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Figure 2. Oxidation of thiol to sulfonate. The XPS spectra of MTS 
monolayers are shown before (top) and after (bottom) irradiation with 
a Hg(Ar) UV light source. X-ray damage was minimized by limiting 
acquisition time. The take-off angle was 35°, and the operating pressure 
was less than 10"8 Torr. All spectra were referenced to the Si 2p(3/2) 
peak of the quartz sample, and charging problems were neutralized with 
a 2.7-eV electron beam. 

antigen, while very little antigen was present in the areas exposed 
to UV light. 

To characterize the film surfaces before and after irradiation, 
contact angle measurements and X-ray photoelectron spectroscopy 
(XPS) were used. Using the sessile drop method,12 the water 
contact angle on an unirradiated thiol surface was 58 ± 3°. This 
was reduced to 30 ± 6° after irradiation. Previous work involving 
the irradiation of aromatic, amine, and other silane monolayers 
with UV light has shown that a photocleavage reaction results 
in contact angles of 10° or less.13"17 XPS was used to investigate 
the chemical nature of the irradiated silane surface because the 
contact angle measurements suggested an alternate mechanism 
than photocleavage. Figure 2 shows the S 2p region before (top) 
and after (bottom) irradiation. As can be seen, the reduced thiol 
at 164 eV is not removed by irradiation but quantitatively con­
verted to an oxidized form of sulfur at 169 eV. This is consistent 
with the conversion of the thiol to a sulfonate group.18 

The technique outlined here for the preparation of protein 
patterns on a surface circumvents many of the problems en­
countered in earlier attempts at protein patterning,2-4 because the 
irradiated thiol silane inhibits nonspecific protein adsorption. This 
sulfonated surface may have further applications in the protection 
of implants or prostheses against biofouling19 and in the protection 
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of critical sensor components during short-term clinical or en­
vironmental use. We have also developed a means of patterning 
a silane film prior to exposure of the surface to proteins which 
prevents any possible protein denaturation due to exposure to UV 
light. Such patterns may be useful for building multifunctional 
biosensors on a single substrate. Furthermore, because photoli­
thography using ultrathin films has been proven to produce 
submicrometer patterns,1315 this technique should be usable to 
achieve patterns at much smaller dimensions. 
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The large value of the zero-field splitting (zfs) parameter, D, 
of nickelocene (bis(cyclopentadienyl)nickel) prevents this triplet 
ground-state molecule from being observed by conventional 
electron-spin-resonance (ESR) spectroscopy. Here D has been 
directly determined in argon and krypton matrices at 4 K by 
far-infrared absorption in applied magnetic fields up to 4 T. D 
is customarily obtained from magnetic susceptibility (x)1 or 
inelastic neutron scattering (INS) data2 on the solid powder or 
single crystal over a range of temperatures. In the case of 
nickelocene, a series of investigations have culminated in the 
thorough studies of Baltzer et al.,3 where x was measured on a 
diamagnetic host crystal (ruthenocene or ferrocene) doped with 
varying concentrations (up to ~ 6 % by weight) of nickelocene. 
From these measurements, a value of the zfs parameter D0 = 
+33.6 ± 0.3 cm"1 for isolated nickelocene was deduced by ex­
trapolation to infinite dilution. Also, a value of 31.6 ± 1.0 cm-1 

was obtained from INS measurements, but it was not considered 
as comparable since it was not for an isolated molecule and could 
also show some influence of deuterated ligands.3 

Some time ago, Brackett, Richards, and Caughey4 measured 
the far-infrared transmission spectra of polycrystalline compounds 
and directly obtained D (and E) for magnetic ions in molecular 
sites with large ligand fields. Here we have extended their pro­
cedure to study matrix-isolated molecules so as to obtain essentially 
unperturbed molecular parameters. 
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FIR Spectra of Nickelocene/Kr at 4K 
in Various Magnetic Fields 
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Figure 1. Far-infrared spectra of nickelocene in a krypton matrix at 4 
K in various magnetic fields (B, in Tesla). Resolution was 0.5 cm-'; each 
trace was for 1000 scans. 

The specific details of the experimental apparatus will be re­
ported elsewhere. It consists of an Oxford SpectroMag SM4 
containing a split-coil superconducting magnet capable of attaining 
5 T with a homogeneity of 1 part in 104 over a 2 cm diameter, 
but with an appendage at the lower end to allow matrices to be 
made in the usual way.5 The sample was condensed on a gold-
plated copper surface cooled to 4 K by a continuous flow of liquid 
helium. After the matrix was prepared, the gold surface was raised 
into the magnet, and infrared spectra were measured by reflection. 
IR spectra were measured with a vacuum Fourier transform 
spectrometer (Bruker IFS-113V) using 0.5 cm"1 resolution with 
detection in the far infrared by a liquid helium (pumped on to 
~ 1.6 K) cooled silicon bolometer (Infrared Laboratories, Tucson, 
AZ). Ni(Cp)2, purchased from Strem Chemicals and purified 
by vacuum sublimation, was vaporized at ~ 50 0C and codeposited 
with argon or krypton gas. The rare gases were admitted at a 
rate of 10 mmol/h, and the matrix/nickelocene ratio was estimated 
to be 50-100. The deposition time was 2-3 h. 

Figure 1 shows the absorption spectra of nickelocene trapped 
in a krypton matrix measured at zero and successively higher 
magnetic fields. Vibrational bands at higher frequencies agree 
well with those determined elsewhere6 and are unaffected by the 
magnetic field. The zero-field magnetic dipole transition occurs 
here at 32.4 (2) cm-1. A similar spectrum appears in argon at 
32.5 (2) cm-1, but its half-width is about 1 cm"1 rather than the 
0.5 cm"1 in Figure 1, perhaps due to a more concentrated matrix. 
[We also observed the absorption of pure solid nickelocene con­
densed on the gold surface at 4 K. The zero-field transition 
occurred at 34.2 (2) cm"1 with splitting and shifted to a lower 
frequency at 4 T. This value is in the direction expected from 
the x values of Baltzer et al.,3 but not from the INS result.] It 
is significant that the values of Z) = 32.5 cm"1 agree in the two 
matrices and presumably represent the value closest to that in the 
gas phase. The discrepancy of about 1 cm"1 from the value of 
Baltzer et al.,4 which was extrapolated to eliminate nickelocene 
intermolecular interactions, is then probably due to a remaining 
matrix effect, i.e., an environment of solid ruthenocene versus rare 
gas, causing a slightly increased magnetic anisotropy. From our 
past experience with variation of the zfs of small molecules with 
matrix gas,7 we would have expected a larger AZ) from the argon 
to krypton matrices, but apparently the sandwich molecule is more 
autonomous and inert to these relatively small perturbations. 

In the ESR of randomly oriented molecules in a rigid medium, 
the spectra are dominated by the "perpendicular" lines, but near 
zero field these features are shifted much less than the "parallel" 
features by an increasing magnetic field. If only the lowest triplet 
Zeeman level is populated at 4 K, then for positive Z):8 
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AMS = ±1 Av11 = ±gn$Blhc = ±0.93 cm_1/T 

Av^1 = (-DIVi) + [(DIh)2 + 4(s1pB//!C)2]1/2/2 

= +0.03 to +0.1 cnT'/T 

AM, = ±2 Av12 = 2Av11 

Hence, the perpendicular features are shifted slightly to higher 
frequencies with increasing magnetic field, while the parallel 
features spread out symmetrically and lead to the broadening and 
weakening of the zero-field line, as seen in Figure 1. 

Nickelocene has served as an interesting test case for far-in­
frared magnetic resonance spectroscopy, which we plan to apply 
generally to molecules with \D\ > 10 cm"1 and S > 1. 
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Nuclear magnetic resonance spectroscopy is a very valuable 
tool for probing enzyme active sites.1 Its application to para­
magnetic metalloproteins has been hampered by the unfavorable 
electronic relaxation times of paramagnetic centers, which often 
result in relatively broad isotropically shifted 1H NMR signals 
(typically >100 Hz).2 Consequently, the large line widths and 
short Tx values of isotropically shifted signals in paramagnetic 
metalloproteins were thought to render 2D experiments imprac­
tical. Recently, NOESY spectra have been successfully recorded 
on paramagnetic metalloproteins which exhibit relatively sharp 
isotropically shifted signals (<150 Hz) and thus facilitated signal 
assignments.3 In our effort to gain further insight into the active 
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