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The slow rotational dynamics of a polyproline peptide with a nitroxide labeled at one end in a glassy medium
is probed using two-dimensional (2D) electron spin resonance (ESR). The contributions to the homogeneous
relaxation timeT, from the overall and/or the internal rotations of the nitroxide is elucidated from the COSY
spectra. The use of pure absorption spectra allows the variatidpnaifross the spectrum to be monitored.

It is shown from simulations that the model of anisotropic Brownian diffusion provides semiquantitative
agreement with such a variation. In the 2D ELDOR experiment several mechanisms can lead to spectral
diffusion, which yields a broadening of the hyperfine (hf) auto-peaks with mixing time. We call these spectral
diffusion (SD) cross-peaks. Itis shown that at higher temperatures the principal mechanism for the formation
of SD cross-peaks is the slow reorientation of the molecule, which modulates¥Nhlef and g tensor
interactions. A procedure is shown for extracting a correlation tigeyy monitoring this growth of SD
cross-peaks, which is in good agreement with theory. An anomalous temperature dependence of the
experimentak,, at very low temperatures, is tentatively attributed to the fast internal rotations of the methyl
groups on the nitroxide, which leads to spin-flips of the protons on these methyl groups. The use of pure
absorption spectra in 2D ELDOR enhances the sensitivity to these cross-peaks.

Introduction relaxation induced by modulation of the electraglectron
dipolar interactio}* In this regime, mechanism a is of primary
interest to us for the elucidation of motional dynamics.

To delineate these contributions, one needs the extra resolu-
tion provided by two-dimensional (2D) ESR (COSY, SECSY,
and 2D ELDOR), wherein the different relaxation processes can

The study of inter- and intramolecular motions in the slow
motional regime is an important area of research. Many samples
of interest such as glassy fluids, polymers, and proteins naturally
tumble at rates that lead to slow motional line shapes in electron
spin resonance (ESR). There is considerable interest in the i . .
determination of the rotational motions by ESR, in order to be further separated using two orthogonal frequency d_|menS|ons,
provide insights into the rates and mechanisms of dynamics in and al;o cross-relaxation (which reports on rotational and
these systems. Most investigations have, however, been Iimitedtranslatlonal rates, cf. below) can be monitored. We therefore

to continuous wave (CW) ESR where the line shapes are oftendiscus'_S _these two important advantages further, with the_ aim
dominated by the inhomogeneous contributions to the line width, ©f ¢/arifying how they relate to the study of motional dynamics,

(i.e. TH). However, electron spirecho (ESE) spectroscopy and we also compare these modern 2D techniques to other

enables the cancellation of inhomogeneous broadening, so tha{r""d't'_Onal echo-bf_;\sed approaches used for the purpose of
the homogeneous line widths, given by the inverse phase Studying slow motions.
memory time,Ty~1 (which we will call T,~* for simplicity), In the two-pulse SECSY ESR 17 experiment, the first pulse
can be studied=3 In the slow motional regime th&, for a createsc—y magnetization, which gets frequency labeled during
nitroxide is typically 15-500 ns at 9.5 GHz, whild@ can be a period of evolutiont;. The second pulse reverses this
as small as 510 ns. TheT: is typically at least an order of ~ Magnetization during the collection perioth, so that the
magnitude longer thafs, and one finds that this extends the inhomogeneous broadenings are cancele att;. The full
capability of ESR for measuring slower rotations characterized 2D frequency spectrum then provides the inhomogeneously
by rates on the order of ¥ 10¢ s, broadened CW-equivalent spectra along thdomain, while
However, the analysis is complicated by the fact thathe  the homogeneous line shapes appear alongfihgomain,
decay time can include contributions from many processes thatthereby providing a clean separation of these broadenings.
lead to a dephasing of the electron spifisFor example, in a In principle, the field swept (FS) 2D ESE experiméiPalso
nitroxide, these processes may include (a) the modulation of provides a measurementBfas a function of resonant magnetic
the g and hyperfine (hf) terms due to the reorientation of the field By (and hence frequency). However, the FS-2D ESE
nitroxide moiety by the tumbling of the molecule as a whole experiment is more time consuming, since it lacksrthatiplex-

and/or by internal molecular motioi$;” (b) spin—spin relax- ing advantage of the true Fourier transform (FT) SECSY/COSY
ation between the observed spin and matrix nuclear $gans experiment. Note also, that the FS-2D ESE experiment is based
between other electron spins present in the satfle(c) on weak (selective) pulses of long duratice60 ns), whereas

modulation of the dipolar interaction between the methyl protons the SECSY experiment is typically performed using strong
on the nitroxide moiety and the electron spin due to internal pulses of about 5 ns duration. The long selective pulse will
rotations of the methyl groud; 13 and (d) in a biradical, spin  therefore contribute to the effective dead-tifthef the experi-
ment, so it precludes the study of shorfets.18
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be interference between them, which arises from the way they dipolar (EED) interactions between the colliding radical pairs.

are affected by the second (or “refocusing”) pulse in the SECSY In 2D ELDOR these interactions lead to the formation of distinct

experiment. That is, this refocusing pulse can lead to some “off-diagonal” cross-peaks (usually called first- and second-

interchanges between the dynamic spin packets. The selectiveorder cross-peaks), correlating the different hyperfine (hf) auto-
excitation of the FS-2D ESE leads to interference between only peakst5-17

those “dynamic spin packets” resonating at nearly the same | the very slow motional regime another class of cross-peaks
frequency;, whereas the SECSY experiment involving simul-  pecome relevar® Each point inf, consists of contributions
taneous irradiation of the whole spectrum can lead to more g the signal from an orientation or a set of orientations of the
extensive interference among the “dynamic spin packets” in the piyroxide with respect to the dc magnetic field. The “real-time”
slow motional spectrum. reorientation of the molecule during the mixing tinTe, leads

In the slow motional regime, th&;'s were found to vary  to a transfer of magnetization from one resonant frequency in
across the FS-2D ESE spectrum, reflecting effects due tof; to another inf,, thereby leading to “rotational cross-peaks”.
molecular orientational dynamié&!® Millhauser and Freed Since the number of orientations with respect to the dc magnetic
showed from spectral simulations that the variatiofdcross field provides a continuum, this mechanism leads to a broaden-
the Spectrum could be used to dlStIthISh between models Ofing of the auto_peaks themselves. The measurement of this
molecular reorientation based on Brownian, jump, and free proadening of auto-peaks as a function of mixing time is then
diffusion. The experimental data for a relatively small nitroxide g5 measure of the “real-time” dynamics of the molecule. Since

in a glassy medium, in the temperature range-1708 K, fit this mechanism provides a form of spectral diffusion (SD), these
best to the model of nearly isotropic Brownian diffusion. Dzuba cross-peaks will also be referred to as spectral diffusion (SD)
et all® later showed that such field dependence3.cht 77 K cross-peaks.

(where the overall molecular motions are expected to be
quenched) could be fit to a solid-state model involving low-
amplitude torsional motions of a molecule about its equilibrium
position in the solid. However, the latter mechanism would
lead to a “motional narrowing” type of relaxation amdt a
slow motional relaxation. These distinctions have been dis- . .
cussed in the context of 2D ESR by Lee eflalLee et aP? glassy environment can also contribute a small amount to the
illustrate how 2D ESR may be used to distinguish between suchSD cross-peaks.

possibilities. Another straightforward way is by observing the ~ Some earlier work on elucidating reorientational dynamics
temperature dependence®f In the motional narrowing case  in glassy liquids has focused on the measurement of the MT
T, O 7.1, wherer, is the correlation time for the motion, so by saturating a small component, * (using ax pulse), of the
that T, will typically decrease with decreasing temperature. ESR spectrum and measuring the time kinetics of saturation

Note that the modulation of the dipolar interaction between
methyl protons on the nitroxide moiety and the electron spin
due to the internal rotation of these methyl grotip=an also
provide a mechanism for SD cross-peaks. Additionally, the
interaction of the electron spin with matrix protdhs!l-23in the

However, for the slow motional cas& O (t)* with 1 < a < transfer to another componerf,™ using a rapid stepping of
1/2 so thafT, typically increases with decreasing temperafifre, ~ the magnetic field and a two-pulse echo sequéhéé?*?\We
as was found by Millhauser and Fre¥d. refer to this as a “hole-burning” experiment. The work of Dzuba

We note that, in principle, the SECSY experiment provides €t &l- was interpreted in terms of dynamics of the nitroxides in
the same information, and in fact the variatioriTefacross the ~ 91assy liquids, which execute large angle juf@d/or jumps
spectrum forms an effective method for extracting the contribu- between two fixed orientations of unequal probabilitesince
tion of molecular dynamics t®,, (i.e. mechanism a, cf. above) they were otherwise inconsistent with models based on continu-
from the other processes (i.e. mechanisms b, ¢, and d, cf. above)Qus diffusion:! Hornak and Free#; who called the technique

The epitome of 2D ESR experiments is 2D ELDGRL FS-SE-ELDOR, initially interpreted their results in terms of

This consists of a three-pulse sequence in which the first pulse!2r9¢ angle reorientational jumps, but Schwartz €16 ahter
creates transverse magnetization that evolves for a pegiod, SNoWwed that a more likely Interpretation IS n terms of an
A second pulse transfers this frequency-labeled magnetization. ©"ientation-independent” nuclear spin-ff?’mechanism. This
into z magnetization where magnetization transfer (MT) can IS consistent with the first 2D ELDOR experiments in glassy
occur for a duration of time (called the mixing time. fluids?® and saturation-recovery experl_mt_ant_s of Robinson and
Finally, the third pulse re-creates transverse magnetization whichCO-Workers:® Because of the severe limitations of the “hole-
is experimentally observed during a periagl, The signal is burning” technique, its appllcatlon was limited to_very low
typically collected vd, for a series of steps i and for a fixed temper_aturt_as and very viscous fluids corresponding to long
duration of the mixing time. Magnetization transfer during the elaxation times.
mixing time causes spins precessing at a frequengyltiring Note that while the 2D ELDOR experiment, like the “hole-
t; to precess at a different frequendy™“during t,, leading to burning” experiment, allows the display of not only where the
the formation of cross-peaks in the 2D ESR frequency domain magnetization arose but also where it was finally delivered, it
spectrum. Usually, the 2D experiment is performed for a series accomplishes this in one simple time-efficient experiment. The
of values of the mixing timeTy, to directly probe this growth 2D ELDOR experiment contains timultiplexingadvantage of
of cross-peaks. Note that the COSY/SECSY experiments FT spectroscopy, and hence a full 2D collection, involving the
correspond to the zero mixing time (i.&y = 0) 2D ELDOR simultaneous irradiation, as well as MT from (and to) all
experiment. positions in the spectrum, typically takes about-28 min with

For Tw > 0, cross-peaks can develop in the 2D ESR spectra, current technology. At a given temperature one usually collects
which enables the direct elucidation of different relaxation 6—10 2D experiments at different values of the mixing time,
mechanisms and dynamics. The principle mechanisms for MT Tu. In the analogous “hole-burning” experiment one would
in nitroxides in the fluid phases are (1) rotational modulation need to step out bothy" and “fy" in a 2D fashion, as well as
of the electror-nuclear dipolar interaction (END) between the Ty, to reconstruct the information provided by the ELDOR
electron spin and the nitrogen nucleus and (2) Heisenberg spinexperiment(s). Further, the 2D ELDOR experiment obviates
exchange (HE) between colliding radical pairs. As motions slow the need for a rapid field step. The use of long pulses and field
down, the latter becomes superseded by the electtattron stepping restricts the “hole-burning” experiment to slower rates,
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whereas the 2D ELDOR is applicable to virtually the entire (biradical) dissolved in a glass-forming glyceravater—
motional regime. trifluoroethanol solution. Here C, P, and A are cysteine, proline,

Further, the 2D ELDOR experiment allows the clean study and alanine, respectively, and the cysteines were labeled with
of SD cross-peaks, since they appear separated from the ENDthe methanethiosulfonate spin label. 2D ESR (COSY and 2D
HE-induced single and double-order cross-peaks. In principle, ELDOR) experiments were performed in the slow motional
the “hole-burning” experiment allows this, but the filling of the regime at a range of temperatures from abe@0 °C to —130
“hole” due to MT has contributions from all processes, and a °C. At each temperature echo-2D ELDOR experiments were
detailed analysis is required to distinguish the contributidns. performed at about-810 values of the mixing times. The
The study of the growth of SD cross-peaks in 2D ELDOR maximum mixing time at each temperature ranged from 2 to
allows the monitoring of superslow reorientational dynamics, 60us. The experimental data was phase corrected, and the pure
even in cases where the dynamics is slow enough that it cannotabsorption line shapes were obtained using the procedure
be studied using the homogenediss.?? reported earlief®

The rigorous theory for the “hole-burning” experiment
depends on the details of the pulse shapes, while that for theTheory for Pure Absorption Spectral Simulations
2D ELDOR experiment is simpler especially in the limit of very ) . )
strong pulsed? However, note that as mentioned above (for The dual-quadratu-re 2D ESR signal prc;\znsoéegi, in general, two
the case of SECSY vs FS-2D ESE) the hole-burning experimentYPes Of coherence signals callfd ands..223%3% In the slow
might contain a smaller degree of interference among the motional regime these consist of complex_ Lc_)rent2|ans with
“dynamic spin packets” than the 2D ELDOR experiment. complex. weighting factors. Due to substqntlal mhomogeneous

Finally, we note that the most sensitive 2D ESR method for broadening from large proton superhyperfine splittings and slow

the elucidation of dynamics is by analyzing the pure absorption motions, the&,;. signal usually decays away in the instrumental

2D ELDOR line shape® which requires correction for pha¥e geag-:]mes. Addd||t|o][_1egltly, thle presel?tce_ Olf thesehlnstrumetr_]tal
variations, introduced due to finite pulses and dead-times. Such ead-imes and also finité puiSes results in large phase varations

phase corrections are typically not needed for the “hole-burning” across the 2D frequenqy domain speptrum. Desplte these
experiment. challenges, th&.- signal in the slow motional regime can be

_— . . . phase corrected to obtain absorption-like spe®tra.
The quantitative analysis of slow motional spectra relies on Toth tically calculate th b tion 2D ESR "
theoretical simulations based on the stochastic Liouville equation 0 theoretically calculate the pure absorption spectra,

(SLE)2731 The general procedure involves the expansion of we need to follow the evolu.tion' of the reduced density mat(ix,
the stochastic Liouville operator in terms of a suitable basis )IE(QI)'IIZ p(Q't)t__ :gog?), which is governed by the stochastic
set62227.31(ysually a direct product of the spin basis vectors —'CUVII€ equation-=

and Wigner rotation matrixes). In the slow motional regime

however, the dimensions of the basis vectors become very large, 2(R,1) = i[H(R),7(R1)] — Tgi(R,1)

providing a substantial challenge for simulating slow motional

2D ESR spectra. One approach for obviating the need for a = —L(Q) 7(R,1) Q)

full simulation is to develop simple methods for estimating the

rotational correlation times from slow motional specf&and whereH(Q) is the orientation-dependent spin Hamiltonian of
this is one of the objectives of the present study. the system[q is the time-independent diffusion superoperator,

Thus, the full analysis of very slow motional 2D ESR spectra and L(<) is the stochastic Liouville operator. For 2D ESR
is complex. This paper presents an attempt at elucidating thespectral calculations this superoperator is diagonalized in each
different relaxation mechanisms using slow motional 2D ESR. of the diagonal (zero-order coherence) and off-diagosdl (
For this purpose the COSY/SECSY and 2D ELDOR experi- coherence$f? subspaces, i.e.
ments were performed on a monoradical and a biradical in a
glass-forming environment. In particular, we utilized labeled O."L.O.=A, O.LO.=A. O ."L .O

. . . . 1 =1+ 1 0 =0~0 0 -1 =-1
polyproline peptides that were available from our previous 2D
ESR study of double-quantum coherenéesThe key experi-
mental details are provided in the Experimental Section. The
use of pure absorption line shapes significantly enhances the
sensitivity of 2D ESR for studying slow dynamics. A brief
summary of the method used to theoretically obtain such
absorption slow motional line shapes is provided in the Theory
section. Also, the approximations that provide a curtailment
of interference between the “dynamic spin packets” (cf. above)
in 2D FS ESE are recapitulated. It is shown htywariations
across the spectrum in the COSY/SECSY can be used to
elucidate motional rates and mechanism in the Results and
Discussion section. Also, the cross-peak formation in the 2D
ELDOR experiment is used to distinguish between different S ) )
cross-relaxation mechanisms and for easily extracting a cor- Where the asterisk implies complex conjugation.
relation time from the experiment. The main results are outlined ~ The time domair§.- 2D echo-ELDOR ESR signal can be
in the Summary and Prospects section. written ag230

4=A, (2)

where O is the complex symmetric matrix that diagonalizes
L(R2), and it consists of the eigenvectors, akds the diagonal
matrix consisting of the complex eigenvalues of the stochastic
Liouville operator, and the subscripts refer to the order of the
coherence. The real part of provides the homogeneous line
widths (i.e.T2; 1), while the imaginary parts are the resonance
frequency f)) of each “dynamic spin packet”. The detailed
properties of the Liouville operator are provided elsewliéfe.

In the absence of the nuclear Zeeman term

0.,=0,* and A_ ;=A% 3)

Experimental Section S (6Tt O Y Koy @XPE{ (AL, + (A ]

All ESR experiments were performed using the Cornell 2D m

2
spectrometet®16 Details of sample preparation and experi- exXp[—(AgmTul eXp[— (At exp(=At,) (4)
mental methodology are presented elsewfierEhe probes used

were (a) C-P-P-P-P-A (monoradical) and (b) C-P-P-P-P-C where the complex coupling coefficier,m; is given by
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Komj = the Fourier transform variables with respect toand t,

respectively). [In eq 117,4, the deadtime ir,, has been set
Z(1/_1)p(O_l)pn(O_1),(,](00),(,“(00)Im X(Ol)lj(ol)tj(vl)t (5) equal toryq (the deadtime irty), reflecting the fact that, in the
P T reported experiments, it isg (of 50 ns, compared to &q of

) o 40 ns) that dictates the effective dead-time in an echo-based
Herev., are the two counter-rotating transition moment vectors experiment.] Also, MF argue that this equation satisfies the
that specify the transverse magnetization created by the firstgg; of inequalities given by

pulse, andA = 272A4, where A4 is the inhomogeneous
broadening assumed to be Gaussian. The phase variation due
to the finite dead-times is corrected in the time domain, and

lt‘gﬁoevlijrzz g?sgégﬂ?go 2D ESR line shapes are obtained by thewhereHS is the full width of the spectrum\ws is a measure of

the width of spectral detail, anHi; is the microwave field
$Es(f1-TM f) = R[FTtZ[R{ FTtl[S:f(tliTM I (6) strength in the rotating frame.

whereFTy, (i = 1, 2) represent the complex Fourier transforms Results aer D.ISCUSSIOI'] .

in t; andt, and R implies the extraction of the real part of the We begin with the two-pulse COSY experiment. As men-

signal. tioned above, a shearing transféf#Pon theS.— signal provides
Note that the SECSY signal is the limit of the zero mixing the SECSY experiment. Inhomogeneous broadening is refo-

time 2D echo-ELDOR signal, and hence it is given by the cused in this experiment, and hence one obtains the homoge-

equivalent of eq 4 witify = 0. Also the COSY experiment  heous line shapes in trﬁg_—:-do_main, while the inhomogeneously

(and an FID-based 2D ELDOR experiment) can be converted broadened CW ESR-equivalent spectra occurs alongfzthe

VHS = Aws ~A> VHl > T2j_l (12)

into the format of eq 4 by a shearing transform giventpy- domain. TheT, can be extracted by fitting a slice alofigof
t, + 11,223 ].e. the absorption spectrum to a Lorentzian, i.e
Cs
SENtut) O anj exp[—{ (A + (A_) ] x y= Lz +b (13)
] W+ 4.7'[2f1

exp[=(Apnt,] eXp(_Atzz) (7)
where T,/2 = 1Ay, b is a baseline correction, and the
with normalization constant. In Figure 1 we show the variation of
T, as a function of temperature for the monoradical (Figure 1a)
Ky = Z(V—l)p(o—1)pn(o—1)kn(ol)kj(ol)tj(Vl)t (8) and the biradical (Figure 1b). These were obtained for two
pKt different values {7 and 62 MHz) off, corresponding to the
maximum values of the two observable hf auto-peaks. Thtee

In egs 4 and 7, the respective teriig, and K, include the e ) .
interference between the “dynamic spin packets”. Also eq 7 is for the biradical are a little smaller than those of the monoradical,

strictly valid for the limit of perfectly nonselective pulsé&For reflecting the extra contribution to relaxation from the modula-

the case of FS-2D ESE the pulses are usually Weakl.1 G) tion of the electror-electron dipolar interaction in the biradical.
As we have noted in the Introduction, this selective excitation ’AP‘JSO t?e varlatlorll 'n-ll;z_ as a2funct|on Oﬁzf ?]boég_lv?g °C|_|s
curtails most of the interference between the “dynamic spin thus clear (see also Figure 2a). Thgs of the nz slice
packets”. This effect is, of course, not provided for in eq 7. are consistently shorter than those Qf thé MHz slice. For
Millhauser and Freéd (MF) then assumed that in the near- temperatures al_:)ove ca85°C theT_z’s_lncrease as temperature
rigid limit the elements of the complex orthogonal matrixes decrease_s. This _fact and, tm'gv_arlanon across the spectrum
become nearly real. Thus from eq@.1 = O;. Using the are consistent with th&,’s being dominated by the slow

; ; ; . tumbling of the nitroxide in the glass above85 °C. That is
roperties of real orthogonal matrixes, we obtain from é§ 8: X . '
prop g e this corresponds to the usual slow motional behat/éi8

— We fit the data above-85 °C for the monoradical to a
Kej = On ;(V_l)p(ol)p”(ol)m(vl)t © function of the form InT2) = In[(T2)o] + EA/RT to obtain an
average activation energy of (6 0.9)/ kcal/mol, whereo is
Thus, the only terms surviving in eq 7 for the case of FS-2D the parameter that depends upon the nature of the microscopic
ESE are those with = j (i.e. the diagonal terms). Hence this model for rotational diffusion as well as on the extent of
approximation, which we now know is not strictly valid, does inhomogeneous broadenfidcf. also the Introduction section).
serve the purpose of removing any interference between theTheT, variations of the experimental spectra fit well to a model
“dynamic spin packets”, which should be a good approximation of Brownian diffusion (cf. below) for whiclw ~ 0.5/ thereby
for the FS-2D ESE experiment. In generals imaginary. Then providing an activation energy of about #1.8 kcal/mol.

following MF18 we write However, at around-85 °C a new feature arises. THg's
v -2 decrease as the temperature is lowered further. This was first
Kjj =[Oy vi] | (10) observed by Stillman et 8lin a tempone in glycerelwater

o ) ) system, who ascribed it to a solid-state-like process. Later,
Next substituting egs 9 and 10 into eq 7 and Fourier transform- pzuba et ak! interpreted this feature as due to the thermally

ing it with respect td; andt;, MF obtained® activated rotation of methyl groups in the nitroxide moiety,
SIDES which modulates the electremuclear dipolar interaction with
s Iifl'fz) U the methyl group protons. The contribution T from this
Ty process below 200 K led to a decrease in their two-pulse echo
Z(Olvl)jz—[e’zmzi] exp[—(f, — fj)zlAZ] (112) intensity as a function of temperature. A control experiment
] + flszj2 on a nitroxide which contains no methyl groups (Fremy’s salt)

in the same system did not lead to such a decrEasejfying
wheref; andf; are the two orthogonal frequency domains (i.e. their conclusions. This process has recently been confirmed
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Figure 1. Variation of T, with temperature for the (a) monoradical N 7 AN PR
and (b) biradical. Values shown are for the slices corresponding to the U - ==
two maxima inf.. -100 -50 0 50 100
12 (MHz)

by other workers for nitroxides in glass-forming matrixes (and Figure 2. Normalized SECSY absorption contours for the monoradical

in doped environment®and in single crystals of -irradiated at (a)—60 °C and (b)—105°C. Thef, = 0 MHz slices are shown by

4-methyl-2,6-ditert-butylphenol® The temperature dependence dashed lines.

of theT, indicates that the internal motions of the methyl groups

are in the fast motional regime. cancellations than does COSY (or SECSY) with its 8-step phase
Whereas the temperature dependence of the homogeneousycling3” We note again that the zero mixing time 2D ELDOR

line widths is instructive, the full power of SECSY absorption experiment corresponds to the SECSY experiment. In this spirit,

line shapes is conveyed by the normalized conté(#%.These we have chosen to use the lowest mixing time 2D ELDOR

are constructed from the experimental absorption data by takingexperiment that we performed & 100 ns) at all temperatures

a slice alongf; for each value of; and normalizing it so that  as more reflective of the true variation .

the amplitude af; = 0 is unity. The variation of intrinsic line For comparison with theory we performed a series of spectral

widths as a function of, becomes clear. This variation in line  simylations based on egs 4 and 6 and the model of Brownian

width is a key indicator of the mechanism of motional giffusion [which is characterized by the reorientational rates

dynamics:’*® _ _ parallel R) and perpendicular (B to a molecular defined
The normalized contours for the monoradical are shown in gitfysion axis: it is usu@f to define an average rat® (=

Figure 2 at two temperatures. We find that abe&5 °C there IRR.Z . _
exists substantial variation if, as a function off,, reflecting RIRo ). anq an amsotropy factoN(= F\‘).'/RD)]' These are
shown in Figure 3. The important variation @ in these

effects of the slow motions (cf. Figure 2a). However, below . . . .
—85 °C the contours are flat, consistent with an orientation- N€oretical contours is conveyed by the innermost lines. The
independenty; that is, processes other than the slow overall jagged outer contours relate to the spectral regions of low

reorientation dominate (cf. Figure 2b). intensity and are relatively unimportant.

However, our SECSY experiments appear to have an We find that the model of isotropic Brownian diffusioN (
instrumental artifact that led to a reduction of intensity between = 1) does not lead to line width variation across the spectrum
the observable hyperfine auto-peaks. We believe that this was(cf. Figure 3a-c) for the magnetic tensors used for this
due to the inadequate cancellation of baseline anomalies by themonoradicaf® However the introduction of substantial ani-
two-pulse sequence. This creates an artificial “zeroing” of the sotropy in the motion does create such a variation (cf. Figure
normalized contours (cf. Figure 2). 2D ELDOR with its 32- 3d—f, whereN = 10). We compare the 51 °C lowest mixing
step phase cycling has been found to yield better baselinetime (T = 100 ns) 2D ELDOR experiment with the theoretical
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Figure 3. Theoretical normalized contours at different motional rates for the model of Brownian diffusidR=e x 10* s, N=1; (b)) R=
2x100sL,N=1;(c)R=158x 1PsL, N=1; (dR=2 x 1®s}, N=10; (e)R=2 x 10*s}, N=10; and (JR=1.58x 1P s}, N

= 10. Ris defined in the text. The magnetic parameters vgrye= 2.0089,09,y = 2.0058,9,, = 2.0022,Ax = 5.27,Ayy = 5.27,A,; = 36.0. Other
simulation parameters werts = 2.0 G, By, = 3200 G. The dead times ia andt, were 50 ns. The pruned basis set (3% pruning tolerance)

consisted of a minimum truncation setldf,, = 92, Laax = 41, Kmax = 26, andMmax = 2.

contours in Figure 4. The variation in line widths as a function ~ We find that using eq 11 and takinR [(Ov);]?> does

of f, is similar, indicating a model of anisotropic Brownian
diffusion, characterized by a large (which was set equal to

100 in Figure 4b) anR=1 x 1Fs! (i.e.7r = 1/6R = 0.17
us). Note that due to the large computational effort involved “dynamic spin packets”. Hence their assumptions leading to

in simulating such slow motional specffawe did not attempt

to optimize the value oN. However, our results show that a
model of very anisotropic Brownian diffusion is required to
theoretically reproduce the experimental normalized contours.

The theoretical normalized contours férof 100 andR = 2 x

1% s1 (i.e. 7r = 83 us) showed no variation across the
spectrum, and these correspond to the experimental dat@5at

°C.

qualitatively replicate their results (cf. Figure 5), and we note
that the selectivity of the irradiation in their FS-2D ESE
experiment should greatly reduce any interferences between

eg 11 should provide a closer approximation to their experiment
than forms based on eq 7. The correct verification of this
phenomenon would require exact numerical simulations that
include the finiteness of the pulse. Note that the contours are
quite sensitive to the precise values of thand hf terms that
are used?® and improved computational techniques now lead
to better convergence of the spectra.

We note that this result is in contradiction to the earlier results . ;
; X ) In fact, small changes in the magnetic tensors strongly affect
of Millhauser and Freeé who found that isotropicN = 1) g g oy
Brownian diffusion would lead to large variation . Also,

they observed from their simulations that such variations occur
even at a very low rotational ratR & 5 x 10°s71). However,

the detailedT, variations across the spectrum for the case of
isotropic reorientatioA® Millhauser and Fred@P attributed this
to certain accidental degeneracies of the parallel edge in the

they used a simplifying assumption in their theoretical analysis, Central region of the spectrum. Thus for the case of SECSY,
that the eigenvectors of the SLE are real in the slow motional the use of magnetic parametetsx(= 2.0096,g,y = 2.0063,

regime (cf. the Theory section). This removed the interference 9,, = 2.0022,Ax = 6.5,A,y = 4.5, andA,, = 33.4) did provide
between the “dynamic spin packets” and led to the form of eq a T, variation across the spectrum fBr=1 x 10* s~* andN

11 for their experiment.

=1 (cf. Figure 6b). However it is again true that simulations
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. . . . Figure 5. Theoretical normalized contours for the model of Brownian
Figure 4. Comparison of (a) experimental absorption 2D ELDOR (i ci0n obtained using the assumptions of Millhauser and Fteed.
= 100 ns) spectrum at51 °C for the monoradical with (b) theory. (@R=2x 1Ps % N=1 ())R=5x 10°s% N = 1; and (R =
Normalized contours are shown. The theoretical parametersRvere 1x 100 sl N= l’ The d’ead times ity andt, Were 2b0ns andAe

—1 — i =
1 lege Osoéll\; 1:002' gggzrgz?ne:tlg %afymit%ri ngm: 327.%0§|'3h9e’ = 2.0 G. The magnetic and minimum truncation set parameters were
Gy = = Qe = & ST W L ~ the same as Figure 3.

magnetic tensors were obtained by simulating a 250 GHz rigid limit

spectrum. Other simulation parameters wAte= 2.0 G,B, = 3361 . . .
G. The dead times ity andt, were 50 ns. The pruned basis set (1% Mask these modulation peaks. This observation demonstrates

pruning tolerance) consisted of a minimum truncation setof = the need for 2D experiments at small mixing times (i.e100

80, Lhax = 51, Kmax = 24, andMpmax = 2. ns), even in cases where the dynamic effects occur over a much
longer time scale (i.eus). Another potential source of

for the FS-2D ESE line shapes using eq 11 show a more modulation is one that applies to the biradical, viz. an unrefo-

pronounced’, variation than the SECSY simulation (cf. Figure cused modulation along = t; in the SECSY experiment due

6b). to the dipolar interaction between the two electron spins,

The FS-2D ESE experiment, then, contains inherent advan-sometimes called “instantaneous diffusig#®°

tages for measuring slower dynamics and resolving mechanisms In the 2D ELDOR experiment, cross peaks can form due to

of dynamics as compared to the SECSY experiment. However, magnetization transfer during the mixing time. However these

it is limited to longer T,’s, and it requires much longer experiments were marked by the absence of first- and second-

acquisition times, as we have noted in the Introduction. order cross-peaks which arise from the intramolecufét

We now turn to the 2D ELDOR experiment. Some repre- electror-nuclear dipolar (END) and the intermolecular Heisen-

sentative pure absorption spectra are shown in Figure 7. Asberg spin exchange (HE) interactions (and/or elect@rctron

the motion slows down, the high-frequency hf peak shows a dipolar interactions, EED). Note that in such a viscous

splitting (cf. Figure 7, parts b, ¢ vs a). However, this feature environment and at these concentrations of spins (1 mM) the

disappears rapidly with mixing time (cf. Figure 7, parts e, f vs contributions of the concentration-dependent interactions (i.e.

b, c). We note that this effect, hitherto unobserved experimen- HE and EED) are expected to be very small. The absence of

tally, could arise from the modulation due to protegiectron these cross-peaks also indicates that any rotationally invariant

interactions, as has been postulated theoretféalty frozen nuclear spin-lattice relaxatio®?” is small.

samples. At-51°C, inhomogeneous contributions to the line Why is the END interaction “ineffective” in creating sub-

widths due to slow tumbling of the molecule might serve to stantial single- and double-order cross-peaks in the experiment?
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(a) cf. above) the maximum mixing time that would still yield a
reasonable 2D S/N experimentally wag:$S.

Another effect that can reduce cross-peaks is the so-called
MOMD effect??4° It stands for microscopic order with
macroscopic disorder, and it has been applied to an analysis of
an end-chain-labeled polymer liquid-crystal in the solid stéte.

On the other hand, the auto-peaks themselves become broader
with increased mixing time due to the growth of SD cross-peaks
(cf. Introduction section). This increase in apparent line widths,
which we call the “appareni,~", is shown in Figure 9 at four
| representative temperatures for the monoradical slices corre-
A sponding to the two maxima alorfg of the hf auto-peaks.

-2r ’ To distinguish between contributions from the different SD
mechanisms (cf. Introduction section) that lead to such cross-
peak development, an estimate of the order of the effect and
—4r PN T also its correlation times is helpful. We find we can obtain
_5 ——— such an estimate by modeling the results of Figure 9 by an
-100 -50 0 50 100 empirical equation of the form

N W A O

_k
i

1 (MHz)
o

I
N
iy

T, (Ty) — T, (0)=0[1 — expTy/z)]  (14)

whereTy(Tw) is the “apparent,” for a mixing time, Ty, T2(0)
5 is theT, obtained from a SECSY experimentrepresents the
e ] magnitude of the effect, and. is the correlation time. The
3
2

variation ofd andz. as a function of temperature is plotted in
Figures 10 and 11 for the monoradical at the two spectral
maxima infa.

We discuss first the magnitude of the effedt, which is
plotted in Figure 10. The data above60 °C could not be
accurately fit to the form of eq 14, as is evident from the large
errors ind above this temperature (cf. Figure 10). This was, in
part, due to our inability to measure the limiting value of the
-2t 1 auto-peak width due to the rapid decay of the signal as a function
of mixing time. The value 08, between—60 and—85 °C, is

—
T

1 (MHz)
o

-3 constant within experimental error (about 1.8 and 1.4 G for the

~4} PR 1 —7 and 62 MHz slices, respectively). The values abo@b

5 ) o7 N - = °C are lower (i.e. below 1.5 G), and a trend is less evident. The

-100 -50 0 50 100 correlation times increase as temperature decreases until about
f2 (MHz) —85°C. However, below-85 °C the correlation times become

Figure 6. Theoretical normalized contours for the model of Brownian Shorter as temperature is decreased further.

diffusion for the (a) SECSY and (b) FS-2D ESE experiments. The ~ We would now like to examine our 2D ELDOR results for
simulation parameters weR= 1 x 10's™, N= 1. The dead times  the temperature region above85 °C. On the basis of our

in t; andt; were 50 ns andys = 2.0 G. The magnetic parameters were . cOSY results, we would surmise that the dominant mechanism

O = 2.0096,0y, = 2.0063,0,, = 2.0022, A = 6.5, A,y = 4.5 A, = ; i N .
33.4. The pruned basis set (3% pruning tolerance) consisted of anr the generation of ,(,:ross peaks in this reg.lme would be
rotational cross peaks” induced by slow tumbling.

minimum truncation set dff, ., = 72, Lax = 31, Kmax = 28, andMmax . .
=2 e * * * We find that the growth of SD cross-peaks from theoretical

simulations based on the model of Brownian diffusion does fit
To understand this, we performed a number of theoretical Very Well to the form of eq 14. The valuesfando obtained
simulations, wherein the contribution to cross-peak growth from from these simulations (for the central auto-peak, i.e. corre-
this effect is “naturally” included? In Figure 8 we show three sponding to the experlment_aw MHz sI_|ce) are provided in
simulations for different rotational rates based on the model of \-:-vitljlliol.t h-(l;gg \:)"’gt';iz:(? Zgﬁ‘e'?i?gef;?;n”;'m;(')?t':;;niglr‘;esfg?r;ﬂe
very am_sotropl_c Brow_man_motlon for_a mixing tim@y, of 64 case of (AR =1 x 106 st andN =100, the theoretical’value
us. Anisotropic motion is appropriate for an end-labeled of 3 us corresponds well to the experimental value-&tl °C
macromoleculé® Cross-peak formation due to the rotation- K P b

. . . e A (cf. Figure 11) of 2.6us, and for ()R =1 x 10* st andN =
induced m?d”'a“.°” of the END interaction IS negligible for 100, the theoretical value of 23 corresponds to the experi-
=1 x 10* s ! (which corresponds to the experimental spectrum

s ) - . mental value at-77 °C of 28 us. The values ob obtained

at about—85 °C), and is very small for motional rates in the 4 the theoretical simulations demonstrate that these “reori-
range 1x 10°to 1 x 10° s™*. The latter corresponds to the  entational cross-peaks” can, in fact, provide a broadening in
experiments at-51°C (cf. above). Experimentally, these cross-  the range 0.82.0 G (cf. Table 1). Therefore, we conclude that
peaks would be attenuated due to the imperfect coverage ofgphove—85°C the slow reorientation of the molecule constitutes
our finite pulses (the coverage #t100 MHz was about 80%  the primary source for SD cross-peaks. However, the theoretical
of that at the center). Also, the theoretical signal intensity for simulations (cf. Table 1) indicate that the value ®&hould

the 1x 10° s case is 2 orders of magnitude smaller than that depend more omg.

for the case of X 10*s™1, providing by itself a huge challenge We now turn to the temperature region bele85 °C, where

for experimentally observing these spectra, let alone the weakthe T,'s were dominated by the fast internal rotations of the
cross-peaks. Note that a51°C (R=1 x 106 s1, N = 100, methyl groups in the nitroxide moiety (cf. above), and the overall
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Figure 7. Experimental 2D ELDOR absorption spectra for the monoradical. Spectra shown are Tor-(a)p1 °C, Tw = 100 ns; (b)T = —77
°C, Tm = 100 ns; (c)T = —116°C, Ty = 100 ns; (d)T = —51°C, Tw = 200 ns; (e)T = —77 °C, Tw = 1000 ns; and (ff = —116°C, Tv =
1000 ns.

reorientational motion of the nitroxide was too slow to exhibit approximately the proton Larmor frequency&.8 x 107 s™1).
any T, variation. While very slow tumbling of the probe can Also AAR(Q) represents that portion of the methyl proton hf
lead to SD cross-peak formation without providing afy tensor that is averaged by the internal rotations, and it depends
variation (cf. Introduction section), this mechanism is incon- on the overall molecular orientatio. It can be estimated
sistent with the observation that the correlation time for the from literature data on the proterelectron dipolar interactids
process is decreasing with decreasing temperature, since itn nitroxides. We used a value of 1 G. For 12 equivalent
naturally yieldsincreasingcorrelation times with decrease in  methyl protons a simple analysis shows that the effective spin-
temperature. An additional source of SD broadening would be flip rate is about SV,
due to the methyl proton END interaction with the electron spin.  sing eq 15 we find that with a of 109 s we estimate
In the limit of rapid methyl group internal rotations it would 5\ — 2 5 % 10¢ 571, which is in reasonable agreement with
again require the slow overall tumbling to provide SD. This {he experimental value of 4/~ 3.3 x 10*s~1 at—85°C. With
would be an unsatisfactory explanation for the same reason as, , of 10-8 s we obtain a spin-flip rateV§, = 6.5 x 10552,
that for averaging thé®N hf tensor and thg tensor and will e corresponds well to the experimental estimate of 4/
mainly provide a small additional contribution to these dominant 1 4, 1 s1at—116°C. Thus this mechanism has the correct
terms:242 _ _ temperature dependence. While these estimates of the spin-
However, the methyl group internal rotations can, as they flip rates are hardly quantitative, because of the simplicity of

Elow dowE, ﬁgd to nuclearl spz;nrf]l;rl)s thiCE will f]alljse SD our analysis, they do indicate that this mechanism could account
etween the different unresolved shtlines of the methyl protons. ¢, e ohserved SD below-85 °C. Besides, in this regime

Such spin-flip ratesW,, may be estimated from standard (corresponding to a of ca. 10%—10° s) the methyl group

expressions? i.e. rotations would still be in the fast motional regime, so that they
. would lead to a decrease i with a decrease in temperature,
W, = %[AAH(Q)]Z—'ZZ (15) as we observed in our COSY experimetits.
6 1+tw,7 It would be premature to ascribe the SD cross-peak formation
below —85 °C to be due to the fast internal rotations of the
wherer, is the correlation time for internal motion, amg, is methyl groups. An important experiment would be the use of
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Twu, of 64 us, withN = 100 and rotational ratdy, of (a) 1 x 10*s™?, ) . L
(b) 1 x 10 51, and (c) 1x 10° s'L. The magnetic parameters were ~ Figure 9. Growth of SD cross-peaks during the mixing time for the
O = 2.0086,0,, = 2.0064,0,, = 2.0032,A = 6.23,A,, = 6.23,A,, monoradical. Values shown are for the two slices corresponding to the

= 35.7. Other simulation parameters weke = 2.0 G,B, = 3361 G. maximum inf; of the hf auto-peaks. Figures shown correspond to the
The dead times iy andt, were 50 ns. The pruned basis set (3% pruning Slice at (2)—7 and (b) 62 MHz.

tolerance) consisted of a minimum truncation setpf, = 78, Lyax=

17, Kmax = 18, andMpyax = 2. Temperature ("C)
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Finally, we note that the mechanism of spin diffusion via the
bath of protons in the solveAt23which can create SD cross-
peaks, has not been explored.
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Summary and Prospects
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2D ELDOR experiments in the slow motional regime on a 0.02
nitroxide spin label in a glass-forming medium have been
reported. The experiment@’s above—85 °C are dominated
by the slow tumbling of the probe. A decreaseTinas the 001
temperature is decreased belews5 °C is ascribed to the rapid B I P P R R AR R R
modulation of the dipolar interaction between the methyl proton 4043 50 55 60 6s 70
in the nitroxide moiety and the electron spin, in light of earlier 1000/T (K
works1-13 The use of pure absorption speéfrallows the Fi_gure 10. Variati_on of & with temperature. Values shown are for the
variation ofT, across the spectrum to be monitored. It is shown Slices corresponding to the two maximafinat —7 and 62 MHz.
that the model of anisotropic Brownian diffusion provides only small cross-peaks in the theoretical predictions, but also
semiquantitative agreement with such a variation, but the effectsto some attenuation of these cross-peaks due to imperfect
of MOMD have yet to be explored. coverage in the experiment, and possibly the effects of MOMD.

The absence of first- and second-order cross-peaks in the 2D The rate of growth of SD cross-peaks abewéb °C has been
ELDOR experiments is rationalized in terms of the following: shown to arise principally from spectral diffusion associated
primarily the very slow tumbling of the molecules leading to with the slow reorientation of the molecule modulating ¢
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TABLE 1: ¢ and z. Obtained from Theoretical Simulations

R(s™) N o (ns?) 7 (us)
1x 10 100 0.028&+ 0.007 23t 5
1x 10 1 0.036+ 0.002 17+ 2
1x 10 100 0.031+ 0.002 11+ 2
1x 10 1 0.034+ 0.003 4+ 1
1x 108 100 0.015+ 0.003 3+ 2

END andg-tensor interactions. This process can be used to
study the motional dynamics. A method is shown for extracting
a correlation timez¢, by monitoring the growth of these SD

cross-peaks. This procedure is verified theoretically, and good

agreement between experiment and theory is obtained. We note

that theoretical simulations can be performed as a function of
TR, and the growth of SD cross-peaks (from the reorientational
dynamics) can be used to relate theobtained from these
simulations torg, in analogy to earlier examplég232 This
would lead to a relatively simple procedure for using 2D ESR
to directly determine the rotational correlation time, short of
detailed simulations.

The anomalous temperature dependence of the experimentaj ,

7. below —85 °C cannot be explained either by (a) slow
reorientation of the probe leading to a modulation of i
END andg tensor interactions or by (b) spin-flips of the methyl
protons on the nitroxide moiety due to rotational modulation
of the electron-proton hf tensor by the same slow overall
rotation of the spin-labeled molecule. However, such spin-flips
due to the more rapid internal rotations of the methyl groups
on the nitroxide moiety could possibly explain these experi-
mental results. Further experiments are required to confirm this.
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