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Amide and Ester Surface Attachment Reactions for Alkanethiol
Monolayers at Gold Surfaces As Studied by Polarization
Modulation Fourier Transform Infrared Spectroscopy

Robert V. Duevel and Robert M. Corn*

Department of Chemistry, University of Wisconsin, 1101 University Avenue, Madison, Wisconsin 53706

The modification of alkanethiol monolayers via amide and
ester formation reactions is demonstrated as a methodology
for attaching monolayer and submonolayer coverages of
specific chemical species onto metal electrodes. A mono-
layer of 11-mercaptoundecanoic acld (HSC,,H,,COOH) Is
used as a surface blfunctional linking agent on polycrystalline
gold surfaces. The reaction of these adsorbed molecules with
gaseous thionyl chloride converts the carboxylic acld group
to an acid chloride which can then be reacted further with an
amine or alcohol to form an amide or ester linkage. The
attachment of alkyl, aromatic, and electrochemically active
species to the surface is reported to demonstrate the versa-
tility of this surface derlvatization chemistry. Polarization
modulation Fourler transform Infrared (PM-FTIR) spectros-
copy Is employed as the primary method for monitoring the
chemical structure of the adsorbed monolayers, and additional
X-ray photoelectron spectroscopy (XPS) and electrochemical
measurements are used to verify the elemental composition,
oxldation state, and surface coverage of the adsorbed mole-
cules.

INTRODUCTION

The modification of metal surfaces with organic monolayers
and thin films is a vast subject that impacts upon a wide
variety of technologically and scientifically important areas.
The process of spontaneous adsorption and organization of
monolayers from dilute solution has been successfully em-
ployed with a number of long chain molecules at metal sur-
faces?® and offers a simple and attractive method of surface
modification at the single monolayer level. One of the most
successful chemistries employed for spontaneous adsorption
and organization at metal surfaces is the attachment of n-
alkanethiols to gold surfaces.® The monolayers formed by
these molecules are attracted to the surface by a combination
of adsorption and organizational free energies; if the n-alkyl
chain is sufficiently long, the adsorbed monolayer is extremely
robust. An assortment of n-alkanethiol monolayers derivatized
with a variety of pendant functional groups have been created
by a number of research groups in an effort to systematically
control the wetting, electrochemical, and photochemical
properties of metal surfaces.*

Although it is conceivable that any particular molecule can
first be prepared and then attached to the surface (assuming

that there are no complicating cross reactions with the thiol
group), a very attractive mechanism for creating monolayers
with specific chemical, optical, tribological, or electrical
properties would be to first adsorb an alkanethiol species onto
the surface and subsequently to attach onto the adsorbed
monolayer a specific chemical group via a linking reaction.
Such linking strategies have been demonstrated previously
with aminosilane monolayers and multilayers.?

In this paper we verify with infrared reflectance measure-
ments that a linking strategy employing amide and ester
formation reactions can be applied to monolayers of carboxylic
acid-derivatized long-chain n-alkanethiols at gold surfaces.
Monolayers of 11-mercaptoundecanoic acid (HSC,,H,,COOH)
are reacted via an acid chloride intermediate with a variety
of alkyl and aromatic amines to form the amide on the surface.
Formation of the amide bond and the presence of the attached
functional moiety are monitored with polarization modulation
Fourier transform infrared (PM-FTIR) vibrational spec-
troscopy.? Additional X-ray photoelectron spectroscopy (XPS)
measurements are used to estimate the relative surface cov-
erage of the attached species. The acid chloride intermediate
can also react with alcohols to form an ester linkage, and the
attachment of an electrochemically active ferrocene species
to the gold surface with an ester formation reaction is dem-
onstrated. The surface coverage of the attached ferrocene
species is determined with electrochemical measurements.

EXPERIMENTAL SECTION

Molecules. 11-Mercaptoundecanoic acid (HSC,,H,COOH)
was obtained from Aldrich, and the purity was checked by NMR
spectroscopy. The octadecanethiol (HSC;gHj;) used in comparison
experiments was obtained from Fluka (~95%) and used as re-
ceived. Methylene chloride (HPLC grade) was obtained from
Burdick & Jackson and used as received except for the esteri-
fication reaction where it was purified by distillation (mainly to
remove water). Hexylamine (~99%), Fluka) and benzylamine
(99%, Aldrich) were used without further purification. Aniline
(>99.5%, Aldrich) was used immediately after distillation at
reduced pressure in a fume hood. Care must be taken to avoid
tontact with aniline since it is highly toxic. Decomposition of
the aniline was avoided by limiting its exposure to light and
oxygen. Thionyl chloride (99+ %, Aldrich) was used as received.
Thionyl chloride should be used in a fume hood and kept under
nitrogen at all times since it is toxic and readily hydrolyzed in
air. The phosphate buffer was prepared from NaNO; (>99.5%,
Fluka), Na,HPO, (>99.0%, Fluka), and ortho-H;PO, (puriss,
Fluka) reagents which were used as received. Distilled, deionized
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water was obtained from a Millipore system and then further
purified through double-distillation.

Electrode Preparation. Gold foils (99.9*%, D. F. Goldsmith)
0.010 in. thick were used as a substrate. Prior to deposition the
gold surface was polished to a mirror finish with 0.05-um alumina
particles, rinsed thoroughly with triply-distilled water, and so-
nicated for approximately 15 min in triply-distilled water. The
polished substrates were then cleaned by a standard sulfuric acid
(concentrated)/hydrogen peroxide (30%) cleaning procedure for
15 min.” Precautions should be taken to avoid contact with this
highly oxidizing mixture which should be prepared immediately
before use. This mixture should be discarded immediately after
use since it may be explosive if stored.® Upon removal from the
sulfuric acid/hydrogen peroxide bath, the Au foils were rinsed
with triply-distilled water and dried with a stream of dry nitrogen
in an ambient laboratory environment before use in the spon-
taneous adsorption process.

FTIR Measurements. Infrared differential reflectance spectra
(-% AR/R) were obtained with a Nicolet 740 spectrometer that
had been modified to perform dual-channel polarization modu-
lation Fourier transform infrared (PM-FTIR) spectroscopic ex-
periments.>'® The differential reflectance spectra are expressed
as (-% AR/R) = 100(R, - R,)/ (R, + R,) where R, and R, are the
reflectivity for p- and s-polarized light from the surface. Spectra
were obtained at a nominal resolution of 2 cm™. The angle of
incidence for the differential reflectance measurements was 76°
from the surface normal. No reference sample for a background
was required with the PM-FTIR measurements. Instead, the
spectra were normalized for variations with wavelength in the
efficiency of the photoelastic modulator as described previously.!!
Full descriptions of the experimental apparatus and the PM-FTIR
methodology are described elsewhere.t>1!

XPS Measurements. The XPS spectra were obtained with
a Perkin-Elmer 5400 ESCA photoelectron spectrometer with an
achromatic Mg Ka source (E = 1253.6 eV, 300 W) operating in
the fixed analyzer transmission mode. The scan areawas 1 X 3
mm in which the gold-foil surface normal was at 45° to the en-
trance of the concentric hemispherical analyzer. The XPS
measurements were made at a base pressure of about 10~ Torr.
Multiplex spectra of the individual elements were performed using
a 35.75 eV pass energy. No charging effects were observed in the
emission spectrum, as evidenced by the position of the C 1s peak
at 285.0 eV.!2 Relative intensities are obtained from ratios of
integrated peak areas and then normalized by the appropriate
instrumental sensitivity factors.!

Electrochemical Measurements. The derivatized ferrocene
electrode was characterized by its cyclic voltammogram (CV) in
an aqueous solution of 0.05 M phosphate buffer with 0.2 M NaNO,
supporting electrolyte at pH = 7.1 under nitrogen at 298 K. A
single-compartment Teflon cell (solution volume ~ 10 mL) em-
ploying a standard three-electrode arrangement (Pt counter
electrode, saturated calomel (SCE) reference electrode) was used
in conjunction with an IBM EC 225 potentiostat interfaced to
an IBM-XT computer.

RESULTS AND DISCUSSION

Carboxylic Acid Monolayer Adsorption. Molecules of
HSC,,H,,COOH were adsorbed onto a polycrystalline gold
surface by immersion for approximately 1 h in a 2 mM solution
in methylene chloride. Immersion of the surface for a longer
period (up to 2 days) resulted in no observable spectroscopic
differences. After thoroughly rinsing with methylene chloride,
the infrared differential reflectance spectrum of the monolayer
was obtained with PM-FTIR spectroscopy: the CH-stretching
region and the mid-IR region of this spectrum are plotted in
Figures 1 and 2a; respectively. Monolayers of this molecule
have been formed previously on gold surfaces by Chidsey and
Loiacono;!® monolayers of the similar molecule HSC,sH3,C-
OOH have been studied in detail by Nuzzo et al.1* As noted
by Chidsey and Loiacono,'® the frequencies of the two
methylene stretching bands at 2924 and 2856 cm™ in Figure
1 suggest that the alkyl chains of the C,, carboxylic acid
monolayer are more disorganized than those in the C;¢ ana-
logue.’d The “liquidlike” structure that occurs in these car-
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Figure 1. PM-FTIR differential reflectance spectrum of the CH-
stretching region from a spontaneously organized monolayer of 11-
mercaptoundecanoic ackl adsorbed onto a polycrystalline gold sub-
strate. The antisymmetric methylene-stretching band at 2924 cm-’
indicates a disordered, liquidiike structure. The symmetric methy-
lene-stretching band is at 2856 cm-".
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Figure 2. The mid-IR region differential reflectance spectrum from
a spontaneously organized monolayer of (a) 11-mercaptoundecanoic
acid adsorbed onto a polycrystalline gold substrate and (b) the ackd
chioride derivative of the 11-mercaptoundecanoic acid monolayer in
(a) after modification by the gas-phase reaction with thionyl chioride.
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boxylic acid monolayers was not observed in the well-ordered
alkane or alcohol monolayers of the same length.!® For the
experiments reported in this paper, the C,; carboxylic acid
monolayer with its conformational disorder was chosen in
order to permit the acid head group to have sufficient freedom
to react in a sterically unhindered fashion but still to have



Table I. XPS Measurements of Relative Elemental Surface
Coverage for the Adsorbed Monolayers

binding
energies,®
compd element eV rel intens®

octadecanethiol S 162.3 1.00
(HSC,sHgy7)
11-mercaptoundecanoic acid S 162.3 0.88 + 0.05
(HSC,(H,,COOH) Caiyl 285.0 11.38 + 0.34

Cocid 289.0  1.03 % 0.09

0 532.5 1.68 £ 0.06
hexylamide S 162.3 0.99 £ 0.05
(HSC,Hy,CONHCH ;) 0 532.3 0.85 £+ 0.03

N 400.2 0.88 £ 0.05
benzylamide S 162.3 0.87 £ 0.04
(HSC,(H,CONHCH,¢) 0 532.2 0.91 + 0.03

N 400.3 0.83 + 0.05
aniline amide S 162.3 0.91 £ 0.05
(HSC,(H,CONHg) 0 532.2 0.88 + 0.03

N 400.0 0.76 £ 0.05
ferrocene ester S 162.3 0.96 + 0.05
(HSC,oHyCOOCH,Fc) Fe* 7081  0.27 + 0.02

0 532.2 1.71 £ 0.06

aReferenced to C 1s at 285.0 eV.!? ?Normalized to the S 2p in-
tensity of octadecanethiol. Intensities were measured as the inte-
grated peak areas. °The relative amount of ferrocene ester was
determined using the Fe 2p;), response.

enough interaction energy between the chains to ensure that
the molecules were strongly adsorbed. Further evidence for
the flexibility of the head group is seen in the C=0-stretching
band in Figure 2a. The observed frequency of 1704 cm™ is
that expected for acid groups that are participating in di-
merization or other intermolecular hydrogen-bonding pro-
cesses.*'6 For comparison, the C=0-stretching band in the
Cy; monolayer, where the head group cannot interact, occurs
at 1741 em™. 1

In addition to the C==0 stretch, the mid-IR spectrum in
Figure 2a also contains bands due to the CH, scissors de-
formation (1470 ¢cm™') and the CH rocking and wagging
motions (~1350-1150 cm™) of the adsorbed molecules (cf.
Table II). The significant intensities of these bands in the
C1; monolayer suggest that the alkyl chains are orientationally
disordered with respect to the surface.l” This orientational
disorder can be attributed to both the flexibility of the short
alkyl chain and the microscopic roughening that is inevitable
on the polished polycrystalline gold surfaces. However, the

ANALYTICAL CHEMISTRY, VOL. 64, NO. 4, FEBRUARY 15, 1992 « 339

definite progressions in the wagging and rocking bands in-
dicate that although the alkyl chains are orientationally
disordered, the conformational order is much higher than that
observed in the liquid state.®

In addition to the PM-FTIR measurements, XPS experi-
ments were used to verify the presence of sulfur and carboxylic
acid moieties on the surface. The C 1s XPS spectrum ex-
hibited a peak at 289.1 eV that has been attributed previously
to the carboxylic acid carbon.!® The thiolate sulfur on the
surface was monitored via the intensity of the S 2p peak at
162.3 eV. Overexposure (anode power > 300 W) of the surface
resulted in the appearance of an additional S 2p peak at ca.
169 eV, as noted previously by other authors.!* For all of the
monolayers studied the intensity of this peak was constant
to within £10-15% and was roughly the same as that observed
from a packed monolayer of a C,5 alkanethiol (HSC,sHj;,).
This result in conjunction with the observed intensity of the
CH-stretching band confirms that throughout the course of
the surface reactions, the surface coverage remained at about
one monolayer (£20%). The XPS results are tabulated in
Table 1.

Acid Chloride Formation Reaction. In order to activate
the alkanethiol monolayer, the carboxylic acid was converted
to an acid chloride by reaction with thionyl chloride in a
gas-phase reaction under reduced pressure. Samples were
placed in a reaction vessel that was back-filled with N, and
evacuated to approximately 300-500 mTorr. The reaction
vessel consisted of a standard three-necked 250-mL round-
bottom flask that could be connected to either a vacuum
system or a dry nitrogen supply.?’ A 25-uL aliquot of SOCI,
was then injected into the reaction vessel and allowed to react
for 5-10 min. The vessel was then pumped down to 300-500
mTorr to remove any HCI and other reaction byproducts for
15-30 min. Efforts to make this reaction proceed in a chlo-
roform solution led to a loss of the monolayer from the surface
(as verified by PM-FTIR measurements), and subsequent
rinsing of the sample in methylene chloride also resulted in
the removal of the acid chloride. If the monolayer was pre-
vented from coming in contact with atmospheric water, the
PM-FTIR spectrum of the acid chloride monolayer could be
obtained (Figure 2b). In this spectrum, the C=0-stretching
band has shifted to 1813 cm™, as expected for an acid chloride
species.? Exposure to atmospheric water slowly reconverted
the acid chloride to the acid, first developing a band at 1741
cm! (the isolated acid species observed in the C,; monolayers)

Table II. Infrared Frequencies and Vibrational Assignments for

derivatized monolayer film frequency, cm™?®

11-mercaptoundecanoic acid 1704
(HSC,H;,COOH) 1431
acid chloride 1813
(HSC,(H,,COCY
hexylamide 1660
(HSC,,H,,CONHC:H,3,) 1550
benzylamide 1642
(HSC,oH,,CONHCH,¢) 1552
1604
1500
aniline amide 1655
(HSC,(H;CONH¢) 1550
1604
1500
ferrocene ester 1731
(HSC,,HyCOOCH,Fc) 1411
1237
1105

the Derivatized Monolayers in the Mid-IR Region®

assgnt®
ve—o(COH) carboxylic acid C=0 stretch
Ye—o C—O stretch® (+ ip COH bend)
vo=0(COCI) acid chloride C=0 stretch®
Ve=0 amide [
Yo=C—N—H amlde 11
V=0 amide I
VOo=C—N—H amide II
. ¢ ring str vibr??
Veeg ¢ ring str vibr?
V=0 amide 1
VOmC—N—H amide II
Vo—C ¢ ring str vibr?
Vog ¢ ring str vibr??
ve=o(COzR) ester C=0 stretch
Yo—c (Ey,) Cp ring str vibr?s:#"
V-0 ester C—O stretch?
Vot (Ay,) Cp ring str vibr?5%

@ Only the amide bands, ester bands, and bands characteristic of the attached pendant functional groups are listed. ®Band positions were
obtained from the 2-em™! resolution spectra shown in Figure 3. ¢ Assignments were taken from refs 14 or 23 unless otherwise noted. ¢This

mode may also contain substantial C—0O—H bending character.!416222
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Figure 3. PM-FTIR differential reflectance spectrum from the amide
monolayers formed by the surface reaction of 11-mercaptoundecanoic
acid and the amine RNH, where RNH, is (a) n-hexylamine (where
asterisks denote aromatic impurlty bands), {b) benzylamine, (c) aniline.

that was slowly replaced by the original band at 1704 em™.

Amide Derivatization Reactions. Following the forma-
tion of the acid chloride, the alkanethiol monolayer could be
converted to an amide by the introduction of an amine into
the gas phase of the reaction vessel. Removal of any unreacted
amine was accomplished by first purging the reaction chamber
and then by rinsing the surface with various solvents (the exact
solvent used depended upon the nature of the attached
species). Three different amines were attached to the surface
via an amide formation reaction: n-hexylamine, benzylamine,
and aniline. The PM-FTIR spectra of the amides formed on
the surface from these three compounds are shown in Figure
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Figure 4. PM-FTIR differential reflectance spectrum from the fer-
rocene monolayer formed by the surface reaction of 11-mercapto-
undecanoic acid and {(hydroxymethyl)ferrocene.

3. All of the amines exhibit the characteristic amide I and
II bands at 164260 and 1550 cm™,22-%4 as well as additional
bands due to the rest of the attached molecule. Table II
summarizes the mid-IR vibrational assignments of these de-
rivatized monolayers. The broad, asymmetric shape of the
amide I and II bands indicates a distribution of hydrogen-
bonded species.'*?? The reaction with benzylamine demon-
strates that large groups can be attached to the surface (as
expected from the high degree of conformational disorder of
the monolayer), and the reaction with aniline demonstrates
that both aromatic as well as aliphatic amines can be em-
ployed. The sensitivity of the PM-FTIR measurements is
demonstrated by the presence of two bands due to the aro-
matic amine impurities in the hexylamide spectra (denoted
by the asterisks in Figure 3a).

Further conformation of the surface amide formation was
obtained with XPS spectroscopy. A N 1s peak was observed
at 400.3 eV for the three amide-derivatized monolayers (no
N 1s peak was observed for the carboxylic acid film). A
relative intensity of ca. 0.9 for this peak compared to the S
2p peak intensity was calculated for each sample, using pre-
viously determined instrumental sensitivity factors (cf. Table
I). Since the sulfur peak intensity is undoubtedly diminished
relative to the N peak due to screening by the alkyl chain, this
number must be used as an upper limit for the N/S ratio on
the surface. In addition, a decrease by approximately a factor
of 2 in the relative intensity of the O 1s peak was observed
after reaction of the 11-mercaptoundecanoic acid to form the
amide.

Ferrocene Ester Derivatization Reaction. In addition
to the formation of an amide bond, the surface acid chloride
could be easily converted to an ester by reaction with an
alcohol. For example, the reaction of a monolayer of acid
chloride species with ethanol resulted in the quantitative
formation of a monolayer of the ethy! ester, HSC,,H,,COO-
C,H;. Similarly, the ester formation reaction with (hydrox-
ymethyl)ferrocene (FcCH,OH) produced a gold surface with
a chemically-attached monolayer (HSC,,H,,COOCH,Fc)
which was electrochemically active. For this reaction, (hy-
droxymethyl)ferrocene was introduced into the reaction vessel
via atomization of a 0.3 M methylene chloride solution of the
alcohol at a reduced pressure of 300-500 mTorr. The PM-
FTIR spectrum of the ferrocene monolayer is shown in Figure
4 and contains ester stretches at 1731 and 1237 ¢cm™ as well
as the characteristic ferrocene ring stretch at 1105 cm™,%-%
Prior to rinsing, a residual acid chloride band at 1813 cm™
was observed, indicating incomplete ester formation on the
surface. XPS measurements of the Fe 2p;, peak at 708.1 eVZ*
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Figure 5. CV of the partial monolayer of the derivatized ferrocene
ester in 0.05 M phosphate buffer with 0.2 M NaNO; supporting elec-
trolyte adjusted with phosphoric acid to pH = 7.1. The sweep rate
was 50 mV s-'. Integration of the anodic current peak yielded a
surface charge density of 23.2 uC cm. The figure insert plots the
anodic peak current density, /., at 0.34 V vs SCE which varies linearly
as a function of scan rate.

confirmed the presence of the ferrocene group on the surface
in submonolayer quantities (see Table I). The incomplete
reaction of (hydroxymethyl)ferrocene with the acid chloride
as compared to the ethanol reaction can be attributed to both
the lower vapor pressure of the ferrocene species and possible
steric hindrance effects resulting from the size of the ferrocene
head group.

Following rinsing with methylene chloride and triply-dis-
tilled water, a CV was obtained from this modified electrode
surface in a pH = 7.1 phosphate buffer (Figure 5). Plotted
in the inset of the figure is the anodic peak current density
as a function of scan rate, which exhibited a linear dependence
as expected for a surface species. Integration of this ferrocene
oxidation peak yielded a surface charge density of 23.2 uC
cm2, corresponding to a surface coverage of 2.4 X 1071% mol
cm~2, This number corresponds to approximately 40% of a
monolayer of close-packed ferrocene molecules.”® The actual
surface coverage varied from film to film by ca. 20%.

The reduction peak for the ferrocenium occurred at ap-
proximately the same potential (to within 5-30 mV) of the
ferrocene oxidation peak, as expected for a surface elec-
troactive species. However, the return peak is much broader
and asymmetric due to a combination of capacitance and film
reorganization effects. (Note that although it appears as if
the integrated charge of the ferrocenium reduction peak is
smaller than that of the ferrocene oxidation peak, the inte-
grated area of the two peaks are approximately the same.) The
form of this CV was stable for several hours. Further studies
of these reorganization effects are in progress.

CONCLUSIONS

This paper presents the experimental verification of a
general scheme for the modification of monolayers at gold
surfaces utilizing gas-phase surface reactions. The bifunctional
molecule (11-mercaptoundecanoic acid) attaches to gold
surfaces via the thiol group, and provides a carboxylic acid
functionality that can be converted to an acid chloride by
reaction in the gas phase with thionyl chloride. The resultant
acid chloride intermediate could then be further reacted in
the gas phase with either an amine for the formation of an
amide or an alcohol to form an ester. Three different amines
(hexylamine, benzylamine, and aniline) and an electroactive
alcohol (hydroxymethyl)ferrocene) were attached to a poly-
crystalline gold surface to demonstrate the versatility of this
methodology.
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Verification of the surface reactions was achieved through
the use of PM-FTIR spectroscopy, which demonstrated
submonolayer sensitivity to the presence of the carboxylic acid,
amide and ester species on the surface. The PM-FTIR dif-
ferential reflectance spectra were also used to spectroscopically
identify the pendant groups attached to the monolayers. XPS
and electrochemical measurements were performed in con-
junction with vibrational spectroscopy to confirm the PM-
FTIR results.

In the future, this general attachment scheme should serve
as a valuable route to the synthesis of many optically and
electrochemically interesting monolayers at gold surfaces.
Further experiments on the modified monolayers presented
in this paper are currently in progress.
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We report an ultrasensitive, enzymatically amplified, time-re-
solved fluorescence immunoassay with a terbium chelate as
the detectable moiety. In this immunoassay, the primary
label is the enzyme alkaline phosphatase (ALP). ALP cleaves
phosphate out of a fluorogenic substrate, 5-fluorosalicyl
phosphate, to produce 5-fluorosalicylic acid (FSA). 5-
Fluorosalicylic acid can then form a highly fluorescent ternary
complex of the form FSA-Tb**—EDTA, which can be quan-
tifled by measuring the Th** fluorescence in a time-resolved
mode. In this assay, exceptional sensitivity is achleved be-
cause of the enzymatic amplification introduced by ALP and
the quantification by laser-induced microsecond time-resolved
fluorometry. Time-resolved fluorometry is applicable because
of the long fluorescence lifetime of the Tb** complexes. It
is shown that In a model AFP assay 10° or 1.5 X 10° mole-
cules can be detected (final assay volume, 100 uL) by using
monoclonal or polyclonal detection antibodies, respectively.
The assay demonstrates excellent precision (~4%), and it
seems 1o be highly sulted for automated, senslitive, and rapid
immunoassays.

INTRODUCTION

Among the nonisotopic immunoassay methodologies,
time-resolved fluorescence immunoassay is well-established
and successful. The commercially available systems are based
on the use of fluorescent europium chelates as labels, and the
technology has been recently reviewed.'”® The main advan-
tages of the fluorescent europium chelates have been re-
peatedly stressed. These are also shared with other lanthanide
chelates and especially with the fluorescent Th®* and Sm3*
chelates. Such advantages include large Stokes shifts, narrow

*To whom correspondence should be addressed at the Toronto
Western Hospital.

emission bands, and long fluorescence lifetimes. The long
lifetime makes these chelates especially suitable as labels for
microsecond time-resolved fluorescence immunoassay.

Europium has been, up to now, the lanthanide label of
choice for time-resolved fluorescence immunoassay because
of its superior detectability in comparison to Tb®* and more
80 to Sm?*.8 The last two lanthanides have primarily been
used as comparison labels to devise dual analyte assays as
described elsewhere.”'* Th?* alone has been proposed as a
primary immunological or nucleic acid label mainly because
of its ability to form ternary fluorescent mixed complexes with
aminopolycarboxylic acids (e.g. EDTA or DTPA) and certain
ligands like p-aminosalicylate.!'"!> However, the better sen-
sitivity of the Eu®*-assayed systems precluded the widespread
use of these complexes.

Tb%* complexes, however, have some advantages over the
Eu’* complexes. Th®* can form fluorescent complexes with
a wider variety of organic ligands, many of these complexes
are freely soluble in water, and quenching by coordinated
water molecules is not a serious problem. On the other hand,
in ternary Tb** complexes, slight modification of the coor-
dinated ligand, especially on the hydroxyl which is adjacent
to the carboxyl group of the ligand (e.g. in salicylate), usually
abolishes or dramatically diminishes its ability to coordinate
and thus to form fluorescent complexes. So, salicylate or
similar compounds can be modified to become enzyme sub-
strates as further exemplified below. The ternary Tb®* com-
plexes are usually fluorescent at strongly alkaline pH, i.e.
12-13. At this pH, the aminopolycarboxylic acid ligand, e.g.
EDTA, serves to chelate Th®* with high affinity and keeps
it soluble in water without the danger of hydroxide salt pre-
cipitation. Ligands like salicylate coordinate around Th?* to
form the ternary complex. After ligand excitation, the energy
absorbed by the ligand is transferred to Tb®* by an internal
energy transfer process.! Tb?* is then excited and subse-
quently fluoresce at characteristic wavelengths. The ternary
complex between DTPA, Th?**, and p-aminosalicylate (pAS)
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