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Abstract: We discuss the development of high field ESR into a powerful and
flexible tool for studies of structure and dyramics in a wide variety of
systems including those of biological interest. A range of techniques are
discussed with particuiar emphasis on the developments at Corneil
University, but the contributions of other groups to the constant

refinement of the state of the art are also noted.

L. . EARLY HISTORY

One of the most important instrumental advances in ESR has been its
extension to high magnetic fields and high frequencies (HFHF) corresponding to
the mm.-wave region." While there had been previous use of far-infrared (FIR)
Spectroscopy that included applied magnetic fields in solid state physics,>’
modern HFHF ESR with high SNR and high spectral (and magnetic fieid)
resolution was introduyced by the research group of Ya. Lebedev in Moscow. ™t
Their 150 GHz Spectrometer (operating at 5.4T) corresponding to 2mm. wave-
length involved sophisticated application of microwave technology, (c.g.
waveguides and cavity resonators). This pioneering tour-de-force took high
sensitivity, high-resolution ESR to the maximum frequency where microwave
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2. QUASI-OPTICS

The question remained how to take high resolution ESR to higher fields and
frequencies. Freed and co-workers showed that the answer lay with the use of
mm-wave quasi-optical technology, when they reported on a 9T, 250 GHz (i.c.
1.2 mm) HFHF ESR spcctromctcr.z‘q This is in the “near-millimeter” range {i.e.
wavelengths from 2-0.1 mm), which corresponds to the long-wavelength ead of
the FIR regime. [The Grenobie group was meanwhile extending the simpler
solid-state type of FIR technique, referred to above, to the higher magnetic
fields.'®] Quasi-optics refers to the fact that at FIR frequencies, one uses
techniques that are a natural extension downward in frequency from optical
techniques. Quasi-optics thus applies when a geometrical optics description,
valid at visible wavelengths, no longer applies. Geometrical optics corresponds
to a ray description of radiation that ignores its wave-like properties, (e.g. point
focus and non-diffracting beams). In the FIR, where wavelengths are ca. imm,
and with optical structures having linear dimensions of a few cm, geometrical
optics is no longer valid. In fact, diffraction plays a crucial role in the system
behavior. This is described, to a good approximation, by Gaussian beams, which
are modified plane waves whose amplitude decreases as one moves radially
away from the optical axis.'"? The simplest, or fundamental, Gaussian beam

has a exp(-— /5’2 / wz) radial dependence, where p is the radial distance from

the optical axis and w is the position-dependent 1/e radius of the electromagnetic
field.'* The phase of a Gaussian beam also differs from that of a plane wave due
to diffraction effects. Further discussion of Gaussian beam propagation appears
in Chapter 11 and references therein.

3. ‘QUASI-OPTICAL TRANSMISSION
SPECTROMETER -

The original 250 GHz ESR spectrometer of the Freed group is a transmission
mode design, wherein a guasi-optical lens train was used 1o propagate the beam
from source to Fabry-Perot resonator and then on to the detector, cf. Figure 1.2
The quasi-optical lens train mainly consisted of a series of longer (4.5 inch)
focal length primary lenses that refocus the diverging beam and thereby
propagate the beam over substantial distances. This method of propagation is
mich more efficient than that of waveguides; the loss incurred by the lenses
over a 54-inch path length is only 2d8, whereas the theoretical loss of WR-4
wavegnide over the same distance is 16dB. Also, guasi-optical feedhorns in
conjunction with focusing lenses are used to {aunch the linearly polarized beam
from the source and to collect the beam into the detector. Similarly, the radiation
is coupled into and out of the Fabry-Perot resonator with two conical
feedhorn/focusing iens pairs. The Fabry-Perot resonator was semi-confocal (to
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Figure 1. Block diagram of a | mm EPR spectrometer, (A} 9 T superconducting solenoid
and 500 G sweep coils; (B) phase-locked 250 GHz source (output power 2 mW); (C) 100
MHz reference ascillator for 250 GHz source; (D) Schoitky diode detector or [nSb hot
electron bolometer; (E) Fabry-Perot semiconfocal resonator and ficld modulation coils;
(F) 250 GHz quasioptical lens train: (G) power supply for main coil (100 A); (H) current
ramp control for main magoet; (I) power supply for sweep coil (50 A); (D PC which
controls field sweeps of both the main coil and the sweep coil, data acquisition, and data
manipulation; (K} lock-in amplifier using DSP technology for signat amplification and.
detection as well as reference frequency and field modulation generation; (L) field
modulation amplifier; (M) support table for detector or InSb hot-electron bolometer; (N}
vapor-cooled leads for maia solenoid (nonretractable); (O) vapor-cooled leads for sweep
coil {(nooretractable); (F) *He bath level indicator; (Q} ‘He transfer tube; (R) bath
temperature/bath heater resistance pod; (S) *He blow-off valves, [From 9]. The figure
legend has been updated to reflect improvements to the original spectrometer).

permit placing a sample on the flat bottom mirror) with a mode-number, v=20,
(Le. approximately the number of half-wavelengths between the mirrors) and
provided with coupling holes located at the centers of both mirrors, One tunes
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the FP to the precise resonance frequency of the source (249.9 GHz) by tuning
the distance between the two mimors. For such a multi-mode resonator, the
(:=fv, where the finesse f=A/A1 with A the tuning length between successive
modes, and A4 is the full width at half maximum of a single resonator mode.
[Mobius and co-workers have also used a FP resonator in their microwave-based
ESR spectrometer at 94 GHz."] More extensive discussion of FP resonators
may be found in Chapter 11.

The superconducting magnet used provides up to 9.4 T and is sweepable,
requiring a relatively low inductance. It has homogeneity of 3 ppm over a sphere
of I cm radius. In addition, a lower inductance superconducting sweep coil
provides more rapid sweeping over about 0.17T.

Subsequent improvements of this transmission mode design led to a very
high sensitivity spectrometer where MNp, =1.5x10" spins/G.'"** Here
M=AB, 04/ ABy,, Where AByoq is the modulation amplitude and AB,, is the peak-
to-peak denivative linewidth of the broadest feature. For an M=1/8 this
corresponds to an Np;,=1x10°% spins/G. These sensitivity figures were obtained
from a spectrum from 6 oriented spin-labeled muscie fibers (radivs ca. 10 pm)
containing at most 3x10' spins with a AB,, =40 G using an InSb hot electron
bolometer'® and 80 kHz field modulation. It is close to the optimum expected
with the transmission design and using InSb bolometer detection (cf. below).’!
Similarly low values were obtained by Lebedev' at 150 GHz using microwave
technology. The frequency dependence of the sensitivity depends on the details
of the sample and whether absolute or concentration sensitivity is relevant. This
is addressed from several points of view in Chapters 1, 8 and 11 and below. In
homodyne operation, hot electron bolometers perform siguificantly better as
detectors than Schottky diode detectors.'®!” especially when the background
power can be suppressed as in the shunt resonator discussed below, but their
response times are too slow for pulse experiments.

4, SIGNAL-TO-NOISE CONSIDERATIONS

What then are the applications and virtues of HFHF-ESR? Clearly, the
increase in absolute sensitivity is very important. Earle et al, in their analysis of
FIR-cw ESR spectrometers obtained:'!
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where @, V, 1 Q. and Py, respectively are the spectrometer frequency, the
sample volame, the filling factor, the loaded Q or quality factor, and the incident
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power, while Aw,, = Y.ABp, and T, is the sample temperature. This

predicts a linear increase with @ of both absolute and concentration sensitivity,
provided the technology remains unchanged. The actual situation is not quite so
simple. Thus, as e and 8, increase; Awpp is in most (but not all} cases observed
to increase, thereby acting to reduce sensitivity, Also, as Adwpp increases, it
becomes more difficult to provide sufficient modulation amplitude (A8,,,q), so
that M decreases, which further reduces the actual semsitivity. In addition, given
the smaller wavelengths, one usually works with smaller samples, especially if
they are lossy, implying that one may have to be operating closer to the N,
Thus, methods to overcome the small values of M and/or to load up more
sample into the high-frequency resonators would be of considerable value. Also,
higher power levels at the FIR frequencies from stable cw sources are highly
desirable (cf. below). -

5. APPLICATIONS TO MOLECULAR
DYNAMICS IN FLUIDS

IMPROVED ORIENTATIONAL RESOLUTION: One of the main virtues
of FIR-ESR over ESR at conventional microwave frequencies is the excellent
orientational resolution that it provides for studies utilizing nitroxide spin
labels.'" % This is clearly shown in Figure 2, which shows the positions of the
tesonant ESR absorptions for the canonical orientations of a typical spin probe
in a powder simulation at 9.1 and at 250 GHz. At 250 GHz the regions
corresponding to molecules with their x-axis || B,, y-axis || B,, and z-axis | B, are
well separated due to the dominant role of the g-tensor. This is definitely not the
case at 9.1 GHz. As a result, at 250 GHz, once motion is ‘discernible in the
spectrum, one can discern about which axis {or axes) the motion occurs. Thus,
Earle et al'® were able to demonstrate that the 250 GHz stow-motional spectra
are much more sensitive 1o the details of the motional dynamics than are thosz at
microwave frequencies, (cf. Figure 3). The improved orientational sensitivity is
also important in enabling “single-crystal”-like ENDOR to be performed on
powder samples, as described in Chapters 3, 10 and 14.

MODEL DEPENDENCE IN FAST AND-SLOW MOTIONAL REGIMES:
A related important feature of the 250 GHz studies is the ability to measure very
accurately from (near) rigid limit spectra, the magnetic tensors needed for the
motional studies.? Especially given these capabilities, Budil et al showed that
one can use 250 GHz ESR spectra of nitroxides in the motional narrowing:
regime to obtain the full anisotropic diffusion coefficient for the molecular
tumbling motion.2! In fact, it was the increased sensitivity of 250 ESR to the
details of the motionat dynamics, that originally motivated the extension of the
sophisticated slowly-relaxing local structure {SRLS) model! to the slow-motional
regime.” In the earlier analyses of slow-motional ESR lineshapes using the
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stochastic-Liouvilie equation (SLE), simple Markovian models were employed
that just distinguish between reorientations by large, moderate, or small (i.e. Brownian)
jump diffusion."** However useful these models were in fitting spectra, they beg the
issue of the details of the interaction of the probe molecule with the solvent molecules.
The SRLS model provides in a refatively simple manner, the essential features of a loose
solvent “‘cage” that had been absent from the earlier models,’” but it does require
increased computational efforts. Computational issues in using the SRLS mode! are
discussed in Chapter 4 and references therein,
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Figure 2. Simulation of derivative electron spin resonance spectra at 9.1 and 250 GHz for
dilute powder containing a cholesterol-like nitroxide (CSL). The fields where CSL
absorbs when its X', y', or Z' axes are parallel to By are indicated by the short vertical
lines. The hyperfine interaction splits the absorption at the spectral wrning points into
triplets. [From 32].

Another key feature of the 250 GHz ESR spectra is that the slow-motional spectral
regime is reached for motions that are about an order of magnitude faster than for
conventiopal 9 GHz ESR."® This is associated with the faster *“snapshot” feature of 250
GHz ESR discussed below, However, this means that a slow-motional analysis is more
frequently required for HFHF-ESR spectra. Thus although a simplified “‘quasi-motional-
narrowing” form of anabysis, discussed in Chapter 13, is sometimes used, it is advisable
to check whether it is at all valid in a particular application by comparison with the
rigorous slow-motional theory based on the SLE. In fact it was shown some time ago for
9 GHz ESR® that nitroxide ESR spectra, especially in ordered media (e.g. membranes
and liquid crystals), frequently require a slow motional analysis even when their spectral
line shapes might intuitively suggest that a fast-motional analysis is appropriate. In such
cases incorrect dynamic and ordering parameters are obtained from the simpler fast-
motional analysis. This becomes an even more serious matter for HFHF-ESR, where, as
we noted, the slow-motional regime extends to faster motions. This matter is important
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for experimental studies of dynamies discussed in Chapters 3, 4, 8, and 13.
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Figure 3. (a, left) Selected slow-mational 250-GHz EPR spectra of PDT in toluene-d8
{solid lines) at temperatures of (top to bottom) -97, -107, -118, -128, and -134°C. Dashed
lines show least-squares spectral fits for approximate free diffusion with Ty values (from
top to bottom) of 4.2 x 107, 1.2 % 107, 3.4 x 167, 1.5 10%, and 3.5 x 107s.(b, right)
Slow-motional 250 GHz EPR spectra of CSL in toluene (solid lines) at temperatures of
{top te bottom}) -86, -92, -97, -106, and -116°C. Dashed lines show least-squares fits 1o
Brownian diffusion and dotted lines those for the mixed diffusion model described in ref,
8. From top 1o botiom, Ty values for the mixed modef are 1.6 x 107, 2.5 x 107, 5.0 x
10%, 7.9 x 107 and 2.5 x 105 [From 181.

DYNAMIC SOLVENT CAGE AND SLOWLY RELAXING LOCAL
STRUCTURE MODEL: In a 250 GHz ESR study of the dynamics of several
nitroxide spin probes dissolved in the glass-forming solvent ortho-terphenyl, (OTP),
Earte ¢t al demonstrated how the enhanced sensitivity to rotational dynamics of the stow-
mational spectra cenld be utilized to explore details of the dysamic solvent x:z!.gv:..19 They
clearly showed that a simple Brownian reorientational model failed to adequately fit the
model-sensitive tegions of the 250 GHz spectra, whereas the SRLS model succeeded
very well (cf. Figure 4), and in fact, led to a coherent picture of the dynamics that [
briefly sumiarize. The rotational diffusion tensors of the various probes exhibited simple
Arrthenius behavior such that the smaller the probe the larger the diffusion coefficient.
The cage relaxation rate, also Arrhenius-like, was the slowest but was independent of the
particular probe. This interesting observation appears reasonable when one considers that
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the cage relaxation involves just the movement of the OTP solvent molecules. In
addition, the magnitude and directionality of the cage omenting potential could be
obtained. As expected, only probes comparable to or larger than the OTP molecules
experienced substantial potentials, of 2-4 kT, This work was also relevant for issues
related to the approach to the glass transition. It was possible to show that the non-linear
way in which the dynamics affects the siow-motional spectra yields a test of two limiting
cases. The first is that of a homogeneous liquid but with a complex motional dynamics,
(e.g. the SRLS model). The second is that of an inhomogeneous liquid with a distribution
of simple relaxation times, (e.g. Brownian tumbling). The latter was shown to be.
incompatible with the 250 GHz spectra.
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Figure 4. Comparison of two medels for fitting effects of rotational diffusion on 250
GHz eiectron spin resonance spectra of spin probe af a cholesterol-like nitroxide (CSL)
in ortho-terphenyl solvent. (Solid line) Experiment, (dashed line) the SRL.S model, and
(dashed-dotted line) simple Brownian diffusion. [From 19].

HIGH FREQUENCY ESR AS A FASTER “SNAPSHOT” OF
MOLECULAR DYNAMICS:  Another virtue of FIR ESR is the fact that the
higher the ESR frequency, the slower the motion appears to be for a given
diffusion rate. This is illustrated in Figure 5 where 1 show simulated spectra
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corresponding to the same motional rate but for different ESR frequencies
ranging from 15 GHz to 2 THz. At the low frequency end, one observes simple
motionally narrowed spectra whereas, at the high frequency end, the spectra are
very slow motional, almost at the rigid limie, Thus, we sec that the higher
frequency ESR spectra act as a faster “snapshot” of the dynamics.'™"® This is
because of the increased role of the g-tensor term which is lineat in B, in the
spin-Hamiltonian. As the orientation-dependent pait of the spin-Hamiltonian
H;({2 increases in magnitude with increasing @, and B, the motional-
narrowing condition: IHL(.(J)PI',,Z << 1 fails, and the spectra become siow-
motional. This “snapshot” feature is discussed below, as well as in Chapters 13

and 15.
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Figure 5. Simulation of derivative electron spin resonance spectra for a nitroxide,
reorienting with a rotational diffusion coefficient R = 108 s-1 (corresponding to rotational
correlation time TR = 1.67 ns) for a wide range of frequencies [From 3.

MULTI-FREQUENCY APPROACH TO COMPLEX DYNAMICS OF
FLUIDS AND OF MACROMOLECULES: This “snapshot” feature
suggests a muilti-frequency ESR approach to the study of the dynamics of
compiex fluids such as glass-forming fluids and liquid crystals, as well as to the
complex modes of motion of proteins and DNA, which should enable one to
decompose the different modes according to their different time scales.” For



28 ' Jack H. Freed

example, in the case of proteins, the higher frequency ESR spectra should
“freeze-out” the slow overall tumbling motions leaving only the faster internal
modes of motion, whereas ESR performed at lower frequencies is sensitive to
the motions on a slower time scale. In glass-forming fluids, as we have seen, the
faster ‘motions consist of teorientations of probe molecules, while the slower
motions relate to the dynamics of the solvent cage. Ideally then, one would want
a high-sensitivity spectrometer for the study of fluids that could cover a wide
range of frequencies to most effectively realize such a multi-frequency
approach. The virtues of such a multi-frequency approach were demonstrated in
a study, using 9 and 250 GHz spectrometers, on spin-labeled mutants of the
soluble protein T4 lysozyme in agueous solution, (cf. Figure 6).%

Protein motion Y !
{overall) @ - )
; Spin-label motion
i
1

{imternaf)

Figure 6. A multifrequency ESR: study of nitroxide spin-labeled T4 lysozyme in agueous
solution. The derivative spectra are for thé spin label-offresidue 44 and are taken at 10°C.
The relevant molecular motions are shown schematically in the lower part of the figure.
The protein tumbles slowly about its principal axes of overall diffusion; this is the SRLS.
The motion of the spin label moiety is restricted by its tether and its surroundings to be
within a cone, whose main axis makes an angle B with the protein main axis. The spatial
extent of the internal rotational diffusion modes and their rates are distinguished from the
protein overalt turnbling rates. {From 4].
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In the fast time scale of the 250 GHz ESR experiment, the overall rotation
was too slow to significantly affect the spectrum, so that it could satisfactorily
be described by a MOMD model, which yielded good spectral resolution for the
internal dynamics. Then, by fixing the internal motional parameters at the values
obtained from the 250 “GHz dat4, the SRLS fits to the 9 GHz lineshapes
successfully yielded the rates for the global dynamics. Thus the two types of
motion were separated, and spectral resolution to these motions was
significantly enhanced.

In a related 9 and 250 GHz study of segmental rotation of spin labeled
polystyrene in dilute solution, PilaF et al found systematic discrepancies
between the 9 and 250 GHz results when they were separately fit by the MOMD
model.”” This observation is exactly what Bames et al observed in their
Lysozyme study,*® suggesting that the discrepancies can again be resolved by
using the SRLS model for analyzing the 9 GHz results.

In another study of DNA oligomers covering a range of sizes that were spin-
labeled with nitroxide moieties attached by different tethers, the SRLS model
was successfully utilized.”® Given that only the 9 GHz spectra were available,
the global dynamics was fixed at the values obtained from well-established
hydrodynamic theory. These authors note that more reliable insights would
likely be obtained from a multi-frequency approach. Additional HFHF work on
proteins and peptides in acgueous solution can be found in the work of Budil,”
Millhauser,* and Smirnov.”!

A multi-frequency approach has also been found very useful in solid-state
ENDOR studies, as described in Chapters 3, 9 and 14.

COMBINING ORIENTATIONAL RESOLUTION AND MACROSCOPIC
SAMPLE ALIGNMENT: MEMBRANE DYNAMICS: A striking
demonstration of the value of having excellent orientational resolution at 250
GHz in studies utilizing nitroxide spin labels was provided by a study on
macroscopically aliigned membranes containing a mixture of headgroups:
zwitterionic phosphatidylcholine  (PC)  and negatively  charged
phosphatidylserine (PS) using the cholesterol-like spin fabel CSL.* The
macroscopic alignment further enhanced the orientational resolution at 250 GHz
and permitted an orientation-dependent study wherein the membrane normal
could be aligned either parallet or perpendicular to the magnetic field (cf. Figure
7a and below). The CSL in PC rich membranes exhibited typical cholesterol-like
behavior, such that its long axis is parallel to the bilayer normal and its
rotational diffusion rates are slow (R ~ 10° — 107 s''). But it exhibits markedly
different behavior in PS rich membranes that can only be interpreted in terms of
a strong local biaxial environment. The origin of the biaxiality is most likely due
to the strong ferroelectric interactions between the PS headgroups that provides
the local biaxiality. This local biaxiality provides a void that allows the CSL o
“cut” into the hydrocarbon chain region of the bilayers by reorenting about its
broad face. While predicted from molecular dynamics simulations, this appears
to be the first experimental evidence for local biaxiality. By contrast,”” given the
poor orientational resolution at 9.1 GHz, it would not have been possible to
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obtain this unique motional/ordering model from the 9.1 GHz experiment. The

orientational resolution from HFHEF ESR is useful even for membrane
23334

vesicles.
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Figure 7. (left) Gel phase spectra of CSL in a macroscopically aligned phosphoiipid
membrane showing the superior orientational resolution of HFEPR. (right) The relative
orientations of the millimeter-wave fields in a shunt resonator (From 51).

Another application of a multi-frequency approach was to determine the ZFS
of high-spin Gd(III) chelates in agueous solution using the field-dependence of
the dynamic frequency shift and the T, that arise from modulation of the ZI'S.%
Studies of systems with large ZFS parameters in the solid state are reported in
Chapter 5. Chapter 7 discusses the GJ(IIT) chelate problem from a theorétical

and practical point of view motivated by their widespread use as MRI contrast
-enhancing agents.

6. ENHANCEMENT OF SPECTRAL
RESOLUTION

Further motivation for the development of HFHF ESR comes from the
resolution enbancement it can provide. This includes the ability to resolve
signals from components that differ only shghﬂy in their g-tensors. Examples
include electrides and alkahides in frozcu matncu:s?'6 resolution of thiyl radical in
E. coli’’; spin adducts for spin trapping®®; and resolution of thc g-tensor of the
radical pair P(700)(+)A(1).-) in highly punﬁcd photosystem.> These are cases
where at X-band the different components or species are not distinguishable, nor
are their g-tensors rtesolvable. Additional cases where g-tensors become
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obscrvable mcludc the polyaniline family of conducting polymers*® and various
coal samplcs A particularly useful application in biological samples is the
seusitivity of the g, component of nitroxides to the local polarity. Earle et al*
were able to demonstrate that large shifts of g, occurred in frozen membrane
vesicles as the nitroXide ‘moiety was located at different positions on the
hydrocarbon chain of the lipid, with g,, decreasing as the local polarity increases
(cf. Figuse 8).

Earlier work of Lededev' had also revealed the sensitivity of the nitroxide g-
tensor to the “micro-environment™. Polarity effects on g, are also discussed in
Chapter 3.
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Figure 8. Rigid limit 250-GHz spectra of 5-, 7-, 10-, 12-, and 16-PC iz pure DPPC
(hydrated). Simulations of the spectra are showa by dotied lines for 5-, 7-, 12-, and 16-
PC. They yiclded g, = 2.00869, 2.00873; 2.00880, and 2.00929 respectively. The
vertical lines indicate the shift of the g,, peak as the label environment changes from non-
polar (16-PC) to polar (5-PC). [From 42].
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7. TRANSITION-METAL IONS

Another key application of HFHF ESR is to the study of transition-metal
ions. A particularly useful special case is with ions, such as Mn(li) in its high
spin *S state, with rather large zfs {up to ca. 1 em™) and small (or negligible g-
tensors). In such cases the low-field ESR spectra are usually complicated, since
the Zeeman interaction is smaller (or comparable to) the zfs. However, it is
found that at high fields the ESR spectra are quite simple and can be very easily
interpreted to extract the zfs tensor (cf. Figure g). 4344

magnetic field at 3mm (kG)
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Figure 9. Example showing that high magnetic fields and high frequencies yield simple
electron spin resonance (ESR) spectra from iransition metal ions with large zero-field
splisting (2fs). High-field ESR spectra of Mun(Il} in distorted terahedral environments.
These are the dihalo-{trihenylphosphine oxide) Mn(II} complexes. The zfs are 4.8, 13.3,
and 27.3 GHz for dichloro, dibromo, and diiodo complexes, respectively. The dichloro
spectrum is at 95 GHz; the other two are at 250 GHz [From 44]. '

In addition, non-Kramers ions, such as Nit* pose serious problems of
detection at lower frequencies, and HFHF represents an important tool to study
them.**?  Such experiments typically- Tequire ‘that one sweep the main
superconducting magnet over several Tesla.

In general, transition-metal ions have substantial g-tensors. Consequently,
when one goes to higher fields, there will be significant g-tensor broadening in
disordered solids, which will tend to obscure other features. Such problems are
exacerbated by the existence of g-strain. Clearly single-crystal swudies are
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required to. suppress this source of broadening. A single crystal study at 250
GHz has been performed on Ni** doped CdCl; where the Ni®* jons are
octahedrally co-ordinated with 6 H,0 molecules."**® This yielded very simple
“and easy to iq;t;gp;e_{ spectra with two species, (cf. Figure 10a) one showing a
 large (almost 1 cm’)and the other a small (about 1/5 i) zfs, bt this is again
a case of a (nearly) isotropic g-value.

s
NH.CI 1 - Mn™
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Figure 10. (lefty A set of spectra corresponding to a crystal rotation study of Ni-doped
CdCi6. The orientation of the crystallographic c-axis with respect to the external
magnetic field BO is shown to the right of the spectrum in degrees. (From [4). (right}
Observed EPR spectra of the Mn™ ions in the NH(Closly, single crystal at 249.9 GHz
(253 K) for BJJZ,{|X5}lY3 axes. (The subscripts refer to the three magnetically inequivalent
ions.) The clearly resolved lines belonging to the three magnetically inequivalent ions are
indicated by Z;, X,, Y, for B|[Z, at 249.9GHz. The fine-structure transitions
corresponding to hyperfine sextets are indicated. The expected lines above 9.3 T are not
observed at 249.9 GHz because 9.3 T is the upper limit of the magnetic field availabie at
this frequency. It is seen that the FIR spectrum at 249.9 GHz provides considerable
simplification of the spectrum allowing one to easily distinguish the EPR lines belonging
to the three magnetically inequivalent jons. The insets show comresponding EPR spectra
at X (9.619 GHz, 295 K) and Q (35.87 GHz, 295 K) bands, {From 49].

A recent dramatic demonstration of the resolution of single crystal studies is
shown in Fagurc 10b.** Some other examples include binuclear Mn(IIl) Ma(IV)
complexes,” Mn(II) compounds,‘“S and Cr(ID).Y These applications are
extensively discussed in Chapters 5, 10, and 14.
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8. QUASI-OPTICAL RESONATORS AND
SAMPLE HOLDERS FOR LOSSY (AQUEQUS)
SAMPLES

In the development of HFHF ESR, certain sample characteristics provided
challenges that required the development of appropriate quasi-optical solutions.
Most critical is the problem of lossy samples such as agueous (including
‘biological) samples and the highly conducting alkalides and electrides as well as
the polyanilines. Barnes and Freed analyzed this matter in detail for confocal
Fabry-Perot resonators.™ They found that a flat, disk-shaped sample geometry is
required to simultaneously maximize the resonator filling factor and @ by
minimizing dielectric losses in the sample. The FP resonator must have
proviston for precisely locating the flat sample at a2 B, maximum and E,
minimum near the center of the resonator with its normal parallel to the main
symmetry axis of the FP resonator. At 1.22 mm (250 GHz) the optimum
thickness of an aqueous sample is only 10-25 gm. For such small sample sizes,
volumes less than 1 ul are sufficient to fill the holder, and a high spectrometer
SNR is required. Clearly, the sample holder material should have low dielectric
losses and be resistant to attack by the sample. This includes very thin (ca 0.1
mm) discs of Mylar and fused silica.”® A useful method for evalyating optimum
resonator configurations for lossy samples is given in Chapter 11.

A more sophisticated challenge arises when oriented membranes are studied,
and one wishes to tilt such lossy samples relative to the direction of the magnetic
field. Barnes and Freed”' found a special quasioptical design for handling such
samples, that they call a shunt FP resonator. In particular, they used a tilt of 90°,
as shown in Figure 7b (shown above). The disc shaped aqueous sample must
still be kept in the B, maximum and E; minimum. Thus the confocal FP
resonator is orienied so that its main axis is perpendicular 1o the incident (and
exiting) beams of FIR radiation. The coupling between the (vertical)
transmission beam and the (horizontal) beam mode in the FP is accomplished
with an adjustable interferometer contained within the FP resonator that is tilted
at 45° with respect to the main beam. The quasioptical interferometer is
constructed from two dielectric sheets, separated by an adjustable small gap.

9. MODERN QUASI-OPTICAL
SPECTROMETER BRIDGES

Given the initial successes with a quasioptical transmission mode
spectrotneter, the question naturally arises as to the optimum design of a
quasioptical ESR spectrometer. 1 have already addressed resonator design and
performance, as well as quasioptical transmission techniques. However,
microwave-based ESR spectrometers are virtually always based on bridge
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systems in a reflection mode. There are a number of well-known reasons for
this. A principal advantage is that a reflection-mode bridge can be balanced so
that the small ESR signal can be detected on a small background. This is not
generally so for the ransmission mode; [the shunt resonator provides a special
case where it is possible.’'] A relatéd issue is whether the dynamic range of the
detector is sufficient so that the reflected carrier (i.e. non-ESR) signal does not
saturate it. This problem is avoided in a well-tuned reflection-mode
spectrometer in which the resonator is critically coupled. In addition, the
reflection mode of operation is intrinsically more compact and more flexible in
terms of the relevant quasioptical elements.

There are at least two possible modes of operating a quasioptical reflection
bridge, as depicted in Figure 5 Rt '

®) @ resr®
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Figure 11. 2) A schematic diagram of the reflection bridge discussed in more detail in
{52]. The quarter wave plate (QWP) converts horizontally polarized radiation from the
source into circularly polarized radiation, which irradiates the spins. The coupling mirror
and focusing mitror define the Fabry-Perot resonator used to enhance the B, field at the
sample. The signal from the resonator, which is circularly polarized in the opposite sease,
is converted by the QWP into vertical polarization, causing it to be reflected by the
polarizer, directing it to the detector. b) A schematic diagram of an induction-mode
teflection bridge with an LO bias arm along the lines discussed in {53]). Here the
horizontally polarized radiation from the source is used to irradiate the spins in the
resonator. However, only. the vertical component of the signal passes through a polarizer
and into the detector operated as a homodype mixer. [From 14].

The scheme shown in Figure 11A has been impiemented at Comell.™ 1t is
the quasi-optical analogue of a microwave bridge with a circolator, and it
showed significapt improvement in SNR compared to the transmission mode. It
uses polarization coding techniques to separate the ESR signal from the
excitation. The quarter wave plate (QWP) converts horizontally polarized
radiation from the source into circularly polarized radiation, which irradiates the
spins. The coupling mirror and focussing mirror define the FP resonator used to
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enhance the B, field at the sample. The signal emanating from the FP resonator
is circularly polarized in the opposite sense. It is converted by the QWP into
vertical polarization, causing it to be reflected by the polarizer, thereby directing
At to the detectar.

The second mode of operation, shown in Figure 11B is a_quasioptical
induction-mode spectrometer implemented at St Andrew’s.”” Here the
horizontally polarized radiation from the source is used to irradiate the spins in
the resonator. However, onty the vertically polarized component of the signal
passes through a polarizer, and into the detector that is operated as a homodyne
mixer. One relies on the fact that in ESR, the sample’s rf susceptibility tensor
provides a cross-polarized signal component. Earle et al" reported that a
polarization isolation of 30dB for the carrier signal is a reasonable estimate.
Two new spectrometers at our ACERT Center at Comell are based on this
design. Further discussion of spectrometer configurations and related sensitivity
considerations may be found in 11

‘These modes of operation clearly show that there is a quasi-optical analogue
to the typical desipns of microwave spectrometers. The flexibility of the
quasioptics enables many variants of these basic designs. The Jones Matrix
formalism has proven to be a useful tool for analyzing quasioptical designs and
their relationships to equivalent microwave realizations for rcsonators,“g‘ Also,
quasioptical components, such as reflecting mirrors and lenses, can readily be
fabricated using standard machine shop practices. This is because the relevant
wavelengths are on the order of mm. Given that quasioptical companents have
diffraction-limited performancc,u the components will exhibit good optical
performance provided that surface tolerances of the order of tenths of a mm. are
achieved. ‘

Several groups besides the ACERT group at Cornell are now operating ESR
spectrometers based on such quasioptical designs. These include the groups of
Brunel,”® Budil,*® Mbbius,”’ and Smith.3* Good solid state sources such as
phase-locked Gunn oscillators, whose outputs can be frequency multiplied,
enable HFHF experiments up to almost 400 GHz (corresponding to 14T
sweepable magnets). [t is, of course, important to minimize amplitude and phase
noise in the sources, a matter discussed further in Chapters 1, 8, and 12
Actually, liquid solution work has been performed using the very low dielectric
loss OTP solvent up to 670 GHz with a 25T resistive magnet and an FIR laser.™
FIR lasers are an appropriate solution for work above 400 GHz, but they are not
nearly as convenient to operate as the stable solid state sources. Also. large
resistive magnets require major dedicated facilities.

10. OTHER INSTRUMENTAL FEATURES

LIMITATIONS OF MAGNETIC-FIELD MODULATION:  As discussed
above, a limiting SNR feature of quasi-optical spectrometers is the available



The Development of High-Field /High Frequency ESR 37

modulation amplitude. In many cases 4By << 4By, (ie. M << 1). 1t is
probably not practical to use 4B,..; > 20-25G because of sample heating effects.
The possibility of using an analogue to the technique of circular dichroism, by
using circularly polarized millimeter waves, is being considered at ACERT. The
important technique of transient HF-ESR, discussed in Chapters 3, 6, 10 and 14,
can be implemented in the direct detection-mode without field modulation.

CURRENT PULSE TECHNIQUES Another approach is to employ pulse
techniques, since they remove the need for field modulation. Most HEHF pulse
spectrometers to date are limited by the weak coherent radiation sources
available for the pulsing.”*** Typically pulses are of ca. 20-500 mW intensities,
which comespond to 72 pulses of ca. 50-100 ns using small single mode
resonators ar 95-150 GHz. This has proved satisfactory for work at very low
temperatures, where relaxation times are very long.“ Such work is amply
described in Chapters 3, 8, 10, 11 and 14. However, for fluids at or near recom
temperature, these spectrometers are not satisfactory for such purposes. For
example, at 250 GHz one can have nitroxide 75's as short as a few ns. It would
be impossible to rotate such electron spins by a /2 pulse lasting 50-100 ns. In
addition, such long pulses will have very small spectral bandwidths (e.g. about
10 MHz for a 60 ns 2 pulse), so only 2 small fraction of the spins will be
irradiated. The question then is how to achieve higher power, preferably
coherent, pulses. Griffin has used a gyrotron at 140 GHz to provide a “pump”
power of ca 100W in DNP (dynamic nuclear polarization) experiments.* For
ESR detection, one can use the gyrotron to provide short pulses for FID's.* But,
since the gyrotron signal was not very clean, then it might be better to use a
standard stable low power cw source for detection of, e.g. the spin-inversion
recovery, after a gyrotron pulse.® There has been some success with the use of
FIR lasers at 604 GHz which produced 100mns pulses.” Here quasioptical
techniques of beam splitting followed by time delay of one of them, can lead to
a two (phase coherent) pulse spin echo sequence, but it becomes difficult to step
out the pulse separation. Instead, two separate lasers can be used, but one must
adjust them to exact resonance, a difficult task.” In general, phase coherences
between such pulses remain 2 concern.

DEVELOPMENT OF INTENSE COHERENT PULSE SOURCE FOR 95
GHz: It would seem that the best approach is to use the weak coherent pulses
that can be generated with existing solid-state sources, and then amplify them by
analogy to pulsed microwave spectrometers. At ACERT we have succeeded
with dcvclopingga 1 kW pulse source at 95 GHz with 7/2 pulse widths as small
as 2.5 — 5 ns.™ A phase-locked IMPATT oscillator and PIN diode switches
provide the 90 mW pulses (with a nominal minimum pulse spacing of 10 ns).
They are amplified by an extended interaction klystron amplifier (EIK/A). This
system has full quadrature phase cycling capability. The Fabry-Perot resonator
that we developed utilizes 2 novel coupling scheme, which allows one to
critically couple to a variety of samples, which is important in maximizing the
B, and in minimizing spectrometer deadtimes. These are the properties required



38 Jack H. Freed

to perform pulse and 2D-FT-ESR experiments in fluid media. These high-power
pulse source and the FP resonator are used with a quasioptical bridge configured
as an induction mode reflection bridge spcctromctcr to mintmize the magnitude
-of any reflected pulses reaching the detector. 8 It also operates in a heterodyne
fashion with a 0.7 GHz IF bandwidth and an IF frequency of 1.82 GHz. This is
needed, because Schottky diode detectors, which have fast enough response
times to permit ns data acquisition rates, have poor 1/f noise performance at
lower frequencies, especially below 1 MHz. The use of such a high-powerpulse
source enablés one to perform sophisticated experiments; These include 2D-
ELDOR experiments, which are especially valuable for studies of molecular
dynamics in complex fiuids and in biosystems.®® An example of such an
experiment, obtained at 95 GHz is shown in Figure 12.
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Figure 12. 2D-ELDOR Sec- spectra of TEMPO in decane at room temperature for various
* ‘mixing times Tm , at 95 GHz. From top to bottom: F;= 505 1507 and- 300-ns. Acguisition
time per spectrum is 24 s (430 s for Ty, = 300 ns). The growth of the cress-peaks with Tp,

results from Heisenberg spin-exhange collisions. [From 68]. ' ‘

The EIK/A approach could be extended to 220-250 GHz.%® Another
possibility for a mm. pulse amplifier could be the gyroklystron, (I..C. Brunel,
private communication) which is currently being developed,””' Also orotrans
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{which aré fre¢ electran masers based on the Smith-Purceil effect™] (K. Mébius,
private communication) which supply ca. 50 mW of pulse power, have been
developed. _

~ The ‘advent of high Ppower pulsed spin-echo and 2D-EPR at HFHF should:

combine the excellent orientational resolution and “fast-snapshot times” of this
frequericy range with the ability to look directly at the spin relaxation processes,
¢g to be able to distinguish homogeneous (Ty") line-widths from
inhomogeneous lipe broadenjng, which proved very useful for studies of
complex fluids at microwave frequencies. This may be expected to herald in a
new era in the application of ESR to fluids as well as to many other types of

samples and objectives.

11. SUMMARY

Modern HFHF ESR has greatly cxpanded the capabilities of the ESR
technique. The work reviewed in this chapter, and elsewhere in this volume,
clearly shows that it can provide enhanced sensitivity and/or spectral resolution
in many applications; Furthermore, it lends itself 1o a multi-frequency approach,
which is particularly advantageous in studies of molecular dynamics, as well as
in structural studies. The development of the necessary technologies has
proceeded rapidly in recent years, and additional improvements may be
expected which will further enhance the applicability and utility of ESR i
general,
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