiety in the SANE No observation of the dominant
pward and/or downward peaks in the spectra indicates that

agreement with the orientation change in the SAM suggestedthe orientation of the NPEFCCQ@SH SAM did not change

above, based on the-@H stretch. Two other bands of bipolar
type were observed around 1512 and 1343 tmnd were
assigned to asymmetric and symmetric NS€retch bands,
respectively?’-38Bands of bipolar type mean that the frequency
of the peak shifts to a higher value upon oxidation of the
ferrocene group?® The frequency shift should reflect the fact

(37) Colthup, N. B.; Daly, L. H.; Wiberley, S. Entroduction to Infrared
and Raman Spectroscqmrd ed.; Academic Press: New York, 1990.

(38) Silverstein, R. M.; Bassler, G. C.; Morrill, T. CSpectrometric
Identification of Organic Compounddth ed.; John Wiley & Sons: New
York, 1991.

(39) Porter, M. D.; Bright, T. B.; Allara, D. L.; Chidsey, C. E. D.Am.
Chem. Soc1987, 109, 3559-3568.

(40) Walczak, M. M.; Chung, C.; Stole, S. M.; Widrig, C. A.; Porter,
M. D. J. Am. Chem. S0d.99], 113 2370-2378.

(41) Popenone, D. D.; Deinhammer, R. S.; Porter, ML&hgmuir1992
8, 2521-2530.

(42) Greenler, R. GJ. Chem. Physl966 44, 310-315.

(43) Beden, B.; Lamy, C. InSpectroelectrochemistry Theory and
Practice Gale, R. J., Ed.; Plenum Press: New York, 1988.

during the redox reaction of the ferrocene moiety in the SAM,
as shown in Figure 5b.

Calculation of f,,, of the Molecules in Oxidized and
Reduced StatesThef3,,;,can be calculated by eq 8 if the values
of oscillation strengthtf, the difference in the permanent dipole
moment betweeny andun, Augn, and the excitation frequency,
wgn, are known. These values were obtained by ZINDO
calculation. The values ¢8;;;as well asf, Augn, and wgn of
both the oxidized and reduced states of NPESIC
NPEFcCOGSH, and Fc@SH and a reference compountidgns
(1-ferrocenyl)-2-(4-nitrophenyl)ethylene (NPEFc), are listed in
Table 2. The values for NPEFc in the reduced state for the
incident light of 1.91um are also listed in Table 2 for
comparison with the literature valdé.

For all the molecules, the oscillation strength in the oxidized
and reduced states are almost the same, showing that the
oscillation strength is not affected by the oxidation state of the
ferrocene moiety.
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Table 2. Calculated Optical Parametefs Augn, wgn, andfzz5 in Table 3. Square Roots of the SH Intensiti{2w)*?) Ratic® and
This Study When the Wavelength of the Incident Light and the the 3,,; Ratid® between the Reduced and the Oxidized States
Second Harmonic Are 1.06m and 532 nm, Respectively I -
molecules I pp(2w) Y2 ratio Pz ratio
wg/10PHz  f,,410°% NPEF
1 cGSH 2.4 1.7
molecules state f AugdD  (Ama/nm)  cnP esu NPEFCCOGSH 20 50
NPEFc R 090 84 2.82 71.6 : , —
(354) 2| pp(2w)*2 ratio means lg(2w)¥? in the oxidized state)g(2w)?
R 0.91 8.4 2.90 155 in the reduced Stat95-ﬂzzzrati0 meansf..;in the oxidized state);.,
(345) in the reduced state).
O 0.89 348 3.31 262
(302) The f8,;; values of NPEFcESH were larger than those of
NPEFCGSH R 098 84 2.95 147 NPEFcCOGSH in both the oxidized and reduced states. This
o 087 339 (?532 250 is because th&ugyn values of NPEFcESH in both the oxidized
' ' (302) and reduced states were larger than those of NPEFeSBC
NPEFCcCOGSH R 1.00 3.9 2.88 82.3 Because the €0 group is an electron acceptor group,
(347) NPEFcCOGSH has two acceptor groups at both sides of the
o 093 157 3.16 164 donor group, i.e., ferrocene, and, therefotey, and 3,,, of
(316) co ller than those of N
FeG:SH R 0.60 0.45 548 5.4 NPEF(? GSH were smaller than t gse of NPERSEI. .
(404) Origin of Redox-Induced SH Intensity Change.According
0 0.75 2.1 3.25 11.4 to eq 7, the SH intensity,(2w), depends on several parameters,
(308) such as molecular hyperpolarizabilit§f;,s surface coverage,

aR and O mean the reduced and the oxidized states, respectively.r' and molecular orientation ang@, TheT values are constant
b These values were calculated when the wavelength of the incident Upon redox of the ferrocene moiety at both the NPE/SSC
light was 1.91um. and NPEFcCOESH SAM-modified electrodes because the
anodic and cathodic peak charges were the same. Thus, the

The values ofAugn in the oxidized states are much larger e . :
geontribution of the surface coverage to the SH intensity change

than those in the reduced states, suggesting that the dipol .
moment of the excited state increases extensively when theShould be excluded, anf,;and ¢ are the dominant factors.

ferrocene moiety is oxidized because of the ion-pair formation To c_Igrify the origin of the SH intensity changg at the SAM-
between the ferricenium cation and GIOThe values 0f\ug, modified gold electrodes, we compared the ratio of the square

for FcCsSH were much smaller than those of other molecules, "0t 0f the SH.intensity Ip(2w)™% with the ratio of the
because no acceptor group, such as a nitropheny! group, exist§a|CU|altgdﬁZ_ZZbetween the oxidized and reduced states. If the
in this molecule; therefore, the dipole moment of this molecule lpp(20)* ratio petween the oxidized and reduced stqtes |s.the
is much lower than those of other molecules. same as the ratio ¢f,,,between the two states, the SH intensity
Thewgn value corresponds to the wavelength of the maximum change shouldl/kz)e_ caused solely by fhe change, but if the
peak in the UV-visible absorption spectrumimax The Lmax ratio _of I_pp(Za)) is larger or smaller than that c_ﬁm the
values for all the molecules calculated in the present study werec0ntribution of thed change and the effect of local field @z,
smaller by 26-30 nm than those experimentally determined Sheuld be taken into account.
using a long optical path length thin-layer electrochemical cell  Table 3 shows the ratios &f(2w)"/at the NPEFcESH and
in acetonitrile solutiort* This is because the solvent effect was NPEFCCOGSH SAM-modified electrodes arfil,,0f NPEFcG-
not taken into account in the present calculafioihe values ~ SH and NPEFCCOSH molecules between the oxidized and
of wgn in the oxidized state are larger than those in the reduced réduced states. At the NPER¢SH SAM-modified electrode,
state. Actually, the UV absorption peaks corresponding to the the ratio oflpy(2w)*? was larger than that ¢, If local field
7-conjugated system of these molecules blue-shifted in aceto-€ffect is important, then the discrepancy between the ratio of
nitrile when the ferrocene moiety was oxidized electrochemi- !pp(20)"? and that of calculatef,;;should be observed in both
cally 44 cases. Thus, the change éhseems to contribute to the SH
The B2z of NPEFc, 71.6x 1073 cn esu?, at 1.91um intep_sity at the NPEFcéSH_ SAM-modified gold _electrode in
excitation is in good agreement with the literature value (71.8 addition to the change i,z Actually, in situ IRRAS
x 10730 ¢ esur?),32 showing the reliability of the present =~ Measurement shows that the glkyl chain of the NP&S&C
calculation. Thef,,, values of NPEFc, NPEFeSH, and SAM becam(_e more perp_endlcular upon oxidation of thg
NPEFcCOGSH in both oxidized and reduced states were much ferrocene moiety, as men_tloned before. When the alkyl chain
larger than those of FGSH in both states, confirming that the Pecomes more perpendiculaf, between the vector from
NPEFc group has a large hyperpolarizability. This is because ferrocene to nitrophenyl group and the §urface normgl should
7 bonding of the ethylene group connects an electron donor, become smaller because the ferr_o<_:ene ring and the n_|trophenyl
ferrocene, and an electron acceptor, the nitrophenyl group, in 9roup are connected through a rigie=C bond. According to
the NPEFc group. eq7,the Ioweﬂ is, the hlgher the SH intensity bec.omes. Thus,
For NPEFc, NPEFcESH, and NPEFCCOSSH, the B, the change irf) also contributes to the increase lig(2w) at
values in the oxidized states were much larger than those inth® NPEFc@SH SAM-modified gold electrode upon oxidation
the reduced states. From eq 8, the lagiezshould be related ~ Of the ferrocene moiety, leading to the increasgi(2w) being
to the larger values aug, in the oxidized states, although the ~More than expected on the basis of the increase opthef
resonance ofvg, with 2w was smaller in the oxidized states the molecule.
than in the reduced states. Thus, for these molecules, the values On the other hand, at the NPEFcC£3EI SAM-modified

of the f,,, are affected byAug, more significantly than by  €lectrode, the ratio of,y(2w)*? is exactly the same as that of
resonance. P22z showing that the dominant contributor to the SH intensity

(44) Kondo, T.; Horiuchi, S.; Uosaki, K.; Shimazu, K. Unpublished (45) Campbell, D. J.; Higgins, D. A.; Corn, R. M. Phys. Chenil990
results. 94, 3681-3689.
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change should b8, This is in agreement with the experimental
result obtained by in situ IRRAS measurement in which no

J. Am. Chem. Soc., Vol. 121, No. 239999

solution (2 mL) containing KCOs (1 g, 4.1 mmol) was dropped into
the solution slowly. The solution was refluxed #h after addition of

molecular orientation change took place during the reduction/ 4-nitrobenzaldehyde (0.74 g, 4.9 mmol). The product was purified by

oxidation of the ferrocene moiety at the NPEFcGSHB SAM-
modified gold electrode.

Conclusions

Electrochemically controllable SHG-active SAMs were con-
structed on gold using molecules havingans-(1-ferrocenyl)-
2-(4-nitrophenyl)ethylene group. The SH intensity increased
when the ferrocene moiety was oxidized to the ferricenium

cation and became constant after the oxidation of the ferrocene

moiety in the SAMs was completed. When the ferricenium

cation was reduced back to the neutral ferrocene, the SH

column chromatography (chloroform) to yield 0.45 g (10% yield) of
V.H NMR: ¢ 8.17 (d, 2H), 7.56 (d, 2H), 6.92 (d, 1H), 6.76 (d, 1H),
4.39 (m, 4H), 4.12 (s, 4H), 3.49 (t, 2H), 2.39 (t, 2H), 1.62 (m, 8H).
trans-[1-(6-Mercaptohexanoyl)ferrocenyl-2-(4-nitrophenyl)ethyl-
ene] (NPEFcGSH). Thiourea (0.15 g, 2.0 mmol) was added to ethanol
(10 mL) and water (1 mL) at 80C under an Ar atmospher¥. (0.45
g, 0.91 mmol) was added to the solution after 5 min, and the solution
was stirred for 22 h. The solution was cooled to room temperature,
and an aqueous solution (5 mL) containing KOH (0.44 g, 5.6 mmol)
was added. The solution was then refluxed for 2 h. The product was
extracted with dichloromethane and the extract was washed with water
until the pH of the water phase became ca. 7; the extract was then
evaporated in vacuo overnight. The residue was purified by column

intensity decreased and returned to the original value. These n omatography (ethyl acetate:hexané:1) to yield 0.13 g (32% yield)
SH intensity changes were reversible and can be repeated manyf NPEFcC;SH. 'H NMR: 6 8.18 (d, 2H), 7.55 (d, 2H), 6.95 (d, 1H),

times. The origin of the SH intensity change was found to be
the changes in orientation of the SAM and of the hyperpolar-
izabilities of these molecules.

Experimental Section

Materials. All the chemicals used in this study were of reagent grade.
They were obtained from Aldrich (CDg)| Tokyo Kasei (6-bromo-
hexanoyl chloride and\,N-dimethylaminomethyl ferrocenel (in
Scheme 1)), Merck (AlG), and Wako Chemicals (all other chemicals)

and were used as received. Ultrapure water was obtained using a Milli-Q

water purification system (Yamato, WQ-500). A gold disk (Ishihuku

Metal, 99.99%; diameter, 8 or 10 mm; thickness, 5 mm) was used as

a substrate. Ultrapure 2N99.99%) and Ar (99.95%) were obtained
from Daido Hokusan.

Synthetic Procedures.Synthetic routes fotrans[1-(6-mercapto-
hexyl)ferrocenyl-2-(4-nitrophenyl)ethylendy PEFcCsSH) andtrans
[1-(6-mercaptohexanoyl)-ferrocenyl-2-(4-nitrophenyl)ethyle N& EEFc-
COCsSH) are shown in Scheme 1. 6-FerrocenylhexanetticOgSH),
(ferrocenyl)trimethylammonium iodidél (), (ferrocenyl)triphenylphos-
phonium iodide [{I ), andtrans-(1-ferrocenyl)-2-(4-nitrophenyl)ethylene
(NPEFc) were synthesized using the methods reported béfdfe?’

((6-Bromohexanoyl)ferrocenylmethyl)triphenylphosphonium
lodide (IV). Il (1.0 g, 1.7 mmol) was added to 120 mL of
dichloromethane at OC under an Ar atmosphere. After the solution
was stirred for 10 min, AIGI (0.35 g, 2.6 mmol) was added to the
solution, and then 6-bromohexanoyl chloride (0.37 g, 0.7 mmol) was
dropped into the solution slowly. The solution was stirred3d at 0
°C. After 150 mL of ice water was added to the solution, the product

6.75 (d, 1H), 4.40 (m, 4H), 4.10 (m, 4H), 2.60 (t, 2H), 2.25 (t, 2H),
1.60 (m, 9H). IR (neat): 3097, 2925, 2847, 2555, 1628, 1588, 1510,
1456, 1411, 1335 cnt.
trans-[1-(6-Bromohexanoyl)ferrocenyl-2-(4-nitrophenyl)ethyl-
ene] (VI). IV (0.50 g, 0.77 mmol) was added to 15 mL of dioxane
under an Ar atmosphere, and the solution was stirred for 10 min. An
aqueous solution (1 mL) containing®0; (0.58 g, 4.1 mmol) was
dropped slowly into the solution. 4-Nitrobenzaldehyde (0.35 g, 2.3
mmol) was added to the solution, and then the solution was refluxed
for 4 h. The product was purified by column chromatography
(chloroform) to yield 0.08 g (20% yield) of1. '"H NMR: ¢ 8.16 (d,
2H), 7.59 (d, 2H), 6.87 (d, 1H), 6.77 (d, 1H), 4.76 (t, 2H), 4.45 (m,
6H), 3.47 (t, 2H), 2.59 (t, 2H), 1.50 (m, 6H).
trans-[1-(6-Mercaptohexanoyl)ferrocenyl-2-(4-nitrophenyl)ethyl-
ene] (NPEFcCOGSH). Thiourea (0.025 g, 0.33 mmol) was added to
5.5 mL of ethanol and water (10:1) at 8C under an Ar atmosphere.
VI (0.11 g, 0.22 mmol) was added to the solution after 5 min, and the
solution was stirred for 22 h. The solution was cooled to room
temperature, and an aqueous solution (2 mL) containing KOH (0.11 g,
1.4 mmol) was added. The solution was then refluxed for 2 h. The
product was extracted with dichloromethane, and the extract was washed
with water until the pH of the water phase became ca. 7; the extract
was then evaporated in vacuo overnight. The residue was purified by
column chromatography (ethyl acetate:hexané:1) to yield 0.04 g
(40% yield) of NPEFCCOGCsSH. *H NMR: ¢ 8.14 (d, 2H), 7.60 (d,
2H), 6.90 (d, 1H), 6.77 (d, 1H), 4.77 (t, 2H), 4.46 (m, 6H), 2.60 (m,
4H), 1.55 (m, 7H). IR (neat): 3096, 2924, 2851, 2554, 1671, 1628,
1588, 1510, 1456, 1411, 1336 cin

was extracted with dichloromethane, and the extract was washed with ~Preparation of SAM-Modified Gold Substrate. A gold disk was
water and evaporated in vacuo overnight. The residue was purified by Polished mechanically with alumina paste (Maruto, 1.0, 0.3, and 0.05

column chromatography (chloroform) to yield 0.50 g (90% yield) of
IV.*H NMR (Hitachi, R-900, 90 MHz, CDG): o 7.68 (d, 15H), 4.90
(t, 4H), 4.29 (d, 2H), 4.03 (d, 4H), 3.36 (t, 2H), 2.75 (t, 2H), 1.56 (m,
6H).

trans-[1-(6-Bromohexyl)ferrocenyl-2-(4-nitrophenyl)ethylene] (V).
Zinc amalgam was made by mixing zinc powder (32.8 g, 0.5 mol)
with HgCl; (3.3 g, 0.015 mol) in a solution of HCI (18 mL) and water
(48 mL). The zinc amalgam was added slowly to a solution of HCI
(50 mL) and water (20 mL) at 60C with vigorous stirring, and then
an ethanol solution (5 mL) containidy (3.1 g, 4.2 mmol) was added

um) and cleaned chemically by dipping in boiling concentrated HNO
for 1 h and then in boilig 2 M KOH solution for 2 h#4° The disk

was then treated electrochemically by cycling the potential between
+1.5 and—0.34 V (vs Ag/AgCl) h 1 M H,SQ,.505 After these
treatments, gold was vacuum deposited (1500 A) onto the gold disk,
which was kept at 300C in a vacuum evaporation apparatus (Ulvac,
EBH-6) under 105—1077 Torr at a deposition rate of 0.1 A% The

gold disk was then annealed at 88D for 5 h under an Ar atmosphere
and was kept in concentrated$0, until the substrate was used for
surface modification. The gold surface prepared as described above

to the solution. The solution was refluxed for 1 h. The product was Was atomically flat, with a (111) ordered structifeThe roughness
extracted with dichloromethane, and the extract was evaporated in vacudfactor of the surface was estimated from the charge for the reduction

overnight. The residue was purified by column chromatography
(chloroform) to yield 1.8 g (58% yield) of ((6-bromohexyl)ferrocenyl-
methyl)triphenylphosphonium iodideH NMR: 6 7.68 (m, 15H), 4.95

(m, 2H), 4.20 (m, 4H), 3.95 (m, 4H), 3.36 (t, 2H), 2.35 (t, 2H), 1.56
(m, 8H). ((6-Bromohexyl)ferrocenylmethyl)triphenylphosphonium io-
dide (1.8 g, 2.4 mmol) was then added to 20 mL of dioxane under an

of gold oxide to be less than 1.1. Just before the surface modification,

(48) Katz, E. Y.; Solov'ev, A. AJ. Electroanal. Cheni99Q 291, 171~

(4-19) Adzic, R.; Yeager, E.; Cahan, B. D. Electrochem. Socl974
121, 474-484.
(50) Woods, R. IrElectroanalytical Chemistry: A Series of Zahces

Ar atmosphere, and the solution was stirred for 10 min. An aqueous Bard, A. J., Ed.; Marcel Dekker: New York, 1988; Vol. 9, pp 162.

(46) Pauson, P. L.; Watts, W. H. Chem. Soc1963 2990-2996.
(47) Toma, S.; Gplovsky, A.; Elecko, PChem. Paperd985 39, 115—
124.

(51) Rodriguez, J. F.; Mebrahtu, T.; Soriaga, MJPElectroanal. Chem.
1987, 233 283-289.

(52) Uosaki, K.; Ye, S.; Kondo, TJ. Phys. Chem1995 99, 14117
14122.
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the gold was washed with pure water and then was annealed in athe trigger signals to the laser, the detection system, and the computer

hydrogen flame and quenched with pure water.

interfaces and to control the timing of the measurements. The SH

The surface modification of the gold disk substrate was carried out intensity from the SAM-modified gold electrode was normalized by

by dipping it in ethanol solution containing 1 mM NPERSH or
NPEFcCOGSH at 20°C for 12 h and in hexane solution containing 1
mM FcGSH or GSH for 1 h under an Ar atmosphere. After the

that from a bare gold electrode when the SAM was anodically removed
in the same electrolyte solution.
In Situ FT-IRRAS Measurements!®26:56|n situ FT-IRRAS mea-

modification, the samples were washed sequentially with ethanol or surements were performed using a Bio-Rad FTS30 spectrometer

hexane and pure water.
In Situ SHG Measurements’#5355 Five nanosecond pulses of

equipped with a HgCdTe detector cooled with liquid nitrogen. A
spectroelectrochemical cell was employed which allows the electrode

fundamental light (1064 nm) generated by a 20-Hz Q-switched Nd: t0 be pushed with a micrometer to the Gaffrared window without
YAG laser (Coherent, Infinity 40-100) were directed onto the SAM-  fotation of the electrode. The incident angle was c4, &bd p-polarized
modified gold electrode at a #@ngle of incidence in a single-window  incident light was used. The SNIFTIR spectroscopy method was used
spectroelectrochemical cell, which was mounted orxay) z, and 6 to improve the S/N ratio. The spectra were collected at the sample and
translation stage to allow the placement of the electrode. A slide glass 'eference potentials for 128 scans four times with a resolution of 4
was placed in front of the sample so that roughly 10% of the cm L. The reference potential wé V in this study. Collection of the
fundamental beam was reflected into a reference channel. The p-SPectra was usually stadé s after the potential was changed. The
polarization of the fundamental beam was set with a double Fresnel results are presented in the form of the normalized change in reflectance,
rhomb (Sigma Koki) and a Glan-laser polarizer (Newport). The energy i-€.. AR/R, which is equal to R — R)/Rs, whereRs and R are the
of the pulses was measured by using a broadband power/energy metefeﬂectance at the Sample and the reference potential, respectively. The
(Melles Griot, 13PEMO001). The SH light (532 nm), which was almost upward and downward peaks in the spectra respectively mean weaker
coincident with the reflected fundamental beam, was collimated by a and stronger absorption at the sample potential compared to that at the
quartz lens (Sigma Koki). A second Glan-laser polarizer (CVI) was reference potential. The potential steps were provided by a personal
inserted for selection of the SH polarization. The detection system computer via a 12-bit D/A converter, and the FT-IR spectrometer was
consisted of a small monochromator (Koken, SG-100), a photomultiplier controlled by the same computer through a RS-232C interface.
tube (PMT, Hamamatsu, R636-10), and a boxcar averager (Stanford ~Calculation of . ZINDO (Sony Tektronix, CAChe system) is a
Research, SR250). The PMT voltage was set to 1000 V by a PMT Package which consists of intermediate neglect of differential overlap
high-voltage supply (Hamamatsu, C1053-01). The output signal was (INDO),%” INDO for spectroscopy (INDO/S¥, complete neglect of
amplified to a detectable level and was monitored by a digitizing differential overlap (CNDOJ? and other computational calculation
oscilloscope (Hewlett-Packard, HP54510B). The width of the boxcar Methods, such as the Paris@tarr—Pople (PPP) methdd:** ZINDO
gate was set to about 50% of the width of the output pulse from the €ven contains the parameters of the transition metals, e.g., Fe, and,
PMT. Another boxcar averager was used to integrate the pulse train totherefore, it can be used for the calculation of properties of complex
obtain the reference intensity. The integrated SH signal was normalized Molecules containing transition metals, e.g., absorption of ferrocene
by dividing by the integrated reference output over 30 laser shots. ~ derivatives®” By ZINDO calculation, the oscillation strength, the

For spectroelectrochemical measurements, the electrode potentialPermanent dipole moments of the ground and excited stajeand
current, and normalized SH intensity were captured digitally via a “n respectively, and the excitation frequenay,, were obtained in
computer interface module (Stanford Research, SR245) and a GP-IgPOth the oxidized and reduced states of NPEfStCand NPEFCCOE
board (NEC, PC-9801-29n) and stored on a personal computer. A digital SH when the wavelength of the incident light was 1064 nm. Calculation

delay generator (Stanford Research, DG-535) was used to generate alff the optimized geometry was repeated at least five times to check
the reproducibility. When the geometries were calculated for the

(53) Yagi, |.; Nakabayashi, S.; Uosaki, Khem. Lett1996 529-530.

(54) Nakabayashi, S.; Sugiyama, N.; Yagi, |.; Uosaki,Ghem. Phys.
1996 205 269-275.

(55) Yagi, |.; Lantz, J. M.; Nakabayashi, S.; Corn, R. M.; UosakiJK.
Electroanal. Chem1996 401, 95-101.

(56) Ye, S.; Yashiro, A.; Sato, Y.; Uosaki, K. Chem. Soc., Faraday
Trans.1996 92, 3813-3812.

(57) Pople, J. A.; Beveridge, D. L.; Dobosh, P.JAChem. Physl967,
47, 2026-2033.

(58) Ridley, J.; Zenner, M. CTheor. Chim. Actdl973 32, 111-134.

(59) Pople, J. A.; Segal, G. Al. Chem. Phys1965 43, S136-S151.

(60) Pariser, R.; Parr, R. G. Chem. Phys1953 21, 466-471.

(61) Pople, J. ATrans. Faraday Socl953 49, 1375-1385.

(62) Zenner, M. C.; Loew, G. H.; Kirchner, R. F.; Mueller-Westehoff,
U. T.J. Am. Chem. S0d.98Q 102, 589-600.

oxidized states of the ferrocene moiety, ion-pair formation of ferrice-
nium cation-CIlO,~ was considered, and ClOwas placed in close
vicinity to the ferrocene ring. The values @f,,were obtained by using
eq 8. Thep,,,values of the reference compounds (NPEFc andsFcC
SH) were also obtained.
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